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Abstract
The stabilized channel is a crucial element of an ‘a‘ā flow system, delivering lava to forward extending zones of dispersed 
flow. However, the term stable implies that channel geometries, lava properties, and dynamics are invariable. However, 
just how stable are these in space and time? To answer this question, we constrain the degree of variation for an extremely 
well-exposed stabilized channel on Kīlauea (Hawai’i), carrying out mapping, facies analyses, and sampling down the entire 
5.5-km length of the channel-levee unit. Though active for only 3 days, flow and emplacement dynamics were highly unsta-
ble, experiencing both temporal and spatial variation. This resulted in a complex construction history and solidified channel 
form, where construction comprised three emplacement phases: initial, free-flowing, and late-stage ponded. These three 
emplacement phases were coupled with variation in underlying substrate, slope, and volume flux. These temporally and 
spatially varying conditions combined to result in four channel types and geometries (tubed, stable, ponded, and braided); 
five lava facies (smooth pāhoehoe, rough/spiney, slabby, transitional, and ‘a‘ā); and four levee types (initial-rubble, surge-fed 
overflow, pond-fed overflow, and accretionary). Complexity in channel form was reflected in cooling rates that ranged from 
6.6 °C km−1 for free-flowing conditions to 17.7 °C km−1 for ponded lava. Likewise, vesicularities ranged from gas-rich (as 
high as 74% vesicles) to outgassed (as low as 27%). Due to the high degree of variance at this system, we suggest that feeder 
channel is a better term for this component of a channel-fed ‘a‘ā lava flow field. This term stresses the role of the channel in 
feeding zones of dispersed flow and is not a term that implies channel form and flow dynamics are unchanging. Although 
flow conditions can be complex, flow for some periods can be stable. If depths, widths, temperatures, and crystallinities dur-
ing phases of below-bank stability can be identified, then the system can be modelled. We show this by fitting down-channel 
variation in flow properties for stable periods to output of the FLOWGO thermorheological model. In doing this, we provide 
a dataset that can guide and benchmark models aimed at simulating the dynamics and properties of channel-fed systems.

Keywords  Lava channel · Levees · Vesicularity · Cooling rate · Crystallization rate · Mauna Ulu · Kilauea · Benchmark

Introduction

A lava channel unit comprises solid banks (the lev-
ees) between which lava flows (in the channel) and is 
one of two types of feeder system involved in lava flow 

emplacement, the other being tubes. Based on observa-
tions of Mauna Loa’s 1984 channel-fed ‘a‘ā flow system, 
Lipman and Banks (1987) set up a four-fold classification 
to describe the down flow evolution of the system. This 
system comprised (i) a stabilized channel zone, (ii) a tran-
sitional channel zone, (iii) a zone of dispersed flow, and 
(iii) the flow toe. This down-flow organization of channel-
fed ‘a‘ā system has since been identified as widely appli-
cable, being found at many other basaltic effusive centers, 
including Etna (Favalli et al. 2010a), Piton de la Fournaise 
(Rhéty et al. 2017), and Mount Cameroon (Wantim et al. 
2013), but also being applicable to basaltic-andesite (Cas-
truccio and Conteras 2016), andesitic (Cigolini et al. 1984; 
Borgia et al. 1983) and dacitic (Harris et al. 2004) lava 
flow systems. Within such channel-fed systems defining 
the stable channel, and understanding the flow dynamics 
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associated with its evolution, is of particular importance 
since it typically accounts for more than half of the sys-
tem by length (e.g., Mazzarini et al. 2005; Favalli et al. 
2010a; Lipman and Banks 1987). It also delivers lava into 
the forward advancing portion of the system, and thereby 
determines the physical properties of lava arriving in the 
zone of dispersed flow as well as the volume flux feed-
ing flow front advance. However, the “stable” label given 
to this component of the system implies invariance. By 
definition, the term stable evokes notions that a system 
is “firmly fixed” and thus not easily “changed or unbal-
anced or destroyed or altered” (Sykes 1982). Likewise, 
Merriam-Webster’s (2014) define stable as “firmly estab-
lished (fixed); not changing or fluctuating (unvarying or 
permanent).” As a result, the idea that steady-state flow 
within a channel of invariant geometry is generally trig-
gered by the words “stable” and “channel.” Stability is, 
in fact, often the simplifying assumption invoked when 
thinking of lava channels. However, the degree of vari-
ability of both channel and levee geometry, as well as flow 
dynamics, lava properties and lava type down this com-
ponent of the system has rarely been assessed, and the 
benchmark for a stabilized channel remains that provided 
by Lipman and Banks (1987).

If we are to adequately understand and model the con-
struction of a channel-fed ‘a‘ā flow system or the asso-
ciated flow thermorheological properties and dynamics 
(e.g., Glaze et al. 2009; Tallarico and Dragoni 1999; Har-
ris and Rowland 2001; Kerr et al. 2006), the variability 
of stabilized channel morphology, flow properties, and 
dynamics must be fully defined and linked to the forma-
tive processes. Such ground truth is also essential sup-
port for interpretations regarding emplacement conditions 
based on geological observations of ancient (e.g., Passey 
and Bell 2007; Li and Liu 2020; Marin et al. 2020) and 
planetary (cf. Garry et al. 2007) systems, the emplacement 
of which was unobserved or outcrop is poorly exposed. 
To provide this ground truth, we present the results of 
detailed mapping and sampling of a 5.5-km-long channel 
that was active during the 1969–1974 Mauna Ulu eruption 
of Kīlauea (Hawai’i). We use the resulting map, channel 
profiles, and facies analysis, along with sample textural 
and glass chemistry properties, to describe the spatial and 
temporal complexity of a stabilized channel zone. Due to 
its excellent exposure, and pristine, unburied and (rela-
tively) simple form, as well as the abundance of glassy 
samples down a length of more than 5 km, we identify this 
channel as being well suited for benchmarking of thermor-
heological- and physics-based models applied to channel-
fed ‘a‘ā flow systems (e.g., Miyamoto and Sasaki 1997; 
Hidaka et al. 2005; Vicari et al. 2007). We thus provide 
our data as a series of online resource items to serve as a 
benchmark for lava flow modelling. We use the data to test 

the FLOWGO model of Harris and Rowland (2001), which 
also allows us to apply caveats as to how the benchmark 
should be applied.

The stabilized channel: the state 
of knowledge

The channel-fed ‘a‘ā flow system defined by Lipman and 
Banks (1987) involved, proximally-to-distally, the following 
four components:

	 (i)	 a stabilized channel zone across which all “marginal 
deformation of the flow ceased, (and) all movement 
became concentrated in the central channel, produc-
ing a stable geometry.”

	 (ii)	 a transitional channel zone comprising “a dis-
tinct channel containing incandescent clinker ‘a‘ā, 
bounded by blocky or clinkery lava a few tens of 
meters wide still capable of deforming or moving 
slowly.”

	 (iii)	 a zone of dispersed flow where “movement is dis-
persed across much of the flow width and a central 
channel is poorly developed or absent.”

	 (iv)	 the flow toe, which is the actively advancing flow 
front.

This system will lengthen with time as lava flowing 
through the stabilized zone is delivered to the advancing 
flow toe, with the dispersed and transitional channel zones 
developing behind the extending flow front (Lipman and 
Banks 1987). Following Guest et al. (1987) system spa-
tial extension will be complete when the cooling-limited 
length is attained, but the four-zone organization will remain 
whether the flow is cooling or volume limited (Soldati et al. 
2018). However, although the system will increase in com-
plexity with time, gaining more and more branches or units 
(Kilburn and Lopes 1988, 1991), the basic down-system 
organization of each unit will retain these four component 
parts (e.g., Cigolini 1984; Wantim et al. 2013; Rhéty et al. 
2017).

Cooling and crystallization conditions down the stabi-
lized channel will determine the thermal and rheological 
conditions of lava delivered into evolving transitional chan-
nel and dispersed flow zones, as well as into the advancing, 
or stalling, flow toe (e.g., Harris and Rowland 2001; Rhéty 
et al. 2017; Soldati et al. 2018). The related down-system 
evolving fluid dynamic and rheological conditions (shear 
stress, strain rate, viscosity and yield strength) determine 
the morphological evolution of the lava moving through the 
stabilized channel (e.g., Soule et al. 2004; Riker et al. 2009; 
Sehlke et al. 2014). Measurements of cooling rates through 
stabilized channels indicate repeatable cooling trends, with 
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a range of 4 to 7 °C km−1 (Crisp et al. 1994; Cashman et al. 
1999; Soule et al. 2004; Riker et al. 2009; Robert et al. 2014; 
Rhéty et al. 2017; Chevrel et al. 2019). Likewise, assess-
ments of pāhoehoe–’a ‘ā transitions (e.g., Peterson and Till-
ing, 1980; Kilburn 1981; Sehlke et al. 2014) and evolution 
of ‘a‘ā surface forms (Kilburn and Guest 1993) assume a 
systematic and non-reversible down-system evolution.

However, stability is not the case for all channel com-
ponents. Levee forms, for example, show variety in space 
and time (e.g., Sparks et al. 1976; Lipman and Banks 1987; 
Naranjo et al. 1992). Stable channel formation involves 
emplacement of initial levees (Sparks et al. 1976) as broad 
lateral zones of the initial flow stall and stagnate either side 
of the central, flowing, zone (Hulme 1974; Lipman and 
Banks 1987), as well as rubble levees caused by avalanching 
of breccia from the advancing flow front and sides (Sparks 
et al. 1976). Subsequent changes in flow level associated 
with variations in supply can then emplace overflow levees 
on top of the initial levees if the increase in supply over-
whelms the channel capacity (Bailey et al. 2006). Instead, if 
a rise or fall in level remains within the channel accretionary 
levees will be plastered to the channel walls (Walker 1967; 
Naranjo et al. 1992), and/or a prolonged phase of below-
bank flow can result in nested levees (Lipman and Banks 
1987; Harris et al. 2009).

The variety of levee type down a stabilized channel also 
implies that the flow dynamics associated with construction 
of each levee unit changed in time, i.e., at any single point 
along the channel, and/or space, i.e., with distance down 
the channel (e.g., Naranjo et al. 1992; Harris et al. 2009; 
Applegarth et al. 2010; Suh et al. 2011; Rhéty et al. 2017). 
The associated flow dynamics can thus also be highly vari-
able over short temporal and spatial scales. Surges in supply 
can feed overflow, changes in flow level and flow veloc-
ity can wax and wane over periods of minutes (e.g., Bailey 
et al. 2006; James et al. 2007, 2010; Favalli et al. 2010b). 
These short-term variations can be superimposed on struc-
tures and dimensional properties resulting from longer-term 
(days-to-weeks) declines in flow rate (Naranjo et al. 1992), 
where progressive decreases in lava flux can build a series 
of nested levees (Applegarth et al. 2010). Levee type can 
also change down the system over distances of a few meters 
around zones of levee failure and their associated break-
out flows or around blockages and their associated pond-fed 
overflow (e.g., Lipman and Banks 1987; Harris et al. 2009; 
Applegarth et al. 2010).

Other complications and complexities result from degas-
sing and/or outgassing during down-channel lava flow or 
storage in syn-channel ponds to alter the rheology of the 
lava (cf. Sparks and Pinkerton 1978; Harris et al. 2020). 
Outgassing will alter the vesicularity and morphology of the 
lava, generating denser pāhoehoe forms, such as blue glassy, 
spiney, toothpaste or transitional, in place of low density 

spongey pāhoehoe and sheet flow forms (Swanson 1973; 
Rowland and Walker 1987; Wilmoth and Walker 1993; Sage 
2000; Harris et al. 2017).

Changing rheological conditions due to changes in 
velocity and shearing will also push the lava through the 
pāhoehoe–’a ‘ā transition. Although any packet of lava can 
never change from ‘a‘ā back to pāhoehoe, the interior of an 
‘a‘ā flow can breakout to feed pāhoehoe (Jurado-Chichay 
and Rowland 1995), and at any one place in a channel lava 
passing that point can change from ‘a‘ā to pāhoehoe through 
time (Hon et al. 2003). In addition:

•	 late-stage flow or reduced velocities in distal or ponded 
sections cause increases in cooling rates per unit distance 
(Rhéty et al. 2017; Chevrel et al. 2019),

•	 stable channels can braid on steep slopes (Dietterich and 
Cashman 2014),

•	 anabranches and tributaries form due to levée failure 
(Applegarth et al. 2010), and

•	 blockage-and-pond systems may develop and decay (Lipman 
and Banks 1987; Bailey et al. 2006; Harris et al. 2009).

A stabilized channel is therefore by no means to be 
expected. Thus, we here use Mauna Ulu’s Muliwai a Pele 
channel-fed ‘a‘ā flow system (Fig. 1a) to assess and quantify 
the degree of temporal and spatial variance in and down 
a stabilized channel. We use this assessment to consider 
whether the degree of variance in flow dynamics, geometry 
and lava properties merits the term stable.

Geological setting and context

Kīlauea’s 1969–1974 eruption began on May 24, 1969 from 
a 4-km-long set of fissures that opened on the upper East 
Rift Zone between Alae and ‘Ālo‘i pit craters (Swanson 
et al. 1979). The eruption site became focused at a primary 
vent named Mauna Ulu (Fig. 1a). The eruption contin-
ued for 5 years and 2 months (901 days), ending on July 
22, 1974, but experiencing a pause between October 15, 
1971, and February 3, 1972 (Tilling et al. 1987). During 
this time, a 121-m-high parasitic shield developed at Mauna 
Ulu (Swanson et al. 1979; Tilling et al. 1987) hosting a lava 
lake (Duffield 1972; Tilling 1987) and 12 fountaining epi-
sodes (Parchetta et al. 2012). This activity fed channel- and 
tube-fed ‘a‘ā and pāhoehoe that extended 12 km to the coast 
building a 61 km2 lava flow field (Holcomb 1976). While 
Swanson (1973) used observations of lava flow emplace-
ment during the Mauna Ulu eruption to describe and classify 
types of pāhoehoe, Peterson et al. (1994) used the eruption 
to review modes of lava tube formation. In addition, Moore 
et al. (1973) used observations of lava flowing underwa-
ter at and off-shore of ocean entries to define pillow lava 
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emplacement dynamics. However, no use of the event was 
made to describe channel-fed ‘a‘ā units.

Mapped as a channel-fed ‘a‘ā unit by Holcomb (1980), 
the Muliwai a Pele lava channel system was formed during a 
short, final episode of fountain-fed activity that began late in 
the evening of May 29, 1974 (Tilling et al. 1987, p. 441–442; 
Carr and Greeley 1980, pp. 153–170). The channel system 
takes its name, which means Pele’s River (Pukui and Elbert 
1986), from the Hawaii Volcanoes National Park (HVNP) 
roadside stop on the Chain of Craters Road (Hazlett 1993). 
This road, and puff-off (Fig. 1a), was built after the eruption 
and at the time the eruptive episode had no name, being 
referred to by date in the Hawaiian Volcano Observatory 
(HVO) monthly report. The HVO monthly report described 
the episode as follows (HVO 1974):

Quite abruptly, late on the evening of 29 May, Kilau-
ea’s summit began to deflate steadily, and tremor at 
Mauna Ulu increased. On the morning of the 30th, a 
trip to Mauna Ulu’s summit revealed that the summit 
crater had refilled to the brim, and was spilling over at 
two places on the southeast rim. A flow had travelled 
almost 2 km to the south […] fountains and overflows 
continued throughout 31 May.

By the following morning HVO (1974) reported:

The morning of 1 June dawned crisp and clear and, 
fortuitously, aerial photographers were on the Big 
Island, and chose this morning to fly the bad-weather-
plagued and now overdue photo reconnaissance of 
the Mauna Ulu area. The resultant photographs (three 
flight lines) were flown at the very peak of the eruptive 
activity on a cloudless (except for fume) day. These 
photos show the active vent at Mauna Ulu with the 
summit appearing as a bright flower with ‘petals’ of 
lava pouring down all sides of the shield in deep, brim-
full channels. Most of the lava travelled to the south, 
and these remarkable photos follow the active flow 
nearly 9 km to the south and show lava pouring over 

both Poliokeawe and Holei Palis. The lower part of the 
flow is aa, and the photos provide clear views of the 
pahoehoe-aa transition. (original text and punctuation 
retained)

The overflow that fed the channel system stopped around 
02h00 (Hawaiian Standard Time) on June 2 having lasted 
around 50 h, with the May 29–June 2 eruptive episode 
adding 4 m of lava to the Mauna Ulu shield (Tilling et al. 
1987).

Unfortunately, the remoteness of the site made channel 
formation and flow dynamics impossible to observe. How-
ever, a photo published in Greeley (1974), Tilling et al. 
(1987) and Carr and Greeley (1980) shows the channel 
between (what is today) the Chain of Craters road and the 
base of the Poliokeawe Pali (Fig. 2a). From this, we see a 
single channel of variable width above Poliokeawe Pali. On 
the steep slopes of the Pali, the channel system is braided 
and recombines below the Pali into single, but broad, chan-
nel (Greeley 1974). Three photographs of the distal portion 
of the channel and the flow front were also taken from an 
aircraft on 1 June 1974 and are available as photographic 
slides in the HVO archive, as is one slide of the vent area. An 
additional slide is available, taken on 20 June 1974, looking 
across the lava lake in the Mauna Ulu pit and towards the 
point of exit for the flow (Fig. 2).

The excellent exposure of this well-developed channel has 
meant that it has become a target for visitor guides (Hazlett 
1993; Hazlett and Hyndman 1996) and studies aimed at 
mapping lava types associated with channel-fed emplace-
ment (Harris et al. 2009; Robert et al. 2014; Whelley et al. 
2017). We began mapping and sampling the channel system 
in March 2002, and completed an additional seven field cam-
paigns between 2002 and 2012.

We have so far used these data to support three papers 
published in series (Harris et al. 2009; Robert et al. 2014; 
Sehlke et al. 2014). In the first, we described levee and chan-
nel structures down a 200-m length of the system to exam-
ine channel construction processes and the flow dynamics 
responsible for the channel–levee structures (Harris et al. 
2009). We also defined the channel as forming in a three-
stage process whereby (Harris et al. 2009):

1.	 The channel became established roughly central to the 
stalled margins (initial and rubble levees) of an ‘a‘ā flow 
that we estimated was erupted at 35 m3/s.

2.	 Thereafter, short-lived (≤ 5 min-long) pulses of lava 
down the channel at 90–420 m3/s fed overflows of 
pāhoehoe to build a levee-capping unit. During surges, 
blocks were plucked from the channel wall to be floated 
down channel to contribute to blockages. At the end of 
the episode, lava became ponded behind the blockages 
to form a series of syn-channel ponds.

Fig. 1   a Location map for the Muliwai a Pele channel modified 
from Harris et  al. (2009). The abbreviation “COC” is for the Chain 
of Craters road, red outline gives the section characterized by the 
stable channel (as mostly considered here), and blue outlines the 
zone of transitional channel and dispersed flow. The thin black out-
lined box gives the zone considered by Harris et al. (2009), and the 
thick black outlined box gives the zone considered here, as given 
in b; black dot locates the Muliwai a Pele channel tourist overlook 
as signposted from the COC road pull off that cuts the right bank 
levee of the unit. b Geological map of the channel unit (as given in 
full in Online Resource 1) with main sampling locations for texture 
and petrology. Units are color coded as follows: Brown = ‘a‘ā basal 
unit; yellow = blockage-fed overflow; orange = surge-fed overflow; 
salmon = secondary ‘a‘ā due to late-stage breakout from main chan-
nel. See Online Resource 1 for full legend and detail of map sheet

◂

chevrel

chevrel



	 Bulletin of Volcanology           (2022) 84:70 

1 3

   70   Page 6 of 34

Fig. 2   a Aerial photo of the 
Muliwai a Pele channel as 
active and descending the 
Poliokeawe Pali on the morning 
of 1 June 1974 (HVO 1974). 
The photo was acquired by 
the R.M. Towill Corporation 
(Greeley 1974; Tilling et al. 
1987) and is here scanned from 
Greeley (1974, p. 71) as the 
originals from this overflight 
have been lost. The photo has 
been rotated so that North is 
up and mirrored so that West is 
left. The current location of the 
Chain of Craters road and Mula-
wai o Pele overlook have been 
approximately placed. PZ = pon-
ded channel zone; BZ = braided 
channel zone; DF = dispersed 
flow; WB = secondary channel 
(west branch of the braided 
system); Pc = Poliokeawe Pali 
crest; Pb = Poliokeawe Pali 
base. b photograph looking 
south across the Mauna Ulu 
lava lake on 20 June 1974 into 
the tube (t) and spillway chan-
nel (sc) that fed the Muliwai a 
Pele channel system. Lava lake 
surface is around 20 m below 
the pit rim (photograph source: 
USGS-HVO Mauna Ulu Slide 
Book 28, p. 12, Photograph 
25; Photograph Credit: D.W. 
Peterson). c Photograph look-
ing north across the actively 
advancing flow front and up the 
distal section of the system on 
1 June 1974. Scale bar is for the 
foreground on Holei Pali (pho-
tograph source: USGS-HVO 
Mauna Ulu photograph Book 
28, p. 9, Photograph 4; Photo-
graph Credit: D.W. Peterson). 
d Photograph looking down 
onto the Mauna Ulu lava lake 
and Mulawai o Pele spillway 
channel sometime on 1 June 
1974. Channel already appears 
to be roofed over, and pāhoehoe 
(p) is already advancing over it 
on its eastern edge from a small 
lateral vent on the flank of the 
Mauna Ulu shield (photograph 
source: USGS-HVO Mauna Ulu 
Photograph Book 28, p. 9, Pho-
tograph 37; Photograph Credit: 
D.W. Peterson)

chevrel

chevrel



Bulletin of Volcanology           (2022) 84:70 	

1 3

Page 7 of 34     70 

3.	 In a final phase of channel construction that lasted a 
further ∼10 h, the roofed-over ponds continued to drain 
through the blockages to cause roofs to founder, and 
inflated flows to be emplaced on the channel floor below 
each blockage.

We have also carried out textural and chemical analy-
ses of samples collected down the channel length to build 
a rheological model for the lava, as well as to define 
down-flow textural and cooling trends (Robert et  al. 
2014). In Sehlke et al. (2014), we linked these with flow 
rheology and the pāhoehoe-’a ‘ā transition. Although the 
cooling rate down the channel was estimated to have been 
constant at 6.7 °C/km, the crystallization rate increased 
from 0.03Фc/km in the proximal zone to 0.14Фc/km 
in the distal zone (with Фc being the crystal fraction). 
This controlled lava viscosity and yield strength increase 
that were estimated to have an average of 150 Pa s and 
140 Pa, respectively, in the proximal zone, and 2000 Pa s 
and 400 Pa, respectively, in the distal zone (Robert et al. 
2014). Sehlke et al. (2014) experimentally measured the 
viscosity of remelted samples and showed that the tran-
sition from pāhoehoe to ‘a‘ā surface textures begins at a 
crystallinity of ∼10% and ends at crystal contents exceed-
ing 40%. The pāhoehoe to ‘a‘ā transition begins to occur 
at the same spatial (Robert et al. 2014) and rheological 
(Sehlke et al. 2014) point in the channel after a distance 
of 4.5 km and a viscosity of 250 Pa s.

Here, in this fourth paper of the series, we present the 
full description of the Muliwai a Pele lava channel sys-
tem. This includes:

•	 the geological map for the stabilized channel (Online 
Resource 1; Fig. 1b),

•	 a detailed description of all morphological features, 
and

•	 new data from a sampling campaign made in 2017 that 
was prompted by gaps in the data set revealed by the 
analysis of Robert et al. (2014).

We use this to:

	 (i)	 define and classify the down-system channel and 
levee morphology,

	 (ii)	 link the down-system changing morphologies to the 
formative emplacement processes,

	 (iii)	 properly explain the associated down-flow cooling 
and crystallization trends, and

	 (iv)	 provide and test a benchmark for lava flow modelling.

We provide all data in Online Resources 2 through 5, 
and the benchmark in Online Resources 6–9.

Methods

We mapped the Muliwai a Pele channel and lava flow using 
a 0.82-m-spatial-resolution panchromatic IKONOS image 
(https://​www.​satim​aging​corp.​com/​satel​lite-​senso​rs/​ikonos/) 
and the US Geological Survey (USGS) 7.5-min map sheet of 
Makaopuhi Crater (U.S. Geological Survey 2017). This map 
sheet also served as a contour underlay for the geological 
map (Fig. 1; Online Resource 1). Note that we follow fluvial 
flow terminology and define right and left with respect to 
the channel when looking in the down-flow direction. In 
our case, flow was to the south so that the right bank is to 
the west, and left bank is to the east. We also define a levee 
as being a part of the channel system built during a sin-
gle, discrete deposition event, such as short-lived overflow 
from of the channel, with the bank being the static margin 
of the channel built by successive levee forming events (cf. 
Whittow 1984). The bank can thus have a composite form 
involving multiple levees. In the field, we walked all unit 
perimeters and channel rims with a hand-held GPS, as well 
as the right- and left-bank channel rims. The precision of the 
GPS-walked lines was that given by the sensor (a Garmin 
Etrex) and was typically 1–2 m. This is roughly the same as 
the precision of the mapping using IKONOS, i.e., one to two 
1 m pixels. Overlaying GPS-walked lines with IKONOS-
mapped contacts revealed agreement within the ± 1 m limit 
precision of the two data sets.

In addition, changes in grayscale tone in the IKONOS 
image were used to map the lava surfaces down the channel 
system, as well as the channel left and right bank margins. 
Fieldwork allowed us to link all tone changes to lava surface 
types, which we placed into five facies following the clas-
sification system of Harris et al. (2017). These were linked 
to their grayscale appearance in the IKONOS imagery fol-
lowing the look-up table of the Color Wheel Company (Arts 
Cool Graphics Group 2006) which provides a light reflec-
tance value scale between 0% (i.e., black or zero on an 8-bit 
gray scale) and 100% (i.e., white or 255 on an 8-bit scale):

(i)	 ‘a‘ā: black (< 20%);
(ii)	 slabby pāhoehoe: dark tones (20–40%);
(iii)	 transitional pāhoehoe: dark-to-moderate tones (40–

60%);
(iv)	 spiney (rough-surfaced) pāhoehoe: moderate-to-light 

tones (60–80%); and
(v)	 smooth pāhoehoe: light tones (> 80%).

All changes and associations were checked and con-
firmed in the field, revealing an uncertainty in the lava 
type contacts of ± 1 m. Following Sparks et al. (1976) and 
Lipman and Banks (1987), we placed levee unit types into 
three classes:

https://www.satimagingcorp.com/satellite-sensors/ikonos/
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	 (i)	 initial and rubble levees (the basal unit);
	 (ii)	 overflow levees emplaced during surges that over-

whelmed the channel capacity to emplace a short-
lived overbank emplacement event (surge overflow 
units); and

	 (iii)	 overflow levees emplaced during backup behind 
blockages (blockage overflow).

All channel blockages were GPS-located and flows break-
ing out of the channel classified into flow fed by:

	 (i)	 failure of a channel wall, and
	 (ii)	 flow fed by prolonged overflow (during either a surge 

or ponding behind a blockage).

Finally, we mapped all underlying contacts between lava 
flow units emplaced earlier in the Mauna Ulu eruption using 
the date-tagged unit maps of Holcomb (1976, 1980) and 
the US Geological Survey (2017). As part of this, detailed 
(0.25 m resolution) maps of four case type locations were 
prepared for the proximal, upper medial, lower medial and 
distal sections of the channel, as given in Figs. 3 and 4. We 
present the resulting geological map as a full map sheet in 
Online Resource 1.

We defined channel morphologies at 21 locations 
(Table 1) termed “channel stations,” following Lipman and 
Banks (1987) and Moore (1987). Channel stations were 
selected as being representative of any particular channel 
form and dimension down any given reach. At each chan-
nel station, we defined the type and number of levee units, 
as well as the character of the lava making up the in-chan-
nel or outer levee units. For each station, measurements 
were also made to derive all channel and levee dimen-
sional parameters (Fig. 5) using tape measure, compass-
clinometer and laser range finder. Heights, thicknesses, 
and depths measured using the laser range finder have an 
uncertainty of 0.01 m, and those with the tape measure (as 
checked through repeat measurements) are 0.1 m. This, 
coupled with the natural variation of the feature which is 
not perfectly planar, we round all vertical dimensions to 
0.1 m and the uncertainty on all given values is ± 0.05 m. 
Instead, uncertainty for distances greater than 10 m is 
0.5 m, so such values are rounded to the nearest meter 
and have an uncertainty of 0.05 m. In the same way, the 
uncertainty on all angle measurements was found to be 1° 
or ± 0.5°. Around stations C8, C5, C4, CoC, C14-16 and 
C19-20 (Fig. 1) we made the dimensional measurements 
of Fig. 5 every 10 to 30 m for a distance of 60–300 m 

Fig. 3   Maps of the upper-medial reach of the channel system between stations a C9 and BLK 4–5, and b BLK2 and C3-BLK1’ (see Fig. 1 for 
locations)
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up-flow and/or down-flow from the station. These meas-
urements were used to confirm the representivity of each 
channel station in terms of describing the channel mor-
phology and dimension for any given reach. We provide 
the full dataset of measured and derived channel dimen-
sion values in Online Resource 2, and the cross-channel 
profiles and all geological sections are given in Fig. 6 (as 
also inset in the map sheet of Online Resource 1).

To allow generation of a statistically robust data set span-
ning the entire channel length, at all locations where over-
flow levees were apparent, we also measured the number and 
thickness of the overflow levee (hL, in m) plus the under-
lying levee slope (αL, in degrees), and collected a sample 
for density (ρ, in kg/m3) (as given in Online Resource 3). 
This involved measurements at 98 locations (including at 
and around each channel station). Overflow levees could be 
defined by the surface expression of their flow front or from 
their exposure in cracks: see Fig. 7 of Harris et al. (2009) in 
which this is defined. Following Hulme (1974), the density 
measurement allowed yield strength (τ0) to be estimated 
from τ0 = hL ρ g sin(αL), g being gravity. In total we carried 
out measurements at 152 overflow units (as given in Online 
Resource 4).

In Robert et al. (2014), we presented a set of 28 of these 
samples as acquired in 2012 (Fig. 1; Supplement 3). On 
these we completed bulk chemistry, density, vesicle con-
tent and size distribution, plus glass chemistry and micro-
lite crystallization analyses on the quenched (glassy) crust, 
and used the data to estimate lava temperature, cooling and 
crystallization rate. However, that dataset lacked samples 
between 4 and 6 km, a channel reach which marked an 
increase in cooling and crystallization (Robert et al. 2014). 
Thus, in 2017, we resampled this reach, as well as the flow 
front, identifying all possible glassy samples (Fig. 1). Note 
that most of the 152 samples collected for density measure-
ments could not be used because of insufficient glass. On 
these new glassy samples, we used the same methodology as 
Robert et al. (2014) to derive glass chemistry and microlite 
crystallization, and hence temperature and crystallization 
rates. For glass chemistry, we used an electron microprobe 
(CAMECA SX 100: operating at 15 kV and with a 15-nA 
beam current) at the Laboratoire of Magmas et Volcans 
(Université Clermont Auvergne, Aubière, France). The spot 
size was 10 μm, and measurements were made where the 
glass was homogeneous and as far as possible from phe-
nocrysts and microlites. Following Cashman et al. (1999) 

Fig. 4   Maps of the medial-distal reach of the channel system between stations a BLK1’ and COC, and b COC and C17, where three broad pon-
ded lengths are marked (1), (2), and (3) (see Fig. 1 for locations)
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all compositions are given as averages of eight analyses. The 
counting time of 10 s was increased to 60 s for Mg, reducing 
analytical errors on MgO to 0.08–0.10 wt% (2σ). The MgO 
content was then used to obtain lava temperature following 
the method of Helz and Thornber (1987). Uncertainty on 
temperature was based on the 2σ data for the eight analyses, 
and was 1–3 °C. Crystal content in the glassy area of the 
thin section at the contact with the surface was estimated 
using backscattered electron (BSE) images, as collected 
by scanning electron microscopy (SEM) at magnifications 
of × 25 and × 100. One or two images per sample were pro-
cessed and converted into binary images via ImageJ, and 
only crystals greater in length than 6 um (three pixels) were 
considered. The percentage of crystals was corrected for 

vesicularity as quantified on the same image. Based on an 
analysis of 16 thin sections the 2σ uncertainty in crystallinity 
is 2%. Density was obtained using cut sample volumes of 
known masses using an Accupyc 1340 Helium Pycnometer. 
The dense rock density of 2900(± 10) kg/m3 for this lava 
flow (Robert et al., 2014) was then used to derive the vesicu-
larity of each sample. All results are given as averages of 
five measurements, where the 2σ error in density is between 
1 and 7 kg/m3. This translates to an uncertainty in density 
values of 2–14 kg/m3, and thus ± 1% on vesicularity. A full 
description of the methodology applied here for chemical 
and textural analysis is given in Robert et al. (2014).

We give these new results in Online Resource 5 where we 
update the texture tables and supplements of Robert et al. 

Table 1   Locations of channel 
stations used to define 
flow profiles for channel 
morphologies. GPS format is 
North American Datum of 1983 
(NAD83), “phh” is pahoehoe, 
and “distance” is distance from 
vent as defined by the vent rim 
marker (Fig. 1)

Profile GPS (E) GPS (N) Distance (m) Slope (°) Lava structure/type Channel form

RIM 268,776 2,142,863 0 12.7 Unconformity Pit outlet
C11 268,818 2,142,724 160 9.2 Skylight Tube
SKY4 268,860 2,142,622 260 9.2 Skylight Tube
SKY3 268,891 2,142,573 320 9.2 Skylight Tube
SKY2 268,876 2,142,418 470 9.2 Skylight Tube
SKY1 268,861 2,142,367 525 9.2 Skylight Tube
C10 268,859 2,142,330 700 2.6 Depression Buried
C9 269,027 2,141,763 1240 3.5 Depression Buried
C8B 269,182 2,141,496 1540 2.8 Smooth phh Mature
C8 269,389 2,141,287 1930 3.5 Smooth phh Mature
BLK5 269,394 2,141,262 2030 3.7 Smooth phh Mature
BLK4 269,553 2,140,665 2580 3.9 Smooth phh Mature
C7 269,654 2,140,396 2618 3.3 Smooth phh Mature
C6 269,611 2,140,222 2818 2.8 Smooth phh Mature
BLK3 269,590 2,139,971 3078 2.9 Smooth phh Mature
C5 269,652 2,139,773 3268 3.1 Smooth phh Mature
BLK2 269,691 2,139,652 3428 3.7 Smooth phh Mature
C4 269,702 2,139,430 3618 3.1 Smooth phh Mature
C3 269,697 2,139,369 3758 3.3 Smooth phh Mature
C2 269,692 2,138,631 4258 3.5 Transitional phh Mature
COC 269,656 2,138,522 4408 3.3 Transitional phh Mature
COC 269,603 2,138,534 4408 3.3 Basal ‘a‘ā unit Initial levee
C12 269,626 2,138,389 4528 4.4 Transitional phh Mature
BLK6 269,672 2,138,233 4648 7.0 Transitional phh Ponded
C13 269,651 2,138,174 4728 6.3 Transitional phh Ponded
C14 269,626 2,138,051 4828 6.2 Transitional phh Ponded
BLK7 269,601 2,137,985 4918 5.2 Transitional phh Ponded
C15 269,561 2,137,885 5018 7.0 Transitional phh Ponded
C16 269,576 2,137,835 5118 20.1 Transitional phh Ponded
C17 269,592 2,137,713 5218 17.0 Transitional phh Ponded
C18 269,603 2,137,626 5308 18.5 ‘a‘ā Braided
C19 269,605 2,137,553 5408 15.3 ‘a‘ā Braided
C20 269,589 2,137,473 5508 15.3 ‘a‘ā Braided
C21 269,559 2,137,363 5608 15.3 ‘a‘ā Braided
FF 269,826 2,134,775 9000 3.3 ‘a‘ā Flow front
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(2014). The complete dimensional, textural and temperature 
dataset for the entire Muliwai a Pele channel is thus given 
in the Online Resource. We also use these data to model the 
down-flow variation in lava thermo-rheological properties 
and velocity using FLOWGO (Harris and Rowland 2001). 
Initialization of the model, as well as the benchmark test, is 
given in Online Resource 6.

Results

The first 1.1 km of the channel is buried by later pāhoehoe 
overflows from Mauna Ulu (Fig. 2d). However, the line of 
the buried channel can be followed from the Mauna Ulu 
source to its first exposure from depression in the pāhoehoe 
through which the channel rim sometimes crops out and a 
line of eight skylights (see map of Online Resource 1). A 
U-shaped trough in the south wall of the Mauna Ulu pit 
crater, 16–18 m wide and 4–6 m deep, marks the channel 
exit. Beneath this there is a 12–14 m wide and 10–12 m deep 

unconformity (Fig. 7a), which matches the shape and dimen-
sions of the outlet tube and channel photographed during the 
eruption (Fig. 2b). The first skylight (C11) is the largest and 
deepest, being 7.65 m across with a roof thickness of 3 m 
and an empty tube height of 1.7 m. The floor of the skylight 
is filled with rubble of unknown depth (Fig. 7b). However, 
the photograph of the active tube indicates around 3 m of 
head space and 2.5 m of undrained lava in the tube exiting 
the vent zone (Fig. 2b). The roof at C11 is composed of 
welded spatter either exposed or veneered with lava. Other 
skylights (SKY1–SKY4) are smaller and show a drained 
tube height of 0.8–2.4 m and a roof thickness of 0.6–1.45 m 
(Table 2). Tube form is unorthodox in that over a down-
flow distance of 1–2 m a tube of ~ 50 cm in height and 2 m 
in width can narrow down to 50 cm in width and then open 
up again into a 3–4 m high-and-wide cavern. Caverns are 
drained down-flow by multiple outlet nozzles which nar-
row down from 50 cm at their exit from the cavern to less 
than 20–30 cm. Cavern walls are bulbous and veneered with 
glazed lava (Fig. 7c,d).

Fig. 5   Channel and levee geometry as measured and calculated as viewed looking in the down-flow direction as that flow direction is away from us
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After the first point of exposure, the stable channel can 
be traced for 4.9 km to the base of Poliokeawe Pali (Fig. 1; 
Online Resource 1). Here the channel becomes poorly 
defined and transitional (senso Lipman and Banks 1987). 
Across the transitional channel zone, a broad central stream 
(in this case of order of 100 m wide) is bounded by incipi-
ent and simple initial levees. The central stream is approxi-
mately the same level as the banks, with the two being sepa-
rated by a zone of shear (Fig. 8a). The transitional channel 
extends 2.4 km to the top of Hōlei Pali down which the flow 
lacks well-developed channel forms (Fig. 8b). Over Holei 
Pali the flow divides into two branches (Fig. 1), feeding two 
lobate ‘a‘ā flow fronts, 170 m (W lobe) and 150 m (E lobe) 
across and 3–4 m high (Fig. 8c). The flow front is at the 
base of Hōlei Pali and the total channel-fed ‘a‘ā flow sys-
tem length is 9 km (Fig. 1). The stable channel section thus 
makes up 70% of the system by length and we herein focus 
on the morphology of its exposed length.

Lava boats, blockages, and syn‑channel lava

Lava boats (senso Lipman and Banks 1987) are ubiquitous 
down both channel banks and consist of pāhoehoe-veneered 
chunks of levee (Fig. 9a). Where broken, the interior struc-
ture shows the boat to be comprised of stacks of thin over-
flow units plucked from the bank. Given the meter scale of 
the boats plucking must have involved bank areas within 
1–3 m of the channel. The example of Fig. 9b shows the 
block to be of channel inner-bank and bank-proximal levee, 
which in this case is comprised of seven pāhoehoe overflow 
units. Lava boats are formed by bank failure where sections 
of levee become broken off and floated down channel (Lip-
man and Banks 1987). Boats can then be floated out of the 
channel during a phase of overbank flow to be deposited on 
the levee surface (Harris et al. 2009). Boats become coated 
in channel lava while rolling in the channel and/or plastered 
with lava during subsequent overbank flow events once 
emplaced (Fig. 9c). Lava boats are typically longer than they 
are wide and range in size from a few tens of centimeters to 
7 m in long-axis length. They are typically found perched 
on the channel rim (Fig. 9c) and have been floated no farther 
than 10 m out of the channel.

There are 29 blockages down the channel (Fig. 1, Online 
Resource 1). Blockages comprise lava boats of 2–3 m across 
that have floated down-channel to become jammed in a con-
striction (Fig. 10a). Lava flowing over and around the result-
ing constriction causes over-construction of the channel at 
the blockage so that, in the case of the example of BLK2 

(Fig. 10a), levees around blockages are up to four times 
higher than where lava had flowed freely within the chan-
nel. Blockages are porous so lava has also flowed through 
them (Fig. 10b). In the case of BLK3 large caverns exist 
within the blockage. Caverns contain internal lava falls and 
flow exits the caverns through a down-flow opening at the 
blockage base (Fig. 10b).

Lava arriving in the channel behind each blockage backed 
up to form stagnant lava ponds in the upstream channel 
(Harris et al. 2009). As a result, all in-channel lava behind 
blockages is associated with a stagnant pond. In some cases, 
ponds remained undrained so that the channel is brim full 
with ponded lava (Fig. 9c). In other cases, the fluid interior 
of the pond drained down-channel to leave the pond crust 
attached to the channel banks as a roof creating a tube-like 
structure (Fig. 11a). In most cases, removal of support dur-
ing pond drainage caused the roof to subside or collapse, so 
that roof material is present as a jumble of slabs and blocks 
on the channel floor (Fig. 11b). In other cases, ponded lava 
inflated to generate tumuli with inflation clefts (Fig. 11c).

Down-flow lava draining through a blockage fed short 
flows of toothpaste lava (cf. Rowland and Walker 1987). 
The toothpaste lavas had their sources at the blockage base 
(Fig. 10a) and were up to ~ 19 m long (BLK2; Fig. 10a). 
Such lava units characterize the syn-channel lava form all 
the way to the crest of Poliokeawe Pali. Only on the steep 
(17–20°) slopes of Poliokeawe Pali do we find lava on the 
channel floor that was flowing freely in the channel when 
the supply ended and flow came to rest within the channel 
(Fig. 11d).

Levee lava facies

Down the channel, we identify the five main lava facies 
listed above (see also legend to map of Online Resource 1): 
smooth pāhoehoe, rough/spiney pāhoehoe, slabby pāhoehoe, 
transitional, and ‘a‘ā (Fig. 12). Smooth pāhoehoe is charac-
terized by a flat, glassy surface in which ropes and lobes are 
rare and lava is typically present as overbank sheet flow that 
mantles lava boats (Fig. 13a). Vesicularities have a range 
of 44–74% with a mean of 59 ± 6% (Table 3). The surface 
is highly reflective and golden in sunlight. Phenocrysts of 
olivine trapped in the glassy selvage cause small (mm-scale) 
bumps on the surface, and drawn out vesicles (with walls 
stretched in the flow direction) result in a fibrous surface 
fabric (Fig. 12c). Rough pāhoehoe is also associated with 
overbank sheet flow, but lacks the coherent glassy crust of 
smooth pāhoehoe (Fig. 12d). Surfaces have a low reflectance 
and are dull in sunlight. The end-member of rough pāhoehoe 
is spiney pāhoehoe, where walls of large (cm-scale) vesicles 
have been drawn out across the flow surface to break and 
form spines (Fig. 12e). Spiney pāhoehoe is generally associ-
ated with syn-channel, ponded lava overflowing from lava 

Fig. 6   Cross-channel profiles and geological cross-sections for all sta-
tions for cases where the channel is fully exposed, i.e., between sta-
tion C8 and the crest of Poliokeawe Pali, i.e., station C16 (see Fig. 1 
for locations)

◂
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backed-up behind blockages (Fig. 13b). The spiny form has 
the lowest vesicularties (41–54%) of all lava facies, although 
the mean vesicularity is still relatively high at 46 ± 6% 
(Table 3).

Transitional lava is characterized by rough pāhoehoe 
containing coiled strips of lava (cf. Peck 1966) and nascent 
‘a‘ā clinkers rooted in the pāhoehoe (Fig. 12f). Transitional 
lava has a vesicularity (mean of 52 ± 4%) between that of 
smooth and spiney pāhoehoe (Table 3). Finally, slabby 

pāhoehoe consists of broken slabs of smooth, rough or 
spiney pāhoehoe, as well as transitional lava, and is usually 
found towards flow fronts (Fig. 13c,d). Being dominated by 
broken slabs of smooth pāhoehoe (Fig. 13c), it has a vesicu-
larity nearly identical to that of its parental facies; slabby and 
smooth pāhoehoe having mean vesicularities of 58 ± 4% and 
59 ± 6%, respectively (Table 3).

‘A ‘ā is of two types: mature and immature, each distin-
guished by clast size and form. Mature ‘a‘ā characterizes the 

Fig. 7   Photos of the proximal (buried and tubed) section of the chan-
nel system. a View looking south across the Mauna Ulu pit to the 
unconformity (dashed black line) marking the outlet of the Muliwai 
a Pele channel (small tubes marked by white circles). This is a view 
from the same position and direction as in Fig.  2b. b View look-

ing east across skylight C11 showing welded spatter (s) and lava-
veneered spatter (v) in its east wall, and rubble (r) on the floor. c Left 
and d right bank outlet nozzles from the cavern at skylight SKY-3, 
showing smooth, shiny, metallic-gray, glaze typical of tube coatings 
(cf. Calvari and Pinkerton 1999)

Table 2   Skylight and tube 
dimensions. Distance is from 
the Mauna Ulu outlet (see 
Online Resource 1 for locations)

Skylight Distance (m) Skylight 
width (m)

Skylight 
length (m)

Tube height (drained 
portion, m)

Roof thickness
(m)

C11 160 7.7 17 1.7 3.0
SKY4 260 0.7 2.4 2.4 1.5
SKY3 320 1.5 2.4 1.4 1.0
SKY2 470 1.4 2.8 1.5 0.6
SKY1 525 1.9 2.7 0.8 1.2
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basal unit and is composed of rounded ‘a‘ā clasts, often oxi-
dized and typically 10–15 cm across. These are mixed with 
lava balls and rafts of pāhoehoe (Fig. 12a). Immature ‘a‘ā 

Fig. 8   Photos of the distal (transitional channel and dispersed flow) 
section of the channel system. a Viewing south from the crest of 
Poliokeawe Pali showing the zone of transitional channel between the 
end of the braided stable channel section (br) and the crest of Hōlei 
Pali (H). The central stream is marked “c”, and broad, incipient, ini-
tial levees are marked with arrows. Distance between “br” and “H” is 
2.2 km. b West (W) and east (e) branches of dispersed flow on Holei 
Pali; Pali is 110  m high. c ‘a‘ā flow front of the west branch; flow 
front is 3.5 ± 0.2 m high

Fig. 9   Examples of lava boats. a Two 2-m-high lava boats coated 
in rough surfaced pāhoehoe overflow perched on the channel rim at 
COC. b Broken lava boat in blockage at C8 (B). Upper surface of the 
block is given by dashed line, where white is the channel wall section 
of the block, and orange is the levee surface, so that the in-situ ori-
entation of the block before failure would have been as marked. Thin 
white lines mark the overflow unit contacts. c Lava boat (6 × 2  m) 
veneered in smooth surfaced pāhoehoe overflow lava 190  m down-
channel from station C8. Channel is brim-full with ponded spiney 
pāhoehoe (p), and levee surface is of smooth pāhoehoe overflow (o); 
which also mantles the boat and is plastered to its base as a high stand 
marker (hs)
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is spiney, black-glassy, with clasts typically 3–6 cm across 
(Fig. 12b). It lacks lava balls and is associated with chan-
nel overflows (as in Fig. 12d) and undrained (non-ponded) 
channel lava (as in Fig. 11d). Where sampled at the flow 
front, squeeze-outs of the ‘a‘ā interior had vesicularities of 
27–41% (Table 3).

Levee units

We can identify four unit types in the levee stratigraphy (see 
legend to map of Online Resource 1). These are, from the 
base up: basal, surge-fed overflow, blockage-fed overflow 
and channel breakouts.

The basal unit is typically 3 m thick (Table 4) and is made 
up of mature ‘a‘ā (Fig. 12a). It represents the stalled margin 
of the initial ‘a‘ā flow emplaced at the onset of the eruptive 
episode. Following Sparks et al. (1976), it therefore rep-
resents an initial levee. It crops out discontinuously in the 

proximal reach of the system where it is, generally, com-
pletely covered by pāhoehoe units from subsequent channel 
overflows (Figs. 3a and 13c). However, its line can some-
times be traced as a low pāhoehoe-mantled scarp (Figs. 4a 
and 13c). It crops out near-continuously between BLK 2 
(Fig. 3b) and COC (Fig. 4a), but then again becomes largely 
buried by overflow units in the lower reach of the stable 
channel (Fig. 4b). The case type location for the basal unit 
is thus between BLK2 and COC (Fig. 13e) where the unit 
is 4–6 m high and ~ 130 m wide (from Online Resource 2). 
This is the flow within which the channel then formed.

Surge-fed overflow units are thin, typically being 
18 ± 13 cm thick (based on measurements on 128 locations; 
Table 4). They are made up of smooth pāhoehoe in the prox-
imal-medial reach of the channel (Fig. 13a), and of immature 
‘a‘ā (Fig. 12b), rough pāhoehoe (Fig. 12d) and transitional 
(Fig. 12f) in the distal reach. Surge-fed overflow units man-
tle the basal unit and so were emplaced after, and onto, the 

Fig. 10   Structure of channel blockages at a BLK2 and b BLK3. c View of a person entering the opening into the internal cavern [marked “O” on 
b] of blockage BLK3
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initial levee during short-lived lava surges that overwhelmed 
the channel capacity. High stand marks on lava boats 
(Fig. 9c), as well as the scale of lava boats buried by over-
flow units (Fig. 13a), suggest that overflows involved flow 
40–50 cm above bank. Orientations of stretched vesicles 
indicate flow back into the channel at the end of the over-
flow event for lava within 1–5 m of the channel (Fig. 13a). In 
the proximal reach where the levee slope (7–16°) is greater 
than the regional slope (2.8–3.5°; cf. Table 1 and Online 
Resource 2) overflow units flowed laterally away from the 
channel as extensive pāhoehoe sheet flows (Fig. 3a). Only 
at the base of the levee did the overflows turn to flow paral-
lel to the channel, a direction which follows the regional 
slope (Fig. 13c). However, in the distal reach the levee slope 
(5–8°) is around that of the regional slope (5–7°; cf. Tables 1 
and Online Resource 2). Here overflow units flowed down 

the levee in a direction parallel to the channel (Fig. 4b). In 
both cases, surge-fed overflow units generally entirely cover 
all preceding units (Figs. 3a, 4b, and 13c). Typically, two 
or three sheets can be mapped on the levee surface, but in 
cracks in the levee bank and in levee blocks comprising lava 
boats up to seven units can be counted (Fig. 9b). In effect, 
later overflows buried earlier overflows, where buried over-
flows are often apparent from breaks in slope in the smooth 
pāhoehoe cover (Fig. 13a). Surge-fed overflow units added 
an extra 3–4 m to the levee height, to give a typical levee 
total thickness at the channel rim of ~ 6 m (Table 4).

Blockage-fed overflow units are thicker than surge-fed 
overflow units, being 70 ± 50 cm thick (Table 4). They typi-
cally extend just a few meters (< 20 m) from the channel 
(Figs. 3 and 4) and are always made up of slabby and/or 
spiney pāhoehoe (Fig. 13b). Blockage-fed overflow units 

Fig. 11   Examples of syn-channel lava structures. a Hanging roof on 
drained pond of backed-up, spiney pāhoehoe. Location is 95  m up-
channel of C7, and 240  m up-channel from the causative blockage. 
Note that levees are of smooth surfaced surge-fed overflow pāhoehoe 
with stranded lava boats (marked with arrows). Channel is brim-full 
with ponded spiney pāhoehoe, and the contact between channel lava 
and levee lava is marked with the white dashed line. The contact 
between the left bank levee base and 1970 (70) pāhoehoe and 1973 
‘a‘ā (73) is marked with an orange dashed line. Channel over-con-

struction around and upstream of blockage BLK4 and the Maun Ulu 
shield (MU) are apparent in the background, and rubble of blocks of 
spiney pāhoehoe from roof collapse are apparent in the foreground. b 
Subsided pond roof 110  m up-channel from pond-example given in 
(a). c Down-channel elongated tumulus in a syn-channel pond of tran-
sitional pāhoehoe at C13, with an inflation cleft (IC) running down 
the tumulus long-axis (cf. Walker 1991). d Undrained immature ‘a‘ā 
in the channel on Poliokeawe Pali. Channel is 15 m wide at point of 
photograph, and 3–5 m wide on the Pali
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mantle the surge-fed units, and so were emplaced after, and 
onto, the surge-fed overflow and initial levees during back-
up and overflow due to ponding behind blockages. Block-
age-fed overflows always comprise a single levee-capping 
unit (Fig. 13b), indicating that they were the final event in 
the levee construction sequence and that there was only one 
overflow event at this point in time. They represent ooze-
over of outgassed lava that has backed-up behind blockages, 

as seen in the distribution of such units in relation to block-
ages in the proximal reach of the channel system (Fig. 3a).

Channel breakouts are secondary ‘a‘ā flows fed by sus-
tained overflow from the master channel or levee failure. 
The main breakout fed by sustained overflow is from behind 
blockage BLK2b (see map of Online Resource 1) and is 
mapped in detail in Fig. 3b. Here ponded lava has over-
flowed both the right and left banks along a channel length 

Fig. 12   Lava facies characterizing the Muliwai a Pele channel sys-
tem. a Mature and b immature ‘a‘ā making up the basal unit of the 
right bank levee of the channel system at C13. Lava balls are marked 

“B”. b Smooth surfaced pāhoehoe at station C8. d Rough surfaced, 
e spiney and f transitional pāhoehoe at C13. Canon lens cap used for 
scale is 6 cm across
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of 110 m. The right bank flow is of ‘a‘ā. This flowed down 
the levee slope before turning at the base of the levee to 
follow the regional slope parallel with the main channel. 
The unit extended 260 m, attained a width of 30–40 m and 
developed a 10-m-wide channel of its own flanked by sim-
ple, rubble levees. The left bank flow is of slabby pāhoehoe 
and, likewise, flowed laterally out of the channel and down 
the levee before turning south to flow parallel to the levee 
base. The unit extended 280 m, attained a width of 20–45 m 
and no channel is apparent. Together these two (left and 
right bank) breakout units added 50–85 m to the levee width, 
increasing the system width at stations C3 and C4 over the 
width at other locations (Fig. 6).

There is one breakout unit emplaced by levee failure. This 
was fed by a failure of the left bank levee behind BLK6 
(see map of Online Resource 1) and is mapped in detail 
in Fig. 4b. The flow is ‘a‘ā and contains numerous lava 
boats made up of lava-veneered chunks of the failed levee 
(Fig. 4b). Flowing parallel to the main channel, partially 
on and partially off of the pre-existing levee (Fig. 4b), it 
extended about 200 m and added 40 m to the width of the 
system at station C13 (Fig. 6).

Levee and channel geometry

Total unit and levee widths, i.e., the entire flow unit width, 
increase systematically down channel (Fig. 14a), where 
the total flow width increases from 50–100 m at the first 
station (C5) to 110–160 m at the most distal stations (C12 
and C14). This is mostly due to an increase in levee width, 
where the right levee increases in width from 9–41 m at C8 
(1.6–1.9 km down channel) to 84–96 m at C13 and C14 
(4.8–5.0 km down channel). Likewise, the left levee width 
increases from 26 m at C7 (2.6 km down channel) to 56 m 
at C14 (Table 5).

Channel width data can be divided into three main seg-
ments (Fig. 14b). As far as station COC (4.4 km down chan-
nel) widths are relatively constant, having a mean and stand-
ard deviation of 9 and 3 m respectively. However, between 
COC and station C16 (5.1 km down channel) widths are 
greater (Table 5) and more variable with a mean and stand-
ard deviation of 16 and 5 m respectively. Thereafter, the 
channel is narrower again, being just 2–5 m (average of 
3.8 m) wide between station C18 (5.3 km down channel) and 
the end of the channel at 5.5 km (Fig. 14b). The same three 
divisions can be made in terms of channel depth (Fig. 14c). 
As far down-flow as station COC depths are relatively 
constant, having a mean and standard deviation of 5.3 and 
2.0 m. However, between COC and station C16 depths are 
greater, being up to 18.5 m, and more variable with a mean 
and standard deviation of 8.5 and 4.3 m (Table 5). Thereaf-
ter, between station C18 and the end of the channel depths, 
are 0.7–3.3 m with an average of 1.8 m (Fig. 14c).

The three-fold division in channel width and depth are 
reflected in the channel morphologies, where the channel can 
be divided into three types based on form: mature, ponded, and 
anabraching-braided. The mature channel form is characteristic 
of the distal-to-medial reach from the point of first exposure (at 
station C8) through COC to station C12 (at a down-flow dis-
tance of 4.5 km). The mature form is characterized by a single, 
well-defined channel bounded by initial rubble levees capped 
by surge-fed overflow levees of pāhoehoe (Fig. 15a,b). The pon-
ded channel form begins at BLK6 (after 4.6 km, Table 1). The 
ponded-form can be traced to C17 (at 5.2 km). Station C17 is 
located at the crest of Poliokeawe Pali and at this station channel 
form abruptly changes to braided on the steep slopes of the Pali 
(Table 1). In fact, all changes in channel form are abrupt and 
coincide with breaks in slope, an association that is also apparent 
in the aerial photographs acquired during emplacement (Fig. 2).

There are three ponds down the ponded channel reach 
(Fig. 4b). The ponds are up to 30 m wide and 110 m long, 
and linked by channel sections that are much deeper than 
they are wide (Fig. 15c). Levees in this reach are more com-
plex than those of the mature reach, comprising overbank 
flow of surge-fed transitional lava, as well as accreted levees 
involving layers of transitional lava plastered to the channel 
walls (Fig. 15c,d). Surge-fed overflows are also of imma-
ture ‘a‘ā which have formed flows (often with channels) that 
moved parallel to the main channel (Fig. 4b). Undrained lava 
in ponds is inflated transitional lava and spiney pāhoehoe 
(Fig. 15e), whereas it is of ‘a‘ā and broken slabs of transi-
tional lava in the pond-linking channel sections (Fig. 15d). 
This channel form, which widens and narrows, can be seen 
in the aerial photograph taken on the morning of 1 June 
1974 (Fig. 2a).

The distal channel reach is braided with three anabranches: 
east, central and west (Fig. 15f). Of these the central branch 
comprises the primary master channel that provided the main 
feed to the zone of dispersed flow (Fig. 1a). The east and west 
anabranches fed units that extended around 500 and 950 m 
down the left and right bank margins of the flow field, respec-
tively. The east anabranch is a 20-m-wide ‘a‘ā unit with an 
incipient channel which forms the left bank of the channel sys-
tem down Poliokeawe Pali, and has its source in the third and 
final pond of the ponded reach (Fig. 4b). The west anabranch 
is a 7-m-wide channel which feeds multiple ‘a‘ā flows that 
form the right bank of the channel. Its source is the exit of a 
25-m-long tube that extends SSW through the right bank levee 
of the central channel. The entrance to the tube is a 2.2-m-high 
and 1.3-m-wide tunnel extending from the base of the right 
bank channel wall at the crest of Poliokeawe Pali (Fig. 15f). 
The air photo taken on the morning of 1 June 1974 (Fig. 2) 
shows the west branch to be active at the same time as the cen-
tral branch. The east branch developed later in the day follow-
ing breakout from the left-bank wall of pond 3 (Fig. 4b), but 
overlapping relationships show that all three branches would 
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have been active at the same time (Fig. 15g). Cross-cutting 
relationships show that in a final stage of formation, the west 
anabranch cut the central channel through down-cutting by 
thermomechanical erosion of the west branch at the crest of 
the Pali. The base of the channel at the point of down-cutting 
is 2 m lower than the base of the central channel on the Pali 
(channel c of Fig. 15f). This cut supply to the master channel, 
instead feeding a short (25-m-long) flow of late-stage ‘a‘ā into 
the upper west anabranch channel (unit ls of Fig. 15f).

On the steep (20°) upper slopes of Poliokeawe Pali, the 
central branch is a well-formed channel (Fig. 16a– d). Over-
bank flow forms shallower lateral channels, some with super-
elevation and overbank spatter, that run in and out of the 
main channel (Fig. 15f). At the base of Poliokeawe Pali and 
on more gradual (15°) slopes, the central branch becomes 
braided dividing into two or three branches with the channel 
dividing and uniting around a series of islands (Fig. 16e–f). 
This occurs over a short distance (100 m) before the channel 
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system enters the zone of transitional channel and dispersed 
flow over slopes of 4° (Fig. 15g).

Channels on Poliokeawe Pali involve overflow levees of 
transitional lava, as well as nested and wall-accreted levees 
of immature ‘a‘ā (Fig. 16). Immature ‘a‘ā also comprise the 
undrained lava remaining on the channel floor (Figs. 11d 
and 15g). The channel is cut by 80–90-cm-wide cracks that 
opened during the November 1975 earthquake (MS 7.1, 
Ando 1979; Fig. 15f) and at these locations between two 
and four undrained units with a total thickness of up to 3 m 
can be counted (Fig. 16c).

Unlike at stations in the proximal–medial channel reach, 
distally the channel is set down into the surrounding lava 
and shows much more complex levee forms (cf. Figures 6 
and 16). The complexity of the distal segment of the stable 
channel also makes the outer-limit of the master channel 
levees impossible to define, as they are always buried by 
subsequent flow fed by ‘a‘ā overflow from higher in the 
channel (cf. Lipman and Banks 1987). This burial process 
also explains why the channel is set down into the surround-
ing flow field (Fig. 16).

Down‑channel vesicularity, crystallinity, 
and temperature

Vesicularity for surge-fed overflow units shows a general 
decrease with distance, but with a large degree of scatter 
(Fig. 17a), where proximal vesicularities are 65 ± 5% and 
distally values are 51 ± 4% (Robert et al. 2014). Phenocryst 
contents for the bubble-free mixture are on average 12 ± 3%, 

and are a little higher above 3.5 km than below (Fig. 17b), 
declining from 13–16% proximally to 9–10% distally. The 
new samples obtained in 2016 allows us to fill a gap in the 
down-flow microlite content data given in Robert et al. 
(2014). Results show that microlite content for surge-fed 
overflows experience a down-channel increase from 3 to 
16%, giving a crystallization rate (per unit distance) of 
approximately 0.043 Фc/km, although the rate of increase 
is best fit with a power law (Fig. 17b). This rate of increase 
contrasts with that previously determined in Robert et al. 
(2014), i.e., 0.03 Фc/km at the proximal reach and 0.14 Фc/
km after the transitional zone. Here we note that the samples 
associated with overflow of lava from ponds show a higher 
rate of 0.11 Фc/km (Fig. 17b).

The eruption temperature of 1164 ± 2 °C, calculated from 
the MgO content of MU1 glass collected 1.43 km from the 
vent, agrees with lava temperatures of 1130 to 1165 °C 
measured by optical pyrometer and thermocouple in lava 
channels at Mauna Ulu between 1972 and 1974 (Tilling 
et al. 1987). In terms of cooling, the new data give cooling 
rates per unit distance for surge-fed overflow of 5.4 °C/km, 
which is less than that determined in Robert et al (2014), 
i.e., 6.6 °C/km. However, the ponded lava overflow sam-
ples show a higher cooling rate of 17.7 °C/km (Fig. 17c). 
When looking at crystallization as a function of tempera-
ture, the new data (including pond and surge samples) show 
two trends (Fig. A1). Between 1164 °C, where no microlites 
are present, and 1144 °C where microlites represent 8% of 
the volume, the crystallization rate is 0.003 Фc/°C. Below 
1144 °C crystallization abruptly increases with a rate of 
0.015 Фc/°C to 1135 °C where microlites reach 34%. This 
change is located between 3920 and 4365 m from the vent 
and corresponds to the transition from smooth pāhoehoe to 
transitional lava.

FLOWGO modelling

Here we update the FLOWGO modelling presented in Rob-
ert et al. (2014). This is motivated by the new sample set, the 
development of a new version of FLOWGO (PyFLOWGO, 
Chevrel et al. 2018), availability of a more precise slope 
profile, and additional data that we can use as a benchmark. 
Model initialization, as well as comparison with the bench-
mark, is given in Online Resource 6, where the new crystal-
linity and temperature data do not change the initialization 
conditions over those of Robert et al. (2014), but instead 
add further points to allow assessment of model-to-data fits.

A new slope profile was obtained for the center of the 
channel on a 10-m-resolution DEM and smoothed with a 
running mean function over 100 m (Fig. A2). As discussed 
in Harris (2013), application of the deterministic eight 
neighbors (D8) method is the basis for finding the path of 
steepest descent for a fluid flowing across the DEM (Mark 

Fig. 13   Levee units characterizing the Muliwai a Pele channel sys-
tem. a Smooth surfaced pāhoehoe sheet flow between stations C8 
and C8b. Lava boats stranded on the levee surface are marked with 
white arrows, dashed line traces the crest of the right bank (RBL) 
and left bank (LBL) levees, and vertical line is placed at their base 
(n.b. line is placed in-channel). Yellow arrows mark flow directions 
apparent from flow fabric, and orange dashed line marks limit of bur-
ied overflow. b Lateral overflow of toothpaste lava from blockage at 
C2 onto levee bank. Blockage overflow consists of a central plug of 
spiney pāhoehoe and shear zones of immature ‘a‘ā. c Surge-fed over-
flow unit at station BLK4. Overflows are smooth surfaced pāhoehoe 
(sp) proximally, breaking up to slabby pāhoehoe (sl) distally. Contact 
with underlying lava (1974 pāhoehoe) is marked with dashed orange 
line. Note that the basal ‘a‘ā unit is completely buried, but its pres-
ence is apparent from a break in slope in the levee construct (dashed 
white line). Channel rim is along the skyline, with stranded lava boat 
marked with white arrow; yellow arrows mark flow directions appar-
ent from flow fabrics. Distance to channel rim is 30 m, and distance 
to the break in slope is 20  m. d Overbank slabby pāhoehoe from 
blockage overflow behind BLK4 overlying levee units of surge-fed 
smooth-surface pāhoehoe. e Basal ‘a‘ā unit (B) north of the Chain of 
Craters road, capped by rough pāhoehoe surge overflow units (rpo) 
and a blockage fed overflow of spiney pāhoehoe (toothpaste, tb) from 
behind blockage “B”. There is also a toothpaste ooze out of the inte-
rior of the flow at the base of the levee (ta). Distance from channel 
rim to the edge of basal unit is 45–50 m, and overflow units extend 
12–20 m from the channel
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1984; O’Callaghan and Mark 1984). The D8 model assesses 
the gradient between a pixel and all eight of its neighbors 
and the flow line is projected from the host pixel in the direc-
tion of highest negative gradient. However, the D8 algorithm 
is well-known for having problems dealing with DEM arti-
facts over volcanic terrains (cf. Stevens et al. 1999), as well 
as long planar slopes, flat terrain, basins and pits (e.g., Fair-
field and Leymarie 1991; Turcotte et al. 2001; Jones 2002). 
Thus smoothing of the DEM is recommended by Hutchinson 
(1989) to resolve these problems. Here, we find that smooth-
ing over 100 m (equivalent to 10 pixels in this case) pro-
vides a trade-off between too much reduction in DEM detail 
and failure of the D8 model. Smoothing over 100 m down 
the channel center line produces a path of steepest descent 
which is identical to those obtained for the topography on 
either side of the channel system but, because we model flow 
in the channel, it is the slope of the channel centerline that 
we need (see Fig. 1a).

In addition, to improve the quality of the modelling, the 
computing step size was reduced from 200 to 10 m, as rec-
ommended by Chevrel et al. (2019). We then use the same 
initialization parameters as Robert et al. (2014), except that 
we consider the new crystallization rates as determined 
above (Table A1). Model output shows that the down-flow 
variation in temperature and crystal content can be well 
modelled for the surge samples, but not the ponded overflow 
samples (Fig. A3). The modeling also shows that the veloc-
ity of lava within the channel could have been as high as 
27 m/s at the vent, decreasing to around 5 m/s at the Chain of 
Craters Road, but increasing again upon reaching the steep 
slopes of Poliokeawe (Fig. A3). These velocities served to 
reduce cooling rates in terms of unit distance, allowing flow 

to arrive at the channel exit 5.5 km from the vent with a 
viscosity of less than 2000 Pa s (Fig. A4), and capable of 
feeding flow for a further 3.5 km across the zone of tran-
sitional channel, in spite of heat losses of up to 108 W/m 
(Online Resource 6).

Discussion

The stratigraphy of the three main facies comprising the 
channel system (basal, surge-fed overflow, and blockage-
fed overflow) shows that, temporally, the morphology of the 
system evolved from a simple channel between initial and 
rubble levees to a complex channel of compound initial, rub-
ble, overflow and accretionary levees (Figs. 6 and 16). The 
resulting stratigraphy is illustrated in Fig. 15 in which first 
emplacement of the basal unit formed the initial and rubble 
levees, followed by construction of surge-fed overflow lev-
ees that buried (partially or completely) the basal unit, with 
accretionary levees being built during the passage of surges. 
Finally, ponding behind blockages capped the sequence with 
blockage-fed overflow levees of limited extent (cf. Harris 
et al. 2009).

The unconformity apparent in the south wall of Mauna 
Ulu is the trace of the outlet channel that fed the system 
(Fig.  7a). Photographs taken on 20 June 1974 show a 
2-m-deep channel underlain by a ~ 5.5 m high tube (Fig. 2b). 
Sometime after the picture was taken, the tube roof col-
lapsed into the tube to form the rubble-filled unconformity 
apparent today. Photographs taken on 1 June 1974 show a 
channel to be active all the way to the flow front (Fig. 2c), 
but the spillway out of the lake appeared to have been 

Table 3   Summary of pahoehoe 
vesicularity data of Online 
Resource 3

Pahoehoe facies No. samples Min (%) Max (%) Mean (%) St. dev (%)

Smooth 44 44 74 59 6
Slabby 4 53 63 58 4
Transitional 20 44 60 52 4
Spiney 4 41 54 46 6
‘A‘ā facies No. samples Min (%) Max (%) Mean (%) St. dev (%)
Initial levee clast 2 38 40 39 1
Interior squeeze-out 4 27 41 35 6

Table 4   Summary of levee 
unit thickness data of Online 
Resource 2 and 4. Surge-fed 
and blockage-fed overflow 
measurements are for single 
units, whereas the total overflow 
measurement is for all units

Unit No
measurements

Min (m) Max (m) Mean (m) St. dev (m)

Basal 42 0.1 10 3.0 1.8
Surge-fed overflow 128 0.1 0.6 0.18 0.13
Blockage-fed overflow 23 0.1 1.65 0.67 0.45
Total levee thickness 53 1.3 18 6 3
Total overflow thickness 42 1 8 3 2
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Fig. 14   Changes in a unit width, 
b channel width, and c chan-
nel depth with distance down 
channel. W = total unit width; 
wR = right bank levee width; 
wL = left bank levee width; Dc 
= Empty channel depth; Hc = 
total channel depth (see Fig. 5 
for definitions). For each point, 
Dc is the median point of DL 
and DR at any given station, 
and Hc is median of HL and 
HR (i.e., the left and right bank 
values for each parameter, 
respectively). Data from Online 
Resource 2 are plotted
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already roofed-over (Fig. 2d). Our mapping shows that the 
first 1.1 km of the channel system became entirely tubed 
(Online Resource 1) and all traces of the channel were bur-
ied by subsequent pāhoehoe from Mauna Ulu (Fig. 2d). The 
flow front was already at the base of the Hōlei Pali on 1 June 
1974 (Fig. 2c), meaning that the channel system reached 
full extension in a little over 54 h, with the proximal part 
beginning to roof over. Thereafter, over the remaining 24 h 
of activity, the flow system was constructed vertically and 
horizontally by channel overflow, branching and breakout.

As established in Harris et al. (2009), effusion rates in 
the channel were highly variable with short-lived surges 
of bubble-rich lava overwhelming the channel capacity to 
emplace sheets of highly-vesicular (Table 3) and smooth-
surfaced pāhoehoe (Figs. 12c and 13a). Between surges, lack 
of support during below bank flow caused chunks of channel 
wall to fail, topple into the channel, and break off to float 
down-channel to become lodged in constrictions and form 
the blockages. Blockages were porous, with decimeter-scale 
spaces between each boat comprising the blockage. During 
surges, flow thus went over as well as through the porous 
blockages, flowing in the gaps between the lodged boats 
(Fig. 10). We thus interpret the cavern and outlet system in 
the proximal, tubed section of the system (Fig. 7c,d) as a 
blockage that formed early and high up in the channel sys-
tem, that later became incorporated into the tube. This struc-
ture has the same form as the interior of blockages lower in 
the channel (cf. Fig. 10).

With cessation of supply, lava drained down-channel to 
become ponded behind already-formed blockages (Harris 
et al. 2009). Ponds slowly filled due to down-channel drain-
age to overflow the channel to a limited extent (Fig. 13d; 
Online Resource 1). Lava also slowly seeped through the 
blockages to emplace late stage, channel-floor flows down 
channel of blockages (Figs. 10a and 11c) and to drain the 
ponds. Residence in the ponds caused the lava to become 
degassed and outgassed (Harris et al. 2009) and drainage 
caused unsupported pond roofs to collapse onto the channel 

floor (Fig. 11a,b). This explains why pond overflow units are 
the most dense (Table 3) and involve degassed lava forms 
(i.e., spiny and toothpaste pāhoehoe, Figs. 12e and 13b). The 
formation of blockages and stagnant ponds was a ubiquitous 
process that occurred 29 times down a channel length of 
5.2 km, for a frequency of one blockage and pond combina-
tion every 180 m.

Down‑system spatial evolution of channel 
morphology

We use the down-system changes in channel type, lava 
facies, channel-levee dimensions, and vesicularity to char-
acterize the proximal, upper-medial, lower-medial, and dis-
tal reaches of the channel. The transitions between the four 
reaches are abrupt and are generally coincident with changes 
in substrate character and/or underlying slope.

The proximal reach extends 2.3 km from the point of first 
exposure to station BLK2 and is characterized by a mature 
channel (Fig. 15a) with extensive overflow levees of smooth 
pāhoehoe (Table 1, profiles C8–C5 in Fig. 6). This reach was 
(i) emplaced on the most gentle slopes encountered down the 
system (Table 6), (ii) followed the contact between two pre-
viously emplaced flow fields (Fig. 3a), and (iii) had “dense 
hummocky pāhoehoe produced from lava tubes” (Swanson 
1973) as its substrate.

The upper-medial reach is also (i) characterized by a 
mature channel (Fig. 15b), (ii) was emplaced on hummocky 
pāhoehoe, and (iii) follows the contact between two previ-
ously emplaced flow fields (Fig. 3b). The main difference 
between this reach and the proximal reach is the change in 
the facies of the overflow levees, from smooth (Fig. 12c) 
to rough (Fig. 12d) pāhoehoe. This transition occurs quite 
abruptly between stations C3 and C2, 3.3 and 3.5 km down-
flow, respectively (see contact on Fig. 3b). After this point, 
smooth pāhoehoe is not encountered again down the sys-
tem (Table 1). The levees also become wider and thicker, 
the channel is deeper, and overflows have a lower vesicle 

Table 5   Summary of levee and channel dimension data of Online 
Resource 2. See Fig. 5 for geometry, nomenclature and abbreviations 
used. Summary are for all stations where a single, mature channel can 

be identified, i.e., as far as the beginning of the braided channel reach 
at station C16. The additional width provided by channel breakout 
flow parallel to the main channel-levee unit is not considered

Channel/levee dimension Above COC Below COC

min mean max min mean max

Total levee thickness (H, m) 1.3 5.3 9.4 4.9 8.5 18.5
Channel ("empty") depth (D, m) 1.1 3.0 6.7 3.3 10.9 18.1
Depth of undrained lava in channel (U, m) 0.2 2.5 6.1 2.2 7.4 13.4
Unit width (W, m) 53 93 157 112 136 159
Channel width (wC, m) 3 9 18 8 16 27
Left bank width (wL, m) 21 43 84 46 60 72
Right bank width (wR, m) 8 32 70 48 66 96
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content and reflect a higher yield strength than in the proxi-
mal reach (Table 6). These changes are all consistent with 
the rheological character of the lava crossing a threshold that 
pushed the lava into a transitional regime (cf. Peterson and 
Tilling 1980). Based on the model of Sehlke et al. (2014), 
this corresponds to a viscosity threshold at 200–1000 Pa s, 
depending on strain rate. Following Fig. 17, at 4.5 km from 
the source, lava flowing down this reach had a temperature 
of 1142–1145 °C and a microlite content of 8–13 vol.%. This 
is well-modelled by pyFLOWGO where, at this transition (at 
4.5 km), the viscosity is modelled as being around 500 Pa s 
(Fig. A4), i.e., within the 200–1000 Pa s required for the 
change in lava character.

The lower-medial reach is characterized by a ponded 
channel form (Fig. 15c–e), and the levee thickness and chan-
nel depth are the greatest of any reach (cf. profiles C8–COC 
and C12–C16 in Fig. 6). The transition occurs abruptly 
between stations C12 and BLK6 (Table 1) with the first pond 
forming where the channel crosses onto the 1969 lava flow 
(see Fig. 4b). The channel down this reach is entirely on the 
1969 lava flow (Fig. 4b) and is over-deepened, the chan-
nel base being 1–6 m below the surrounding pre-eruption 
surface at all stations (see profiles C12–C16 in Fig. 6). The 
1969 lava flow is composed of fragile slabs of pāhoehoe 
and loose ‘a‘ā clasts. Upon leaving the dense, coherent 
pāhoehoe surface that underlies the upper two reaches, the 
initial flow seems to have bulldozed into and through the 
1969 lava. We suggest that this caused the flow front to stall, 
widen and inflate, a little like the mode of flow front advance 
described for ‘a‘ā at Etna by Calvari and Pinkerton (1998). 
Upon reaching a critical pressure, lava collecting behind the 
stalled flow front broke out so that the flow bulldozed for-
ward once more before stalling again. Thus, while each pond 
marks one of the three stalled flow front positions (Fig. 4b), 
the narrow, well-formed channel sections (Fig. 15c–d) mark 
the line of break-out flow, with the channel geometry taking 
on a beaded form in plan view (cf. Gorrell and Shaw 1991). 
Bulldozing of the underlying flow would also explain the 
over-deepening of this channel reach.

The distal reach has an anabranched and braided form 
(cf. profiles C21–C22 in Fig. 16), within which channels 
are narrow and shallow, but distributed across a broad (up 
to 300 m wide) flow field (Table 6). The aerial photograph 
taken of the morning of 1 June 1974 shows that at least six 
branches were active at the same time (Fig. 2a). This reach 
is 300 m long and coincides exactly with the steep slopes of 
Poliokeawe Pali, the reach beginning at the break-in-slope 
that marks the crest of the Pali, and ending at the break-in-
slope that marks the Pali base (Fig. 15).

In a fluvial setting, increases in slope can lead to 
decreased channel depth, which cause a change to super-
critical flow and avulsion associated with super-elevation 
(Bryant et al. 1995). This appears to have been the cause 

of braiding on the steepest, upper slopes of the Pali where 
super-elevation is apparent (Fig. 15f). The super-elevation is 
asymmetric, occurring on the outside of a bend (cf. Heslop 
et al. 1993), and caused lava to overflow out of and back into 
the main channel over a distance of 30 m. Other braids and 
anabranches are formed by overflow from the main chan-
nel typically on the outside of a curve (cf. Ferguson 1993). 
Overflow then moved parallel to the main channel (e.g., 
profile C19 of Fig. 16) rejoining it to form an anabranch, 
or not rejoining to from a tributary (e.g., the east branch of 
Fig. 15g). The morphology of the anabranch on the west 
side of the unit (Fig. 15f)—and its association with the fan 
of lava comprising the flow field on and extending from the 
base of Poliokeawe Pali (see map of Online Resource 1)—is 
reminiscent of avulsion that occurs due to sustained sup-
ply to a channel with its mouth at the head of a debris flow 
fan (cf. De Haas et al. 2016). Finally, braiding of the main 
channel at the base of Poliokeawe Pali (Fig. 15g), where 
slopes are reduced, is comparable to “central bar braiding” 
in a fluvial system (Ferguson 1993) whereby, as transport 
capacity declines with the reduced energy on the lower 
slopes, coarse material becomes deposited in the channel 
and is then accreted to (Ashmore 1991). Braiding requires 
a density difference between the deposited material and the 
transporting fluid (Bridge and Gabel 1992; Yang et al. 2015). 
In this regard, we see braiding in ‘a‘ā, where the clasts have 
densities of up to 1910 kg/m3, whereas the transporting 
fluid can have densities as low as 760 kg/m3 (See Online 
Resource 3). Therefore, there is a density difference between 
the transporting fluid and deposited clasts by a factor of up 
2.5. We thus suggest that braiding results primarily from 
deposition of dense ‘a‘ā clasts at the base and margins of 
the channel under the influence of changing viscosity and 
flow dynamics.

Thus, the first change in channel-reach morphology 
(between reach 1 and 2, Table 6) is due to a rheological influ-
ence associated with lava cooling and crystallization to push 
viscosity, strain rate and shear stress through a threshold that 
causes the lava to begin to cross the pāhoehoe–’a ‘ā transi-
tion. The second change (between reach 2 and 3, Table 6) is 
due to a change in substrate from consolidated to unconsoli-
dated to initiate ponding. The final change (between reach 
3 and 4, Table 6) is due to a slope increase which initiated 
braiding, avulsion, anabranching, and tributary formation.

Down‑system vesicularity trends

Down-system there is a general decreasing trend in vesicu-
larity (Fig. 17a), consistent with progressive down-flow 
outgassing, to cause an increase in density of the lava with 
distance (see Online Resource 3). The scatter is likely due 
to our sampling of overflows from a number of different 
surges with different source conditions where, judging from 
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the range of vesicularities sampled within 2 km of the vent, 
at-vent vesicularity before outgassing could have been in 
the range 57–67% for any given surge. However, the trend is 
approximately the same for the upper and lower limits of the 
scatter, being around a 2% decrease in vesicularity for every 

kilometer travelled (Fig. 17a). Through our FLOWGO mod-
elling (Online Resource 6), we estimate that the velocity of 
lava flowing in the channel between the vent and the Chain 
of Craters Road decreased from 27 to 5 m/s (Fig. A2), with 
an average velocity of 10 m/s. This compares with similar 
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velocities measured by Lipman and Banks (1987) in the 
upper reach of Mauna Loa’s 1984 channel-fed system, and 
gives a transit time of about 7 min down the first 4.5 km of 
the system during a surge. This converts to a bubble loss rate 
of around 2% per minute.

When sampled at the same locality, the vesicularity of 
surge-based overflow is always greater than that of over-
flow fed by channel-ponded lava by 2–18%, with an average 
difference of 8% (Online Resource 3). This is the effect of 
stagnant lava backing up behind blockages during late-stage 
channel drainage, where residence time in the ponds behind 
each blockage caused the pond-overflowing lava to be more 
outgassed when compared with the surge-fed lava. We dis-
tinguish here between degassing in the channel, where gas 
exolves into bubbles, and outgassing, where gas exolves into 
bubbles plus some bubbles are lost from the system. Here, 
bubble loss and thus outgassing is apparent from the lower 
vesicularities for the channel-ponded lava. Because near-
vent lava is always of high vesicularity, bubble loss resulted 
from transit time down the channel and/or residence time in 
syn-channel ponds. The increased outgassing effect for chan-
nel-ponded lava thus results in the vesicularity of pond-fed 

overflows to decrease over its surge-fed counterpart, and the 
associated lava flow form to become that of outgassed, late-
stage, facies (cf. Rowland and Walker 1987; Wilmoth and 
Walker 1993; Harris et al. 2017), such as spiney or tooth-
paste pāhoehoe (Figs. 12e and 13b). Residence time in late-
stage ponds may have been as long as a few hours (Harris 
et al. 2009), meaning that bubble loss rates per unit time 
were much lower than in the surge-based case when down-
system lava transit was free-flowing and fast. If we take a 
residence time of 4 h for late-stage pond lava (Harris et al. 
2009), we have a typical loss rate of 0.03% per minute for 
this stagnantly outgassing case.

Levee building processes and volume partitioning

The initial basal levee was formed by lava stagnating along 
either side of the advancing ‘a‘ā flow front (cf. Hulme 1974; 
Lipman and Banks 1987; Glaze et al. 2009). Given that the 
parental flow was ‘a‘ā, the initial levee imprints the same 
geometry on the system as the initial flow that descended 
from from Mauna Ulu. This meant that a 9-m-wide channel 
developed between broad levees (typically 32–43 m wide) 
of stagnated ‘a‘ā that formed in an initial flow that was 
50–60 m wide (Table 5). The last point at which the basal 
levee can be well-defined is near the Chain of Craters road 
(Online Resource 1; Fig. 4b). Given the typical thickness of 
the basal unit (5.3 m, Table 4), this gives a total bulk vol-
ume for the basal unit down the first 4.5 km of the system of 
1.8 × 106 m3. This means that volume loss from the ‘a‘ā flow 
contributing to initial levee construction was around 400 m3 
per meter advanced. Because widths of the initially levees 
increase systematically down-system (Fig. 14a), supply must 
have increased with time during the period of initial levee 
construction to allow increasing volume to be partitioned 
into levee construction, while ensuring continued advance. 
This increase would have followed the same function as 
given on Fig. 14a. That is, volume loss to the initial levee 
(as calculated from data in Online Resource 2) increased 
from a starting value of around 240 m3 per meter advanced 
at station C8 (at 1.9 km) to 615 m3 per meter advanced at 
COC (at 4.4 km), to give a rate of increase (in m3 per meter 
advanced) in initial levee building capacity of 0.15 times the 
distance advanced (in meters).

Surge-fed overflow levees were emplaced onto the ini-
tial levees during short-lived increases in effusion rate that 
exceeded the channel capacity (Harris et al. 2009). Surge-
fed overflow levee units are continuous as far as the Chain 
of Craters Road, and the average width of the left bank 
overflow levee is the same at stations C8 and COC, being 
around 20 m (as calculated from data in Online Resource 
2). Given the typical thickness of each overflow unit 
(0.18 m, Table 4) volume loss to surge-fed overflow levee 
construction during each surge was thus 7.2 m3 per meter 

Fig. 15   a View down the proximal channel from blockage BLK4 
(2.5 km down-channel) showing a single, well-defined, mature chan-
nel and levee stratigraphy where: units labelled (i) are the underly-
ing flows, which are 1970 ‘a‘ā (left bank) and 1974 pāhoehoe (right 
bank), (ii) is the basal unit, (iii) are surge-fed overflow units, (iv) 
are blockage-fed overflow units, and (v) is a subsided syn-channel 
pond roof. b View down the medial channel from C2 (4.3 km down-
channel) towards the Mulawai o Pele overlook showing a single, 
well-defined, mature channel and levee stratigraphy where units are 
labelled as in (a) except that the underlying flows are 1969 ‘a‘ā (left 
bank) and 1973 pāhoehoe (right bank). c Channel linking ponds (2) 
and (3) (Fig. 4b) showing channel wall accretion layers (wa). d Chan-
nel linking ponds (2) and (3), with legend as in (a-c). Note that unit 
(ii), the basal unit, is missing as it is completely buried (see Fig. 4b). 
e View down channel from C13 (4.7  km down-channel) into pond 
2 (Fig. 4b) where units are labelled as in a except that the underly-
ing flows are 1969 ‘a‘ā (left bank) and 1973 pāhoehoe (right bank), 
and (v) is a tumulus that has formed in the pond (as enlarged in 
Fig.  11c). f Photograph looking north up the braided channel reach 
on Poliokeawe Pali showing the east (e), central (c), and west (w) 
anabranches. Red arrow gives location of tunnel from right bank cen-
tral levee that feeds the west anabranch: yellow arrow gives its exit 
and dashed white line containing the “ls” label delimits late-stage 
‘a‘ā emplaced in the upper reach of this anabranch. Arrowed blue 
lines give direction of overflow channels that flow in and out of the 
master channel, and (s) denotes super-elevation with overbank spat-
ter. g View down the distal channel from C18 (5.3  km down-chan-
nel) showing the central channel and levee stratigraphy where units 
labelled (i) are the underlying flows, which are 1969 ‘a‘ā (left bank), 
(ii) is the main flow fed by the central braid (c), (iii) overflow levees 
(dashed blue lines) and island zone (is) of the central braid, (iv) are 
secondary flows fed by the east braid (“e”: limit marked with yellow 
dashed line) and west braid (“w”: center line marked with dashed red 
arrowed line); (v) super-elevated flow (blue arrows) with overbank 
spatter; and (vi) undrained immature ‘a‘ā of central braid, i.e., the 
master channel
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advanced (assuming symmetric overflow). The unvarying 
nature of the overflow levee width indicates that this rate 
of partitioning was stable down system, but would have 
decreased any given surge by 3.2 × 104 m3 by the level of 
the Chain of Craters Road. For a typical surge at 255 m3/s 
and lasting 5 min (Harris et al. 2009), this represents 42% 
of the surge volume, so that the surge volume would have 
been diminished down-channel at a rate of approximately 
10% per kilometer due to partitioning of volume to the 
overflow levees. This down-flow volume loss meant that 
weaker surges became below bank with distance. These 
emplaced levees accreted to the channel wall or nested 
within the channel (e.g., Fig.  16). The surge-fed over-
flows contributed another 0.5 × 106 m3 to the levees, thus 
accounting for 23% of the levee by volume.

Below the Chain of Craters road, surge-fed overflows 
are more extensive and form anabranches and tributaries 
(Fig. 4b). This change in channel form has two causes. 
First, the levee slope becomes less than that of the regional 
slope below the Chain of Craters road. This caused 
overflow to move down the levee parallel to the axis of 
the channel, rather than flowing laterally away from it. 

Second, the ponded nature of this reach appears to have 
caused backup in the channel due to the bottle-neck effect 
forced by the narrow, down-flow, pond outlet. Ponds thus 
served as collection points during surges, allowing sus-
tained overflow.

Late-stage stagnant overflow levees are generally of 
limited extent and volume, but become more extensive 
down-channel (cf. Figs. 3a and 4a). This is due to late-
stage flow percolating down-system through blockages so 
that ponds forming behind blockages higher in the system 
drained down-channel to incrementally sustain filling of 
ponds lower in the system. For the pond forming between 
BLK2 and C3-BLK1’ this led to sustained overflow to feed 
two units extending several hundred meters parallel to the 
base of the initial levee (Fig. 3b). Instead, behind BLK6, 
pressure exerted on the left bank channel wall by late-stage 
lava ponding behind the blockage caused the bank to fail to 
feed a breakout of late stage lava from the pond carrying 
lava boats of the failed channel wall (Fig. 4b). Elsewhere, 
late-stage overflows added a final layer to the compound 
levee (Fig. 13d), and produced the final profile (Fig. 6) and 
mapped channel form (Online Resource 1).

Fig. 16   Cross-channel profiles for all stations between the crest of Poliokeawe Pali (C17) and the end of the stable channel system (C22)
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Fig. 17   Down-channel variation 
in a vesicularity (from Online 
Resource 3), b crystal con-
tent, and c temperature, where 
red- and blue-filled points are 
for free-flowing and channel-
ponded lava, respectively (from 
Online Resource 5). The trends 
for microlites in b and an cool-
ing for freely flowing lava c are 
only valid between the distances 
1500 m and 6000 m, i.e., for 
the range of distances for which 
we have data. These trends thus 
cannot be extrapolated back to 
the vent or forward to the flow 
front. They are only valid for 
the channelized section. The 
power-law trend given in b is 
that with the best R2 and is for 
microlites only. The linear fit 
has an R.2 of 0.63, misses most 
points and requires a negative 
crystal content at 1500 m
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Cooling rate and crystallization trends

Above the chain of craters road (station COC), we have clear 
trends in both the crystallization (Fig. 17b) and cooling rates 
(Fig. 17c). The cooling trend above COC of 5.4 °C km−1 
is within the range (4–7 °C km−1) found in glass chemis-
try samples or direct (thermocouple-based) measurements 
taken down other channels on Kīlauea and Mauna Loa 
(Crisp et al. 1994; Cashman et al. 1999; Soule et al. 2004; 
Riker et al. 2009; Chevrel et al. 2019). Below COC we can 
project the 5.4 °C km−1 cooling trend through the data, but 
a second trend of 17.7 °C km−1 is apparent (Fig. 17c). The 
same applies to the crystallization rates (Fig. 17b). We sug-
gest that this reflects two modes of flow through the pon-
ded reach. The first mode is free-flowing where the lava 
moves freely through each pond and is not held up, thereby 
maintaining the velocity and cooling conditions of the non-
ponded channel above COC. In the second mode, lava is 
held up in the pond for a period of time, thus increasing the 
transit time of the lava down the system. This decreases the 
velocity of the down system passage of the lava over the 
free-flowing case and, thus, increases cooling and crystal-
lization rates per unit distance. To benchmark the output 
of lava flow modelling only data for the free-flowing case 
should be used to validate model output, as in done here in 
Online Resource 6 (Fig. A3). The data for the ponded lava 
cannot be fit to output from models such as FLOWGO, as 
they apply to stagnant and slow cooling/crystallizing lava, 
such as those found in deep and stagnant lava lakes (e.g., 
Peck 1978; Peck et al. 1966; Wright and Okamura 1977), 
rather than those applicable to free-flowing lava in an unob-
structed and relatively shallow lava channel.

Conclusion

The emplacement history of the Muliwai a Pele lava chan-
nel comprised three phases of emplacement (initial, free 
flowing and late-stage ponded) over a highly variable slope 
(shallow and steep) and substrate (consolidated and uncon-
solidated). This variety of emplacement style, slope and sub-
strate resulted in four channel forms and geometries, five 
lava facies, and four levee forms. Multiplying these compo-
nents together means that there are 960 possible combina-
tions of emplacement phase, slope, substrate type, channel 
form, lava facies, and levee type. The varying components 
work together to produce a high degree of complexity to the 
channel geometry, lava morphology and texture, as well as 
cooling and crystallization rates and associated flow dynam-
ics. All of these attributes are also highly variable in space 
and time, and driven by a non-constant effusion rate. This is 
an unacceptable degree of variance and complexity to war-
rant the term stable. Thus, we suggest that feeder channel is Ta
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a better term for this component of a channel-fed ‘a‘ā lava 
flow field. This term stresses the role of the channel in feed-
ing dispersed flow, rather implying that the dynamics and 
evolution of the channel are invariable.

Although flow conditions in the feeder channel can be 
highly variable in both space and time, conditions for peri-
ods within the channel’s lifetime may be considered stable 
during a particular period if they vary only within accepted 
bounds within it. For example, attributes such as flow depth, 
width, temperature and crystallinity can be defined for peri-
ods of below-bank flow stability. During such periods, cool-
ing trends can be physically modelled. Likewise, for periods 
of surge-fed overflow and late-stage ponding, trends and 
repeatable associations can be identified within the scatter 
of data apparent if all channel states (below bank, overflow-
ing and ponded) are considered together. We demonstrate 
this process here and provide an interpretive guide as to how 
to do this as well as provide a benchmark for the below 
bank flow state. This state can currently be modelled using 
straightforward thermo-rheological relationships (Online 
Resource 6). However, such models now need to evolve to 
allow variable channel states to be taken into account and to 
allow the system to evolve backwards and forwards through 
these states as volume fluxes wax and wane.

We thus find that the construction process, and dynamics 
behind the construction process, of a ‘stable’ channel system 
to be highly unstable. That is, they are liable to change or 
alter (Merriam-Webster’s 2014) with distance down chan-
nel, as well as with time. The anatomy of the Muliwai a Pele 
channel presented here, as well as the map and data sets 
given in the Online Resources, present a guide to this com-
plexity when interpreting poorly exposed, remotely sensed 
and/or extraterrestrial cases. We hope that these findings 
and datasets can also be of use in developing and framing 
models designed at recreating channel and levee construc-
tion conditions, for example for levee emplacement or mass 
partitioning to levees. Likewise, such data are needed to vali-
date models aimed at recreating flow dynamics or thermo-
rheological conditions for active lava channels feeding more 
distal flow zones in channel-fed ‘a‘ā lava flow systems.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00445-​022-​01578-0.
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