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of standing waves in lava channels is poorly understood. Standing waves, generally located near the vent area,
have been frequently described at high speed channelized lava flows. They are interpreted as hydraulic jumps in-
dicating a flow under supercritical conditions. Identifying standing waves therefore offers an opportunity to
apply open channel hydraulic theory for supercritical flows in order to determine important eruption parameters

gfgr‘:i?rrgs;/vaves such as discharge rate and apparent viscosity. We use the length and amplitude of standing waves to reconstruct

Hydraulic jumps flow dynamics from both observational data and video analysis. The geometry of these standing waves allows us

Supercritical flow to extract the physical properties of the channelized lava (velocity, discharge rate, apparent viscosity), to estimate

Lava viscosity the channel depth and constrain the flow regime. With the rapid advances in technology, scientists can deploy

';‘Vﬁlﬂow equipment to enable low-cost real time monitoring of these phenomena and constrain eruption discharge rate
asalt

Real time monitoring

and apparent viscosity, key parameters for volcanic hazard assessment and mitigation.
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1. Introduction

Basaltic lava flows are the most abundant product of effusive volca-
nic eruptions on Earth and other planets (Kilburn, 2000). Their em-
placement has been extensively studied over the past decades from
direct observations of active or historical lava flows, lab experiments
and mathematical modelling (e.g., Walker, 1973; Hulme, 1974;
Lipman and Banks, 1987; Pinkerton and Wilson, 1994; Crisp et al.,
1994; Harris and Rowland, 2001; Guilbaud et al., 2005; Lev et al.,
2012; Cashman et al., 2013; Chevrel et al., 2013, 2019; Cashman and
Mangan, 2014; Cordonnier et al., 2016). Lava flow emplacement is
governed by the relationship between lava rheology (as a function of
composition, temperature and texture), the rate at which the lava is ex-
truded, and environmental conditions such as topography and cooling
(e.g., Shaw et al., 1968; Crisp et al., 1994; Pinkerton and Wilson, 1994;
Griffiths, 2000; Harris and Rowland, 2001; Chevrel et al., 2013;
Kolzenburg et al., 2017). When channelized, these flows can travel
long distances, sometimes at high velocities, which increases their po-
tential threat to local communities (Rowland et al., 2005; Behncke
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et al., 2005; Kauahikaua, 2007; Crisci et al., 2008; Favalli et al., 2009;
Neal et al., 2019). Observations and estimates of the rheological proper-
ties of basaltic lava have shown that active lava flows can reach veloci-
ties up to the order of 10 m/s and with viscosities lower than 103 Pa-s
(Baloga et al., 1995; Lipman and Banks, 1987; Griffiths, 2000; Geist
et al., 2008; Lesher and Spera, 2015; Chevrel et al., 2018). Griffiths
(2000) shows that under such conditions a lava flow can be in a super-
critical state, potentially exhibiting similar hydraulic jumps and stand-
ing waves observed and described in classic open channel studies.

While numerous studies have described high speed channelized
lava flows with standing waves (e.g., Finch and MacDonald, 1953;
Richter et al., 1970; Wolfe, 1988; Heslop et al., 1989; Woodcock, 2003;
Woodcock and Harris, 2006; Geist et al., 2008; Cashman and Mangan,
2014; Cashman et al., 2018), only a few to our knowledge (Cashman
etal., 2018) have used these observations to determine flow parameters
such as discharge rate and lava viscosity. In this study we show that
these lava flows can meet all conditions for supercritical flow and the
derived hydraulic jumps. This observation creates an opportunity to
apply open channel fluid hydraulics for rapidly varied flows and super-
critical flows in order to determine important eruption parameters in-
cluding channel depth, flow velocity, discharge rate and apparent
viscosity. This approach can also provide critical forecasting information
such as lava flow length, a key parameter in hazard mitigation and civil
protection.
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2. Open channel flow: overview and definitions

The definitions below assume a channelized Newtonian fluid. We
will show in Section 3 that under specific conditions (i.e., viscosity
<10? Pa-s and velocity of several m/s), a lava flow can be approximated
as a Newtonian fluid, so that the following equations are relevant if such
lava flows are channelized. We define open channel flow as a liquid
flowing in a conduit with a free surface and driven by gravity alone.
The free-surface is the interface between the liquid and the ambient at-
mosphere and is subject to a pressure that is equal to the local atmo-
spheric pressure, usually negligible. Fluvial systems, such as rivers or
creeks as well as human-made infrastructure such as irrigation chan-
nels, sewers, spillway dams show open channel flows. A moving fluid
in an open channel can be described according to its turbulence and crit-
ical state. All parameters used for the following equations are given in
Table 1.

2.1. Turbulence state and Reynolds number

The turbulence state of the flow is given by the Reynolds number, Re,
which is the ratio of the inertial force to the viscous force:

(M

where, p and 7 are the density (kg/m>) and the viscosity (Pa-s) of the
fluid in motion, respectively. v is the fluid velocity (in m/s) and in an
open channel flow, D is the hydraulic diameter (m) of the channel under
consideration. The hydraulic diameter is defined as four times the

Table 1
Notation and symbols used. Subscripts 1 and 2 refer to upstream and downstream condi-
tions of the hydraulic jump.

Symbol Unit  Definition

A m? Channel cross-section

A m Amplitude of a hydraulic jump

B - Bingham number

Be m Integral form of the Bernoulli equation

D m Hydraulic diameter

Es m Specific energy per unit mass of the fluid

Fr - Froude number

f - Fanning friction factor

G - Ratio of buoyancy to viscous stresses

g m/s?>  Gravitational acceleration

H m Lava flow depth

Hc m Critical depth

K - Coefficient depending on channel shape and roughness
L m Length of hydraulic jump

P Pa Pressure

Pw m Wetted perimeter

Q m3/s  Lava flow discharge rate

Re - Reynolds number

r m Average height of channel wall irregularities
\% m/s Lava flow velocity

w m Channel width

z m Elevation above reference datum

a ° Channel slope angle

B ° Oblique hydraulic wave front angle with respect to original wall

direction

v - Kinetic energy correction factor for non-uniform velocity

gradient in channel cross-section; or Coriolis coefficient
s~!  Strain rate

n Pa-s  Lava flow viscosity

G} ° Bending angle of one channel wall with respect to original wall
direction

P kg/m> Lava flow density

[ Pa Yield stress

Ts N/m?  Shear stress

Q m?/s> =4vi(vi — 304) + (0A;)?

o) m/s?> =g cos a

channel cross sectional area, A = H x W (m?; with H the channel depth
and W the channel width), divided by the wetted perimeter, Py, (m):

D=5 (2)

The wetted perimeter, Py, corresponds to the channel perimeter
that is in contact with the fluid. In open channel hydraulics, Py is related
to the channel bottom and wall lengths. For a rectangular channel, P is
two times the channel depth plus the channel width:

Py =2H+W 3)

A fluid is called laminar when the particles appear to move along
straight paths, generally occurring when Re < 2000. In contrast, fluid is
considered turbulent when the particles move along irregular paths, in-
dicating Re > 2000. The transition from laminar to turbulent occurs be-
tween 500 < Re < 2000, sometimes referred to as transitional flow
(e.g., Chow, 1959).

2.2. Critical state, Froude number and hydraulic jumps

The conditions for critical, subcritical and supercritical flow for an in-
compressible fluid are resolved from the laws of conservation (continu-
ity and momentum conservation; e.g., Chow, 1959; Chanson, 2004).
Assuming the conditions represented in Fig. 1 and that the pressure is
hydrostatic (i.e., P = pgH), integration of the Bernoulli equation implies
that the total head at the channel section is a constant:

2
Z+H cosa + yg—g = Be = constant (4)

where « is the channel slope (°) and z the vertical distance above a ref-
erence plane (m), v?/2g is the velocity head and H the flow depth with
respect to the channel slope. Due to shear stress at the bottom and side
walls, the flow velocity distribution in a channel is not uniform, espe-
cially in the vertical and transverse direction (i.e., z and y directions).
Therefore, the velocity in a channel cross section varies from point to
point, with maximum velocities usually located near the top and centre
of the channel and minimum velocities along the channel walls and bot-
tom (e.g., Fig. 1.9 and 1.10 in Chow, 1959). Based on the work of Chow
(1959), a dimensionless kinetic correction factor, v, is introduced in
Eq. (4) to correct this difference of velocities in the channel cross-
section. This factor is sometimes called the Coriolis coefficient (Chow,
1959; Field et al., 1998; Yen, 1973; Chaudhry, 2008). In natural system
7 is always >1 and can be as great as 2 in complex and compound nat-
ural channel cross sections (Chow, 1959; Henderson, 1966; Chaudhry,
2008). However, considering simple channel cross-sections such as

Reference datum

Fig. 1. Open channel flow on a sloped surface. The free surface is subject to the
atmospheric pressure, P. This diagram is shown parallel to a streamline at the centre of
the channel (i.e., parallel to the x-axis and perpendicular to the y-axis). Definitions of
the symbols are given in Table 1.
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square, U-shape or rectangular sections, vy is slightly above unity and
can be neglected (i.e., y = 1; Chow, 1959).

By analyzing the specific energy, we can determine under which
conditions the flow is critical, sub- or supercritical. If the contribution
from the potential energy is removed from Eq. (4) (Be — z), the specific
energy, Es is found, which is analogous to the energy per unit mass of
the flow measured in relation to the channel floor. In a channel cross
section, Es is thus (Chow, 1959; French, 1986; Chaudhry, 2008):

V2
Es = H cosa + Yog ©)

Fig. 2 shows a plot of the flow energy, Es, versus depth of flow, H, for
a given sloped rectangular channel and a variety of discharge rates, Q
(m>/s). For illustrative purposes, we choose the following parameters:
channel width, W = 15 m; channel slope, & = 10°; discharge rate,
Q = 10, 50, 100, 200 and 1000 m>/s. At large values of depth, E; is
high because the flow depth, H is large. For very small values of H, E
is high because the velocity is high resulting in a high velocity head
(v/2g). Critical flow conditions occur when Es is minimum,; these criti-
cal points are shown by the white diamonds on Fig. 2 for each of the an-
alyzed discharge rates. In this geometry, these conditions are reached
when the velocity head is equal to half the contribution of the pressure
head (Chow, 1959):

vZ  H cosx
VE: 5 (6)

Rearranging Eq. (6), the critical state can be written as the ratio of
the contribution of inertial forces of the fluid to the gravitational forces,
and is represented by the dimensionless Froude number, Fr (Chow,
1959; Hager, 1985; French, 1986; Chaudhry, 2008). For an idealized fric-
tionless sloped rectangular channel:

O A— (7)

\/gH cosa/y

A flow is critical when Fr = 1, subcritical when Fr < 1 and supercrit-
ical when Fr > 1. As previously mentioned, y can be neglected for
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Fig. 2. Specific energy curves in a sloped rectangular open channel with W = 15m, oo =
10° and Q = 10, 20, 100, 200, 500 and 1000 m?/s. The specific energy is the sum of the
velocity head and pressure head with respect to the channel slope. The critical depth for
each discharge rate scenario is shown by a white diamond. This is the depth at which
the flow is in a critical state, i.e., Fr = 1 and possesses the lowest amount of energy.
Above this point, the flow is in a subcritical state (Fr <1, i.e,, low velocities, deep flows).
Inversely, below the critical point, flow is in a supercritical state (Fr > 1, shallow depths,
high velocities).

rectangular channels; therefore, from the above equation, the critical
flow depth Hc is:
2
He=—"
g cosa

@)

A hydraulic jump is the abrupt transition of a flow from a supercrit-
ical to subcritical state. Whenever a flow in supercritical state occurs in a
channel that cannot sustain it, a hydraulic jump will develop to convert
the flow to a subcritical state. When the Froude number is slightly larger
than one, the hydraulic jump is characterized by a smooth rise of the
free-surface perpendicular to the flow direction, often followed by a
train of stationary free-surface undulations called standing waves
(Fig. 3): this is referred to as the undular hydraulic jump (Chow,
1959; Hager and Hutter, 1984; Montes and Chanson, 1998; Ohtsu
et al,, 2003; Chanson, 2009). Undular hydraulic jumps can be observed
in horizontal channels and at transitions between steeper and milder
channel slopes (Hager and Hutter, 1984; Ohtsu et al., 2003). Undular hy-
draulic jumps are naturally observed in channels with Froude number
up to 3-4 depending on the channel slope, channel walls' roughness
and upstream flow conditions (Bradley and Peterka, 1957; Hager and
Hutter, 1984; Chanson, 2009). For a supercritical fluid moving in a
bent channel such as in Fig. 4, a particular hydraulic jump called an
oblique jump occurs (Hager et al., 1994; Ippen and Harleman, 1956;
Chaudhry, 2008). For a more detailed description and classification of
hydraulic jumps, we refer the reader to Appendix A.

The phenomenon of hydraulic jump and the Froude number are
widely used in water hydraulics and fluvial studies (e.g., Chow, 1959;
Kieffer, 1985, 1987; Tinkler, 1997a, 1997b; Comiti and Lenzi, 2006;
Magirl et al., 2009). However, the description of supercritical flows in
Earth science disciplines is infrequent. In sedimentology, hydraulic
jumps and the Froude number are used to explain the formation of par-
ticular bedforms such as antidunes or ‘chutes-and-pools’ (e.g., Fralick,
1999; Alexander et al, 2001; Lenzi, 2001; Duller et al., 2008;
Macdonald et al., 2013; Cartigny et al., 2014). In volcanology, the depo-
sition of breccia and lithics at slope breaks from pyroclastic density cur-
rents are often interpreted as the result of hydraulic jumps (e.g., Freundt
and Schmincke, 1985; Roobol et al., 1987; Cole et al., 1998; Macias et al.,
1998).

3. Conditions for supercritical lava flows

Lava flows are typically considered as a three-phase fluid (melt with
suspended crystals and bubbles) of viscosity 1) and yield stress oy (cf.
Pinkerton and Stevenson, 1992; Harris and Allen, 2008; Chevrel et al.,
2013; Mader et al., 2013; Truby et al., 2015). For the purpose of argu-
ment, we assume that a lava flow with a constant viscosity behaves as
a Bingham fluid (Hulme, 1974; Shaw et al., 1968; Dragoni et al., 1986;
Pinkerton and Norton, 1995; Griffiths, 2000; Morrison et al., 2020)
and we show that under certain conditions that leads to a Newtonian
regime.

We consider a basaltic lava of depth H, flowing in a sloped rectangu-
lar channel of width W and slope o. We set the x-axis as the centre line
of the channel and parallel to the reference datum, the y-axis is perpen-
dicular to the flow direction and the z-axis is the normal to the flow free
surface (Fig. 1). In these conditions, the horizontal momentum of a lava
flow on the sloping plane is (Balmforth et al., 2000; Griffiths, 2000):

Dvi 9P (3 D oo, ,
BB b e

where t is the time, v; is the velocity along the maximum flow direction,
P is the pressure, p is the density, g is gravity and is the strain rate that
represents the local deformation of the velocity field after an infinitesi-
mal displacement of the fluid in the x, y and z directions. With appropri-
ate rescaling, the Reynolds number multiplies , and the term turns into
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Fig. 3. Schematic diagram of a lava flow in a rectangular channel exhibiting a non-breaking undular hydraulic jump at a break in slope. This diagram represents the conditions in the centre
of the channel (w < W). Not shown here, are the lateral shock waves along the channel side walls. An undular hydraulic jump is produced when a supercritical flow transforms into a
subcritical flow. This phenomenon produces a standing wave of length L; and height A; usually followed downstream by several free surface undulations. Inset shows standing waves

in a channelized lava flow during the 1983-84 eruption of Pu'u ‘O’o (from Wolfe, 1988).

with B the dimensionless Bingham number defined as . For a Newtonian
flow approximation, 0o — 0, therefore B — 0 (Dragoni et al., 1986;
Griffiths, 2000).

Near the vent, the temperature of freshly erupted basaltic lavas are
>1100 °C and when channelized, these lava flows can reach velocities
of ~10 m/s with viscosities on the order of 10'-10% Pa-s (Lipman and
Banks, 1987). With channel depth of 1-10 m and assuming lava density
of 2600 kg/m?> (unvesiculated basalt; Lesher and Spera, 2015) to 500 kg/
m? (~80% vesicles; Cashman et al., 1994), these flows have Reynolds

Supercritical
Fr,>1;v,

1974 Kilauea

Fig. 4. Schematic diagram of a channelized lava flow exhibiting an oblique hydraulic jump
in plan view. This diagram represents the conditions on the left side of the channel. The
right side of the lava channel is not shown. The wavefront of the oblique hydraulic jump
originates from the point of bending of the channel and makes an angle 3 with respect
to the original channel wall direction. 3 should satisfy 6 < 3 < 90°, with 6 the channel
bend angle (modified from Ippen and Harleman, 1956). The inset shows preserved
super-elevated levees at a channel bend after the 1974 eruption of Kilauea (from Heslop
etal, 1989).

numbers of ~10?>-10% and strain rates of ~10°-10~' s~! (Dragoni
et al., 1986; Griffiths, 2000; Lev et al., 2012; Kolzenburg et al., 2017;
Chevrel et al.,, 2019). Under such conditions, at high velocities the lava
has not undergone significant cooling (e.g., absence of a cool surface
crust), is isothermal, the yield strength is negligible with respect to vis-
cous forces (i.e., 0p < 10° Pa) and thus closely behaves as a Newtonian
fluid (Dragoni et al., 1986; Pinkerton and Stevenson, 1992; Griffiths,
2000; Tallarico and Dragoni, 1999; Chevrel et al., 2019; Harris et al.,
2020). Therefore, given these conditions, B may be on the order of
10~'-1073. Hence, with Re ~ 10?~10% Re » (1 + B) and Eq. (9) becomes
(Balmforth et al., 2000; Griffiths, 2000):

2
%:‘;—H:Frz coso (10

where, G is the ratio of buoyancy to viscous stresses (Griffiths, 2000)
and Fr is the Froude number as defined in Eq. (7). This shows that for
channelized lava flows at velocities of ~10 m/s, the Froude number be-
comes a relevant parameter that may potentially be larger than unity,
indicating a lava flow under supercritical conditions (Fig. 5; Griffiths,
2000). If such conditions are achieved, the channelized lava flows can
exhibit hydraulic jumps as standing waves.

4. Observed standing waves in lava channels and interpretations
4.1. Observations of standing waves in lava channels

Several studies have described standing waves occurring in basaltic
lava flows (Fig. 6). We have tabulated in Appendix B all reported occur-
rences of standing waves, hydraulic jumps or supercritical flows in
channelized lava flows. The term ‘hydraulic jump’ was first used to de-
scribe a standing wave in a high speed lava channel during the June
1950 southwestern rift zone eruption of Mauna Loa volcano, Hawai'i
by Finch and MacDonald, 1953. In 1950, Mauna Loa volcano erupted
376 x 106 m? in <23 days, with lava channels reaching the sea. The vol-
umetric eruption rate was amongst the largest ever recorded on Mauna
Loa (Finch and MacDonald, 1953; Rowland and Walker, 1990). On June
7, an incandescent lava channel flowed over an 8 m high cascade at an
estimated velocity of 13 m/s. Immediately downstream of the cascade,
“the rush of the liquid lava” formed a standing wave referred to as a
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Fig. 5. Reynolds number, Re, plotted against the ratio of buoyancy to viscous stresses, G, for
a rectangular channel. The bold line Fr = 1 represents lava flow under critical conditions.
Below this line, the lava is in supercritical conditions, Fr > 1 whereas above the lava is in
subcritical conditions, Fr < 1.

hydraulic jump 1.2-1.4 m high (Finch and MacDonald, 1953). A surge of
lava observed at the vent feeding the lava channel was noted just before
the wave increased to ~3.6 m in height.

During the 1983-84 eruption of Pu'u ‘O’o, Kilauea, Hawai'i, standing
waves were described as a common phenomenon in high speed lava
channels (8 to 15 m/s; Fig. 6a) in close proximity to the vents (Wolfe,
1988). Notably, several standing waves in lava channels were observed
during Episodes 4, 10, 11, 17 and 18 of the eruption (Fig. 6a; Takahashi
and Griggs, 1987; Wolfe, 1988). During Episode 4 (June 13-17, 1983),
the Pu'u ‘O’o crater was partially filled by a lava pond. The lava escaped
the crater through a 3-5 m wide spillway and fed the main flow of this
eruptive episode (Wolfe, 1988). At the bottom of this spillway, a

v=8-10m/s

“spectacular standing wave” was frequently observed throughout the en-
tire eruptive episode (Wolfe, 1988). In the spillway, the estimated veloc-
ity was ~15 m/s and had an estimated discharge rate of ~160 m>/s
assuming a lava depth of 3 m (Wolfe, 1988). At about 200 m from the
Pu'u ‘O’o vent, near the end of Episode 10 (October 5-7, 1983), a series
of standing waves several metres high and 10-15 m long, in a 10-15 m
wide lava channel, were observed after a surge in lava discharge rate
from the vent (Wolfe, 1988). During Episode 11 (November 5-7, 1983),
a series of 5 standing waves were observed over a length of 150-200 m
in a lava channel (“a vigorous pahoehoe river”; Fig. 6a) located ~100 m
from the vent (Wolfe, 1988). The channel was ~15 m wide, with esti-
mated surface flow velocities of 8-10 m/s. These standing waves were lo-
cated at a break in slope (from 10° to 2°) and each wave was 20-40 m
long and 1-3 m high; the flow slowed after the standing wave zone
(Wolfe, 1988). Discharge rates in this channel were calculated at between
278 and 556 m/s (Wolfe, 1988). On the first day of Episode 17 (March
30-31, 1984), a “voluminous torrent of lava” exited the Pu'u ‘O’o crater
through a >10 m wide spillway that fed a lava channel. The underlying
slope of the channel at the base of the Pu'u ‘O’o cone was gentle. Standing
waves several metres high and >15 m long were located at this break in
slope (Wolfe, 1988). Finally, a few standing waves ~2 m high and ~ 10 m
long were observed in lava channels at the bottom of Pu'u ‘O’o cone dur-
ing Episode 18 (April 18-21, 1984; Wolfe, 1988).

Between March 25 and April 14, 1984, Mauna Loa volcano erupted
and produced a ~25.6 km long and ~0.224 km? basaltic lava flow in the
northeast rift zone (Lipman and Banks, 1987). This large flow developed
a channel system that was active and stable for several days from
March 30 to April 7 (Lipman and Banks, 1987). Standing waves were ob-
served between April 1 and April 6 about 150 m from the vent (Fig. 6b). A
video recording of these standing waves was made by J. D. Griggs on April
2 (Griggs, 1984; https://www.usgs.gov/media/videos/mauna-loa-lava-
flow-april-2-1984), and shown in the documentary “Rivers of Fire”
(Malzman, 1985) as well as in the movie “Into the Inferno” (Herzog,
2016). According to these recordings, the standing waves were located
in a secondary channel separated from the main channel by a kipuka.

Sierra Negra volcano, Galapagos, Ecuador, erupted 150 x 10° m® of
lava over 9 days in October 2005 (Geist et al., 2008). During this erup-
tion, the lava flowed down the summit caldera benches (slopes of

1984 Mauna Loa

Standing waves

2018 Kilauea

Fig. 6. Standing waves in high speed lava channels. (a) A series of stationary undulating wave during the eruption of Pu'u ‘O’o in 1983-84 (Wolfe, 1988). (b) Non-breaking undular
hydraulic jump in a lava channel during the 1984 eruption of Mauna Loa (screenshot from the movie “Into the Inferno” by Herzog (2016)). (¢) Standing waves during the eruption of
Fissure 8, Kilauea, in 2018 (photo taken on Wednesday, June 13, 2018; USGS Hawaiian Volcano Observatory). (d) Preserved super-elevated levees at a channel bend by an oblique

hydraulic jump after the eruption of Kilauea in 1974 (Heslop et al., 1989).
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~15°) in channels at an estimated velocity of ~15 m/s. Standing waves of
lava >5 m high were observed at the bottom of the caldera benches
(Geist et al., 2008).

Furthermore, standing waves in high speed lava channels were also
observed during the first phase of the 1959 summit eruption of Kilauea
(Richter et al., 1970), during the Lower East Rift Zone eruption of Kilauea
in 2018 (Fig. 6¢; Cashman et al., 2018; Patrick et al., 2019). During the
2014-2015 eruption of Holuhraun (Iceland), near the eruptive vent,
standing waves were also observed both at breaks in slope and at chan-
nel bends (S. Kolzenburg, personal communication).

During 3 days in July 1974, Kilauea volcano, erupted and a fissure sys-
tem was active on the southeastern Kilauea caldera rim (Heslop et al.,
1989). This fissure fed a lava flow into a 230 m long confined gully valley,
called the ‘gully flow’ (Heslop et al,, 1989). At about 100 m from the fissure
system, the gully makes a 45° turn and exhibits spectacular super-
elevated levees (Fig. 6d). Indeed, on the outer bend of the channel, the
height of the levees is higher than the average flow depth. It was sug-
gested that a supercritical lava flow with standing waves could have
been responsible for the raised levees (Heslop et al., 1989).

According to Kauahikaua et al. (1998), standing waves are a com-
mon phenomenon in lava tubes when the lava is flowing at several
my/s at breaks in slope. A long-lived standing wave was witnessed in a
lava tube by Kauahikaua et al. (1998) at the foot of a small lava cascade.
This standing wave was observed through a lava tube skylight for al-
most a year in 1996 in lava flowing at 5.6 m/s in the tube. The wave
was located at an 80° sharp turn at the foot of a lava cascade
(Kauahikaua et al., 1998).

4.2. Summary and interpretations

From the above descriptions of standing waves, the following con-
clusions can be made:

1. All the standing waves were observed in lava channels (Finch and
MacDonald, 1953; Richter et al., 1970; Lipman and Banks, 1987;
Takahashi and Griggs, 1987; Wolfe, 1988; Geist et al., 2008;
Cashman et al., 2018). One example of a standing wave was noted
in a lava tube (Kauahikaua et al., 1998). They represent free surface
flow in open channels.

2. Standing waves, by definition, were stationary in space and they
propagated through time. Although the geometry of the standing
waves varied in time (due to changes in the lava discharge rate;
Finch and MacDonald, 1953; Kauahikaua et al., 1998; Wolfe, 1988;
Geist et al., 2008), they were observed for a significant amount of
time (hours to months). For example, the standing wave described
by Kauahikaua et al. (1998) was observed for several months at the
same location. The preserved super-elevated levees described by
Heslop et al. (1989) in the 1974 Kilauea ‘gully flow’ also indicate a
certain duration in time of the oblique standing wave.

3. Observed standing waves always occurred in high speed lava chan-
nels. An estimated speed of ~15 m/s just upstream of standing
waves was reported during Episode 4 of the 1983-84 Pu'u ‘O’o erup-
tion (Wolfe, 1988) and during the 2005 Sierra Negra summit erup-
tion (Geist et al., 2008). The minimum reported velocity for a lava
standing wave is 5.6 m/s (Kauahikaua et al., 1998).

4. The standing waves were usually located in close proximity to the
vent. Standing waves were seen in vent spillways during the
1983-84 Pu'u ‘O’o eruption (Episodes 4 and 17) or within a few hun-
dred metres of the base of Pu'u ‘O’o (Episodes 10, 11 and 18; Wolfe,
1988). The only exception was the long-lived standing wave located
at about 4.1 km from the feeding vent (Kauahikaua et al., 1998).

5. All the observed standing waves were located at channel disruptions;
at a break in slope (Finch and MacDonald, 1953; Wolfe, 1988), the
bottom of a spillway or at small lava cascades (Richter et al., 1970;
Kauahikaua et al., 1998; Wolfe, 1988), the base of caldera benches
(Geist et al., 2008), or at channel bends (Heslop et al., 1989).

During Episode 4 of the Pu'u ‘O’o eruption, a lava velocity of
~15 m/s was estimated just upstream of a standing wave in a
channel of ~3 m depth. Applying the Froude number equation
(Eq. (7)), the Fr; = 2.7. For most of the other examples, the channel
depth and slope are not reported or are unknown. However,
assuming reasonable flow depths (H; = 1-5 m) and channel slopes
(o up to 20°), we obtain a Fr; ~ 1.1-3. This indicates lava under
supercritical conditions where the standing waves were observed.
We propose that these standing waves were the result of hydraulic
jumps.

These lava standing waves possessed similar characteristics to the
undular standing wave (Appendix A; Chow, 1959; Hager and Hutter,
1984; French, 1986; Hager, 1992; Montes and Chanson, 1998;
Chaudhry, 2008; Chanson, 2009):

- In many cases, the first standing wave was followed downstream by
a series of free-surface stationary undulations. They were spaced
~10-20 m over tens to a few hundred metres. When reported, the
amplitudes were up to ~5 m.

- Rough calculations give Fr; < 3. According to Chanson (2009),
undular standing waves can naturally occur for Fr; up to 4.

5. Estimation of lava flow dynamics from hydraulic jump
characteristics

Here we provide the procedure to estimate the velocity, v (m/s),
discharge rate, Q (m>/s), the depth, H (m), and apparent viscosity,
1 (Pa-s) for lava flows in a supercritical state undergoing a hydraulic
jump (Figs. 3, 4). For the derivations below, the subscripts 1 and 2
refer to upstream and downstream conditions of the hydraulic
jump, respectively.

5.1. Assumptions

Our analysis assumes that:

1. Flow (of depth H) is in a sloped rectangular channel (width W, slope
«) in order to minimise the number of starting parameters and un-
knowns (Lev and James, 2014);

2. For undular jumps (Appendix A), the following analysis is valid along
a streamline located at the centre of the channel. For simplification,

we do not take into account the effect of the lateral shockwave that
develops from the channel side walls for Fr; > 1.2 (Appendix A;
Montes and Chanson, 1998; Ohtsu et al., 2003).

3. The lava is modeled as a single-phase material with a Newtonian rhe-
ology - although lava flows are typically considered as three-phase
fluids with complex strain-rate-dependent rheology (Pinkerton and
Stevenson, 1992; Harris and Allen, 2008; Chevrel et al., 2013;
Mader et al., 2013; Truby et al., 2015; Dietterich et al., 2018a) or
power-law fluids (Hardee and Dunn, 1981; Spera et al., 1988;
Pinkerton and Norton, 1995; Sakimoto et al., 1997; Sonder et al.,
2006; Piombo and Dragoni, 2009), the phenomenon occurs in chan-
nels in close proximity to the vent area, where high velocities, high
discharge rates, high temperatures, low melt viscosities and crystal
content justify this assumption (Dragoni et al., 1986; Pinkerton and
Stevenson, 1992; Tallarico and Dragoni, 1999; Griffiths, 2000;
Chevrel et al.,, 2019; Harris et al., 2020);

4. Shear along channel walls is neglected, implying a uniform velocity
across the channel's cross-section area. As such, the average velocity
is equal to the velocity at any point on the section. In Eq. (7), the ki-
netic energy correction factor becomes y — 1. This approximation is
valid assuming a simple channel geometry (Chow, 1959) and as lava
flows undergoing a hydraulic jump will have relatively low viscosi-
ties, limiting the shear zone width.

5. For a well-mixed channel, the density and apparent viscosity is uni-
form in the vertical z-axis (Tallarico and Dragoni, 1999; Robert
etal, 2014).
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6. The lava is considered as an incompressible fluid, even though lava
flows may contain a non-negligible amount of gas bubbles near the
vent.

7. It has been shown that lava may thermally erode the base of the lava
channel at rates on the order of cm/day (Jarvis, 1995; Kauahikaua
et al., 1998; Kerr, 2001; Siewert and Ferlito, 2008). However, over
the short time period of an observation of a standing wave (~minutes
to hours), we consider no channel bed erosion.

5.2. Flow Velocity and Discharge Rate

The length of the jump, L;, and the height of the jump, A;, are depen-
dent on Fr; and H; (Chow, 1959; French, 1986; Chaudhry, 2008):

Fri—1
Lj = 220H; x tanh( 7 ) (11)
Hi\/1+8Fri—3H
A= T > o (12)

where tanh is the hyperbolic tangent. These equations are valid for Fr; <4
(Hager, 1992; Chaudhry, 2008). Thus, for a given L; or A; and H;, we can
calculate the Froude number of the flow. Using the definition of a critical
flow (Eq. (7)), v; is estimated for a given channel slope by:

vq = Fry\/gH; cosa (13)

Knowing the channel width, W, we obtain the discharge rate in
m>/s:

Q=v; xH xW (14)

Due to momentum conservation, Q is constant upstream and down-
stream of the hydraulic jump.

5.3. Lava flow depth

Knowing the lava flow velocity, v;, the lava depth in the channel can
be estimated from the amplitude of the hydraulic jump. This is obtained
by combining Eqs. (7), (8), (12) and (13). Further details of the deriva-
tions are given in the Appendix C. The lava depth is calculated by:

1, 1 {3wAj—\/§}

SR R

5 (15)
where, Hc is the critical depth as defined in Eq. (8), @ = g cos o and
Q = 43 (vi — 304)) + (0A)~

5.4. Lava apparent viscosity

To calculate the lava apparent viscosity, 1), we use the expression
of the Reynolds number as defined in Eq. (1). First, we must calculate
Re, via the Fanning friction factor, f. fis a dimensionless factor that re-
lates the friction loss on the channel walls to the flow's kinetic en-
ergy that is proportional to the flow's squared velocity (Chow,
1959; Burger et al., 2015; LaViolette, 2017). The Fanning friction fac-
tor is introduced by the shear stress, 7s (N/m?). 7 is calculated based
on the principle of momentum conservation balanced by the pres-
sure drop (P»-Pq, Fig. 7). It is a force at the fluid-channel boundary
that measures the friction on the channel walls and base. 7, follows
(Hulme, 1974; Fink and Zimbelman, 1990; Osmond and Griffiths,
2001):

Ts = pgD sinx (16)

where 7 describes the drag force of a moving fluid along the channel
boundaries and D is the hydraulic diameter. Therefore, related to the
flow velocity:

Fig. 7. Schematic diagram showing the different parameters influencing the Fanning
friction factor, f, in a rectangular channel. 7, is the shear stress along the channel side
walls, r is the average height of the channel irregularities and P;-P, is the pressure
difference between two points of the channel.

T =T (17)
fis a dimensionless parameter that depends on the flow velocity, v,
D, and p. Rearranging Eqgs. (16) and (17), f can be written as:

gD sinx
2v2

f= (18)

In open channel hydraulics, the turbulent state of the flow is often
expressed in a space representing the relationship fvs. Re (also referred
to as the Stanton or Moody diagram; Fig. 8; Stanton and Pannell, 1914;
Chow, 1959; Burger et al., 2015; LaViolette, 2017). Indeed, fis a function
of Re and different relationships can be expressed between Re and f, de-
pending on the nature of the flow (LaViolette, 2017). For Re < 2000, f is
proportional to Re through the constant, K, such that:

K

1= %e

(19)

K is a purely numerical coefficient that depends on the channel
shape and roughness of the channel walls. For smooth rectangular chan-
nels, K = 24; for rough rectangular channels, 24 < K < 60 (Chow, 1959).
These values of K were originally developed from compilations of the
water hydraulic experimental datasets by Chow (1959). Nevertheless,
it has been shown by Burger et al. (2010) and by the extensive experi-
mental dataset of Burger et al. (2015) for different channel cross section
shapes, that the relation f/Re for non-Newtonian flows closely follows
the same trends as for Newtonian flows.

Lava flows with a turbulent behavior have been reported only a few
times (Baloga et al., 1995). In turbulent conditions (Re > 2000), we can
apply the Blasius equation, which is valid for 2000 < Re < 25,000 for
smooth channels (Blasius, 1912; Chow, 1959; LaViolette, 2017):

f=0.079/ Re®® (20)

For rough channels, the formulation for turbulent flows is dependent
on the average height of channel wall irregularities, r (m):

1, log<12 Re) 21)

Once fis calculated using Eq. (18), we can estimate Re using one of
the f/Re equations described above depending on the channel condi-
tions. The appropriate f/Re equation is determined when the value of f
is plotted on the f vs. Re diagram (Fig. 8a). 1 is then derived from
Eq. (1) for a given p.
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5.5. Note on the channel roughness, K and r

As explained earlier, the lava apparent viscosity is obtained from the
Reynolds Number, Re, via the Fanning friction factor, fand by the rough-
ness parameter K in the laminar regime and r in the turbulent regime
(Fig. 8). The roughness of a lava channel corresponds to the irregulari-
ties on the channel walls and floor. On channel walls, the roughness is
mainly due to solidified lava from drainage of overflows back into the
channel or channel wall accreted sheets (Harris et al., 2009). Roughness
on the channel floor is usually due to lava ropes from previous solidified
flows (Fink and Fletcher, 1978). These features are 1-10 cm high. With
rectangular channels 1-10 m deep, the ratio of the average particle
height to the channel depth is 1/10-1/100; channel roughness does
not therefore play a significant role in the lava flow dynamics. For a ba-
saltic lava flow with viscosity in the range of 10?-~10° Pa.s (eruptive vis-
cosity for most of the basaltic lava flows on Earth), the lava is generally
in a laminar regime or in the transitional regime even for high speed
flows. For laminar regimes, Eq. (19) can be therefore used with a sug-
gested value of K < 30 (i.e., ~smooth channel). However, changes in
the value of K will have a very limited effect on the deduced viscosity.
For a given lava density, there is a maximum difference ~75 Pa-s be-
tween K = 24 and K = 60 (Fig. 8).

The turbulent regime may only be reached with extremely high ve-
locities or for a particular lava composition such as carbonatite or
komatiite (e.g., Huppert et al., 1984; Baloga et al., 1995; Jarvis, 1995).
For r < 0.5 m, the Blasius equation (Eq. (20)) and Eq. (21) give similar
approximation of the Reynolds number for 2000 < Re < 10* (Fig. 8). In
the case of extremely fast lava flows, i.e., v > 20 m/s, the roughness pa-
rameter becomes critical in the estimation of the Reynolds number
and the resulting lava apparent viscosity.

6. Application to an active and a drained lava channel
6.1. 1984 Mauna Loa Channel

The assessment of channel depth on active lava flows is challenging,
but crucial for the estimation of discharge rates and hazard assessment.
For a lava flow under supercritical conditions and exhibiting an undular
hydraulic jump, the channel depth can be calculated by Eq. (15) (see

details in Appendix C). We use the 1984 Mauna Loa eruption to demon-
strate the method. This estimation of flow depth allows us to calculate
the channel discharge rate and lava apparent viscosity.

6.1.1. Lava channel and standing wave descriptions

We used the video segment from the “Into the Inferno” movie
(Herzog, 2016) as it has the best available quality of these standing
waves (Fig. 9a). We scaled the video based on the volcanologist
shown observing the nearby standing waves. We assumed a height of
1.77 m for the volcanologist which is the average height of a person liv-
ing in the US.A. (Ogden et al.,, 2004). Using this, we estimate a channel
width of 7-8 m, a jump of ~15 m in length and about 1.9 m high
(Fig. 9a). Downstream of the first wave, there are several stationary sur-
face waves. The waves do not have rollers. Lateral shockwaves are ob-
served from the channel sidewalls but have smaller amplitudes than
the waves in the channel centre line. These observations are character-
istic of a non-breaking undular jump as described by Ohtsu et al. (2003)
(Appendix A). Therefore, we might expect Fr; in the range of 1 to Fry jimi,
with Fry jimie < 4 (Appendix A; Ohtsu et al., 2003; Chanson, 2009).

6.1.2. Lava flow dynamics

Using velocimetry analysis of the video, we calculate a maximum
surface velocity of ~7.9 m/s at the centre of the channel just upstream
of the standing wave (Fig. 9b). The surface velocity was estimated
using an implementation of a classic Optical Flow algorithm (Horn
and Schunk, 1981) including modern modifications (Sun et al., 2010)
used to study lava flows (Lev et al., 2012). With an upstream flow veloc-
ity of v; = 7.9 m/s (Fig. 9b), the critical lava flow depth is H. = 6.4 m
(Eq. (8)). Therefore, H; should be lower than H, in order to have a lava
in supercritical state and exhibit a hydraulic jump. The upstream flow
depth of a lava exhibiting an undular hydraulic jump is given by
Eq. (15) and using A; = 1.9 m, we estimate H; = 2.8 m. The correspond-
ing Froude number is Fr; = 1.48. As a comparison, Lipman and Banks
(1987) estimated a channel depth of 3 m near the vent. Our results
give a discharge rate of Q = 171 £ 12 m?/s. Upstream of the jump,
the channel cross-section is A = 21.7 & 1.5 m?, the wetted perimeter
Py = 13.3 4+ 0.5 m and the hydraulic diameter D = 6.5 £+ 0.2 m.
Using Eq. (18), f = 0.058 & 0.002 (Fig. 8a). From the fvs. Re diagram,
the lava flow is in a laminar state, and for 24 < K < 30, Re = 468 &+ 68.
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Fig. 9. Standing wave in a 1984 Mauna Loa lava channel. (a) Screenshot from the film “Into the Inferno” by Herzog (2016). (b) Velocimetry showing the lava flow speed in the region of the

standing wave.

Finally, with p = 910 + 260 kg/m> (~55-75 vol% of vesicles; Lipman
and Banks, 1987; Moore, 1987), the lava bulk apparent viscosity, 1 =
107 + 47 Pa-s (Fig. 8b). This compares with the ~140-160 Pa-s calcu-
lated by Moore (1987) after direct observation of the channelized lava
from April 2 to April 6, 1984. From petrological analyses of a lava sample
collected near the vent on April 2, Crisp et al. (1994) estimated a viscos-
ity of 255 4= 45 Pa- s for the crystal-melt suspension. The difference with
our calculations is explained by the fact that bubbles in high speed lava
channels must be elongated which tends to lower the bulk viscosity of
the lava flow (e.g., Llewellin and Manga, 2005; Mader et al., 2013).

6.2. 1974 Kilauea ‘Gully Flow’

Heslop et al. (1989) suggested that a supercritical lava flow could
have been responsible for the raised levees on the outer gully wall
(Fig. 10). In this situation, we suggest that an oblique hydraulic jump
(similar to Fig. 4) may have been responsible for the formation of the
super-elevated levees. As in straight lava channels, several super-
elevated lava levels are preserved. These elevation changes correspond
to variations of the lava discharge rate in the channel. Elevation of the
levees indicates an increase of the discharge rate, whereas decline of
the lava level shows decrease of the discharge rate. The aim is to esti-
mate a range of velocities, v;, discharge rates, Q, and apparent viscosi-
ties, 1), that could have formed the super-elevation of lava levees at the
channel bend. In the calculations below, we estimate these lava flow
conditions at (1) the critical conditions and (2) when the maximum

elevation of the levees, i.e., 3.15 m above the average flow depth, are
reached. Results of the later will correspond to the flow conditions
when the lava discharge rate was maximum.

6.2.1. Geometry at the channel bend

The channel geometry is similar to the one presented in Fig. 4. Our
inputs are the channel depth, H; = 3.35 m, channel width, W = 8 m, un-
derlying slope, o = 7.5°, channel bend, 6 = 45° and lava density, p =
875 =+ 225 kg/m> (obtained from 4 lava samples collected in the chan-
nel; Heslop et al,, 1989). Immediately upstream of the oblique hydraulic
jump, the channel cross section is A = 26.8 m?, the wetted perimeter,
Py = 14.7 m and the hydraulic diameter, D = 7.3 m (Eqgs. (2) and
(3)). The angle, B, of the oblique hydraulic jump wavefront with the
original gully wall direction is unknown. However, 3 should be between
45° and 90° (Fig. 11). H» is also unknown, however, it should be higher
than H; and lower than the maximum super-elevation of the levees,
i.e., 3.35 < H, < 6.5 m. Therefore, we have (Hy/H;)max = 1.94.

6.2.2. Lava flow conditions at critical state

The critical conditions, i.e., Fr; = 1 are reached when v; = 5.71 m/s
(Eq. (7)). This corresponds to Q = 153 m>/s. From Eq. (18), f = 0.143.
Using the fvs. Re diagram (Fig. 8a), we have Re < 2000 indicating lami-
nar conditions at the critical state (unless, r > 10 m, which is not appli-
cable for this flow). Therefore, with 24 < K <30, Re = 188 + 20 and the
lava apparent viscosity is 7 = 200 + 71 Pa-s.
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Fig. 10. Super-elevated levees at channel bend number 3 of the 1974 Kilauea ‘gully flow’, modified from Heslop et al. (1989). The bend angle is 6 = 45°. This feature was formed by an
oblique hydraulic jump at this channel bend indicating lava under supercritical conditions. The maximum super-elevation of A; = 3.15 m above the average flow depth. The wavefront
angle, B, is unknown but should be 6 < 3 < 90°. The maximum super-elevation corresponds to Froude number of 1.69 (Fig. 11) that gives a maximum lava flow velocity of 9.65 m/s.

6.2.3. Lava flow conditions in supercritical state

Fig. 11 shows the range of Froude number that satisfies Eq. (A.3) for
an oblique jump given the above inputs. We find a maximum upstream
Froude number of 1.69 for 8 = 45° and (H»/H)max. AS a comparison, Lev
etal. (2012) estimated Fr = 1.6 for the same flow. This corresponds to a
maximum upstream velocity of v; = 9.65 m/s that gives Q = 259 m?/s
(Egs. (13), (14)). From Eq. (18), f = 0.050 and Re < 2000 according to
the f vs. Re diagram for whichever f/Re curves (Fig. 8a). Therefore,
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Fig. 11. In grey, conditions (Fr; and [3) that satisfy the equation of the oblique hydraulic
jump (Eq. (A.3)) for the super-elevated levees in the 1974 Kilauea ‘gully flow’ at bend
number 3. (Hz/H;)max corresponds to the maximum super-elevation with H; = 3.35 m.
The purple circles show the possible apparent lava viscosity, discharge rate and
upstream velocity for the formation of the maximum super-elevation for 3 = 45°, 60°,
70° and 80°.

even during the maximum discharge rate, the lava flow was still
under a laminar state. With 24 < K < 30, Re = 540 + 60 (Lev et al.
(2012) gave Re = 586) resulting in 1) = 118 & 42 Pa.s (Fig. 8c). These
values compare well with the 85-140 Pa-s calculated by Heslop et al.
(1989) (Fig. 8). Table 2 shows the lava flow conditions for wavefront an-
gles of 3 = 50°,60°, 70° and 80°. By increasing the wavefront angle, the
upstream flow velocity decreases as does the discharge rate leading to
slightly higher viscosities.

7. Discussion, summary and perspectives

A number of channelized lava flows exhibiting standing waves have
been reported in historical lava flows (Appendix B). This phenomenon
generally occurs in close proximity to the vent area, at relatively high
speeds, and is usually located at a break in slope or at channel bends;
they are sometimes directly referred to as hydraulic jumps. Importantly,
this phenomenon indicates lava flow under supercritical conditions and
therefore, assuming Newtonian flow, we can apply open channel hy-
draulics theory to supercritical flow in order to extract several key pa-
rameters in flow dynamics. The flow depth, velocity and discharge
rate are calculated using the Froude Number, the length and amplitude
of the standing waves. Combining the Fanning friction factor and the
Reynolds number we can determine the apparent viscosity of the lava
flow.

7.1. Flow regime in lava channels

As noted above, the critical state of a flow is given by the Froude
Number, Fr, and reflects the effect of gravity on the flow dynamics.
The turbulence state of the flow is given by the Reynolds Number, Re
and is related to the effect of viscosity on flow movement. Thus, the
two parameters define four possible combinations of flow regimes
(Fig. 12). Hydraulic jumps occur:

- when Fr > 1 and Re < 2000, the flow is in a supercritical-laminar
state;

- when Fr> 1 and Re > 2000, the flow is in a supercritical-turbulent
state.
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Lava flow conditions for the formation of the maximum super-elevated levees in the 1974 Kilauea ‘gully flow’, for different wavefront angle. Re and 7 are calculated for 24 < K < 30.

Wavefront angle, 3

Upstream Froude number,

Upstream velocity, v,

Discharge rate, Q

Fanning friction

Reynolds number, Apparent viscosity, 1
() Fry (m/s) (m3/s) factor, f Re (Pa-s)
45 1.69 9.65 259 0.050 540 4+ 60 118 + 42
50 1.56 8.90 239 0.059 457 + 50 129 + 46
60 1.38 7.88 211 0.075 360 + 40 145 + 52
70 1.27 7.25 194 0.089 303 + 33 159 + 57
80 1.21 6.91 185 0.098 275 4+ 30 166 + 59

We estimate the potential flow regimes in the 1984 Mauna Loa
(Fig. 12a, c) and 1974 Kilauea gully (Fig. 12b, d)channels by examining
a range of possible lava and flow parameters. The flow regimes

45

1984 Mauna Loa

presented here correspond to the conditions just upstream of the stand-
ing wave. We vary 1) between 10 and 500 Pa.s and H; from ~0.25 to
20 m. For reference, the results obtained in the above sections for the

1974 Kilauea ‘gully flow’
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two case studies are shown. Hydraulic jumps in lava flow become pos-
sible when:

- the lava is channelized (Figs. 3, 4, 6);

- the velocity head (v?/2g) is larger than half pressure head (H cos )
(Fig. 2; Egs. (5), (6)). For example, the velocity head in the 1984
Mauna Loa channel before the observed standing wave is ~1.13
times greater than the pressure head;

- v;>2.5m/s (forn=10-50Pa-s and H; < 0.5 m) to v; = 15 m/s (for
1 = 300-400 Pa-s and H; =~ 6 m; Fig. 12).

It is not possible to have a supercritical flow, and therefore a hydrau-
lic jump, for 7> 500 Pa-s, unless v; > 20 m/s and H; > 20 m; this is un-
likely to occur for basaltic lava flows on Earth. The turbulence state in
supercritical conditions corresponds to 1)< 100 Pa.s and v; > 7 m/s for
Li>10 m or A; > 2.5 m and H; =~ 0.25-3 m. This regime may have
been reached by very low viscosity and channelized lavas such as
komatiite flows (Huppert and Sparks, 1985; Williams et al., 1998).

7.2. Accurate calculation of flow depth and discharge rates in high speed
lava channels

Accurate assessment of flow velocity and channel depth are critical
input parameters in deterministic lava flow modelling used for hazard
mitigation during volcanic crises (Harris and Rowland, 2001; Costa
and Macedonio, 2005; Hidaka et al., 2005; Cordonnier et al., 2016;
Fujita and Nagai, 2016; Kelfoun and Vargas, 2016). Identifying standing
waves in active lava channels can be an important tool to enable real
time and precise monitoring of lava flow dynamics in the near vent
area (Fig. 13). Furthermore, the discharge rate of a channelized lava
can be calculated from measurements of flow velocity, channel width
and depth. While flow velocity and channel width can be estimated
from video analysis (e.g., velocimetry), channel depth of an active lava
flow is extremely difficult to estimate and is thus one of the greatest
sources of error (Lev and James, 2014). For example, overestimation of
channel depth by only 1 m for the 1984 Mauna Loa example would
have resulted in a ~40% greater discharge rate estimate. Fortunately,
real-time video surveys of active lava flows are becoming standard
thanks to the rapid advance of ground based video acquisition and
Uncrewed Aerial Vehicles (UAV) technology (e.g., Lev et al., 2012,
2018; Dietterich et al., 2018b; Patrick et al., 2019; James et al., 2020).
If standing waves are identified in such videos, the channel depth can
be rapidly calculated with precision from the amplitude and/or length
of the standing waves (via the Froude number) using the methodology
presented here; in conjunction with velocity and channel width mea-
surements from the video, this can provide accurate discharge rates
(Fig. 13).

Video analysis (UAVs or ground bhased):
- Estimates of flow velocity (velocimetry), v

- Amplitude, A;, and Length, L;, of standing waves measured on the video

7.3. Reconstruction of the flow dynamics of historical lava flows

In addition to its clear benefit for monitoring flow conditions during
an active eruptive crisis, the analysis of standing waves preserved in the
channels of past flows can also be applied to reconstruct lava flow dy-
namics of historical lava, as we demonstrate through the 1974 Kilauea
'gully flow'. By applying the same methodology, the dynamics of past
lava flows can be determined in other locations where standing waves
have been preserved in the lava deposits. For example, super-elevated
levees at channel bends similar to those in the 1974 Kilauea gully are
present in a confined lava channel near Pico Partido volcano, Lanzarote
Island, Canary Islands (Woodcock, 2003; Woodcock and Harris, 2006).
While the lack of data limits proper assessment of the lava flow proper-
ties in this channel, a high velocity flow in a supercritical state was sug-
gested; Woodcock (2003) calculated a Froude number of 2.3 and 2.9 at
two different channel bends (Appendix B). Similar morphological fea-
tures may also be present in other historical high speed lava flows
such as the 1801 Hualalai lava channel (Hawai'i), or the 1823 Keaiwa
lava flow (Kilauea; Baloga et al., 1995; Guest et al., 1995) where the
11 m super-elevated lava deposits (called the ‘plastered cones’) may
have resulted from an oblique standing wave (similar to Fig. 4). Investi-
gating such morphological features can greatly improve our under-
standing of the emplacement and dynamics of these lava flows and
requires high resolution topographic mapping of the channels and,
where possible, direct measurements of super-elevated levees
dimensions.

8. Conclusions

Standing waves in a lava channel were identified as the result of lava
flow in supercritical conditions. Standing waves generally occur in high
speed channels and in close proximity to the vent. Therefore, assuming
the lava can be approximated as a Newtonian fluid, open channel hy-
draulic theory allows the calculation of channel depth, velocity and dis-
charge rate using the length and amplitude of the standing waves via
the Froude number. The lava apparent viscosity is estimated using the
Reynolds number. Here, we present a methodology that estimates
those parameters, critical in lava flow modelling. Our results are in
good agreement with historical data for two examples from Hawai'i;
we reproduce past measurements using channel deposit geometry
(for the 1974 Kilauea ‘gully flow’,) and video analysis (for the 1984
Mauna Loa channel). Therefore, standing waves could be used to recon-
struct the dynamics of historical lava flows. With the rapid advance in
video acquisition in the field during eruptions, scientists can deploy
low cost equipment near open lava channels in order to monitor the
lava channel evolution and flow discharge rate. Identifying standing
waves in an active open lava channel allows rapid determination of

Calculated parameters:
- Channel depth, H
- Discharge rate, @ ——»
- Lava viscosity, n

Froude number (Fr)
Sub / Supecritical?

Reynolds number (Re)
Laminar / Turbulent?

—

- Channel evolution
- Lava flow dynamics
- Magma supply rates
- Lava flow modelling

High speed

lava channel

Ground based
camera

Fig. 13. Methodology for calculation of channel depth, discharge rate and lava viscosity in order to determine the lava flow regime (Fr and Re numbers) from UAV or ground based acquired
video when a standing wave is present at spillways. Inset: photo of the Fissure 8 lava channel (USGS, Hawaiian Volcano Observatory, June 13, 2018). Standing waves are present in the
middle of the high speed lava channel, about 200 m from the vent. Preliminary estimate of the velocity is up to 15 m/s (Patrick et al., 2019).
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the channel depth, discharge rate and lava apparent viscosity, critical
parameters in monitoring an ongoing eruption (Fig. 13). While some
of the assumptions in this work may seem too restrictive, this can be
easily applied to all active and well monitored volcanoes where high-
speed lava flows have been historically observed and where a potential
threat to the local communities and human infrastructure exists
(e.g., Kilauea, Mauna Loa, Sierra Negra, Piton de La Fournaise, Nyira-
gongo, etc.). This can be a powerful yet simple tool to assess the evolu-
tion of lava channels, lava flow dynamics and magma supply rates.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jvolgeores.2020.106944.
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