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The prediction of lava flow advance and velocity is crucial during an effusive volcanic crisis. The effusion
rate is a key control of lava dynamics, and proxies have been developed to estimate it in near real-
time. The thermal proxy in predominant use links the satellite-measured thermal radiated power to the
effusion rate. It lacks however a robust physical basis to allow time-dependent modeling. We investigate
here through analogue experiments the coupling between the spreading of a solidifying flow and its
surface thermal signal. We extract a first order behavior from experimental results obtained using
polyethylene glycol (PEG) wax, that solidifies abruptly during cooling. We find that the flow advance
is discontinuous, with relatively low supply rates yielding long stagnation phases and compound flows.
Flows with higher supply rates are less sensitive to solidification and display a spreading behavior closer
to that of purely viscous currents. The total power radiated from the upper surface also grows by stages,
but the signal radiated by the hottest and liquid part of the flow reaches a quasi-steady state after
some time. This plateau value scales around half of the theoretical prediction of a model developed
previously for the spreading and cooling of isoviscous gravity currents. The corrected scaling yields
satisfying estimates of the effusion rate from the total radiated power measured on a range of basaltic
lava flows. We conclude that a gross estimate of the supply rate of solidifying flows can be retrieved
from thermal remote-sensing, but the predictions of lava advance as a function of effusion rate appears
a more difficult task due to chaotic emplacement of solidifying flows.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction whose lava flows have threatened, and in some phases actually
invaded, the 400,000-inhabitant nearby city of Goma - 1977 and
2002 eruptions (Tazieff, 1977; Komorowski et al., 2002-2003). Al-
though a volcanologic observatory does exist at Goma, it is not
well-equipped, and has experienced severe operational restrictions
during eruptive crises because of political unrest. In such circum-
stances, the evaluation of forthcoming hazard mainly relies on
remote-sensing technologies. These techniques can also be useful
in the case of an unusually large volcanic event, of which a recent
example is the 2007 eruption of Piton de la Fournaise, Reunion Is-
land (Staudacher et al., 2009) and during which even an advanced
observatory can be stretched, with a limited ability to cover and
monitor the whole lava flow field and its most hazardous, active
parts. In general, the larger the event, the more appropriate and
crucial becomes the use of remote sensing.

The final length of a lava flow is known to be strongly influ-
enced by the effusion rate (e.g., Walker, 1973; Harris and Rowland,

A major concern during an effusive volcanic eruption is how
far and how fast lava will flow before it stops advancing. The
real-time estimate of lava flow path and velocity is particularly
important for volcanoes whose vicinity is inhabited. For example
recent and historical lava flows have threatened towns and tourist
facilities at Mt. Etna in Sicily (Barberi et al., 2003; Behncke et al,,
2008). Another famous example in Italy is Mt. Vesuvius, whose
flanks are densely populated in some places, and which has a
long prior history of very regular effusive activity (Scandone et al.,
1993) although it has not been active since 1944. For these two
volcanoes, well-equipped observatories have been established to
manage volcanic hazard. Another very important and topical ex-
ample is that of Mt. Nyiragongo (Democratic Republic of Congo),
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2009). However, this conclusion has been reached based only on
mean average effusion rates computed from a posteriori evaluations
of the volume and duration of an eruption. Estimating effusion
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rate in near real-time, though crucial for operational hazard assess-
ment, is not yet fully operational. This measurement cannot easily
be obtained via static ground-based technology since the location
of the eruptive vents is not easily foreseeable and continuous vi-
sual monitoring requires important human and technical resources.
Thus, simultaneous measurements of flow advance and lava flow
rate remain very scarce for the moment (Naranjo et al, 1992;
Coltelli et al., 2007). The difficulties of performing direct measure-
ments have led to various attempts to develop proxies that might
indirectly give access to effusion rates or their variations, such as
tremor amplitudes (Battaglia et al., 2005), SO, output rates (Allard
et al., 1994; Sutton et al., 2003) or surface thermal signal (e.g.,
Harris et al., 2007). However, a majority of such proxies are mainly
empirical, and it remains difficult to assess their ability to provide
robust quantitative estimates of effusion rates.

Of the methods cited above, the use of satellite measure-
ments of radiated thermal power appears as the most flexible and
promising at the moment. In particular, the thermal proxy of Har-
ris and co-workers (e.g., Harris et al., 1997, 2007; Wright et al.,
2001) is widely applied, underscoring the appeal of this approach.
This thermal proxy originally relied on a model established for lava
flows after they have stopped avancing (Pieri and Baloga, 1986). It
was later formulated as a time-independent heat budget of a lava
flow, where the heat sources (heat advection within the flow and
crystallization) are balanced by the heat loss at the surface of the
flow (Harris et al., 1998). The effusion rate Q is calculated as

_ Froc
P(CpAT + &cp)’

where Fy is the total heat loss at the surface of the flow, in
Watts, p, Cp, @ and c; are the lava density, specific heat, crys-
tal content and latent heat of crystallisation, respectively, and AT
is the temperature difference between the lava temperature at
the vent and at the lava flow front. Several assumptions under-
lying this proxy have been criticized (Dragoni and Tallarico, 2009;
Harris and Baloga, 2009). In particular, Eq. (1) does not take into
account the fluid dynamics of the moving lava flow, hence cannot
provide a consistent time-evolution of the surface thermal signal
related to flow advance. A fluid mechanics investigation is neces-
sary to understand the coupling between flow advance and cool-
ing.

The advance of simple viscous gravity currents was studied
first as a function of the supply rate and the (constant) fluid
viscosity by Huppert (1982), who provided elegant scaling laws
allowing a first-order interpretation of field observations on the
spreading of lava bodies (Huppert et al., 1982). Currents with com-
plex rheologies were investigated later (e.g., Stasiuk et al., 1993;
Bercovici, 1994; Bercovici and Lin, 1996; Griffiths, 2000), with a
main focus on the advance and surface morphologies of solidify-
ing flows in analogue experiments using wax material (e.g., Fink
and Griffiths, 1990, 1992; Blake and Bruno, 2000; Lyman and Kerr,
2006; Cashman et al., 2006; Robertson and Kerr, 2012). The sup-
ply rate and the cooling efficiency were shown to influence the
flow regime and the rate of flow advance (Hallworth et al., 1987;
Fink and Griffiths, 1990; Stasiuk et al., 1993). However, in these ex-
perimental works the flows were extruded underwater, hence their
results cannot be used to investigate the thermal structure of the
upper surface of the flows, leaving open the question of the rela-
tionship between the supply rate and the thermal power radiated
by the flow.

We have started to investigate experimentally the relationship
between supply rate and surface thermal signal for sub aerial vis-
cous gravity currents (Garel et al., 2012), and we developed a
model for the simultaneous cooling and spreading of an isoviscous
gravity current. We showed that, as a function of the supply rate
and of the fluid viscosity, a thermal steady state was established
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Fig. 1. Sketch of the experimental set-up. The source vessel and the feeding pipe
are heated above PEG solidification temperature, by heating mats and a heating
coil, respectively. Thermocouples (black squares) are placed in the vessel, in the air
(Tq) and at the end of the pipe (To). The polystyrene support plate minimizes the
basal heat loss, and is covered with a thin, easy-to-wash teflon film. The parameters
of the performed experiments are given in Table 1.
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after a transient stage controlled by vertical heat conduction in
the flow. Furthermore, we demonstrated that the thermal power
radiated at steady state was indeed proportional to the effusion
rate. We also used this theoretical model to investigate explicitly
the surface heat transfer processes at the surface of the flow, tak-
ing into account different magnitudes of cooling by radiation or
wind-induced convection (Garel et al., 2013).

An important limitation of this model is that temperature does
not influence the flow rheology in isoviscous currents. To go be-
yond that limit, here we investigate the feedback of cooling on
the flow dynamics with a set of analogue experiments using so-
lidifying wax material. We focus on the evolution of the area and
surface thermal signal of the currents, and use the experimental
results to discuss the implications for the use of a thermal proxy
for the effusion rate of lava flows.

2. Analogue material and experimental set-up

We study the spreading of hot solidifying wax material in the
air in order to carry out remote infrared measurements of the flow
surface temperatures. The fluid is the poly-ethylene glycol (PEG)
P3515 of Sigma-Aldrich, with a melting point around 38 °C, simi-
lar to the one used in Hallworth et al. (1987). This PEG is different
from the more commonly used PEG 600, that solidifies around
18°C (Fink and Griffiths, 1990; Soule and Cashman, 2004). The
viscosity of PEG P3515 was measured as a function of tempera-
ture with a Thermo-Haake rheometer using a cone-plate geometry.
A viscosity jump of almost 6 orders of magnitude occurs around
37°C at the transition between liquid and solid states. Details of
the PEG physical properties are given in the supplementary mate-
rial.

Fig. 1 presents a sketch of the experimental set-up. Liquid PEG,
dyed green, is supplied at a rate Q (driven by a constant air
overpressure in a supply vessel) and at a given temperature. Both
parameters are constant during an experiment, and vary from one
experiment to another (Table 1). The area covered by the current is
measured on pictures taken from above, and its thermal structure
(surface temperatures) is imaged with an infrared camera (FLIR
SC645). The power (in Watts) radiated by the flow is calculated
from the temperature measurements.

3. Emplacement of solidifying flows
3.1. Qualitative description of the spreading
Fig. 2 presents the evolution of the spreading liquid and solid

PEG during experiment P302 (To = 46°C, Q = 0.15 cm3/s), with
coupled visible and infrared images. The PEG, injected in the liquid
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Fig. 2. Series of visible (top) and infrared (bottom) images taken during experiment P302 (source temperature To of 46°C and supply rate Q of 0.15 cm®s~!). The PEG is
transparent green in its liquid state and opaque, dark green when solidified. Overflows of hot, liquid PEG, leading to the emplacement of “tongues” or lobes, are observed
at 292, 452, 752 and 1258 s. The dashed circle between 682 and 998 s marks a region where solid material is thermally eroded by the overlying hot liquid. Surface tension
may influence the tip flow morphology. The dynamic evolution is shown in the Supplementary Video. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

Table 1

Parameters of the experiments.
Experiment Source temperature To Duration

(cm3s~1) (£1°0C) (min)

P202 0.14 43 20
P301 0.26 46 18
P302 0.15 46 22
P303 0.14 46 16
P401 0.55 46 10
P402 0.26 47 14
P403 0.27 47 8
P501 0.24 43 14
P502 0.40 44 12

Note: The ambient temperature T, is 21°C for all the experiments.

state, loses heat while moving away from the source and even-
tually completely freezes. The solidified material then acts as a
barrier for newly injected fluid, leading to flow channelization be-
tween solid levees. Continuous injection of liquid PEG yields local
overflowing above the solid barriers, with liquid spreading onto
the plate before solidification occurs at the front.

A permanent pool of hot liquid PEG, which feeds distal over-
flows, is observed around the source throughout all the experi-
ments. The PEG solidifies from the surface of the flow, and can
remain liquid underneath the crust for several hours after the in-
jection has stopped. Thermal erosion of the solid wax beneath

hot liquid flow was sometimes observed (e.g., Fig. 2 between 682
and 998 s). In addition to solidification, flow advance in a given
direction was sometimes limited by drainage in favor of other lig-
uid overflows. We observed that liquid PEG P3515 is never able
to break through the crust of wax, which precludes crust fold-
ing or liquid break-outs as was observed in underwater PEG 600
experiments (Fink and Griffiths, 1990; Blake and Bruno, 2000;
Griffiths et al., 2003).

Because of overflows and levees, the solidifying PEG flow
rapidly deviates from radial symmetry that characterizes the flow
of an isoviscous fluid (Huppert, 1982; Garel et al., 2012), and we
use the evolution of the current area with time to quantify the em-
placement dynamics. As presented for experiment P302 in Fig. 3,
the area of the current initially grows linearly with time (here
until about 220 s) as expected for an isoviscous gravity current
(Huppert, 1982). The slope of this graph is inversely proportional
to the square root of viscosity in the isoviscous case (Huppert,
1982). Hence one can define an “apparent current viscosity” corre-
sponding to the initial rate of flow advance, which, as one would
expect, is larger than the viscosity of liquid PEG (here 2.6 vs.
0.15 Pas) because of flow front solidification.

After its initial linear increase, the area continues to grow, but
by stages, even though the injection of hot liquid PEG is contin-
uous at the source (Fig. 3). The stagnation stages, during which
the area increases not at all or very little, correspond to a rise
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Fig. 3. Evolution of the current total area during experiment P302 (gray dots). The
thin dashed line, dashed line and dash-dotted line indicate the spreading rate of a
viscous gravity current with a viscosity 0.15 (liquid PEG), 2.6 (initial spreading) and
18.5 Pas (final spreading). The insets show infrared images of successive stagnation
and overflow phases (see Fig. 2 for length and temperature scales).

of level in the liquid pool around the source until the next over-
flow over its solid barriers occurs, followed by a fast-spreading
episode. Similar discontinuous spreading was also observed for un-
derwater PEG 600 wax flows with low supply rates (Hallworth
et al., 1987) or with high cooling rates (Fink and Griffiths, 1990;
Blake and Bruno, 2000). The duration of the stagnation phases
increased during the course of an experiment (Fig. 3), yielding a
decrease of the mean spreading rate of the current (hence a cor-
responding increase in the current thickness and in the apparent
flow viscosity). The advance of the current is thus progressively
slowed more and more efficiently by solidification. Overflows could
be categorized as either volume- or cooling-limited whether they
stopped because liquid material was drained by another overflow
or because of solidification at the flow boundaries, by analogy with
field observations on lava flows (Guest et al., 1987).

3.2. Influence of the supply rate on flow regimes

Fig. 4a compares the spreading rate for experiments P303 and
P401, the latter having a supply rate four times larger than the
former (Table 1). The mean spreading rate of the current in-
creases with increasing supply rate, as for a viscous gravity current
(Huppert, 1982).

The stagnation phases are clearly identified in experiments with
a low supply rate (e.g., P303), whereas for higher supply rates (e.g.,
P401), the curves rather display “kinks” in the spreading rate, i.e.
the increase of area is sometimes slowed down but never stops.
The higher the supply rate, the closer the observed current spread-
ing is to that of a viscous current of liquid PEG, a conclusion that
was also drawn from underwater PEG experiments by Hallworth
et al. (1987), Fink and Griffiths (1990), Blake and Bruno (2000).
The area increase between two stagnation phases appears larger
for a higher supply rate (Fig. 4a), corresponding to either larger
or more frequent overflows. Since larger liquid volumes cool more
slowly, and advance faster than ones with small volume (Huppert,
1982), the restraining effect of solidification on flow emplacement
decreases with increasing supply rate. This raises the question of
how to quantify best the behavior of currents which undergo large
rheologic changes as they spread, a point that we discuss in Sec-
tion 5.2.

3.3. Variability of spreading rates for comparable supply rates

In the case of an isoviscous fluid, the spreading rate is fully
determined by the flow supply rate for given density and viscos-
ity of the liquid (Huppert, 1982). In the present case, the rate of
spreading is also controlled by the relative durations of stagnation
phases and overflows, i.e. by the cooling efficiency. Experiments
P202, P302 and P303, which have similar supply rates, display dif-
ferent morphologies and spreading rates (Fig. 4b). This variability
is related to the variable shape of the PEG flow, which can exhibit
fingered expansions (experiment P302), or meanders (experiment
P202), that will in turn control the duration of the stagnation and
flowing phases. Although solidification can produce discontinuous
flow advance (experiment P302), it can also produce solid levees
that will maintain a quasi-continuous spreading rate (experiment
P202). The flow areas and morphologies, although similar, are not
exactly reproducible for given conditions, because the solidifica-
tion pattern causes somewhat random directions of flow advance.
Hence the flow area cannot be predicted with high accuracy from
the supply rate only.

For the same supply rate, the discrepancy between flow areas
of experiment P303 and P202 can reach up to 30% (Fig. 4b). The
spreading during the overflows in experiments P303 and P302 are
very similar: notwithstanding the initial differences in spreading,
the durations and slopes of later overflow stages match very well.
This suggests that comparable supply rates can yield comparable
volumes of liquid material available for overflows. We discuss in
Section 5.2 the implications of these experimental results for vol-
canic hazard. We now investigate how we can use the thermal sig-
nal to constrain the source conditions, even though the spreading
dynamics cannot be modeled using only the supply rate, because
of the haphazard local variations in rheology.

4. Surface thermal signal of experimental solidifying flows

Even though we observe some variability in the current plan-
view shape and spreading dynamics, the supply rate remains a
first-order control parameter for flow advance. It is therefore still
necessary to study if and how we can infer it from the surface
thermal signal, i.e. the total thermal power radiated over the sur-
face of the flows (in Watts), using the performed experiments.

4.1. Total radiated power

The integrated surface thermal signal (radiated power) is anal-
ogous to that which can be retrieved from lava flow thermal
remote-sensing. The power radiated by the current is defined as

Grad = // o (T, — Tq) dA, (2)

with ¢ the emissivity, o the Stefan-Boltzmann constant, T¢p
the surface temperature and T, the ambient temperature. Fig. 5
presents the evolution of ¢,y during experiment P302. The step-
like evolution is related to the discontinuous spreading rate of the
current. The total radiated power can be viewed as the sum of two
signals: (i) a thermal signal coming from the “inactive” old regions
topped with solidified PEG, and (ii) a signal radiated by the ex-
posed, flowing liquid (the hottest part of the flow - the “active”
flow).

During stagnation phases, net cooling occurs (resulting in a
small decrease in the radiated power), whereas overflows are asso-
ciated with bursts in the radiant power since they create new hot
current areas. On the time-scale of our experiments, the total ra-
diant power did not reach a steady state, in contrast to the case of
viscous currents of silicone oil investigated in our previous study
(Garel et al., 2012). Fig. 6a shows the global consistency between
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Fig. 4. (a) Evolution of the current area for experiment P303 (Q =0.14 cm?s~!) and P401 (Q = 0.55 cm?s~'). The dashed lines indicate the equivalent spreading of liquid
PEG for the same supply rates. The images on the right show the flow morphologies (same scale). (b) Spreading rates of flow emplacement during experiments P202, P302

and P303 (comparable supply rates, see Table 1).

the evolution of the area and of the radiated power. We observe
at first order a smooth, monotonic increase of the radiated power
and current area, and the discontinuous pattern of both spread-
ing and thermal signal (Figs. 3 and 5) is “erased”. The signature
of the supply rate can thus be seen more easily, and is not hid-
den by the transition between overflow and stagnation phases: we
see clearly on Fig. 6a that a high supply rate maintains higher sur-
face temperatures, and over a longer time/larger area than small
supply rates. We note as well that during the course of an ex-
periment, the mean surface temperature of the material decreased
with time (i.e. the curves tend to get closer to the lowest isotherm,
e.g. experiment P502). Under a constant input rate, an area at hot
temperature with a relatively constant spatial extent is maintained.
However, cooling and solidified material is constantly accumulated
through time, and exhibits a thermal signature long after its em-
placement. Hence, for a constant input rate, the contribution of the
colder parts of the flow to the bulk radiated power will become
more and more important with time.

4.2. Thermal signal of active vs. inactive flow regions

Even though the current regions covered by solidified PEG
may have ceased to advance, they still contribute to the to-

tal radiated power since they remain hotter than the ambient
air. To relate the thermal power to the supply rate, we intro-
duce a temperature threshold in order to discriminate the con-
tributions of active and inactive flow regions. This enables us
to define a threshold power, radiated by the part of the flow
whose surface temperature exceeds the corresponding threshold
temperature Ty,. Fig. 5 presents the evolution of these “thresh-
old” radiated powers, whose values decrease as the temperature
threshold increases. For a threshold temperature greater than or
equal to 37°C (the nominal solidification temperature of PEG),
the threshold radiated power presents an initial transient in-
crease followed by a plateau-like stage, which mimics the evolu-
tion obtained for an isoviscous hot gravity current by Garel et al.
(2012).

The quasi-steady stage defined using high threshold tempera-
tures is punctuated with bursts in the radiated power, correspond-
ing to overflows of liquid material above the solid barriers (Fig. 5).
The finite durations of these bursts confirm the previous observa-
tion that a liquid overflow has a finite lifetime: it ineluctably cools
down as it spreads, eventually solidifies and stops advancing. The
amplitude and duration of these bursts, as well as the duration
of the transient stage of increasing radiated power, decrease with
increasing threshold surface temperature. The hotter regions are
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Fig. 5. Temporal evolution of the power radiated by the emplaced PEG during experiment P302. The total radiated power is indicated by the black dashed line, and the
subsequent plots are the powers radiated by regions of the current with surface temperature greater than a given threshold. Note that the current exceeds the field of view
of the infrared image around 800 s (see Fig. 2), hence powers radiated by low-temperature regions are underestimated after that time. The images show the contour of the

region with a surface temperature greater than the threshold.

indeed mainly located in the stagnant pool, and less affected by
the overflow episodes.

The stability of the hottest regions of the flow can also be illus-
trated by looking at the evolution of the “threshold” areas (i.e. the
current area with a surface temperature higher than a given value)
as a function of the chosen surface temperature threshold (Fig. 6b).
At the beginning of the experiment, we observe a quasi-constant
area as a function of the temperature threshold, which indicates
that the current is very hot. As time goes by, we observe a grow-
ing discrepancy between threshold areas for low temperatures and
those for higher temperatures. Threshold areas for temperatures
lower than 35°C are continuously increasing whereas for surface
temperatures higher than 37 °C the area becomes stationary after
an initial transient. This evolution is similar to that observed for
the threshold radiated power on Fig. 5: the area of the liquid re-
gions becomes constant for a constant supply rate.

In order to compare the constant supply rate and the thermal
signal, it is necessary to retrieve a steady value for the “active”
radiated power. We choose the threshold temperature of 40°C in
order to limit the influence of the thermal bursts. Fig. 7 presents
the relationship between these “active” radiated powers and the
supply rates for all the performed experiments. The intensity of
the “active” surface thermal signal increases with increasing supply
rate, as was found for the case of isoviscous gravity currents (Garel
et al., 2012). The issue is then to derive a quantitative relation-
ship between the two parameters, since the ultimate goal is the
extrapolation of the experimental results to thermal remote sens-
ing of lava flows, which also exhibit a temperature dependence of
rheology albeit more complicated than PEG.

4.3. Definition of a quantitative thermal proxy

We have developed in a previous paper a model for the cool-
ing of an isoviscous gravity current, in which the thermal steady
state resulted from a balance between heat advection within the
current and surface heat loss (Garel et al., 2012). This model is
not directly applicable to the solidifying PEG flows in which we
have seen that solid levees can temporarily confine liquid flow,
and (somewhat randomly) orientate flow outbursts. However, for
the hottest part of the current (in which PEG is a viscous liquid),
the power radiated reached a steady state after a period of tran-
sient increase, as for an isoviscous fluid. This favors the use of the

isoviscous theoretical model to relate the steady threshold radi-
ated powers with the supply rate. Fig. 8 shows the comparison
between data and model predictions based on the experimental
parameters (supply rate, source and ambient temperatures) from
Table 1, the material parameters given in the supplementary ma-
terial, and using the liquid PEG viscosity (about 0.15 Pas). Despite
the complexity of the PEG emplacements and the issue of latent
heat release, the theoretical predictions are proportional to the ex-
perimental results, showing that the isoviscous scaling is able to
provide a robust estimate of the supply rate. This match is likely
to reflect a relationship between the liquid pool area and the sup-
ply rate.

The measured power is about half that predicted by the iso-
viscous model of Garel et al. (2012). This can be explained by a
larger effective viscosity of the spreading PEG than the nominal
value of the liquid PEG. This is confirmed by the observation of the
flow thickness in the experiments, which is around 3 mm whereas
the viscous height predicted using the liquid viscosity would be
around 1 mm. The higher effective viscosity of the flowing PEG is
confirmed by a higher duration of the transient increase of the ac-
tive radiated power before it reaches its plateau value compared to
the isoviscous model predictions (Garel et al., 2012), e.g. for exper-
iment P302 around 200-300 s (see Fig. 5) instead of the predicted
150 s.

5. Discussion
5.1. Thermal remote-sensing of lava flows

The experiments have shown that the global increase of radi-
ated power with effusion rate is still valid for a solidifying ma-
terial. This trend has also been observed for basaltic lava flows
by Coppola et al. (2013), as shown in Fig. 9. There is however a
large difference between the thermal signal of basaltic and acidic
lavas for the same effusion rate, which can be explained by the
long transient stage predicted by Garel et al. (2012) for very vis-
cous lavas. As only basaltic lavas are likely to reach a steady state
thermal regime, we compare the data on basaltic lava flows with
the nominal prediction of the theoretical model of Garel et al.
(2012), as well as with the scaling of Fig. 8. Fig. 9 shows that
both trends account fairly well for the field observations. This com-
parison suggests that solidification does not invalidate the use of
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Fig. 6. (a) Current area as a function of the total radiated power for different exper-
iments (see Table 1 for other experimental parameters). The dotted lines indicate
the coupled evolution of radiated power and function of area for a constant sur-
face temperature (either 35 or 45°C). (b) Area of the current hotter than a given
surface temperature threshold at different times during experiment P501. The em-
placed PEG material remained in the field of view of the thermal infrared image
during the whole experiment. The time at which the threshold area becomes con-
stant increases with decreasing temperature threshold.

the isoviscous thermal proxy for the effusion rate. This can be ex-
plained by the counterbalancing effects of an increase in apparent
viscosity (increase in flow thickness, decrease in flow area and
radiated signal), and latent heat of crystallization (decrease of cool-
ing efficiency). The uncertainty on the effusion rate calculated from
thermal data remains quite large, around 50%, due to uncertainties
on the effective flow viscosity and variable efficiency of convective
cooling at the flow surface (Garel et al., 2013).

The experimental results lead us to strike a note of additional
caution concerning the use of thermal remote-sensing to esti-
mate lava effusion rate. The time-dependence of the power ra-
diated by a solidifying flow (initial transient increase, overflows
yielding episodic thermal bursts) underlines the need for contin-
uous and high-frequency thermal monitoring to detect danger-
ous overflows or sudden increases of volcanic activity. The com-
parison of radiated power and flow areas as a function of time
(Fig. 6a) can be used to discriminate flow regimes, as done for
the 2001 lava flow of Mt. Etna by Harris et al. (2010). Retrieving
the temporal evolution of the area hotter than a certain threshold
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threshold temperature of 40 °C. Note the discrepancy between experiment P501 and
experiments P301, P402 and P403 that is probably due to the lower source temper-
ature Tg for P501 (see Table 1).

4
E 3sf € P02y by
= O P301 O P03
£ @ P302
2 8| g opys O PO
o
= mro A2
£ 25;
8
8
g 7
g o
< 1.5f d
- z' ....
< Lo
o B ]
E 1 0
E | 5 Tynr = 40°C
g 05 1
€3 .

0 ‘ L L L L

0 1 2 3 4 5

Theoretical steady radiated power (W)

Fig. 8. Comparison between experimental and theoretical steady threshold radiated
powers for a surface temperature threshold of 40°C. The dotted line has a slope
of 0.56 and the experimental radiated power at the origin is 0.36 W. The experi-
mental uncertainties are related to the amplitude of the thermal bursts associated
with overflows. The theoretical predictions are obtained from the isoviscous scal-
ing (Garel et al., 2012), with theoretical errorbars accounting for a convective heat
transfer coefficient A varying between 1 and 3 Wm~' K~! (free convection range).

(similar to Fig. 6b) may also yield information about the ther-
mal structure of the flow. This would be especially interesting
to track tube systems, as well as lava break-outs, for which the
melt underneath will eventually rupture the solidified crust (e.g.,
Calvari and Pinkerton, 1998; Applegarth et al., 2010). These sys-
tems are expected to display a weak radiated power and overall
surface thermal signature (Realmuto et al., 1992), contrasting with
their ability to supply bursts of very hot (fluid) lava, generating
rapid spreading from the flow front (Calvari and Pinkerton, 1998;
Harris and Rowland, 2009). Hence, high-frequency monitoring ap-
pears also crucial to survey the surface extent of the lava flow field
and discriminate thermal structures.

The discrimination of active areas in lava flow fields using
remote-sensing will however be less straightforward than in the
experiments since satellite radiances are derived from Planck’s
law and integrated over a range of temperatures (Dozier, 1981).
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Fig. 9. Measured powers radiated by lava flows as a function of their effusion rate.
The dashed line represents the nominal predictions for steady radiated powers of
the isoviscous model (Garel et al., 2012), and the dotted line shows the scaling
correction of 0.56 applied to these predictions, in agreement with Fig. 8. The lava
flow data are from Coppola et al. (2013); basaltic and intermediate lavas having
SiO, content lower or equal to 50% or 60%, respectively, and acidic lava higher
than 60%. The theoretical predictions are made using the following parameters:
emissivity 0.97, source temperature 1100 °C, ambient temperature 20 °C, viscosity
1000 Pas, density 2300 kgm—3, specific heat 1000 Jkg~! K=, thermal conductivity
3 WK !'m~! and convective heat transfer coefficient of 50 Wm—2K~!,

Satellite sensors operating at low wavelengths are more sensi-
tive to active lava features (Aries et al, 2001). The automatic
detection of volcanic eruptions from space (Wright et al., 2004;
Ferrucci et al., 2013) can also give some leads on how to combine
satellite spectral radiances at different wavelengths to gain infor-
mation about the surface temperature distribution.

5.2. Hazard of lava flow advance: input from modeling

Modeling lava emplacement is crucial for real-time mitigation
during an effusive eruption, and for long-term hazard assess-
ment in the volcano vicinity (e.g., Rowland et al, 2005; Vicari
et al., 2007; Hérault et al., 2011). Both our and previous exper-
iments have shown that the spreading of a solidifying material
is often highly discontinuous, with alternations between phases
of stagnation and phases of rapid flow advance: overflows in
our experiments, break-outs and overflows in other underwater
PEG experiments (Hallworth et al., 1987; Fink and Griffiths, 1990;
Blake and Bruno, 2000) and break-outs in controlled lava pouring
experiments (Syracuse project, personal communication of Einat
Lev). Lava emplacement in nature can also exhibit these episodic
features (Guest et al., 1987; Hon et al., 1994; James et al., 2012).

The analogue experiments show that the volume available for,
and the frequency of overflows increase with the source supply
rate. We observed the influence of supply rate on flow regime, con-
curring with the experimental results of Blake and Bruno (2000)
and the analysis of lava flow advance of Castruccio et al. (2013).
The previous attempts to quantify the effect of solidification de-
rived either an effective viscosity (Stasiuk et al., 1993) or a yield
strength for the flow (Griffiths and Fink, 1993). They cannot how-
ever fully predict the discontinuous and chaotic emplacement
of solidifying flows, whose advance is not exactly reproducible
(Hallworth et al., 1987).

Field observations of recent eruptions suggest that high ef-
fusion rates yield long lava flows, whereas low effusion rates
lead to shorter flows and compound flow fields (Walker, 1973;
Wadge, 1978; Guest et al., 1987; Harris and Rowland, 2009). On
the larger scale of continental flood basalts, Self et al. (1996) and

Thordarson and Self (1998) have reached the conclusion that com-
pounds lava flows could slowly be emplaced over large areas dur-
ing several years with a low cooling rate maintained during lava
transport. The flow regime and thermal insulation therefore play a
major role in setting the effective rheology of a lava flow.

The effusion rate plays a key role in lava emplacement, but,
from the experimental results on solidifying flows, does not ap-
pear as a fully deterministic parameter. A scaling for the influ-
ence of effusion rate on lava length would be hard to derive
since the transitions between stagnation, overflow and break-out
phases are likely to depend on the local topography. Empirical scal-
ing laws between effusion rate and final flow length have been
derived on Mt. Etna based on historical eruptions (Calvari and
Pinkerton, 1998). A future challenge is to use fast-computing mod-
els of lava flow advance - e.g. MAGFLOW (Vicari et al., 2007;
Bilotta et al., 2012), or LavaSIM (Hidaka et al., 2005; Proietti et al.,
2009) - to understand which effective rheology, maybe depending
on the effusion rate, would reproduce best the advance of solidify-
ing lava flows.

5.3. Other controls on lava flow advance and surface thermal signal

Our experiments investigated the cooling of a simple expand-
ing, solidifying flow. Lava flows can however display different fea-
tures that may affect (i) the relationship between radiated power
and effusion rate, and (ii) the prediction of flow advance from ef-
fusion rate.

The horizontal support in the experiments allowed a spreading
in multiple directions, whereas natural slope of volcanic flanks are
expected to focus flow spreading downslope. Nevertheless, we still
expect the local morphology (levees, crust) to play a role during
lava outbreaks or overflow events, making the prediction of lava
flow path difficult.

Surface thermal structure is, with flow area, the key factor de-
termining the intensity of the power radiated by a lava flow. Our
experiments exhibit a clear discrepancy between liquid, flowing
material with high surface temperatures, and solidified material
that has ceased to advance, similar to a flowing lava channel
and its levees. The existence of solid crust on top of a moving
flow would modify the flow cooling rate, and yield a radiated
signal sensitive to the crust coverage and to the amount of hot
melt exposed through the crust fractures (Crisp and Baloga, 1990;
Wright et al., 2010). Flow velocity is likely to affect crust coverage,
e.g. following a change in slope or in flow dimensions (Cashman et
al., 2006).

The feedback of flow spreading on its rheology through crys-
tallisation (Castruccio et al., 2010) and surface solidification (Grif-
fiths and Fink, 1993; Castruccio et al., 2013) will determine the
time- and length-scales of flow advance and associated surface
thermal signal. Hence, changes in effusion rate, lava chemistry or
crystal content during the course of an eruption should also affect
the conversion of remote-sensing data to effusion rate.

6. Conclusion

We have carried out laboratory experiments using PEG wax as
an analogue for lava, in order to investigate the links between the
supply rate and the thermal power radiated from the flow sur-
face. Both the dynamics of emplacement of the solidifying material
and the temporal evolution of its surface thermal signal have been
monitored. While experiments are performed with a constant sup-
ply rate, flow emplacement occurs by episodic liquid overflows
above solid barriers. For a given supply rate, we observe a large
variability of flow geometry and flow regimes. However, despite
the complexity of flow emplacement, we showed that the supply
rate of a solidifying flow could, at first order, be retrieved from
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the surface thermal signal radiated by the hottest part of the flow,
using a simple isoviscous theoretical model developed in Garel et
al. (2012). The extrapolation of our results to natural cases shows
that the radiated power indeed provides a first-order estimate of
the effusion rate of basaltic lava flows. However, the uncertainty
in this estimation is always significant (about 50%), because of the
chaotic flow dynamics and of the variable convective cooling at the
surface of the flow.

As a matter of fact, although the supply rate is the main con-
trol on the advance of a solidifying flow, our simple and controlled
experiments display non-predictable flow emplacement and flow
regimes for the same supply rate. Fast-computing models of lava
advance on the actual volcano topography, as well as the compi-
lation of historical data of lava flow emplacement, could help to
better constrain the influence of effusion rate on the effective flow
rheology. The coupling of such models to high frequency remote-
sensing, as developed in the LAV@HAZARD framework (Ganci et al.,
2012), appears as one of the most promising tools for the manage-
ment of effusive volcanic hazard.
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