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FIELD OBSERVATIONS 
– CRUST COVER
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Fig. 13 Measured crust width (dc) vs. W for a Mauna Ulu and
b Pu‘u’O`o channels. Widths are normalized to maximum channel
width (Wmax). Power-law fits to data are provided on plots; all fits
have r2≥0.98. In (a), measurement represented by the open diamond
was omitted from the curve fit. In (b), fits are shown for expansion
1 (medium gray diamonds), expansion 2 (dark gray diamonds), and
the contraction (medium gray triangles); area encompassed by each
channel segment is shown in Fig. 14

by changes in channel width or planform geometry. We
suspect that exposure of incandescent lava at this location
is a consequence of an abrupt change in slope (a lava fall).

Quantitative analysis of Fig. 14 is complicated by the
photographic angle, which is not vertical. To reduce the
problem of perspective and to examine the effects of dif-
ferent morphological changes, we divided the channel into
six different segments for analysis. These segments include
two widening channel segments (labeled ‘exp 1’ and ‘exp
2’), one segment that narrows abruptly (labeled ‘contrac-
tion’), one that narrows gradually (labeled ‘narrowing’),
one straight segment, and one that includes the spectacu-
lar hairpin bend. The average fraction of incandescent lava
within each segment (f) varies from 0.31 to 0.80 (Fig. 13).
Moderate crustal coverage is consistent with the high initial
ϑ determined above. In contrast to the Mauna Ulu channel,
however, measurements of crust width along a total of 46
cross-sections in the six segments yield dc/W values that
are consistently 10–20% higher than corresponding values
of 1−f for the relevant channel segment (Fig. 15). This
mismatch shows that crust width, alone, is not an accurate
measure of the amount of incandescent lava exposed at the
surface when there is also significant crustal extension and
breakage along the channel. The effect of crustal disrup-

tion is most evident along narrowing and meandering parts
of the channel, consistent with observations in our experi-
ments. Only three channel segments (two expansions and
one contraction) exhibit sufficient variation in W to obtain
good power-law fits to trends of dc versus W (Fig. 13b). Of
these, exp 1 yields dc∼W1.5 and both the contraction and
exp 2 yield dc∼W1.6. Together, these data are in remarkable
agreement with our theoretical prediction of dc∼W5/3.

Applications to models of lava flow behavior

Comparison of the behavior of basaltic lava channels with
our analog experiments allows us to re-examine models of
open-channel flow and lava tube formation. We show how
our experiments (1) aid interpretation of observed flow fea-
tures in both regimes, (2) supply a theoretical link between
thermal and dynamical models of flow evolution, and (3)
illustrate ways in which channel geometry may affect rates
of flow cooling and styles of flow advance.

First and foremost, we have demonstrated the applicabil-
ity of the simple ϑ parameterization of Griffiths et al. (2003)
to define flow conditions that produce open-channel versus
tube formation in basaltic lava flows. We have also shown
ways in which this parameterization requires modification
to accommodate the effects of local changes in channel
geometry on the development of surface crust. Second, we
have demonstrated that, along channels that are either uni-
form or slowly varying in geometry, the fraction of the flow
covered by a solid crust (dc) is a predictable function of flow
width (W). These calculations of ϑ and dc/W can easily be
incorporated into existing flow models to add a more ro-
bust prediction of crustal coverage than exists currently.
Third, both our experiments and our photographic analysis
illustrate that crustal extension and breakage is common in
non-uniform channels where local flow conditions accel-
erate the flow surface, such as channel constrictions, flow
around bends, and flow over lava falls. Under these condi-
tions the increased fraction of incandescent lava exposed
at the flow surface will generate more rapid cooling than
anticipated for similar flows in uniform channels. When
coupled with models of crust growth and failure criteria,
the insights into dynamic processes affecting crust distri-
bution provided by our experiments could greatly improve
predictions of flow cooling.

Our experiments also aid in the understanding of lava
tube formation. Conditions leading to the development of
lava tubes have been examined in both Hawaiian and Etna
lava flows (e.g., Guest et al. 1980, 1984; Greeley 1987;
Peterson et al. 1994; Hon et al. 1994; Calvari and Pinkerton
1998, 1999; Kauahikaua et al. 1998, 2003). According to
these studies, processes by which lava tubes form include:
(1) growth of lava crusts across streams within confined
channels, (2) gradual accretion of lava levees, (3) coales-
cence of rafted solid plates, (4) progressive extension of
pahoehoe lobes, and (5) inward focusing of lava in inflated
sheet flows. Tube formation may initiate at the distal end of
flows, near the vent, or within narrow sections of channels.
While most common in pahoehoe flow fields that develop

Cashman et al., 2006

(a)

(b)

from:
Tilling et al. 1987
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October2007_obstacle movie

Kilauea, 2007, HVO

Observables include:

‣Flow morphology

‣Channel morphology

‣Crust cover
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crust breakage
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FIELD OBSERVATIONS  
– CRYSTALS AND BUBBLES

Riker et al. 2009 
Kilauea 1859 flow
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Fig. 8a Changes in plagioclase (circles) and pyroxene (squares)
crystal number density (Na) with increasing distance from the
vent. Filled symbols are pāhoehoe samples, open symbols ‘a‘ā. b
Number density (Na) vs phase crystallinity (f) for both plagio-
clase and pyroxene. Solid line shows best fit to pāhoehoe plagio-
clase data and represents an average crystal area of 40 mm2.
Dashed line shows best fit to pāhoehoe pyroxene data and repre-
sents an average crystal area of 28 mm2

Plagioclase number densities 11000 mm–3 have
been reported for other ‘a‘ā surface and flow interior
samples (e.g., Crisp et al. 1994; Polacci et al. 1999). In
fact, high crystal number densities appear characteristic
of ‘a‘ā emplacement styles and contrast with the consis-
tently low number densities that typify fully crystallized
pāhoehoe flows (^102/mm2; Sato 1995; Katz 1997).
Based on the data reported above, we suggest that high
crystal number densities are the direct result of high
rates of cooling (and crystal nucleation) in proximal
‘a‘ā channels.

Discussion

Data presented herein can be used to constrain param-
eters used in models of lava flow cooling during trans-

port through open channels and to extend existing
models for the pāhoehoe-‘a‘ā transition.

Rates of cooling and crystallization

Cooling rates
Measured rates of cooling during flow through the 16
May channel can be compared with model predictions.
We use the heat balance proposed by Crisp and Baloga
(1994) to calculate cooling rates of the flow interior.
The flow was well stirred, and entrained crust was of
negligible thickness in proximal regions of the channel;
thus, we simplify that heat balance as

dT/dtp(L/Cp)(df/dt)P(!s f T4)/rCph (1)

by assuming perfect mixing and neglecting the effects
of entrainment and assimilation, where L is the latent
heat of crystallization (350,000 J kg–1), Cp is the heat
capacity (1200 Jkg–1K–1), df/dt is the crystallization
rate (0.5–0.9!10–4/s for a channel velocity of 1 m/s, as
shown above), ! is emissivity (0.9), s is the Stefan-
Boltzmann constant (5.67!10–8 Jm–2s–1K–4), f is the
fraction of core exposed, T is the lava temperature in
degrees Kelvin (K), r is lava density (2000 kg m–3 as-
sumed based on observed sample vesicularity), and h is
flow thickness. Equation (1) can be integrated to solve
for time (in seconds) to reach a given T (in K) as

tp[k/2a]7{(0.5)ln[(Tck)/(T–k)]ctan–1(T/k)}cA, (2)

where ap(L/Cp)(df/dt), kp(–a/b)1/4, with bp–!sf/
Cph, and A is a constant of integration calculated for
the initial condition tp0,Tp1422 K.

Rates of cooling with distance traveled may be cal-
culated if time (calculated from Eq. 2) is converted to
distance by assuming a flow velocity (here chosen as
1 m/s). The results of such calculations are shown in
Fig. 9 for reasonable parameter values for the variables
f, h, and df/dt. Observed cooling rates can be matched
for a flow depth h of 3 m (the maximum allowed by
field observations) for the conditions df/dtp0.5!10–4/
s and fp0.7, or df/dtp0.7!10–4/s and fp0.9 (curve C;
Fig. 9). For a shallower flow depth (2 m), bracketing
crystallization rates of 0.5!10–4/s and 0.9!10–4/s re-
quire, respectively, crustal coverage f of 0.5 and 0.7
(curves D and B). High crystallization rates and small
fractions of exposed core generate too much heat for
adequate flow cooling (e.g., curve A), whereas lower
crystallization rates, smaller flow depths, or high values
of f predict too much cooling (e.g., curve E).

These calculations are only approximate but provide
an adequate match to high rates of cooling
(0.004–0.007 7C/s, or 14–25 7C/h, for an assumed veloci-
ty of 1 m/s) measured during flow through the proximal
channel. Thus, we suggest that, for early stages of flow
through an open channel, cooling rates of flow interiors
approach those of purely radiative heat loss from per-
fectly mixed flows. That all of our measured tempera-

Cashamn et al. 1999 
Kilauea 1997 flow

Pahoehoe

a’a
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ANALOGUE EXPERIMENTS – 
QUANTITATIVE, CONTROLLED

DYNAMICS OF LAVA FLOWS 497

a) b)

Figure 4 Photographs of isothermal laboratory flows of Bingham fluid on a planar slope.
The fluid was extruded in many small-volume increments from a 1-cm-diameter hole in
the smooth base. The domes were static between increments. The white circle shows the
location of the source. (a) Kaolin/water slurry, slope b ! 12!, volume 900 cm3, r0 ! 92
Pa, dimensionless volume V " 0.8 (b) Kaolin/polyethylene glycol slurry, b ! 18!, 1000
cm3, r0 ! 84 Pa, V " 12. ‘Levees’ develop for V # 10, when further spreading is largely
down-slope. (From Osmond & Griffiths 1998)

6. EFFECTS OF COOLING AND SOLIDIFICATION

6.1 Dimensionless Parameters

Since lavas are far from thermal equilibrium with the overlying atmosphere or
ocean and relatively close to their solidus temperatures, cooling induces very large
changes in rheology that eventually bring flows to a halt. It is therefore important
to investigate thermal effects in flow models. These effects depend on whether
the flow is laminar or turbulent and on the rate of cooling and rheological change
compared with the rate of spreading of the flow. Comparing the conductive trans-
port of heat within the lava to the advection of heat with the flow gives Peclet
(Pe) numbers Pe ! UH/j (j is the diffusivity) ranging from 102 to 105 for slow-
growing lava domes to#106 for faster channelized basalts and turbulent komatiite
flows. As a measure of the rate of cooling, we could take the global Nusselt (Nu)
number, H/qcpjDT, based on the surface heat flux that would occurNu ! F* F*s s
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Osmond & Griffiths 1998)

Kaolin/water slurry, slope b=12 deg Kaolin/PEG slurry, slope b=18 deg

Isothermal

502 GRIFFITHS

a) b) c) d)

Figure 6 Laboratory experiments with polyethylene glycol wax flowing from a small
source on a planar slope under cold water. The base slopes downward to the right and is
covered with mesh to make a rough floor. (a) Pillow flow, (b) rifting flow, (c) folded flow,
(d) leveed flow. (The tank is 30 cm wide; from Gregg & Fink 1999.) (c) and (d) are similar
to ropy pahoehoe and long channelized flows observed in Hawaiian lava flows.

experiments designed to investigate the flow of corium over the floor of the reactor
vessel, 17 kg of melt at 2200 K were released to flow under air. The surface of
the material cooled by radiation and solidified rapidly, producing a thin thermal
and rheological boundary layer. Folding produced a surface appearance similar
to ropy pahoehoe lava, all the way from the flow margin to the source. The flow
front stopped spreading after!8 s. Unfortunately, values ofW cannot be obtained
because surface cooling (by 300 K) had taken place before the melt left the source.
Experiments similar to the wax studies above but with a kaolin–PEG slurry,

which has both a yield strength and the freezing temperature of the PEG, reveal
a different sequence of morphologies (Figure 7). Hence the rheology of the inte-
rior fluid plays a role in controlling the forms of flow and deformation, even
though the rate of solidification, expressed in WB, again determined which of the
morphologies occurred. At WB " 15 (fast extrusion and slow cooling), the slurry
spread axisymmetrically almost as if there were no cooling; at 0.9 # WB # 15,
there were strong rigid plates over most of the surface and later upward extrusion
of ridges with smooth striated sides; at 0.12 # WB # 0.9, the flow commenced
as a set of four to six (most often five) radially moving lobes having a weak
tendency to spiral. Under rapid cooling or very slow effusion, WB # 0.12, the
lobes were more like vertical spines and were extruded upward from the vicinity
of the source. In these experiments the transitions between regimes were more
gradual than those for the viscous fluid. The morphologies strongly resemble
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With cooling and crusting

Griffiths 
et al., 
2003

Castruccio et al., 2010

With crystals
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ANALOGUE EXPERIMENTS 
– COMPLEX GEOMETRIES
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Lyman et al. 2005
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ANALOGUE EXPERIMENTS – 
QUANTITATIVE, CONTROLLED

Lyman et al. 2005

Using Optical Flow 
(Lev et al., 2012)
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Discontinuous advance – Crustal breakage 

Blake and Bruno, 2000
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Institute of Lake Superior 
Geology Field trip guide, 1998

Source material – 
Mid-continent Basalts

BASALT EXPERIMENTS
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Unconfined flows on sand

BASALT EXPERIMENTS –
VELOCITY, GEOMETRY
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Unconfined flows on sand
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Unconfined flows on sand
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Channelized flows on steel
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BASALT EXPERIMENTS – 
THERMAL EVOLUTION

Figure 2. Temperatures above and below sand boundary layers separating lava and ice.

Edwards et al., 
2013

Friday, July 26, 2013



SUMMARY 

Models & tests should utilize quantitative input conditions 
and reproduce quantitative output observations:

Rheology

Effusion rate 

Thermal model

Ground geometry

INPUT

Velocity

Morphology

Advance with time

Temperature with time

(vesicularity, crystallinity)

OUTPUT
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