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What is a lava flow?

Lavas are effusive flows of magma at the surface. That is,
they occur when magma reaches the surface of the Earth or other
planetary body as a bubbly flow, without experiencing fragmenta-
tion. On Earth, lavas are almost always silicates in composition, but
lava flows of sulfur and carbon-rich magmas also occur. On land,
lava flows are massive volcanic phenomena that inundate areas at
high temperature (800 °C – 1250 °C ), destroying structures, even
whole towns, by entombing them within meters of rock [Branca et al.,
2017].

Figure 1: A thin, relatively low viscosity
lava flow, the Pahoa flow from Kilauea
volcano (HI; photo from USGS). These
pāhoehoe lava flows are typically 1–
10 m thick, but can have startlingly
complex behaviors.

Figure 2: An ’a ’ā lava flow advancing
slowly at Mt Etna. These lava flows
have intermediate viscosity and are
typically 5–30 m thick. Rubble forms
because the surface of the lava flow
cools and crystallizes, forming a crust,
while the interior remains molten. This
crust breaks up as the flow continues to
advance.

Figure 3: The Chaos Crags, Lassen
volcano, are an example of lava domes
(USGS photo). These blocky lava flows
and domes are often 10 – 300 m thick.
The large blocks comprising these
domes are indicative of high eruption
viscosities.

Lava flows are only distinguished from lava domes, such as Chaos
Crags at Lassen volcano, by their elongate nature. The main factors
that govern lava flow length are the discharge rate of lava at its vent,
the physical characteristics of lava, such as viscosity, the topography
on to which the lava flows, and the environment of the flow (whether
it erupts under water, ice, or in some other atmosphere).

The rate of advance of lava flows is generally slow, measured in
meters per hour or per day. A few eruptions, like the 2002 eruption
of Nyiragongo volcano (Democratic Republic of the Congo), produce
very low viscosity melts, which can travel downslope at meters per
second and are too fast to outrun. Nevertheless, the vast majority
of lava flows do damage by burying the landscape with a slow but
unstoppable advance. Lava flows transform the landscape, and gen-
erally land buried by a lava flow is permanently abandoned to all
uses, except tourism. Lava flow hazards include rock-fall from the
sides of the lava flow even long after is stops advancing, emission of
volcanic gases, which can have a substantial downwind impact over a
long period of time, and wild-fires.

Humanity has yet to experience the full impact of very volumi-
nous lava flow eruptions. The geological and historical records
suggest that impacts of degassing from voluminous lava flows
(> 10 km3) may be continental or global in scale [Rampino, 2002,
Self et al., 2005]. We know of no lava flow model that couples haz-
ards, such as gas emission, or wild-fire potential, so there is ample
room for progress!



background on statistical modeling of lava flows 2

Problems forecasting lava flow hazards

Lava flow models are used to forecast areas of inun-
dation, given an event of a particular magnitude and location. A
lava flow model simulates the effusion of lava from a vent, perhaps
calibrated by field measurements of thicknesses and volumes of pre-
viously erupted lava flows within an area encompassing the site of
interest. The simulated lava flows follow the topography, represented
by a digital elevation model (DEM).

The location of the volcanic vent from which lava will issue is
often unknown in advance of a volcanic eruption. The eruption may
occur from a previously active volcanic vent, or the eruption may
result in the formation of an entirely new vent. Vent location is of
primary importance in assessing the potential for a given area to be
inundated by lava. In long term hazard assessments, this uncertainty
in vent location is treated using statistical models of vent spatial
density [Connor et al., 2012, ElDifrawy et al., 2013].

Figure 4: Simulated large-volume flows
originating higher up the flanks of
Aragats volcano, Armenia. These lava
flows are simulated with a volume
0.5 km3 and a thickness of 3 m, similar
to older lava flows in the area.

The quality of the DEM is a major concern and the DEM may
change rapidly during the onset of eruptive activity, due to cone-
building, deformation and related factors. For example, the silicic
lava flow erupted during the Cordon-Caulle (Chile) eruption appears
to have been deflected by the topographic deformation associated
with intrusion of a shallow laccolith [Castro et al., 2016].

There is great uncertainty about the volume and effusion rate of
potential lava flows. lengths of channelized lava flow are propor-
tional to effusion rate [Kilburn, 2000]. Effusion rates are still rarely
observed directly. Change in effusion rate with time has been used to
forecast the duration and total eruptive volume once eruptions have
initiated [Pedersen et al., 2017, Bonny and Wright, 2017].

In order to model the physics of lava motion, one must consider
diverse mechanisms for heat transfer (radiation, conduction, con-
vection), formation and destruction of crust, time dependent and
spatially variable viscosity due to cooling, crystallization and bubble
nucleation. Consequently, physical models of lava flows are simpli-
fied. See a recent review of lava flow physics by Tarquini [2017] and
the classic paper by Griffiths [2000].

Numerical Simulation of Lava flows

The area inundated by lava flows depends on the eruption

rate, the total volume erupted, and magma rheologi-
cal properties, which in turn are a function of composition and
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temperature, and the slope of the final topographic surface [Drag-
oni and Tallarico, 1994, Griffiths, 2000, Costa and Macedonio, 2005].
Previous studies have modeled the physics of lava flows using the
Navier-Stokes equations and simplified equations of state [Dragoni,
1989, Del Negro et al., 2005, Miyamoto and Sasaki, 1997]. Other stud-
ies have concentrated on characterizing the geometry of lava flows,
and studying their development during effusive volcanic eruptions
[Walker, 1973, Kilburn and Lopes, 1988, Stasiuk and Jaupart, 1997,
Harris and Rowland, 2009]. These morphological studies are mir-
rored by models that concentrate on the areal extent of lava flows,
rather than their flow dynamics. These models generally abstract the
rheological properties of lava flows using geometric terms and/or
simplified cooling models [Barca et al., 1994, Wadge et al., 1994, Har-
ris and Rowland, 2001, Rowland et al., 2005].
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Figure 5: In MOLASSES, parent cells
are DEM grid cells that have lava avail-
able to give away to near-neighbors.
Some lava accumulates and freezes in
the parent cell, forming the residual.
The active lava is available to give to
other cells. Note that the model does
not imply any specific geometry or
physical state (e.g., the active lava may
be beneath a crust of residual lava; ac-
tive lava may be completely molten, or
include mobile blocks within the flow).

MOLASSES

We created a lava flow model, originally written in PERL [Connor
et al., 2012], now in C, to assess the potential of inundation for lava
flows. Since the primary information available for lava flows is their
thickness, area, length and volume, this model is guided by these
measurable parameters and not directly concerned with lava flow
effusion rates, their fluid-dynamic properties, or their chemical make-
up and composition. The purpose of the model is to determine the
conditional probability that flow inundation of a site or area will
occur, given an effusive eruption at a particular location, often esti-
mated using the spatial density model.

Input data that are needed to develop a probability model include
the spatial distribution of past eruptive vents, the distribution of past
lava flows within an area surrounding the site, and measurable lava
flow features including thickness, length, volume, and area, for pre-
viously erupted lava flows. Thus, the model depends on mappable
features found in the site area. Given these input data, Monte Carlo
simulations generate many possible vent locations and many possible
lava flows, from which the conditional probability of site inundation
by lava flow, given the opening of a new vent, is estimated.

A total volume of lava to be erupted is set at the start of each
model run. The model assumes that each DEM cell inundated by
lava retains or accumulates a residual amount of lava. The residual
thickness that is retained by cell must be reached before that cell
will pass any lava to adjacent cells. This residual corresponds to the
modal thickness of the lava flow. Lava may accumulate in any cell
to amounts greater than this residual value if the topography allows
pooling of lava. Some algorithms used to distribute lava use a resid-
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ual that varies as a function of slope of the pre-existing topography.
As flow thickness varies between lava flows, the residual value cho-
sen for the flow model also varies from simulation to simulation.
Here, our term residual corresponds to the term adherence, used in
codes developed by Wadge et al. [1994] and Barca et al. [1994]. In our
case, residual lava does not depend on temperature or viscosity, but
rather, is used to maintain a modal lava flow thickness. Based on the
thicknesses of lava flows measured within the site area, a residual
value is randomly chosen to represent the modal thickness of each
simulated flow. The measured thicknesses of various lava flows are
then fit to a statistical distribution. The model randomly selects a
residual value from this best-fit distribution.

Figure 6: An oblique view of a
TanDEM-X DEM for the Uyuni Salar
volcanic region, Bolivia. From the
Airbus web page.

Lava flow simulation requires a DEM of the region of interest. One
source of easily available topographic data is the SRTM database. The
30-meter or 90-meter grid spacing of SRTM data limits the resolution
of the lava flow. Topographic details smaller than 90 m can influence
flow path but these cannot be accounted for using a 90-m DEM. More
detailed DEM’s, such as the 30-m DEM for Mt. Lassen, can provide
enhanced flow detail, but a decrease in DEM grid spacing increases
the total number of grid cells, thus increasing computation time
as the flow has to pass through an increasing number of grid cells
[Kubanek et al., 2015]. A balance needs to be maintained between
capturing important flow detail over the topography and limiting the
overall time required to calculate the full-extent of the flow.
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Figure 7: An active cell (gray) dis-
tributes lava to its neighboring cells.
The Moore neighborhood is used with
cells positioned orthogonal to the grid
receiving proportionally more lava than
those neighboring cells located on diag-
onals, based on the weighted distance
between cell centers.

Structure of MOLASSES

An algorithm is used to distribute the lava from a source cell to each
of its adjacent cells once the residual of lava has accumulated. This
algorithm passes lava among adjacent cells defined by the DEM. Four
orthogonal cells are defined as those cells directly north, south, east
and west of a parent cell, which is the source of lava (assuming the
DEM is a grid oriented parallel to the Cardinal directions). Four di-
agonal cells are oriented on the diagonal compared to the parent cell
and the orientation of the grid. For ease of calculation, volumes are
changed to thicknesses because the area of cells on DEMs is every-
where the same.

Cells that receive lava are added to a list of active cells to track
relevant properties regarding cell state, including: location within
the DEM, current lava thickness, and initial elevation. Active cells
have at least one parent cell, from which they receive lava, and may
have neighbor cells which receive their excess lava. A cell becomes a
neighbor only if its effective elevation (i.e. lava thickness + original
elevation) is less than its parent’s effective elevation. If an active cell



background on statistical modeling of lava flows 5

Figure 8: Our lava flow simulation
made in December 2014 with an older
version of the code to assess the poten-
tial for lava flows to reach the town of
Corvo (Cabo Verde) and adjacent areas,
if the lava flow continued to erupt. To-
tal lava flow volume for this simulation
was 50,000,000 m3.
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has neighbors, then its excess lava is distributed proportionally to
each neighbor.

MOLASSES has a cellular automata design. The code is imple-
mented in a modular fashion, with the goal of making it easy to test
alternative ways to distribute lava from parent to neighbor grid cells.
These different rules affect the form of the lava flow – its length,
width, and thickness.

Overall, MOLASSES uses the following structure to distribute lava:

Until counter reaches the most recently activated cell in activeList:

IF a cell on the active list has enough lava to spread:

Identify cells in local neighborhood which can receive lava

IF there are cells:

Define volume to advect away from center cell

Calculate Cell-Cell elevation reliefs and sum them

FOR each neighbor:

Determine Effective center cell - neighbor Cell relief

If neighbor cell is not in activeList, append with ACTIVATE

Determine volume to add to neighbor cell

Add thickness of lava to neighbor cell

Reduce lava volume in center cell by total volume distributed

Increment counter and test against number of cells in activeList

RETURN:

Updated number of active cells

So far we have implemented four different algorithms for deter-
mining the volume (thickness of lava in each equal area DEM grid
cell) to be distributed from the parent cell and how this volume is
distributed among the neighbor cells. These different algorithms
affect the flow characteristics.

Equal Spreading Distribution

In equal spreading, the same volume of lava is distributed from
parent cells to neighbor cells, regardless of the topographic differ-
ences between parent and neighbor cells, until the effective elevation
among the parent and neighbor cells is equal or the lava flow stops
(the entire volume is erupted).

give lava

give lava

Figure 9: The equal spreading distribu-
tion algorithm The two neighbors get
equal fraction of the lava distributed
from the parent cell, regardless of the
elevation differences between them.

Xp = NoTo + NdTd (1)

where Xp is the excess lava to be distributed from the parent cell to
the neighboring cells, No is the number of neighbors that will receive
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lava in the orthogonal direction (the orthogonal neighbors in the
Moore neighborhood), Nd is the number of diagonal neighbors in the
Moore neighborhood, To is the fraction of lava given to each orthog-
onal neighbor and Td is the fraction of lava given to each diagonal
neighbor.

Td =
To√

2
(2)

To =
Xp[

No +
Nd√

2

] (3)

So the amount of lava distributed to each neighbor is determined
by the number of orthogonal and diagonal neighbors. The number
of active neighbors a parent cell is variable, primarily controlled by
local topographic variation as represented by the DEM. If the lava
distributed to a cell causes the residual lava thickness to be exceeded,
then that lava must be redistributed (this neighbor becomes a parent
in the next iteration).

Figure 10: A test of the equal-spreading
distribution algorithm with constant
residual. The flow, erupted on to a 45

◦

slope from the point indicated by the
red circle, tends to spread in the cross-
slope direction. The interior of the flow
has a uniform thickness corresponding
to the user specified residual.

Lava flows simulated in using the equal spreading distribution
algorithm tend to spread laterally on across the slope. This algorithm
appears to mimic the behavior of thicker, more viscous lava flows
with higher yield strength. The force moving lava radially from the
vent is significant compared to the gravitational force acting in the
downslope direction.

Spreading Proportional to Slope Distribution

One can also weight the fraction of the excess lava, Xp, distributed
to each neighbor cell, To and Td by the elevation difference between
each parent and each neighbor cell. In this model more lava is given
to neighbor cell that is downslope of the parent compared to a neigh-
bor that is across-slope from the parent.

Figure 11: A test of the spreading-
proportional-to-slope distribution
algorithm with constant residual. The
flow, erupted on to a 45

◦ slope from the
point indicated by the red circle, tends
to become more elongate downslope
compared to the equal spreading
distribution algorithm. The interior
of the flow has a uniform thickness
corresponding to the user specified
residual. All inputs (flow volume,
thickness, volume erupted per iteration,
the DEM) are the same as in Figure 10,
only the distribution algorithm is
changed.

Using spreading-proportional-to-slope, lava flows become more
elongate on a given slope compared to stubby flows produced by
the equal distribute algorithm. This may be more appropriate for
relatively low viscosity lavas.

Slope Dependent Residual

Some lava flows thin on steep slopes. The amount of thinning that
occurs is likely related to the effusion rate and time-dependent vis-
cosity relative to the slope. Griffiths [2000] showed that a critical
thickness exists for viscoplastic flows, below which the flow will not
move. The critical depth is:

hs =
σo

ρg sin β
(4)
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where σo is the critical yield strength (e.g., 1× 105 Pa), ρ is lava den-
sity (e.g., 2200 kg m−3), g is gravitational acceleration (e.g., 10 m s−2),
and β is the slope angle. Lavas have a wide range of σo, so may have
a range of thicknesses on a simple slope.

Both the proportional-to-slope spreading and equal-spreading
algorithms can be modified by making the residual itself proportional
to slope. This is implemented by making the residual of a new active
cell proportional to the slope between it and its parent cell.

lava flow has constant thickness at change in slope

pre-
lava
flow
slope

lava
flow

Direction of flow

Figure 12: A lava flow with a constant
residual, independent of the slope it
erupts on to.

lava flow thickens at change in slope

pre-
lava
flow
slope

lava
flow

Direction of flow

Figure 13: A lava flow with residual
that depends on the slope of the pre-
existing terrain.

This yields a total of four distribution algorithms in MOLASSES
that we have implemented so far:

• Equal spreading with constant residual (Figure 10)

• Spreading proportional to slope with constant residual (Figure 11)

• Equal spreading with residual that depends on slope between the
parent cell and the neighbor cell (Figure 18)

• Spreading proportional to slope with residual that depends on the
slope between the parent and neighbor cell (Figure 19)
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Figure 14: A test of the modified equal
spreading distribution algorithm with
residual depending on slope angle.
The flow, erupted on to a 45

◦ slope
from the point indicated by the red
circle, tends to become more elongate
downslope compared to the equal
spreading distribution algorithm with
constant residual. Note that the flow
surface develops topography, even on
a planar inclined DEM. The flow is
thickest at the flow margins (levees)
and thins slightly along its centerline.
All inputs (flow volume, thickness,
volume erupted per iteration, the DEM)
are the same as in Figure 10, only the
distribution algorithm is changed.

Figure 15: A test of the modified
proportional to slope distribution
algorithm with residual depending on
slope angle. The flow, erupted on to a
45
◦ slope from the point indicated by

the red circle, tends to become more
elongate downslope compared to other
spreading algorithms. Flow surface
topography is also the most highly
developed in this model, with levees
and a distinctive channel forming.
Inputs (flow volume, thickness, volume
erupted per iteration, the DEM) are
the same as in Figure 10, only the
distribution algorithm is changed.
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It is worth comparing all four test maps to observe the importance
of the choice of algorithm for the shape of the lava flow. An interest-
ing feature of the slope-dependent residual output is that lava flow
levees and channels develop in the flows. This complexity surprised
us, given the simplicity of the distribute algorithms. We suggest that
further modifications of these distribute algorithms will produce
useful results.

Application to a complicated DEM: Mt. Lassen

The test examples give a simplified view. What affect does distribute
algorithm choice have on the flow pattern on a more complicated
DEM? Compare the following maps made with the same input pa-
rameters for a rather complicated lava flow in the Mt. Lassen area.

Figure 16: The equal-spreading distri-
bution algorithm with constant residual
applied to a lava flow simulated on the
East side of Mt. Lassen.

The lava flow is sourced on a vol-
cano located East of the Loomis Center
and East of Chaos Crags. The lava flow
forms several channels, and pools at a
fault scarp between the Loomis Center
and the Old Station.

Compare the lava flow depth near
the vent (black circle) and the area
inundated with the following maps that
use different distribute algorithms.

Probability and MOLASSES

Probabilistic hazard assessment is one use of MOLASSES. Lis Gallant
used MOLASSES to model the likelihood of lava flow inundation of
the Idaho National Lab (ID). She set up the model by modeling the
spatial density of volcanic vents on the Eastern Snake River Plain
using an elliptical kernel. She explored the sensitivity of the model
to varying definitions of volcanic events (sometimes grouping more
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Figure 17: The spreading-proportional-
to-slope distribution algorithm with
constant residual. All inputs (flow
volume, thickness, volume erupted
per iteration, the DEM) are the same
as in Figure 16, only the distribution
algorithm is changed.

Figure 18: The equal spreading distri-
bution algorithm with slope dependent
residual. All inputs (flow volume, thick-
ness, volume erupted per iteration, the
DEM) are the same as in Figure 16, only
the distribution algorithm is changed.



background on statistical modeling of lava flows 12

Figure 19: The spreading-proportional-
to-slope distribution algorithm with
slope dependent residual. All in-
puts (flow volume, thickness, volume
erupted per iteration, the DEM) are
the same as in Figure 16, only the
distribution algorithm is changed.

than one vent into a single event). She then used the volume and
thickness estimates of past lava flows to forecast future flows.

She simulated a total of 10,000 lava flows using MOLASSES. A
total of 2,545 breached the boundaries of INL and 1,827 initiated
within its boundaries. In contrast, the city of Idaho Falls was inun-
dated by 10 simulated lava flows. Pocatello was not inundated in any
simulation. Additionally, 10,000 flows were simulated for eruptions
initiating from a list of events; of these simulated lava flows 3,374

partially inundated INL and 2,585 events erupted within the labora-
tory’s boundaries. In these simulations, Idaho Falls was inundated
36 times. As in the previous simulation, Pocatello was not inundated
by lava flows. The probability of partial inundation of the INL is ap-
proximately 25–34% given a future eruption. This range primarily
represents uncertainty about the number of eruptions represented
by mapped volcanic vents, as the INL represents only approximately
8% of the total area of the ESRP. Model results suggest this relatively
high conditional probability arises due to the position of the INL in
an area of spatially dense volcanic activity and because of the low
topography of the site, which tends to focus lava flows from vents
outside the INL boundaries.
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Figure 20: Simulation outputs for a
probabilistic hazard model of lava
inundation for the Idaho National Lab
(INL), made using MOLASSES. The
solid line shows the outline of INL
area. TF= Twin Falls, P= Pocatello,
IF= Idaho Falls. Left: Map of 10,000

lava flows erupted from vents. 2,545

flows inundate INL. The scale on the
right indicates hit intensity. The white
dots indicate modeled vent locations.
The ellipse represents the vent spatial
density kernel. Right: Map of 10,000

simulated lava flows erupted from
events. 3,374 flows inundate INL. The
white dots indicate modeled event
locations. The ellipse represents the
event spatial density kernel
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