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Slides 3-6 give some background on lava flows and Mt. Etna.

Slide 7 states the problem.  What is the relationship between effusion rate and lava flow 

length on Mt. Etna?

Slides 8 and 9 develop a plan for solving the problem.  You will rely on data gathered at 

Mt. Etna, linear regression, and a simplified physical model to estimate flow lengths, given 

effusion rate.

Slides 10-12 illustrate the solution of the problem, developing a spreadsheet to create the 

statistical model.

Slide 13 discusses the point of the module and provides a broader volcanological context.

Slide 14 consists of some questions that constitute your homework assignment. 

Slides 15-17 are endnotes for elaboration and reference.

Slide 18 contains additional information required to answer question 5 in the end of 

module assignments.

Preview

This module presents a statistical model of the relationship between 

lava flow effusion rate and lava flow length.



3

Background

Lava – a stream of molten rock 

erupted at a volcano.

Lavas are effusive flows, rather than 

explosive flows, of magma.  That is, 

they occur when magma reaches the 

surface of the Earth as a bubbly flow, 

without experiencing fragmentation.  

On Earth, lavas are almost always 

predominantly silicates in composition, 

but lava flows of sulfur, and carbonate 

magmas also occur.

Lava flows are only distinguished from 

lava domes 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, the topography on to which the 

lava flows, and the environment of the 

flow (whether it erupts under water or 

in some other atmosphere).

What are lava flows?

For more about lava flows in general:
http://vulcan.wr.usgs.gov/Glossary/LavaFlows/

description_lava_flows.html

Photo by C. Connor

A new lava flow on Mt. Etna, Sicily.  This flow extruded from 

the small vent at the top of the picture the day before this 

photo was taken.  Note that the surface of the flow, while 

deeply convoluted, is more or less continuous, rather than 

broken into individual blocks.  This is the hallmark of 

pahoehoe lava flows – this lava might be called an “entrail 

pahoehoe”.

http://vulcan.wr.usgs.gov/Glossary/LavaFlows/description_lava_flows.html
http://vulcan.wr.usgs.gov/Glossary/LavaFlows/description_lava_flows.html
http://vulcan.wr.usgs.gov/Glossary/LavaFlows/description_lava_flows.html
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Background

Lava flows are planetary features.

Lava flows are the most common geologic surface feature on terrestrial 

planets and cover 70% of Earth, 50% of Mars, and 90% of Venus.

The longest known active lava flow 

field in the solar system is in the 

Amirani region of  Io, a moon of 

Jupiter where volcanism is caused 

by tidally-induced stresses.  In 

total, the flow field is about 300 km 

in length.

Photos from JPL/NASA website:
pds.jpl.nasa.gov/.../captions/jupiter/ioflow.htm

A false-color composite image of the 

surface of the moon, based on data 

collected by the Galileo probe.  Lava 

flows on the surface show up as light 

blue and orange areas.  These color 

differences are produced by differences 

in chemical composition of the surface 

rocks.  Image from JPL/NASA.

Three dimensional, false-color 

rendering of the surface of 

Venus, showing the Sapas 

Mons volcano (center).  The 

surface of Venus has few impact 

craters, and therefore is thought 

to be largely covered by “young” 

(< 1,000 Ma) lavas.

http://pds.jpl.nasa.gov/planets/captions/jupiter/ioflow.htm
http://pds.jpl.nasa.gov/planets/captions/jupiter/ioflow.htm
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Background

The January, 2002 eruption of Nyiragongo Volcano, an active 

shield volcano in the Democratic Republic of Congo, is a recent 

example of the severity of lava flow hazards.  In a few hours, lava 

flows did tremendous damage to the city and resulted in more than 

40 fatalities.

Lava flow hazards

Read a news story about the 2002 eruption and destruction of 

parts of Goma by lava flows:

High on the flanks of Nyiragongo 

Volcano, the Jan.18, 2002 flow moved 

down slope very rapidly,  > 10 m s-1

A map of the January lava flows, where they cut a swath 

through the center of the city.

Photo by J.-C. Komorowski

Destruction of Goma on Jan 19, 2002 
(AP Photo).

http://edition.cnn.com/2002/WORLD/

africa/01/19/congo.volcano/

http://edition.cnn.com/2002/WORLD/africa/01/19/congo.volcano/
http://edition.cnn.com/2002/WORLD/africa/01/19/congo.volcano/
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Background

Lava flows of Mt. Etna

Given scenarios like the one in Goma City, it is clearly 

important to understand lava flow lengths!  Lava flows 

represent a major hazard on Mt. Etna volcano, the largest 

volcano in Europe.  Historically, lava flows have destroyed 

urban areas and villages on the flanks of Mt. Etna.  A 

recent eruption (2002-2003) destroyed parts of a famous 

ski area, which was simply rebuilt, but larger eruptions and 

vents lower on the flanks of the volcano can have much 

more serious consequences.

Learn more about Mt. Etna

An active lava flow channel high on the flanks of  

Mt.Etna (November, 2006).  Movie by Olivier Jaquet. 

As the video indicates, high on the flanks of 

the volcano the lava flow is moving fast.  

Low on the flanks of the volcano, the toe of 

the flow is moving slowly.  The “cool” toe 

resists breaking and the flow front is spread 

over a very wide area compared to the 

channel near the vent.

The flow toe (photo by L. Connor).

Lava Flow movie has been 

removed due to technical 

difficulties on some computer 

systems.  Please view 

separate movie file entitled: 

Etna_10oct06_Jaquet.mpg
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Problem

What is the relationship between effusion rate and lava flow 

length on Mt. Etna?

Lava flow dynamics are complex.  

Flow morphologies, reflecting 

flow and emplacement 

mechanisms, vary tremendously. 

Rates of cooling of lava flows, 

their interaction with the 

surrounding environment, and 

many other factors effect flow. 

Here we will only consider one 

variable, effusion rate, and its 

relationship to lava flow length.

Active lava flows (glowing orange), and older flows (black) on Mt. 

Etna volcano.  A gas plume also drifts south of the volcano. 

Image from NASA/JPL.
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You will need to:

• Gather data on lava flow 

length and effusion rate.

• Find a best-fit linear model 

for these data.

• Calculate a maximum 

potential lava flow length, 

based on a physical model 

of lava flows.

• Compare the statistical and 

physical model results.

Designing a Plan, Part 1

Given information about the 

effusion rate and lengths of 

lavas on Mt. Etna, develop a 

statistical model for these aa 

lava flows.

You will consider the goodness-of-

fit of your model using the 

correlation coefficient, R, or R2.  

Notes:

Data on lava flow length and effusion rate were 

provided by Chris Kilburn and colleagues, who 

have made direct observations on Mt. Etna.

You will use the Excel “trend line” function to 

fit a line to the data and to estimate the 

parameters of the model.

You will calculate the maximum potential flow 

length using a model that depends on the 

rheologic properties of the flow at its toe, 

where lava is “chilling” and crusting over.

You will then try out your solution using data 

from two other volcanoes, Mauna Loa and 

Kilauea.
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Designing a Plan, Part 2

Kilburn and colleagues developed a relationship 

between mean effusion rate of lavas during an eruption 

and maximum potential flow length for aa lavas, which 

depends to a great extent on the mechanical and 

thermodynamic properties of the basaltic lava crust.

Learn more about  this equation

2/1

2/1
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Symbol Meaning Units Nominal Value for basalt

Lm Maximum potential lava flow length m

 Extension before failure – a measure of how 

far basalt crust of the lava will stretch per unit 

length before breaking 

dimensionless 10-3 for chilled crust

S Tensile strength of crust – a measure of how 

hard it is to pull apart the basaltic crust of the 

lava

Pa Maximum of 107 Pa for chilled crust

 Density of the lava crust (not the density of 

the flow)

kg m-3 Around 2200 kg m-3 for basalt crust with 20% vesicles.

g Gravitational acceleration m s-2 9.8 m s-2

 Bulk thermal diffusivity – a measure of how 

long it takes heat to move through the lava 

crust by conduction

m2 s-1 Around 4 x 10-7 m2 s-1, but may be much lower for 

vesicular crust.

Q Mean volumetric flow rate of lava from the 

vent

m3 s-1
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Carrying out the Plan, Part 1: Data on Effusion Rates and Lava Lengths

Given data on mean effusion rate during the 

eruption and the final lava flow length, 

can you identify a relationship between 

these variables?

Searching for an empirical relationship 

between lava flow effusion rate and 

lava flow length requires data.  The 

data used here were gathered by Chris 

Kilburn and Colleagues on Mt. Etna, 

mostly during eruptions in the 1990’s.

Start an excel spreadsheet by entering 

these data on lava flow effusion rate and 

lava flow length.  Be sure you take a 

careful look at the units of effusion rate 

and lava length!

B C D

2 What is the relationship between Effusion

3 Rate and Lava Flow Length on Mt. Etna?
4

5 Given

6 Lava Flow  Length Volumetric Effusion Rate

7 (km) (m3s-1)

8 3.1 13.3

9 4.5 16.7

10 5.1 25.5

11 6 66

12 2.9 52

13 2.4 56

14 8.3 100

15 4.4 48

16 3.1 10

17 4.9 19

18 1.7 1.8

19 0.03 0.006

20 0.04 0.001

21 0.04 0.0025

22 0.05 0.0125

23 0.08 0.01

24 0.08 0.015

25 0.08 0.02

26 0.1 0.01

27 0.1 0.06

28 0.125 0.03

29 0.02 0.013

30 1.5 1
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Carrying out the Plan, Part 2: Transforming and Plotting the Data

G.P.L. Walker noted a linear relationship between the logarithm of 

lava flow effusion rate and the logarithm of final lava flow length. 

Learn More about Linear Regression in Excel

A cell containing 

given information  

A cell containing 

a formula

Update your spreadsheet to calculate the 

log(effusion) and log(length) using Kilburn’s data 

set; also plot the graph.  Note the difference in the 

correlation coefficient when you regress on Effusion 

Rate vs. Lava Length compared to the logarithms of 

these values.  Also, look carefully at the data 

distribution on the plot.  Might the lack of 

observations in the mid-range effect the correlation 

coefficient?

B C D E

2 What is the relationship between Effusion

3 Rate and Lava Flow Length on Mt. Etna?
4

5 Given

6 Lava Flow  Length Volumetric Effusion Rate log (Effusion(m3s-1)) log (Length(km))

7 (km) (m3s-1)

8 3.1 13.3 1.123851641 0.491361694

9 4.5 16.7 1.222716471 0.653212514

10 5.1 25.5 1.40654018 0.707570176

11 6 66 1.819543936 0.77815125

12 2.9 52 1.716003344 0.462397998

13 2.4 56 1.748188027 0.380211242

14 8.3 100 2 0.919078092

15 4.4 48 1.681241237 0.643452676

16 3.1 10 1 0.491361694

17 4.9 19 1.278753601 0.69019608

18 1.7 1.8 0.255272505 0.230448921

19 0.03 0.006 -2.22184875 -1.522878745

20 0.04 0.001 -3 -1.397940009

21 0.04 0.0025 -2.602059991 -1.397940009

22 0.05 0.0125 -1.903089987 -1.301029996

23 0.08 0.01 -2 -1.096910013

24 0.08 0.015 -1.823908741 -1.096910013

25 0.08 0.02 -1.698970004 -1.096910013

26 0.1 0.01 -2 -1

27 0.1 0.06 -1.22184875 -1

28 0.125 0.03 -1.522878745 -0.903089987

29 0.02 0.013 -1.886056648 -1.698970004

30 1.5 1 0 0.176091259

y = 0.52x - 0.1497

R2 = 0.9437
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Carrying out the Plan, Part 3: Calculating Lm

Now calculate the maximum potential lava flow length using the Kilburn equation 

and compare your results to the observed effusion rate / flow length values.

B C D E F G

2 What is the relationship between Effusion

3 Rate and Lava Flow Length on Mt. Etna?
4

5 Given  

6 ε 1.00E-03 dimensionless

7 S 1.00E+07 Pa

8 ρ 2200 kg m-3

9 g 9.8 m s-2

10 κ 4.00E-07 m2 s-1

11

12 Lava Flow  Length Volumetric Effusion Rate log (Effusion(m3s-1)) log (Length(km)) Lm log (Lm (km))

13 (km) (m3s-1) (km)

14 3.1 13.3 1.123851641 0.491361694 6.8019 0.83263207

15 4.5 16.7 1.222716471 0.653212514 7.6219 0.88206449

16 5.1 25.5 1.40654018 0.707570176 9.4184 0.97397634

17 6 66 1.819543936 0.77815125 15.152 1.18047822

18 2.9 52 1.716003344 0.462397998 13.45 1.12870793

19 2.4 56 1.748188027 0.380211242 13.957 1.14480027

20 8.3 100 2 0.919078092 18.651 1.27070625

21 4.4 48 1.681241237 0.643452676 12.922 1.11132687

22 3.1 10 1 0.491361694 5.898 0.77070625

23 4.9 19 1.278753601 0.69019608 8.1299 0.91008305

24 1.7 1.8 0.255272505 0.230448921 2.5023 0.39834251

25 0.03 0.006 -2.22184875 -1.522878745 0.1445 -0.8402181

26 0.04 0.001 -3 -1.397940009 0.059 -1.2292937

27 0.04 0.0025 -2.602059991 -1.397940009 0.0933 -1.0303237

28 0.05 0.0125 -1.903089987 -1.301029996 0.2085 -0.6808387

29 0.08 0.01 -2 -1.096910013 0.1865 -0.7292937

30 0.08 0.015 -1.823908741 -1.096910013 0.2284 -0.6412481

31 0.08 0.02 -1.698970004 -1.096910013 0.2638 -0.5787787

32 0.1 0.01 -2 -1 0.1865 -0.7292937

33 0.1 0.06 -1.22184875 -1 0.4569 -0.3402181

34 0.125 0.03 -1.522878745 -0.903089987 0.323 -0.4907331

35 0.02 0.013 -1.886056648 -1.698970004 0.2127 -0.6723221

36 1.5 1 0 0.176091259 1.8651 0.27070625
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What you have done

You have found a relationship between the effusion rate of lava flows and the eventual length of the 

lava flow using data collected at Mt. Etna volcano, one of the most active volcanoes on Earth and 

the largest active volcano in Europe.

GPL Walker fist recognized the relationship between the lengths of lava flows and effusion rate from his 

studies in Iceland, at Mt. Etna, and on Hawaiian volcanoes.  More recently a lot of effort has gone into 

refining Walker’s observations and identifying the physical basis for this correlation.

A lot is NOT considered in the statistical model you developed by linear regression in this module.  For 

example, you have not considered the slope of the underlying topography or differences in the physical 

properties of the magma.  It is interesting that a reasonable correlation can be identified without considering 

these basic properties of the volcano and the magma.  But, note that you have also applied the model to a 

very limited range of conditions!  For example, these models will not work so well for blocky andesite flows.

From a hazard perspective, models of this type are quite important.  You have a general estimate to flow 

length, based on observations that can be made directly at the vent, or improved over time as the flow 

develops.  Such information is awfully useful to people living on volcanoes! 

There is much more to understanding lava flows. To get started, see:

GIffiths, R.W., 2000, The dynamics of lava flows, Annual Review of Fluid Mechanics 32: 477-518.

Kilburn, C.R.J., 2000, Lava flows and flow fields. In: Sigurdsson, H. (Editor-in-Chief). Encyclopedia of Volcanoes, Academic Press, 

San Diego, 291-305.

Kilburn, C.R.J., and G. Luongo (eds.), 1993, Active lava flows: monitoring and modelling, UCL Press, London.

Sakimoto, S.E.H., and T. Gregg, 2001, Channelized flow: Analytical solutions, laboratory experiments, and applications to lava 

flows, Journal of Geophysical Research 106: 8629-8648.
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1. Turn in a spreadsheet showing your calculation of the relationship between discharge and 

lava flow length for Mt. Etna.

2. It is not easy to estimate effusion rate!  Refer back to the movie by O. Jaquet (information 

on Slide 6).  How would you estimate the effusion rate using this movie?  What problems 

do you have; what additional information do you need?  Assuming the individual blocks of 

aa in the picture are 10-50 cm in diameter, estimate the effusion rate.  Do you think your 

estimate is within one order of magnitude of the actual effusion rate?  If you were 

monitoring this lava flow, how would you estimate the mean effusion rate over time?

3. The best-fit linear regression is a statistical model of the relationship between effusion rate 

and eventual lava flow length.  Suppose you are working at Mt. Etna and you hear over the 

radio that a new vent is emitting lava at 50 m3 s-1.  What is your best guess of the length of 

this lava flow, based on your statistical model?  What is the maximum potential flow length, 

Lm, based on the Kilburn model?

4. Refer back to the Amirani flow field on Slide 4.  Create a spreadsheet to estimate the 

volumetric effusion rate of magma that feeds this flow field.  What assumptions have you 

made in your calculation?

5. Additional data from lava flow observations on Mauna Loa and Kilauea volcanoes are 

provided on Slide 18.  Incorporate these data into your spreadsheet and recalculate the 

linear regression.  Does your statistical model change dramatically in light of these new 

data?  What do these data tell you about the “robustness” of your statistical model?

6. Given all of this analysis, do you suppose there is a relationship between mean volumetric 

discharge rate and duration of the effusive eruption?  Why would such a relationship exist?

End-of-Module Assignments
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Etna is a Great Volcano to Visit!

Return to Slide 6

Mt. Etna, located in eastern Sicily 

above the city of Catania, is a 

wonderful place to visit and one of 

the best places on Earth to see 

volcano processes.  Lots of 

information about volcano tourism 

on Etna is available at: 

http://www.volcanoetna.com/

The Mt. Etna volcano observatory, 

run by INGV and located in 

Catania, is one of the most 

advanced volcano observatories 

on Earth.  See the INGV Etna 

webpage at:

http://www.ct.ingv.it/

Image courtesy of C. Kilburn

Historically, lava flows have been the greatest hazard at Mt. Etna, but explosive eruptions also occur!

http://www.volcanoetna.com/
http://www.ct.ingv.it/


16

A Physical Model for Maximum Potential Flow Length

2/1

2/1
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For lava flows spreading in a flow field, like many aa flows, the conditions at the toe 

of the flow (formation of crust that resists flow advance) and the rate of delivery of 

new lava to the toe of the flow control the flow growth, and ultimately the length of 

the lava flow.  In:

The volumetric mass flow represents the rate of delivery of new lava to the front of 

the flow.  The terms contained within the brackets all represent the physical 

properties of the lava at the toe of the flow, in terms of tensile strength, heat 

transfer, and related terms.  In the equation, S represents the energy per unit 

volume of the flow.  The higher the product S, the longer the flow will be for a given 

flow rate.  In contrast, a very dense crust, or one which loses heat very rapidly (high 

thermal diffusivity, ), will tend to shorten the potential length of the lava flow.

An important point is that the maximum potential length of the flows depends on 

these physical properties, which actually vary among lava flows.  Furthermore, this 

relationship only applies directly to aa lava flows, and should not be applied to other 

types of flows!

Return to Slide 9
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Doing a Linear Regression in Excel

Steps in doing a linear regression in Excel:

0. Be sure you are on the worksheet which contains the chart you wish to work with. 

1. Move the mouse cursor to any data point and press the left mouse button.  All of the data points 

should now be highlighted.  Now, while the mouse cursor is still on any one of the highlighted data 

points, press the right mouse button, and click on Add Trendline from the menu that appears. 

2. From within the "Trendline" window, click on the box with the type of fit you want (e.g., Linear). 

3. Click on Options at the top of the "Trendline" window. 

4. Click in the checkbox next to "Display Equation on Chart" and the checkbox next to "Display R-

squared Value on Chart".  Do not click on the checkbox next to "Set Intercept = 0". 

5. Click OK.  A line, an equation, and an R-squared value should appear on the graph.

Learn more about the mathematical basis of linear regression and correlation coefficients.

R2 is a measure of 

goodness-of-fit of the linear 

regression model

Make sure you have a good 

understanding of the basics of 

linear regression and a qualitative 

understanding of how to interpret 

correlation coefficients.

Return to Slide 11

y = -0.2886x + 0.0221

R2 = 0.9867
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Return to EOM Assignment

More Data from Mauna Loa and Kilauea volcanoes

Use these additional data on 

lava flow lengths and mean 

effusion rates from Mauna Loa 

and Kilauea volcanoes to 

answer questions in your EOM 

assignment.  These data were 

provided by Chris Kilburn.

To access the data, double 

click on the worksheet, 

highlight all of the data, and 

copy-paste into Excel.  

Data from Kilburn, C.R.J. 2000. Lava flows and flow fields.

 In, Sigurdsson, H. (editor-in-Chief) Encyclopedia of Volcanoes, 291-305.

Length km Q cu.m/s

Etna Mauna Loa Kilauea 

3.1 13.3

4.5 16.7

5.1 25.5

6 66

2.9 52

2.4 56

8.3 100

4.4 48

3.1 10

4.9 19

1.7 1.8

0.03 0.006

0.04 0.001

0.04 0.0025

0.05 0.0125

0.08 0.01

0.08 0.015

0.08 0.02

0.1 0.01

0.1 0.06

0.125 0.03

0.02 0.013

1.5 1

8 16

8 40

8 500

12 100

17 100

17 300

17 2000

20 150

23 70

24 70

23 300

24 180

1.7 20

3 20

5 20

4 70

4 50

7 70

8 70

11 70

4.5 40

7 30

7 80


