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Goals of modeling lava flows

Short-term forecasting Hazard assessment and planning
Where will this lava go? Where will some future lava go?
How quickly will it get there? How hot / dense / fast will it be?
Deposit interpretation Insight into fundamental processes
What was the effusion rate? How do landscape / rheology / pulsing /
What was this lava like? cooling influence emplacement?

How uncertain are the above assessments?



Categories of lava flow models

“Physics based” vs. “Rule based”

“Deterministic”
where, when and how

“Probabilistic” / ”Stochastic”
Where, when, and how likely

Any deterministic model can be run in a probabilistic
framework given sufficient computing power

17




Complexity of physics considered and numerics

Topography + vent only
(DOWNFLOW, MULTIFLOW)

Cellular automata / lobes

(MAGFLOW, MOLASSES,
MrLavaloba, Q_LavHa)

Depth-averaged (1d or 2d)
FlowGo, VolcFlow, IMEX_Lava)

How quickly?

Fully 3D models (OpenFOAM,
FLUENT, COMSOL, FIOW3D1)8



DOWNFLOW

. Take a DEM and put a vent somewhere
. For N iterations:

1. Modify the elevation at each DEM
point by a random value *Ah

2. Trace a steepest decent path from
the vent through the DEM

3. Optional: end the trace at a given
length

. Summarilize results: probability of
inundation for each grid point

Etna 2006
Favalli et al., 2005, 2009, 2011
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DOWNFLOW

14°57'N 14°58'N 14°59'N

14°56'N

Test case: 2014-2015 eruption of Fogo volcano

Model (L=c)

Observed

"MODEL

Number of times that Ly al-
a pixel is crossed over " 74
total number of runs 1 e

[ETAE Highll

Flow extent on . o
25 Nov 2014 AN
—— 2014/15 lava flow f y
W
. i E
% e
S =
}, ~ Simulation
: 7 source
i e y )1 | location|["

24°7' W 24°72' W

DATA A%
DEM difference map s o £
(Post — Pre) [m] 7 g : ’

-12.8 52.2
Il Data gaps

24°723' W

24°72' W

n=047

Hazard map

15°1'N

Probability of invasion [%]
100 Points:
1)75.4
2) 85.7

14°58'N 14°59'N  15°0'N

14°57'N

14°56' N

14°55'N

(Richter et al., 2017)



DOWNFLOW on VICTOR

Momotombo, Nicaragua
2015-2016 eruption

0 0 0
25 25 1 25
50 50 + 50 A
75 4 75 4 75
100 100 100
125 125 - ’ 125
150 150 150
175 175 - 175
0 25 S0 75 100 125 150 175 0 25 50 75 100 125 150 175 0 25 50 75 100 125 150 175

dh=2m dh=5m dh=10m



DOWNFLOW-> Hazard map

P(x,y) = (2)
ffPDOWNPLOW(x’y; x”y’) -P,(h,L) 'Pv(x”}”) dx’dy’

Probability to occur in Y years assuming Poisson
distribution of vent openings

Vent opening
density function | _
: ”‘ ._“:%, Ragalng ,

Biancavillos

25
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Cellular Automata models

* Popular in volcanology for simplicity and speed

* Rules for transferring lava between cells, based on
probability, slope, temperature, etc

28



MOLASSES

lava thickness (m)
m 3
[ |

total pulse (mA3): 0
total lava volume (m#3): 0
area Inundated (m”2): 0
average thickness (m): NaN

Slide the bar to change the
eruption rate

[} 10M
pulse (m”3 per Reration)

http://www.cas.usf.edu/~cconnor/lava_sandbox2.html



Inputs for MOLASSES include:

* Adigital elevation model (DEM) of the region.
* Vent location

e Total erupted volume

e Pulse volume

* Average final flow thickness

User Input
path/to/config.file

IN: path to config file

INITIALIZE |€«— giTenfiguration
OUT: flow parameters
IN: path to DEM .
DEM_LOADER |<«— /W
= Model

lOUTz global data grid

IN: flow cells list,

IN: flow parameters cell location
INITFLOW ACTIVATE
OUT: list of flow cells OUT: appended
flow list

IN: flow cells list, vent info

PULSE
lOUTz updated remaining lava  IN: flow cells list,
cell location
IN: flow cells list
DISTRIBUTE | <—1 NEIGHBOR_ID

OUT: list of lower
OUT: updated Flow L neighbor cells

ACTIVATE

<D

Yes
No
No END w/
Error Message
Yes

IN: flow cells list,

output file type GeoTiff files
OUTPUT
ASCII files

END




4/P/S

EN - ‘ e i EN -
! ’ = \ !EF
o w
| [-%
s e i o
- - . |
A s o {
P g y
r o '
&
-’

4/N/E 8/N/S

MOLASSES test case — Tolbachik 2012-2013

SRTM

TanDEM-X

> > _ Transition SRTM DEM TanDEM-X DEM

Function  Jaccard Sensitivity ‘ Jaccard Sensitivity
4/P/S 56.7%  T76.4% | 53.0%  72.4%
- 8/P/S 61.1 80.8 46.8 67.2
L Lavan Sun| 4/N/S 57.2 7.5 44.0 64.0
Model Sensitivity = 8/N/S 63.1 82.8 46.7 67.4
|Laval 4/P/E 51.2 715 54.2 73.4
8/P/E 58.8 78.2 56.3 76.0
4/N/E 54.5 74.5 55.7 73.7
8/N/E 59.6 78.8 56.2 29 75.3

Richardson, thesis, 2016




MOLASSES for Fagradalsfjall

@geoviews
www.viewsoftheworld.net =

I- 185000

& 1avaexent 8082021)

mmmm  Artificial barrier Grindavi’ﬂ
Vent system (starting date & time).
A Currently active L1 75’150‘{)
A currently inactive LA A
" 1(19.03.2021, 20:45 UTC) \\
& (ubmerged)
2(5.04.2021,11:37 UTC) \
a {including one vent which became submerged) n
3(704.2021,0:00 UTC)
4(10.04.2021, 313 UTC) 10 20 30 3 0
5(13.04.2021, 8:41UTC)
6 213.04.2021, 8:53UTC)

ond crack opened 1704, 2021, 1500 UTO)

253?000 254?000




Activity: Try using MOLASSES on VICTOR

* Login to VICTOR

* Open a Terminal window, type victor setup and choose
10 for MOLASSES

* Once a MOLASSES folder appears in your home directory, go
to it, and double-click molasses.ipynb

* Run through the steps in the notebook until you get a map of
flow coverage

* Open the map in a new tab, download it, and put in the
group Padlet



Q-LAVHA

* QGIS plugin

* Dispersal probability:
Ah; (Ah)?
¥ Al ¥ (k)
« Mechanism to overcome small pits IV

If all Ah; = 0 then
If (ho+Hy) —hi 20 then Ahy= (ho+ H,) — h;

P = , i=1,2,3,..,8 Or: P’= i=1,2,...,8

If (ho+H,) — h; <0 then Ah;=0

* Reduced probability with distance from vent (‘cooling’):

1 X—H
Qx, u, o)=1 2(1 +erf(\/r‘2J]

* Flow length limit is set as input, or can be calculated
through cooling (using the FlowGo model)

Mossoux et al., 2016



Q-LAVHA test cases

15°0'0"E

Probability to be inundated
! . High: 0,8
“Low:0
) D Real lava flow A

Flirye positive™ 0.33; F Ifalse positive™ 0.63; F Ifalso negative™ 0.04

Etna 2001

Mossoux et al., 2016

N3

ME

29°10'0

.High:‘l

“Low:0

D Real lava flow

~ Probability to be inundated

A

Nyiragongo 2006

1°30°0"S
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To install the Q-LavHA plugin for your profile:

* Go to VICTOR's graphical desktop

* Open QGIS

* In “Plugins”, choose "manage plugins”. Select "install from zip file”
* Choose the zip file from ~/shared/Models/Q-LavHA/



MrlLavaloba

1l.Set the first lobe on the vent

2.Iteratively every step:
2a) Determine which lobes bud new ones based
on the "“lobe exponent” ¢ (e=0: only youngest
lobe buds new ones. e=1: all existing lobes
have the same probability to be the parent)

2b) Determine the point to bud the next lobe:

*STEP 1. Set preliminary direction to lowest
point on the parent lobe perimeter

*STEP 2. Perturb that direction to reflect
local slopes distribution

*STEP 3. Add an 1inertial perturbation based
on parent lobe direction, to obtain lobe
azimuth

parent lobe @
N
%\\\<(/@
parent lobe @
pY

parent lobe @ parent lobe
orientation (az,)

Cp az ”

b\ / 'I/new lobe

CI
az, 2

de' Michieli Vitturi and Tarquini, 2018



MrLavaloba sensitivity to parameters

Al

U =075
lobe_exponent = 0.6
V() <

thickness

area (km)= 0.37 ————

area (km')= 0.15 ————

2.0 W
l1.o \\ T
b n{o == AY area (km’)= 0.08 "~
TR e e =05 () / “ Oy =05 d
lobe_exponent = 0.3 A lobe_exponent = 0.6 lobe_exponent = 0.9
{ |T ‘ C { , \ [ q
/ O/ ; (
= q ‘
0

increasing ., (decreasing flow width)

Oy = 0.25
lobe_exponent = 0.6
{ 1 f

area (Rm')= 0.31 ——

35
de' Michieli Vitturi and Tarquini, 2018



MrlLavaloba test cases Etna 2001

thickness (m)

Kilauea 2014-2015
‘O 4 s v
@r w.ﬂ\,‘ ' : J L
Yy . '
Al T,
thickness (m) .
| 0-01

Hi

coverage index

[ ©

=T P A 1 10 100 1000 10000
comPUtanQna"Ve[lLJI n (number of flow repetitions = 2)

36
de’ Michieli Vitturi and Tarquini, 2018




rLavaloba for Fagradalsfjall

g (@[
www.viewsoftheworld.net

& Lovaexent 8082020

= Artificial barrier
Vent system (starting date & timglz
A Currently active
A currently inactive

v 1 (19.03.2021, 20:45 UTC)
| AL G

2(5.04.2021, 11:37 UTC).
@ (ndluding one vent which become submerged)

3 (704.2021,0:00 UTC)
4(10.04.2021, 313 UTC)
5(13.04.2021, 8:41 UTC)
6(13.04.2021, 8:53 UTC)
(second crack opened 1704. 2021, 500 UTO),
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Activity: MrlLavaloba on VICTOR

1. Login to VICTOR if not there yet

2. In a Terminal window, type victor setup and choose 9
for MrLavaloba

3. Once a mr_lava_loba folder appears in your home
directory, go to it, and double-click mrlavaloba.ipynb

4. Run through the steps in the notebook until you get a map
of flow coverage

5. Open the map in a new tab, download it, and put in the
group Padlet






Need to know: Rheology!

Jeffreys equation  Velocity,,, = density x g X depth’ X_sin(slope)
(Newtonian fluid): 3 X bulk viscosity

K
&,
ol 4

Dragoni et al., 1986; Castruccio et al., 2010; Castruccio et al., 2014



Need to know: Rheology!

Jeffreys equation  Velocity,,, = density x g x_depth? x_sin(slope)

(Newtonian fluid): 3 X bulk viscosity
Bingham fluid: v(z) = ;1?— [_pg_é@ﬁz (2H-z) *—OYZ] , 0<z<(H-H )

with H, k6 = oy /(pg sina)

C

Herschel-Bulkley fluid: = HngSi“B< 3n (pgsinB>1T")

3k \B@n+1)\ K

n+ 1 n bl
v (H(H—hc) Ve (H—hy) )

Dragoni et al., 1986; Castruccio et al., 2010; Castruccio et al., 2014



Depth-averaged physics-based models

* pyFlowGo (1D) (Rowland and Harris, Chevrel)
*VolcFlow (kelfoun)

* IMEX-Lava (Biagiali, di Mitcheli Vituri)

* Flow2d (Hyman, Dietterich 2023)



FlowGO / pyFlowGo

Effusion rate (E) fixed Heat loss

. . . at the vent from
A . (Qrag + Q Qrain) T t surf. twh
* 1D along-track deterministic, il condions e s srrounded by
. cooler material at Tepyst
physics-based model — —
lava and/or‘a’a

clinker

Flow base at
temperature Tpase

Original in Excel, now in Python, \ N/ \
free on GitHub : \IE
\ S

flow temperatures

heat loss,
crystallinity and

rheology) varies Flow direction I ' Lava flow at Velocity

down-flow H(gjc::;s (V) de::;n(;ler;ed by
- Input: Slopes along track - Along track evolution of: velocity,

- Initial: channel width and :D width, thickness, crystallinity,
thickness, temperature, viscosity, temperature.

crystallinity, and composition - Maximum length
A — L —

o)
Chevrel et al., 2018




pyFlowGo test cases

35 Mauna Loa 1984 35 Mauna Ulu 1974 Piton de la Fournaise 2010
- a) [— pyFLowco 30 |d) . [— pyFLowGo v g) | [= pyFLoweo
w ] : | = - Harris et al. 2015 - cold 1T | = - Robert et al.2014-corrected | [ ERTETETTIRS i-*{ = - Harris et al. 2015 - SRTM ||
E2xl ® Field data | . (— . |e e Field data 5.5 ]|e e Fielddata
> o n n H n
T 20 VN g 20 e AWM.
o
© 159 KRB 1| o TR R e
€ 10 - 0 T 11 O O T SO
[
SN IO s 1) 111 | PO (e e [N Y M AN oo CHRVURN (SRR | 17 . L R Lo I P || 01| o e rErs

Core Temperature (°C)

150 1

100

50 +

Channel width (m)

Distance (km) Distance (km) Distance (km)

40
Chevrel et al., 2018



Demonstration: PyFLOWGO on VICTOR

—_
jupyternub
S’



VolcFLOW

* Depth-averaged approach that solves mass (1) and momentum (2-3)
conservation equations (Deterministic, Physics-based)

oh 0 ] oh
heh I — = 1
dt + ox (hue) + ay () dt b
) d ., 9
o () + = (hue®) + a—y(huv)
) 10 » Ty
= ghsina, — =—(gh*cosa) + — (2)
2 0x p
ad ad a0
—(h —(h —(?
at( v)+ax( vu)+ay( V)
= ghsin —li(ghzcosaz)—i—E 3)

A closed MATLAB® executable!

Kelfoun and Vallejo-Vargas, 2015

distance (m)

2000

1800

1600 |-

1400 +

1200 -

1000

800 (

600

400 |-

200 +

0

T r . ; . i
(@ 70=50 kPa
""""""""""""""""" dx=16m
''''' - dx=8m
« =T - best-fit
P O simulation
o n=5x10"Pas
7 ’///
————————————————————————— —e 70=70 kPa
/ 4‘ ——————
A
/'//
4 4
End of lava &'/
pply  JI/
Vid
N/
| /i
| '..
£y
.//
®
& |
®
v/
4 I Best-fit simulation
y | T0=60 kPa, n=4x10° Pa's,
; DEM resolution dx = 4m
Dec 4, 2010, 23h03 UTC
h , ) )
0 S 10 15 20 25 30 35

time (h)

Test case:Tungurahua (Ecuador), 2010



Biagioli et al., in prep.

IMEX_Lava

V-u= 07 (2.59&)
8(2);1) +V- (puuT) =-=Vp+ V- 7+ pg+1s, (2.59b)
ata + v ) (ua) — 07 (259C)
@(IOCPT) B EO'SBfAfs 4 4 )‘fAfS
. — = — — T — T o Tem) )
o +V (pcpTu) XZA(k’T> Vol (T em)) Vol ( )

(2.59d)



IMEX-Lava: Test case Pico de Fogo

-

75 /”

4

,

14°58'N

14°56'N

O 7 'ﬂﬁ\m“ﬂﬁ" y
24°23'W 24°22'W 24°21'W

Figure 7. Lava flow outline over time from TerraSAR-X coherence
maps (cf. Appendices C and D).

Richter et al., 2017

E. Biagioli, Ph.D. thesis
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IMEX-Lava: Sensitivity to parameters

Yield stress, ref. viscosity Grid size Yield stress, T-dep of viscosity

44
E. Biagioli, Ph.D. thesis



IMEX-Lava for INL




IMEX-Lava for INL

* One day

1,444,




IMEX-Lava for INL

e One week

1,444,




IMEX-Lava for INL

* Two weeks

1,444,




At home: Try IMEX_ LAVA on VICTOR

1. Login to VICTOR if not there yet

2. InaTerminal window, type victor setup and choose 5 for
IMEX-Lava

3. Once a IMEX folder appears in your home directory, go to it, and
double-click IMEX . ipynb

4. Run through the steps in the notebook until you get a map of flow
coverage
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“Although some models use realistic cooling, they are generally too slow to be used in emergencies. Most previous lava flow models have
instead estimated this cooling by assuming that temperature within a lava flow does not vary significantly with depth; however, this
assumption is not realistic. Real lavas are much cooler at the surface and base than in their cores. “ (Hyman et al, 2022) 61



Lava2D
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Hyman et al., 2022
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Lava2D

Hvman et al., 2022

6000

2000

4000

o))

w

Inundation Time (hrs)
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At home: Try Lava2d on VICTOR

1. Login to VICTOR if not there yet
In a Terminal window, type victor setup and choose Lava2d

Once a Lava2d folder appears in your home directory, go to it, and
double-click 1ava2d.ipynb

4. Run through the steps in the notebook until you get a map of flow
coverage



Computational Fluid Dynamics (CFD) models

Finite Element: FLUENT, COMSOL, ELMER, GetFEM...
Finite volume: Flow3D, OpenFOAM...

SMAC: LavaSIM

Velocity Magnitude
i. 11371

SPH: GPUSPH

0.1
-0.075
005

Velocity Magnitu

0.025
.
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Model assessment frameworks

Benchmarking Model intercomparison
Comparing the Comparing the
performance of performance of
models when models to each other
simulating a specific when the solution is
case with a known not known

solution



Benchmarking

Analytical solution

x¢ (%)
L

~

4

r £\ 172
0.284 (—)
T

t 1/5
1.133 (T + 1.221)

— 1

if t <2.5T

otherwise

Cordonnier et al., 2015; Dietterich et al., 2017; Birnbaum et al., 2021

Experiments



Comparing with natural flow examples

x 10°

4173

Jaccard similarity index (Js):

ANB
JS(A7B) — |AUB|

417

4169

4.168

4.99 5 5.01




Comparing with natural flow examples

Flow branching index:

* The sum of all internal and external (perimeter) boundary contour
lengths P, of the flow, divided by the maximum horizontal distance
L, of the vent to the farthest flow lobe

.l
#
_-’? | ¢

ichard

on and Karlstrom, 2019



Braiding Index
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Mauna Loa 1984 lava flow, Hawai’i
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A hierarchy of Benchmarks

BM1 — Dam break

10
: < 10°
H
:[ X e S0ution
Direction © VOLCFLOW
S " FLOW3D
* OPENFOAM
~ NB3D
10'1 1 1 1
10° 10° 10°

/T 47



BM2 — Point source on an inclined plane

/9

X ~ (pg)3Q4$in59 | $119
(37])300529

Lister, 1992
25 || —OpenFOAM |
—FLOW-3D 7t o ) e
—VolcFlow .
20 | — COMSOL E6F
€ © MOLASSES £
G ® Experiment o5
o 15t 3
o c 4l
= S
S 9
@10t £3 ——OpenFOAM ||
a > —FLOW-3D
95 —VolcFlow
[T
5 17 — COMSOL
3 1 © MOLASSES - 3
o | | | = o | | ° Exlpenment =
0 50 100 150 0 100 200 300
Time (s) Time (s)

Cordonnier et al., 2015; Dietterich et al., 2017



Biagioli et al., in prep.

M EX_Lava BM2: Point source, inclined plane
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BM3 — Spreading, temperature

20 25 30 35 40
Surface temperature (°C)

Garel et al., 2012

10 +
= 8
A=)
0 Bl ]
2 — -Huppert 1982
o —OpenFOAM
T 4 —FLOW-3D
—VolcFlow
ol —COMSOL
© MOLASSES
e Experiment
0 L L L
0 500 1000 1500
B Time (s)
1 : :
» Experiment
o OpenFOAM
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g
€06}
)
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o©
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©
£
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Z
O L L 1
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MOL
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Dietterich et al., 2017



interThermalRadConvFOAM (aka LavaFOAM) benchmarking

®

BM1. Dam break

IScm
!

20 25 30 35 40 —
o
Surface temperature (°C) 920° C 315 0 o 42°C

E. Biagioli Ph.D. thesis, 2022 (a) Picture taken from Garel et al. [91]. (b) Results of our simulation.



BM4 — Basalt l[ab experiment

B , 18

A 120 : : : -
— @ OpenFOAM
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Model inter-comparison — Inundation area

Input to all models: DEM, vent, flux, temperature

x10° x 10° x10°
DOWNFLOW FLOWGO MAGFLOW VOLCFLOW Q-LAVHA Mrlavaloba
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Stochastic models match footprint
Using MOLASSES

Cumbre Vieja,
2021




Physics-based models match velocities

Using VolcFlow (Kelfoun et al.)

Cumbre Vieja,
2021
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Physics-based models match velocities

Using IMEX-Lava

Cumbre Vieja,
2021




Lava model benchmarking and comparison on VICTOR

e Show notebook



Lots of useful information in Detecting, Modelling and

Responding to Effusive Eruptions

a two recent special
volumes:

* 2015 Geological Society
e 2018 Annals of Geophysics

Observation and modeling
methods, and their
application in response to
eruptive crisis




Summary

1. Many factors impact where lava would go, mainly:

Effusion rate (with time), topography, lava properties
2. Many models available, at varying levels of complexity
— Users should consider their goal and select the appropriate tool

- Benchmarks and intercomparisons help users make informed

choices






Structure of this talk

1. Factors that impact lava flow emplacements
- Effusion rate(s)
- Topography at all scales (overall slope, obstacles, bed roughness)
- Lava rheology/viscosity

2. Current models of lava flow emplacement

3. How models are validated and compared
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Hawaiian volcanoes

Effusion rate and flow length (Malin 1980)
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Etna studies

omano and Sturiale 1982)

Distance (km)

(Wadge 1978)

Effusion rate (m3/s)

(Calvari and Pinkerton 1998)
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Tube formation

* Two dimensionless numbers to describe the flows:
_ Uots _ Solidifcation rq — 82T — TYH; _ Conduction

14

Hy  Advection Ko Convection

. 10* 10° 1¢° 10’ 10° 10°
Ra

Regime transition line: ¢ = (25 & 3)(Ra/Ry) /3 (Ry=100)

C e 1/3
Define: ¢ = y(Ra/Ry) ¥ < 25 — tube

1 63
Cashman et al., 2006 1 > 25 — mobile crust.



Impact on flow style
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Cumulative volume (Mm?)

Variable effusion rate
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Impact on final flow dimensions ‘ Pulsing
‘E\ | Steady
NI
s
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Rader et al., 2018 W °



Topography

DEM
resolution and
flow routing
forecasts

Turner et al., 2017

>
»\(\,2\\0 7
R

y NG
Gya\\oa fq’ —— USGS steepest descent 10 m cell 7500
~5 UAS-derived paths of steepest descent (1 m

Leilani -16 Dec. 2014
- 22 Dec. 2014 -

30 Dec. 2014

6Jan. 2015

10 Jan. 2015

b

Fig. 3 a Comparison between 1 m UAS-derived flow paths (yellow lines) and 10 m USGS DEM (blue lines). The advancing lava flow is depicted
as a series of flow outlines produced from HVO field mapping from Dec 16, 2014 through Jan 10, 2015. The T m UAS flow paths were generated
from data collected on Dec 16, 2014 — Dec 17, 2014. The purple box highlights the area of panel c. Refer to USGS, 2017 to search for June 27th
flow maps. b Final extent of the June 27th lava flow. ¢ UAS-derived 3D point cloud showing the 5 m ditch surrounding the Pahoa fnérketplace, a
topographic feature that was not identified from the 10 m USGS DEM due to coarse spatial resolution




Interaction with Large Obstacles

Dietterich et al., 2015

New designs for flow diversion
and deceleration

A Syrup (09 mms™)
ASyrup (0.5 mms™)
4 @ Molten basalt (13.1-34.7 mms™)

XQ)

T T
0 50 100 150 200

A Syrup
@ Molten basalt

[ XQ)
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Bed roughness

Pour #7 Pour #8
GS =0.012cm GS =0.012cm

Pour #1

A. Corn Syrup B. PEG C. Basalt
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Rumpf et al., 2018



Bed roughness
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Flow front velocity is
strongly reduced by
rougher beds at all times

Rumpf et al., 2018
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Lava rheology

Tolbachik, 2013

Penetrometer

Belousov & Belousova 2018

electric drill

rotating vane

Kilauea

Rotational viscometer
T=T7T + K)/n
g = 2Q _ M
n (1 - (%)2/") B 27Z'hRi2

71
Chevrel et al, 2019



Expected rheology for East River Plain Lavas

1. Melt viscosities

Average Hells Half Acre basalts

510,
T102
Al 203
Fczo 3
FeO
MnO
MgO
Ca0
Na 20
K50
P,0¢
10"

Total

46.4
3.1
15.1
2.4
12.1
.20
6.8
9.6
2.7
.65
.86
=33

100.2

Using GRD
calculator

2. Two- and three-phase rheology

Kuntz and Dalrymple, 1979

Melt viscosity (Pa )

1E+08
Q
1E+03
20\
(9]
O
1E+00 O. o
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O

80 O
1E-0§ : : '

16 gpo 1,100 1,400 1,700 2,000

Temperature (C)

72



Craters of the Moon, Blue Dragon flow

Down flow changes ip texture

SEM HV: 30.0 kV WD: 14.91 mm VEGA3 TESCAN

View field: 3.50 mm Det: SE 1mm
SEMMAG: 70 x  Date(m/dly): 08/02117 uses

SEMHV: 300KV WD: 1473 mm

VIV T IV

Distance: 1.05 |

Pahoehoe sha
e Vesicular

= Veous Tesca
E -

Alex Sehlke, NASA



Craters of the Moon, Blue Dragon flow
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