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Abstract

The contribution of intrusive complexes to volcano growth is attested by field observations and by the monitoring of active
volcanoes. We used numerical simulations to quantitatively estimate the relative contributions to volcano growth of elastic
dislocations related to dyke intrusions and of the accumulation of lava flows. The ground uplift induced by dyke intrusions was
calculated with the equations of Okada (Bull. Seismol. Soc. Am., 75 (1985) 1135). The spreading of lava flows was simulated as
the flow of a Bingham fluid.

With realistic parameters for dyke statistics and lava-flow rheology we find the contribution of dyke intrusions to the growth
of a basaltic shield archetype to be about 13% in terms of volume and 30% in terms of height. The result is strongly dependent
on the proportion of dykes reaching the surface to feed a lava flow. Systematic testing of the model indicates that edifices tend to
be high and steep if dykes are thick and high, issued from a small and shallow magma chamber, and if they feed lava flows of
high yield strength.

The simulation was applied to Ko’olau (O’ahu Is., Hawai’i) and Piton de la Fournaise (Réunion Is.) volcanoes. The
simulation of Ko’olau with dyke parameters as described by Walker (Geology, 14 (1986) 310; U.S. Geol. Surv. Prof. Pap.,
1350 (1987) 961) and with lava-flow characteristics collected at Kilauea volcano (Hawai’i Is.) results in an edifice morphology
very close to that of the real volcano. The best fit model of the Piton de la Fournaise central cone, with its steep slope and E-W
elongation, is obtained by the intrusion of 10 000 short and thick dykes issued from a very small and shallow magma chamber
and feeding only 700 low-volume lava flows. The same method may be applied to the growth of basaltic shields and other
volcano types in different environments, including non-terrestrial volcanism. © 2001 Elsevier Science B.V. All rights reserved.
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Volcanoes grow through endogenous and exogenous
processes, the latter being more conspicuous with the
emplacement of volcanic material to surface during
eruptions. Clues of endogenous growth, however, are
provided by direct and indirect observations.
Complexes of thousands of dykes have been observed
forming the core of volcanic edifices denuded by
erosion or landslides (Walker, 1986, 1987, 1988,
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Fig. 1. (a) Disc (penny-shaped) source: the origin of a dyke is defined by its polar angle ¢ (between 0 and 21r) and radial distance r (between 0
and R, the source radius). (b) Spherical source: the origin of a dyke is defined by its longitude ¢ (between 0 and 7/2) and colatitude 6 (between

0 and m).

1992, 1999; Takada, 1988; Walker and Eyre, 1995;
Walker et al., 1995; Grasso and Bachelery, 1995;
Maillot, 1999). Some persistently active volcanoes
release large amounts of gas and heat while emitting
proportionally small amounts of lava (e.g. Stromboli
volcano, Italy). Their thermal and gas fluxes imply
that large, sometimes predominant, amounts of
magma are being emplaced in the edifice interior as
intrusions or cumulates (Giberti et al., 1992; Francis et
al., 1993; Harris and Stevenson, 1997). Geodetic and
seismic monitoring of active volcanoes like Kilauea
(Hawai’i Is.) and Piton de la Fournaise (Réunion Is.)
show that successive intrusions deform and uplift
these edifices (Swanson et al., 1976; Decker, 1987,
Lénat and Bachelery, 1990).

Exactly how a volcanic edifice responds to magma
intrusion is not clear. Inflation and deflation of a
volcano in response to magma chamber filling and
draining are well modelled by the theory of linear
elasticity (e.g. Mogi, 1958). However, accumulation
of the elastic stresses generated by several hundred
dykes, not to say thousands, would soon exceed the
rock strength and pull the edifice down. The solution
of this paradox may rest with the viscoelastic or
Maxwell-body (e.g. Middleton and Wilcock, 1994)
rheology of the fractured rocks that gradually
accumulate to form a volcanic edifice: the short-

term stresses are related to strains through the elastic
equations, but the long-term deviatoric stresses are
relaxed with only minor large-scale deformation.
Such relaxation was measured in NE Iceland follow-
ing the dyke emplacement into the Krafla volcanic
system in 1975-1984 (Foulger et al.,, 1992), and
modelling indicates a relaxation time of only 1.7
years (Hofton and Foulger, 1996a,b). In the present
paper we do not investigate the long-term evolution of
stresses and potential edifice failure; in the context of
a rheological model this amounts to considering that
stress decay time is small compared with the
characteristic time interval between two neighbouring
intrusions.

The aim of our study is to quantitatively appraise
the contributions of dyke intrusions and lava flows,
respectively, to the growth of basaltic volcanoes. As a
first step we compute the ground displacement
induced by a swarm of dykes and study the relation-
ships between the source (magma chamber) and dyke
geometry and the geometry of the deformation. Next,
we simulate the building up of a volcanic edifice by
lava-flow accumulation and we study the role of lava-
flow parameters. Finally, we merge the two
approaches to model simultaneously the endogenous
and surface growths and we investigate the respective
contributions of the two processes according to
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Fig. 2. We model dykes as parallelepipeds described by their length /, height &, width w, dip 6 and azimuth «, along with the co-ordinates of
their origin (Fig. 1). Axes Ox and Oy are oriented east and north, respectively. The medium is characterised by its Poisson ratio v.

different situations. The simulation is applied to the
growth of Ko’olau volcano (O’ahu Is., Hawai’i) and
Piton de la Fournaise.

2. Endogenous growth by dyke intrusions
2.1. The model

We assume that the displacements induced by the
intrusion of a dyke are equivalent to those associated
with the opening of a tensile fault (Okada, 1985; Yang
and Davis, 1986). The ground displacement is
calculated using the equations of Okada (1985) for
parallelepiped-shaped tensile faults in a homogeneous
elastic half-space. Sophisticated models are now
available for particular or more realistic conditions
like a shallow dyke tip (Bonafede and Danesi, 1997)
or a layered elastic medium (Bonafede and Rivalta,
1998), but such complications are not warranted for
this first-order, statistical approach. As we do not
investigate the stresses but just calculate ground
displacements from dyke openings, the only material
characteristic needed is the Poisson ratio of the
volcanic edifice.

We assume that dykes are injected from the upper
half of a magma reservoir, and consider three possible
shapes for the reservoir: point, disc and sphere. A

point source represents a reservoir that is very small
compared to its depth zg, or a small area of a magma
chamber where tensile stresses are concentrated. A
disc (penny-shaped) source may represent a magma
sill or a fully three-dimensional reservoir with a flat
roof. A spherical source approximates a reservoir with
a highly curved roof. The origin of a dyke is fixed in
the case of a point source but otherwise it is defined by
two parameters: polar angle ¢ and radial distance r
for a disc source (Fig. 1a), longitude ¢ and colatitude
0 for a spherical source (Fig. 1b).

The spatial distribution of dyke origins depends on
the distribution of tensile strength across the reservoir
surface, which itself depends on reservoir geometry
and depth, loading conditions and regional stress field,
mechanical structure of the edifice and elastic proper-
ties, etc. (Gudmundsson, 1998). For this simple study
we assume that the distribution of dyke origins is
spatially uniform, i.e. that its density of spatial
probability is a constant (per unit area). For a disc
or spherical source this means that ¢ and r (disc)
or ¢ and cos 6 (sphere) are taken as uniformly
distributed.

The dimensions and orientation of a dyke are defined
by its length /, height 4, width w, azimuth (strike) a and
dip & (Fig. 2). These dyke characteristics are random
variables for which we consider only simple, two-
parameter statistical laws: uniform, positive-Gaussian,
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Table 1

Mean width and standard deviation of width in outcropping dyke complexes

Dyke swarm

Mean width (cm)

Standard deviation (cm)

Alofau volcano (Walker and Eyre, 1995)

Pago volcano (Walker and Eyre, 1995)

Ofu-Olosega volcano (Walker and Eyre, 1995)

Piton des Neiges volcano (Maillot, 1999), basaltic dykes only
Ko’olau volcano (Walker, 1987)

Piton des Neiges volcano (Maillot, 1999), all dykes

Piton de la Fournaise volcano (Grasso and Bachélery, 1995)
Hyvalfjordur volcano (Gudmundsson, 1995a)

Mt Etna (Compare, 1980)

Eastern Iceland regional dykes (Gudmundsson, 1990)
Flateyjarskagi peninsula (Gudmundsson, 1995a)

40.4 40.2
46.4 412
50.8 36.4
56.0 51.1
74.5 48.4
785 215
98.1 74.4
109 143
174 138
348 371
535 531

log-normal, truncated exponential and truncated
power-law (see Appendix A). Actually, the statistical
distributions of dyke characteristics are probably not
independent, e.g. long dykes are expected to be higher
and thicker than short dykes, on average. Multidimen-
sional distributions could easily be introduced into our
program but we did not consider it useful at this stage
for the following reasons: (1) realistic multidimen-
sional distributions for the various dyke parameters
are not presently available and no statistical study of
parameter correlations has yet been carried out; (2) a
systematic study of the influence of parameter corre-
lations would be rather clumsy and inappropriate to
this preliminary study; (3) with regard to dyke dimen-
sions what really matters for the morphology of a
volcano is the accumulated width of dykes as a func-
tion of depth, radial distance and polar angle (many
thin dykes have the same effect as a few thick dykes),
the results are not too sensitive to the statistical details
of how the final structure has been obtained.

Our tests simulate the emplacement of a large
number of dykes. A single simulation run requires
one to select the Poisson ratio value, the geometry
and depth of the magma reservoir, a statistical law
for each of the five dyke dimension and orientation
characteristics, the parameters of each law, and the
number of dykes. For every intrusion the vertical
and horizontal components of ground displacement
are computed at the nodes of a rectangular grid and
accumulated for the whole set of dykes. The result is a
digital elevation model.

2.2. Model parameters: the geological and
geophysical evidence

Input data were based on field observations and
geophysical measurements reported in the literature.
Data sets large enough to have statistical value are
reported for the dyke widths, strikes and/or dips of
Mt Etna (Compare, 1980), Ko’olau volcano (Walker,
1987), Samoan Islands (Walker and Eyre 1995;
Walker et al., 1995), Iceland (Gudmundsson, 1983,
1990, 1995a,b, 1998) and Réunion Island (Grasso
and Bachelery, 1995; Maillot, 1999). Most data sets,
however, are only available in the form of histograms
with classes of uniform size. Though classical, this
presentation represents a severe loss of information,
especially when a few classes are numerically
dominant as is often the case for dyke width (low
values) and dip (values close to 90°). Histograms
can nevertheless be used to approximately reconstruct
the cumulative probability functions and compare
them to the prediction of various statistical laws,
either quantitatively through least-squares modelling
or qualitatively through the use of appropriate
probability diagrams (e.g. Walker and Eyre, 1995).

The best-documented characteristic of dykes is
their width. A quantitative analysis of all published
dyke statistics has not been completed yet but the
preliminary results are interesting. They concern Mt
Etna (Compare, 1980), Ko’olau volcano (Walker,
1987), Hvalfjordur volcano, Western Iceland
(Gudmundsson, 1995a), Flateyjarskagi Peninsula,
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Table 2

‘Width, height and depth (from earth surface to dyke top) of Kilauea dykes (Hawai’i Is.), estimated from geophysical monitoring

August 1968° May 1970° September 1971° August 1981° 1971-1983°
Width (m) 0.8 16
Height (m) 400 3800 3000 2000-3000
Depth (m) 140 400 0 250

* Jackson et al. (1975).
® Pollard et al. (1983).
¢ Dvorak and Okamura (1987).

Northern Iceland (Gudmundsson, 1995a), Eastern
Iceland regional dyke swarms (Gudmundsson,
1990), Piton de la Fournaise volcano (Grasso and
Bachelery, 1995), Piton des Neiges volcano (Maillot,
1999) and the Samoan volcanoes Pago, Ofu-Olosega
and Alofau (Walker and Eyre, 1995). The fashionable
power-law statistics (e.g. Grasso and Bachelery, 1995;
Gudmundsson, 1995a,b, 1998) give the best fit in only
one case (Alofau) and give a very bad fit for the other
nine data sets. For some data sets they give a relatively
correct fit (though worse than other laws) if a few
classes are eliminated at one or both ends of the
thickness spectrum. This illustrates the danger of
speculating about a distribution law based on the
visual inspection of histograms or even a probability
diagram when only one statistical law is considered.
The log-normal fit is bad for only two data sets
(Flateyjarskagi and Alofau), runs from fair to
excellent for the other eight and gives the best fit for
seven data sets. For Flateyjarskagi the best fit is given
by the positive-Gaussian law; this law ties for the first
place with the log-normal fit for Ko’olau but gives
very bad, bad or just fair fits for the other eight. The
exponential law gives a bad fit for four data sets, a fair
fit for another four, and a good (best and second-best)
fit for the Eastern Iceland regional dykes and Pago. Of
course the uniform distribution is never appropriate
for dyke width. The mean width w of these ten dyke
swarms (Table 1) varies from 40 cm (Alofau) to 5.4 m
(Flateyjarskagi). The standard deviation o,, is often
comparable with the mean yet the o, /W ratio varies
from 0.65 (Ko’olau) to 2.7 (Piton des Neiges).

The statistical analysis of dyke dips and strikes has
not yet been done. Dip histograms at Kilauea, Pago-
Alofau and Flateyjarskagi are asymmetrical (log-
normal-looking) with modes between 75 and 85°.
Most Tertiary dykes in Iceland are subvertical

(Gudmundsson, 1990); their histograms, with modes
between 85 and 90°, are exponential-looking but this
does not preclude that another distribution law
(including log-normal) could give the best fit. At
Hvalfjordur the dip and strike histograms are bimodal,
possibly indicating the superposition of two different
dyke populations. Other strike histograms are symme-
trical (Gaussian-looking) or slightly asymmetrical, or
bimodal, looking like the superposition of two broadly
symmetrical distributions. Of course the classical
statistical laws are not well adapted to dip and strike
statistics because of the definition space (the closed
segment [—90°, 90°] for dip and the periodic segment
[0°,360°] for strike).

Very scarce information on dyke length and
virtually no information on dyke height have been
obtained by direct observation on the field. Only a
few dykes have been followed along their length
and the measured lengths are presumably minimum
values because the lateral ends are not seen
(Gudmundsson, 1995b). At Piton de la Fournaise
(Grasso and Bachelery, 1995) the histogram of about
400 fissure lengths (I = 46 m, o, = 38 m) is well fitted
by alog-normal law and cannot result from a power-law
or positive-Gaussian distribution. On the Reykjanes
Peninsula, SW Iceland (Gudmundsson, 1995b) the
length size distribution of 31 Holocene volcanic fissures
(I=26km, o,=22km) shows two disjoined
populations, one possibly resulting from a log-normal
or exponential distribution (not power-law or positive-
Gaussian) and the other too small for statistical analysis.

For dyke length and height at least, it is better to
rely on geophysical data collected on active
volcanoes. For example at Kilauea, the interpretation
of geophysical data collected during intrusive
episodes (Swanson et al., 1976; Pollard et al., 1983;
Dvorak and Okamura, 1987; Decker, 1987) indicates
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Table 3

Medium, source and dyke parameters used in the reference model of dyke intrusions (isotropic distribution of azimuths, Section 2.3.1) and its
anisotropic variants (Section 2.3.2). A “Gaussian” distribution means a positive-Gaussian law (see Appendix A); for this law the “minimum”
and “maximum” values stand for x, — 2s and x + 2s (cf. Eq. (A12)). A dip value & greater than 90° is equivalent to (180° — ) dip and (« =

180°) azimuth

Characteristics of the medium

Characteristics of the source (sphere or disc)

Characteristics of the dykes

Poisson ratio 0.25
Depth (m) 2000
Radius (m) 500
Width (m) Minimum 0.25
Maximum 0.75
Distribution Gaussian
Length (m) Minimum 1000
Maximum 5000
Distribution Gaussian
Height (m) Minimum 500
Maximum 3000
Distribution Gaussian
Dip (°) Minimum 70
Maximum 110
Distribution Uniform
Azimuth (°) Minimum 0
(isotropic) Maximum 360
Distribution Uniform
Azimuth (°) Minimum 80
(anisotropic: rift zone 1) Maximum 100
Distribution Uniform
Azimuth (°) Minimum 260
(anisotropic: rift zone 2) Maximum 280
Distribution Uniform

several-kilometre, vertical or subvertical dykes, 400—
3800 m high with thicknesses around 1 m (Table 2).
The top and bottom depths of the magma chamber at
Kilauea are estimated with the same techniques at 2—3
and 4-7 km, respectively (Jackson et al., 1975; Ryan,
1987; Delaney and McTigue, 1994).

2.3. Results

2.3.1. Isotropic distribution of radial dykes

For a volcano which does not show preferential
lateral zones of vents, the development of its dyke
complex may be simulated with an isotropic distribution
of intrusions beneath the summit. Here we give the
result of such a simulation with the intrusion of 5000
dykes issuing from a magma chamber located at 2 km
depth. The distribution laws of dyke dimensions and
orientation are reported in Table 3. The resulting

deformation builds a cone. Cones obtained from a
point or disc source are very similar in shape and size
and reach about 265 m in height. For a spherical source
the cone is lower (~175 m) and wider and exhibits an
apical depression about 25 m deep (Fig. 3).

The influence of the dimensions of the dykes and of
the depth and size of the source was systematically
examined. For dyke height it must be noticed that the
probability law characterises the ability of dykes to
make their way through the edifice rocks so the
(potential) height can exceed the distance from source
to free surface. When the random variable for height
gets a value greater than the maximum acceptable
value (reservoir depth plus accumulated uprising), it
means that the dyke reaches the surface and the dyke
height is given this maximum value. The model
described above for a spherical source served as a
reference model to normalise the results (shown as
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Spherical source Disc Point source

Fig. 3. Perspective view of the deformation induced by the intrusion of 5000 dykes with characteristics as listed in Table 3, with a spherical
source, a disc source or a point source. Graduations in metres, vertical exaggeration: 13 X .
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Fig. 4. Half profiles of the deformation induced by 5000 dykes issuing from a spherical source using different mean values of dyke length,
height and thickness, and of source depth and radius. The values of dyke and source parameters are normalised to the corresponding parameter

of the reference model. The horizontal distance (abscissa) and deformation height (ordinate) are normalised to the half-width and maximal
height of the reference model, respectively.



270 C. Annen et al. / Journal of Volcanology and Geothermal Research 105 (2001) 263—-289

Height =204 m

Height =266 m

Height =279 m

Spherical source
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Fig. 5. Perspective view of the deformation induced by 5000 dykes preferentially oriented along two directions at 180°, with a spherical source,
a disc source or a point source. The model parameters are listed in Table 3. Graduations in metres, vertical exaggeration: 13 X .

profiles on Fig. 4). The bulge gets higher and stee-
per if the thickness and height of the dykes
increase and it is wider and flatter if intrusions
are longer. With the same intrusive volume, the
amplitude of the vertical displacement decreases
and the width of the uplifted area increases as
the source deepens. An increase in the radius of
the reservoir in the case of a spherical or disc
source results in a lower and wider swell. The
uplift produced with a disc source is significantly
different from the one generated with a point
source only if the diameter of the disc source is
relatively large, more than one third of the depth.
A summit depression, always present for a spheri-
cal source, appears in the case of a point or disc
source if less than 10% of the dykes reach the
surface. The ratio of the volume of the bulge to
the intruded volume remains practically constant
and is approximately 2/3 for a Poisson ratio of
0.25 (in fact, it decreases slightly when the depth
of the source increases or the height of the dykes
decreases).

In this section the distribution of dyke strikes was
taken as uniform over [0°,360°]. For the other dyke
characteristics the uniform law is not realistic but any
of the four other distribution laws (positive-Gaussian,
log-normal, truncated exponential and power law)
could be reasonably chosen. We did not check all

the possible combinations but, starting from the refer-
ence model of Table 3, we investigated the effect of
changing the distribution law for a given dyke char-
acteristic while keeping the same mean and standard
deviation. For all dyke characteristics but height, the
effect on the quantitative results is of the order of 10%
and does not pass beyond 15%. For dyke height it
reaches values of 30-40%. In particular the truncated
exponential and power laws give a smaller swelling
with a more pronounced apical depression; this may
be due to the fact that these distribution laws give a
lower proportion of shallow dykes. Though signifi-
cant, the effect of changing the shape of a distribution
law is much less than that of changing the mean and
standard deviation so most numerical tests were done
with the positive-Gaussian law for each dyke charac-
teristic except strike. For width, length and height the
log-normal law would have been more realistic but the
parameters of the positive-Gaussian are more readily
understood in physical terms, without affecting the
quantitative results too much.

2.3.2. Anisotropic dyke complexes: the rift-zone case

Most shield volcanoes have rift zones extending
from the summit. Commonly, there are two main
volcanic rift zones on basaltic shields (e.g. Kilauea
and Mauna-Loa, Hawai’i Is.; Piton de la Fournaise,
Réunion Is.); sometimes three well-developed rift
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Fig. 6. Bulge elongation e (Eq. (1)) induced by preferentially
oriented dykes, versus the ratio of mean dyke length to source
depth; e > 1 if the edifice is elongated parallel to the preferred
orientation of dykes and e < 1 if it is elongated perpendicularly.

zones are present (e.g. Hierro and possibly Tenerife,
Canary Islands). Here we consider the case with two
symmetric rift zones at 180°. The preferential
emplacement of dykes in rift zones is simulated by
imposing constraints to the distribution of dyke
azimuths.

The main difference from the isotropic case is
that the bulge is now elongated. For the typical
parameters of Table 3 it is elongated parallel to
the rift zones, and in the case of a spherical source
the ridge is cut perpendicularly by a summit valley
(Fig. 5). Bulge elongation may be defined quantita-
tively as:

L

€= ey
where L is the length of the bulge in the direction
parallel to the average orientation of dykes and W is
its width in the perpendicular direction: if e > 1 the
bulge is elongated in the preferred direction of dykes,
if e<1 it is elongated perpendicularly to this
preferred direction, and e =1 corresponds to a
roughly axisymmetric bulge. Elongation e depends
on the mean dyke length over source depth ratio,
llzg (Fig. 6): long dykes favour e > 1 while deep
sources favour e < 1.

3. Surface growth by lava-flow accumulation
3.1. The model

We simulate the exogenous growth of a volcano by
an accumulation of lava flows spreading over a grid of
square cells. Models like those of Ishihara et al.
(1990), Young and Wadge (1990) and Barca et al.
(1993) were devoted to the prediction of lava-flow
contours as a function of time for a single eruption,
in the context of civil defence. They are excessively
time-consuming and unnecessarily detailed for our
purpose. Our aim is to estimate how hundreds of
lava flows contribute to volcano growth; we do not
need to know the exact path and morphology of any
single flow. What we want is a robust model that
respects the basic physics of lava flow and the average
relations between the final volume and dimensions of
lava flows. We opted for a simple model of a Bingham
liquid which follows the steepest slope and spreads
laterally according to its rheology. Our model uses
the equation of Hulme (1974):
h= 2)

pg sin «
where £ is the flow thickness, o, and p are the lava
yield strength and density, g is gravity and « is the
surface slope.

When slope « tends to 0° the thickness given by
Eq. (2) increases indefinitely, which of course is
unrealistic. On small slopes the final height of a
flow is not governed by the steady-state relation
between flow thickness and downslope speed (which
leads to Eq. (2) for vanishing speed), but rather by
lateral spreading. For a Bingham liquid, lateral
spreading ceases when slope of the flow surface is
so low that shear stress inside the flow is everywhere
less than yield strength o. This results in the follow-
ing expression for the maximum flow thickness:

Iy

(e = k) = hpy, =
pgk

3)

where k is the aspect ratio of the flow, i.e. the width of
the lava flow is given by:

W= “)

For each lava flow the vent position, the flow



272 C. Annen et al. / Journal of Volcanology and Geothermal Research 105 (2001) 263—-289

Table 4

Statistics of the volume, thickness and length of n lava flows at Mt Etna (Italy), Kilauea (Hawai’i Is.), Mauna Loa (Hawai’i Is.) and Piton de la

Fournaise (Réunion Is.)

Volume (10° m?)

Thickness (m) Length (km)

Etna n =39 Minimum 1.2
Maximum 1050
Median 60
Kilauea n =44 Minimum 0.01
Maximum 185
Median 7.5
Mauna Loa n = 20 Minimum 3
Maximum 460
Median 110
Piton de la Fournaise n = 82 Minimum 0.1
Maximum 130
Median 3

2 0.25
50 14
10 7.25

volume and aspect ratio, and the lava yield strength
and density are considered as random variables with
given distribution laws. The aspect ratio k, yield
strength oy and volume V are not fully independent,
however, because the width of a flow cannot be larger
than its length:

o _ p2g212<3V )

pgk? oy
where the left side corresponds to the maximum width
of the flow and the right side to its minimum length. If
a set of parameters does not comply with this
constraint a new set is picked until condition (5) is
fulfilled.

Lava flows from the vent cell then follows the
steepest slope of the volcano. At each newly invaded
cell, the program calculates the final thickness and
width of the flow with Egs. (2)-(4). When the
calculated width of the flow exceeds that of a cell,
the excess lava is assigned to adjacent cells. The
flow proceeds from cell to cell downwards, until its
volume is exhausted. Edifice topography is then
updated before the next flow starts.

3.2. Model parameters: the geological evidence

A numerical simulation must be based on realistic
distributions of lava-flow characteristics but the
published data are few. Walker (1973) gives the
length histograms of 479 low-viscosity (basalt and

mafic feldspathoid-bearing) and 417 high-viscosity
(trachyte, andesite and rhyolite) lava flows from
various locations. Volume, length and thickness are
known for 40 lava flows at Etna (Romano and
Sturiale, 1982). Volumes are also available for most
historical lava flows at Kilauea (Macdonald et al.,
1986, pp. 80-81; HVO, 2000a), Mauna Loa
(Lockwood and Lipman, 1987; HVO, 2000b) and
Piton de la Fournaise (Bachelery, 1981; unpublished
data from the Observatoire Volcanologique du Piton
de la Fournaise). Some of these statistics are reported
in Table 4. A large range of average flow volume is
observed at different volcanoes, from a median value
of 3 x 10° m? at Piton de la Fournaise to 1.1 X 10* m*
at Mauna Loa. The distribution of eruption volumes at
Etna may be exponential or positive-Gaussian, at
Mauna Loa it may be exponential (or power-law if
we neglect the smallest flows), at Kilauea and Piton
de la Fournaise it seems to be log-normal. The three
data sets for flow length are compatible with a log-
normal distribution but the positive-Gaussian law
works as well for Etna and the exponential law for
Walker’s two groups. None of the four distribution
laws fits the flow thicknesses at Etna well.

3.3. Results

We simulate the accumulation of 1700 lava flows
with characteristics as summarised in Table 5. The
number of flows corresponds to the number of dykes
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Table 5

Lava-flow parameters used in the reference models for lava-flow
accumulation (Section 3.3) and endogenous plus surface growth
(Section 4). For the “Gaussian” distribution, see caption of Table 3

Volume (10° m?) Minimum 10
Maximum 100
Distribution Gaussian

Yield strength (kPa) Minimum 1
Maximum 10
Distribution Gaussian

Distance from vent Minimum 0

to grid centre (m) Maximum 3600
Distribution Gaussian

Aspect ratio Minimum 0.005
Maximum 0.05
Distribution Gaussian

that reach the surface in the reference model for dyke
intrusions (cf. Section 2.3.1). The lava flows build a
cone 525 m high and 18 km wide with a mean slope of
3° (Fig. 7). This first model serves as a reference for
the systematic survey of the influence of each model
parameter.

Density is not a crucial parameter because of its
small variation range. The final height and shape of
the edifice depend mainly on the thicknesses and
lengths of the lava flows. Flow thickness is a direct
function of the yield strength (Eq. (2)) and flow length
is a direct function of lava volume and an inverse
function of lava thickness, hence of the yield strength.

In consequence, the height of an edifice built up by
lava flows will be a direct function of lava yield
strength (Fig. 8). Its slopes will be steep if the yield
strength is large and if volumes are small. Another
factor with a strong influence on the height and slopes
of modelled volcanoes is the distribution of vents.
Evenly distributed vents generate a low and flat
edifice whereas concentrated vents generate high
and steep volcanoes (Fig. 8).

We can simulate rift zones by focusing vents along
some direction. The edifice becomes elongated in that
direction (Fig. 9). The edifice elongation e (Eq. (1))
depends on the mean distance from vents to the grid
centre, but is always greater than 1.

4. The building of volcanoes: endogenous versus
surface growth

The final step in our simulation is to merge the two
models in such a way that each time a dyke reaches the
surface it produces a lava flow. Based on some visual
observations at Piton de la Fournaise and Kilauea
volcanoes, the position of the vent is fixed at a distance
of 2/3 of the dyke length, downstream, on the surface
dyke trace. With dyke parameters described in Table 3
and lava-flow parameters described in Table 5, we
simulate the intrusion of 5000 dykes. 1669 dykes
reach the surface and feed lava flows. The resulting
construct is an edifice 510 m high and 16.8 km wide
with a mean slope of 3° (Fig. 10).

Fig. 7. Perspective view of the edifice built by 1700 lava flows with characteristics as listed in Table 5. Graduations in metres, vertical

exaggeration: 13 X.
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respectively.

In addition to their influence on endogenous growth
(cf. Section 2.3.1), the intrusion characteristics also
determine the occurrence and location of surface
lava vents. In particular, the ratio of mean dyke height
to source depth controls the number of intrusions that
reach the surface. A large range of dyke lengths yields
vents scattered over a large surface and results in a
wide and flat volcano. The dip of the dykes influences
their ability to reach the surface and the location of the
vents. High and steep volcanoes are built up by
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numerous lava flows emitted from vents concentrated
in a restricted area and host complexes of high, short
and steeply dipping intrusions whereas low and flat
volcanoes host complexes of little-height, long and
shallow-dipping dykes, all other parameters being
equal. The size of the source also influences the
distribution of vents: a large magma chamber favours
scattered vents and low edifices.

The contribution of dyke intrusions to volcano
growth can be expressed in terms of volume or in
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Fig. 9. Perspective view of the edifice built by the accumulation of 1700 lava flows with vents preferentially set out along a line. Graduations in

metres, vertical exaggeration: 13 X .
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Fig. 10. Perspective view of the edifice built by the intrusion of 5000
dykes (Table 3) feeding 1669 lava flows (Table 5). Graduations in
metres, vertical exaggeration: 13 X .

terms of height. The contribution in terms of height is
calculated by comparing the height of the deformation
induced by dykes only with the height of the edifice
built up by both dyke intrusions and lava-flow accu-
mulation. The contribution in terms of volume is
obtained by subtracting the volume of emitted lava
from the total volume of the volcano. For the refer-
ence model, the contribution of dyke intrusions is
34% in terms of height and 13% in terms of volume.
The contribution in terms of volume mainly depends
on the intrusion and lava volumes (number and mean
volume of dykes, number and mean volume of flows)
(Fig. 11a). The contribution in terms of height is
related to the geometry of dykes, to lava rheology
and also to the number of dykes that feed a lava
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flow (Fig. 11b). In the limiting case where no dykes
reach the surface, the contribution of dykes to height
and volume of the edifice is 100%; in the opposite
case where every dyke reaches the surface the contri-
bution of the intrusives is very low (less than 5%) in
terms of volume but significantly higher (around 30%)
in terms of height (Fig. 11).

5. Case study 1: Ko’olau volcano

Ko’olau (O’ahu Is., Hawai’i) is a two million year
old basaltic shield volcano. It is elongated NW—-SE
and its emerged length is 57 km. It is 960 m high
(a.s.l.) but the extrapolation of slopes yields an
original elevation of 1100 m above present sea level
(Walker, 1987) (Fig. 12). In addition, bathymetry
suggests a 500-m subsidence of the island since the
end of Ko’olau activity. Thus, Ko’olau volcano may
initially have been 1600 m high and 77 km long. The
mean slope is around 6°. The flanks have been deeply
cut by landslides and erosion, revealing a huge dyke
complex forming the core of the edifice.

Walker (1986, 1987) carried out an exhaustive
study of this complex. He measured 3500 dykes and
estimated the total number of dykes to be at least
7400. Most dykes occur in a major rift zone oriented
NW, about 35 km long and with a maximum width of
7km. A secondary, narrower dyke complex is
oriented SW. The dyke intensity (i.e. the percentage
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Fig. 11. Contribution of dyke intrusions to volcano growth versus the percentage of dykes reaching the surface: (a) contribution in terms of

volume; and (b) contribution in terms of height.
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Fig. 12. (a) Map of present-day Ko’olau volcano (O’ahu Is., Hawai’i) (Walker, 1987). (b) Reconstruction of the original edifice by extrapolating
slopes (Walker, 1987); contour labels in feet.
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of dyke rock versus bedrock) varies little across the
rift zone, with an axial part greater than 40% reaching
80% locally and a narrow margin belt of intensity
values between 5 and 40%. The width of the dykes
follows a log-normal distribution with a median of
65 cm. The intrusions are not vertical but dip from
65 to 85° in conjugate directions (Walker, 1987).
Walker (1987) estimated the total vertical displace-
ment induced by the dyke complex at 1000—1500 m,
by summing the vertical component of the dislocation
vector. However, his approach does not take into
account the mechanical properties of the medium.
We simulated the intrusion of 7400 dykes with
characteristics constrained by the field observations
of Walker (1986, 1987). The intensity map of the
model was compared with that of Walker and used
to adjust the length and dip parameters of the
intrusions, in order to obtain a comparable pattern
(Fig. 13). The geometry of the reservoir is not

known but the high intensity of intrusions over a 4-
km-wide zone suggests that the source zone has the
same extension. We chose a depth of 3000 m for the
reservoir according to the estimation available for
Kilauea volcano (Jackson et al., 1975; Ryan, 1987).
Another unknown is the height of the dykes. The
dykes are now exposed between sea level and an
elevation of 960 m. Assuming that the volcano was
initially 1600 m high, these zones were between 640
and 1600 m beneath the summit. Assuming a magma
chamber at 3000 m depth when the dykes were
injected, the minimum height of the dykes was greater
than 1400 m and their maximum height greater than
2360 m, but there are no clear upper limits (a dyke
height potentially greater than the source depth means
a dyke that reaches the surface and feeds a lava flow).
We simulated two contrasting conditions for the
distribution law of dyke height: Ko’olaul and
Ko’olau2. In the first model, Ko’olaul, dyke heights
range from 2000 to 2500 m and no dyke reaches the
surface. In the second model, Ko’olau2, the range is
4000-5000 m and more than 90% of the dykes reach
the surface. The parameters of these two models are
reported in Table 6.

The uplift for the first model (Ko’olaul) is 756 m.
The bulge is elongated in the direction of the intru-
sions. Its length is 35 km and its width is 15 km (Fig.
14). The value of the vertical displacement is signifi-
cantly lower than the estimation of Walker (1987). In
the second model, Ko’olau2, the maximum vertical
displacement due to the intrusions is 1329 m (Fig.
15a). The length of the deformation parallel to the
dykes is 30 km and its width normal to the intrusions
is 12 km. In this case, the vertical displacement of the
model is similar to the estimate of Walker (1987).

The dykes reaching the surface (93%) feed lava
flows the characteristics of which are reported in
Table 6. The position of the vent on the dyke trace
is chosen at random. The yield strength is not well
known and may vary widely, depending on lava
temperature and composition. Values reported in the
literature vary from a few tens of Pa to 250 kPa
(Hulme, 1974; Pinkerton and Wilson, 1994; Shaw et
al., 1968). Small values of the yield strength, less than
100 Pa, result in very thin, non-realistic flows. So we
used a yield strength range of 5—15 kPa. Individual
volumes of the lava flows are based on the data
available for Kilauea volcano.
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Table 6

Medium, source, dyke and lava-flow parameters used in models Ko’olaul and Ko’olau2 (Section 5). For the “Gaussian” distribution, see caption

of Table 3. For the log-normal law the “minimum” and “maximum” values stand for x, exp(—2m) and x, exp(2m) (cf. Eq. (A14))

Characteristics of the medium Poisson ratio 0.25
Characteristics of the source (disc) Depth (m) 3000
Radius (m) 4000
Characteristics of the dykes Width (m) Minimum 0.25
Maximum 1.25
Distribution Log-normal
Length (m) Minimum 15 000
Maximum 20 000
Distribution Gaussian
Height (m) Minimum (Ko’olaul) 2000
Maximum (Ko’olaul) 2500
Minimum (Ko’olau2) 4000
Maximum (Ko’olau2) 5000
Distribution Gaussian
Dip (°) Minimum 65
Maximum 85
Distribution Gaussian
Azimuth (°) Minimum 85
Maximum 95
Distribution Uniform
Characteristics of the lava flows (Ko’olau2 only) Volume (106 m®) Minimum 1
Maximum 20
Distribution Gaussian
Yield strength (kPa) Minimum 5
Maximum 15
Distribution Gaussian
Aspect ratio Minimum 0.01
Maximum 0.02
Distribution Uniform

Adding the lava flows to the model Ko’olau2
increases its elevation slightly to 1593 m. The mean
slope is 6.5° (Fig. 15b). The dykes being very long and
the source very large, the contribution of lava flows to
edifice height is only 16% although they represent
30% of the edifice volume. This low contribution of
lava flows to the construction of the volcano is related
to the fact that the mean volume of the lava flows
(11x10°m?) is small compared with the mean
volume of the intrusions (55 X 10° m?).

Although our approach is not suited (nor intended) to
model the complexity of growth processes of volcanic
edifices, our models based on actual observations of the
interior of Ko’olau allow us to assess the most probable
dominant growth mechanism for this type of edifice.

Well-developed and long volcanic rift zones imply the
emplacement of numerous and long dykes. This fact is
well illustrated in the case of Ko’olau where exceptional
outcrop conditions permit observations of the dyke
complex at depth. The models demonstrate that it is
the development of the dyke swarm that probably
accounts for most of the elevation and shape of the rift
zone. Changing the dyke and lava-flow parameters,
within ranges realistic for basaltic shields, will not
significantly alter our conclusions.

6. Case study 2: Piton de la Fournaise central cone

The central cone of Piton de 1la Fournaise volcano is
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Fig. 14. Model Ko’olaul: contour map of the deformation induced
by 7400 dykes with characteristics as listed in Table 6. Graduations
and contour labels in metres.

located within a large caldera-like structure, Enclos
Fouqué (Fig. 16). The cone culminates at 2631 m,
rises 400 m above the floor of Enclos Fouqué, and
has a diameter of about 4 km. Two collapse craters
occupy the summit: Bory crater on the west and
Dolomieu crater on the east. The cone is slightly
elongated E-W and its mean slope of 20° or so is
unusually steep for a basaltic shield volcano. It is
the present focus of activity of Piton de la Fournaise.
During historical times, 95% of the eruption vents
were located inside Enclos Fouqué. They are
concentrated on the central cone along two rift
zones, radiating north and south of the summit, and
curving to the NE and SE, respectively, farther from
the cone (Lénat, 1988). The other eruptions took place
along the rift zones but outside Enclos Fouqué.

The E—W elongation of the cone is in apparent
contradiction to the N-S orientation of the rift
zones. This fact and the unusually steep slopes suggest
that the construction of the cone may have been
different from that of typical basaltic shields.
Numerical simulations were carried out to investigate
the growth processes that could explain the shape of
the central cone.

In a first series of tests, we simulate the growth of
the cone using parameters available for Piton de la
Fournaise or similar volcanoes. The top of the
magma chamber has been estimated to lie between
500 and 2000 m beneath the surface and the diameter

of this shallow reservoir is estimated at about 1 km
(Lénat et al., 1989; Lénat and Bachelery, 1990). With
most of the vents inside Enclos Fouqué, the dykes are
assumed to be shorter than half the diameter of Enclos
Fouqué, which is approximately 4 km. The maximum
concentration of vents occurs 1 km north and south of
Dolomieu crater (Bachélery, 1986; Lénat, 1988).
Assuming that the vents are situated at two thirds of
the dyke length, downstream, the mean length of
dykes would be 1500 m. Outcropping dykes at Piton
de la Fournaise (Grasso and Bachelery, 1995) have a
mean width of 98 cm but the dykes of the central cone
could be statistically different in view of its particular
morphology. The dykes of the other volcano of
Réunion Island, Piton des Neiges (Maillot, 1999),
have a mean width of 78.5 cm but they comprise
some very thick dykes of evolved composition, the
basaltic dykes have a mean width of 56 cm. At
Alofau, Pago and Ofu-Olosega volcanoes (Walker
and Eyre, 1995) the mean dyke widths are 40, 46
and 51 cm, respectively. At Mt Etna (Compare,
1980) the mean width is 174 cm. At Ko’olau volcano
(Walker, 1986, 1987) the mean width is 74.5 cm.
Geophysical measurements at Kilauea volcano lead
to estimates between 80 and 160 cm (Pollard et al.,
1983). The Icelandic dyke swarms (Gudmundsson,
1990, 1995a) are generally thicker (Hvalfjordur:
109 cm, Eastern Iceland: 348 cm, Flateyjarskagi:
535cm) but the geodynamic context is probably
different from that of basaltic shields. A mean width
of 75 cm seems to be a realistic starting value for our
simulations. Dyke heights are more difficult to
constrain. The percentage of the dykes reaching the
surface can only be estimated for the monitoring
period 1981-1998, during which 29 eruptions and
only 5 intrusions not followed by eruptions were
observed (unpublished data from the Observatoire
Volcanologique du Piton de la Fournaise). This
proportion, however, cannot be held as representative
of the longer-term behaviour of the volcano, because
of probable stress changes with time, as has been
observed at Kilauea (e.g. Dzurisin et al., 1984). We
opt for dyke heights such that about half the dykes
reach the surface. The volume of individual lava flows
at Piton de la Fournaise since 1930 (Bachélery, 1981)
follows a log-normal distribution with a median of
3% 10°m’, However, some large-volume lava flows
were emitted from vents outside Enclos Fouqué or at
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Fig. 15. Model Ko’olau2. (a) Top: contour map of the bulge induced by 7400 non-feeder dykes with characteristics as listed in Table 6; bottom:
map of dyke traces (black lines). (b) Top: contour map of the edifice built up by 7400 dykes feeding 6313 lava flows (Table 6); bottom: map of

lava vents (black dots). Graduations and contour labels in metres.

least beyond the base of the central cone, so they did
not contribute to its construction. A positive-Gaussian
volume distribution is therefore preferred in order to
avoid very large flows that would bias the computed
topography of the central cone. We use the same yield
strength range as in model Ko’olau2. Parameters used
in the simulation are reported in Table 7 (Fournaisel
model).

Considering a mean time interval between eruptions
of 1.5 years and an age of about 5000 years for the cone
(Bachelery, 1981; Gillot et al., 1990), we simulated the
intrusion of 3000 dykes which feed 1140 lava flows. The
mean thickness of lava flows is 4 m, the mean width

140 m and the mean length 3400 m. The resulting
edifice is 290 m high and 9600 m wide, and is elongated
in the N-S direction (Fig. 17). It is significantly flatter
and wider than the actual cone. This suggests that, in
order to obtain a better resemblance between the
observed and computed topographies, the model
parameters should be modified to simulate shorter
or thicker dykes, or a shallower source or shorter lava
flows or a combination of those. For example, lava flows
tend to flatten the edifice and the number of flows can be
reduced by decreasing the dyke heights. Proceeding by
trial and error while modifying dykes, source and flow
parameters we are led to models that involve a smaller



C. Annen et al. / Journal of Volcanology and Geothermal Research 105 (2001) 263—-289 281

420004~

40000

38000

36000

175000 177000 179000

181000 183000 185000

Fig. 16. Shaded relief view of the active zone of Piton de la Fournaise volcano (Réunion Is.). Coordinates in metres (Gauss—Laborde Réunion

projection).

and shallower source, shorter and thicker dykes and
fewer and shorter lava flows than the first model. For
example, Table 8 (Fournaise2 model) shows a set of
parameters that produces an edifice comparable to the
central cone. This model has a small (100 m) and
shallow (500 m) magma chamber, numerous (10 000)
very short and thick dykes (mean thickness: 3 m) and
infrequent (703) low-volume lava flows. However,
whereas the model prediction is good for the E-W
profile (Fig. 18al), it is worse for the N-S (Fig. 18b1)
unless we take into account the horizontal dis-
placements. Indeed, we did not take into account the
horizontal displacements caused by dyke intrusions
for the previous models because we had verified that
on large edifices this does not significantly change the
topography. Conversely, in the case of a small structure
with a very high density of dykes such as the Piton de la
Fournaise central cone, this becomes significant.
Adding the horizontal displacements to the topography
does not significantly change the E-W profile (Fig.

18a3), but it modifies the N—S profile which now better
fits the observed one (Fig. 18b3). The cone summit is
then slightly elongated E-W. (Fig. 19). In this model,
the lava flows contribute only 30% of the edifice
volume.

The goal of such modelling is not to fit accurately
the virtual to the actual edifices, but to differentiate
between processes likely to play a role in the edifice
construction. In the case of the central cone of Piton
de la Fournaise, our study shows that this unusually
steep basaltic cone is probably the result of predo-
minantly endogenous growth through short dykes
originating from a small and shallow magma
reservoir and of subordinate exogenous growth
through low-volume lava flows. The fact that the
cone is elongated perpendicular to the main
direction of intrusion and vent distribution may be
readily explained by the deformation generated
predominantly by very short dykes emplaced
subparallel to rift-zone trends.
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Table 7
Medium, source, dyke and lava-flow parameters used in model Fournaisel. For the “Gaussian” distribution, see caption of Table 3

Characteristics of the medium Poisson ratio 0.25
Characteristics of the source (sphere) Depth (m) 2000
Radius (m) 500
Characteristics of the dykes Width (m) Minimum 0.5
Maximum 1
Distribution Gaussian
Length (m) Minimum 50
Maximum 2000
Distribution Gaussian
Height (m) Minimum 1000
Maximum 3000
Distribution Gaussian
Dip (°) Minimum 70
Maximum 110
Distribution Uniform
Azimuth (°) (northern rift zone) Minimum 80
Maximum 100
Distribution Uniform
Azimuth (°) (southern rift zone) Minimum 260
Maximum 280
Distribution Uniform
Characteristics of the lava flows Volume (10° m®) Minimum 1
Maximum 20
Distribution Gaussian
Yield strength (kPa) Minimum 5
Maximum 15
Distribution Uniform
Aspect ratio Minimum 0.01
Maximum 0.02
Distribution Uniform
ail b1
E 400 — 400 —
h<
{=] n n
T
0 ' I ' | 0 ‘ | ‘ |
-4000 0 4000 -4000 0 4000
- a2 b2
£ 400 — 400 —
E
K= n 7]
T
o ' | ' l ° ' | ' |
-4000 0 4000 -4000 .0 4000
Distance (m) Distance (m)

Fig. 17. Model Fournaisel (3000 dykes and 1140 lava flows, see Table 7). Bold lines: actual profile of the central cone; thin lines: computed
profile. (a) E-W profile; (b) N-S profile. (al,bl) complete modelling (dykes and lava flows); (a2,b2) intrusions only. Vertical exaggeration:
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Table 8

Source, dyke and lava-flow parameters used in model Fournaise2. Only the parameters that differ from model Fournaisel have been listed; for
the other parameters, see Table 7. For the “Gaussian” and log-normal distributions, see captions of Tables 3 and 6

Characteristics of the source (sphere)

Characteristics of the dykes

Characteristics of the lava flows

Depth (m)
Radius (m)

Width (m)

Length (m)

Height (m)

Volume (10° m%)

Yield strength (kPa)

500
100

Minimum
Maximum
Distribution

Minimum
Maximum
Distribution
Minimum
Maximum
Distribution

Minimum
Maximum
Distribution
Minimum
Maximum
Distribution

1
5
Gaussian

1
2000
Log-normal

200
500
Gaussian

0.1
130
Log-normal

2.5
10
Uniform

7. Discussion and conclusions

Though based on a simplified approach of dyke and
lava-flow statistics, our study demonstrates that the
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contribution of shallow dyke complexes to the growth
of basaltic shields is quantitatively important and that
volcanoes should not be considered as mere piles
of lava flows. The contribution of each process,
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Fig. 18. Model Fournaise2 (10 000 dykes and 703 lava flows, see Table 8). (al,a2,b1,b2) See caption of Fig. 17. (a3,b3) E-W and N-S profiles
when both vertical and horizontal displacements are taken into account (see text). Vertical exaggeration: 4 X .
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Fig. 19. Model Fournaise2: perspective view and contour map of the deformation (sum of the vertical and horizontal displacements) induced by
10 000 dykes feeding 703 lava flows, with characteristics as listed in Table 8. Graduations and contour labels in metres, vertical exaggeration of

the perspective view: 2.5 X .

endogenous growth and surface growth, depends upon
the relative volume of dykes and lava flows. When
endogenous growth dominates, thick and short
dykes issuing from a small shallow magma chamber
will make relatively high edifices with steep slopes. If
surface growth dominates, the relative height of the
volcano will be a direct function of the yield strength
and an inverse function of the individual lava
volumes. Even in the case of dominant surface

growth, the geometry of the dykes still plays an
important role by determining the position of the
vents.

Important processes are disregarded by the present
model, like cumulates settling in reservoirs, volcani-
clastic deposits, gravitational spreading, erosion and
other destructive processes. It is therefore better suited
to the study of pristine young basaltic volcanoes than
composite volcanoes. This is the case of the central
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cone of Piton de la Fournaise (Réunion Is.), which is
less than 5000 years old. The simulations lead to the
inference that its steep flanks and its E-W elongation
are strongly impacted by endogenous growth. This
suggests that, unlike during the recent years, the
long-term number of dyke intrusions significantly
exceeds that of eruptions. At Ko’olau volcano (O’ahu
Is., Hawai’i) the deformation induced by dykes could be
responsible for at least 50% of the estimated original
height of the volcano as well as for its general shape.
Using dyke geometries as described by Walker (1986,
1987) and lava-flow characteristics similar to those of
Kilauea volcano (Hawai’ils.), we are able to reconstruct
an edifice similar to the volcano, with its estimated
original height.

A key parameter is the proportion pyy of dykes that
reach the surface (feeder dykes). It is related to the
proportion p., of volcanic output (extrusive rocks)
relative to total magma supply (intrusive and extru-
sive rocks), though indirectly: eruption-feeder dykes
enter the intrusive budget, and the average ratio of
lava-flow (and other eruptive products) volume to
feeder-dyke volume may vary widely. Both pg and
Per are poorly known but seem to be highly variable.
For long periods of igneous activity (thousands to
millions of years) the extrusive-rock proportion p;
estimated from outcrops lies between 6 and 20% for
intracontinental and island-arc settings and between
14 and 25% for oceanic hot spots and ridges (Crisp,
1984). Calculations based on the compared duration
of activity and dormancy periods of presently active
volcanoes give larger values of p., up to 56%
(Wadge, 1982). Monitoring at Kilauea from 1959 to
1983 led to pgg = 57% and p., = 35% (Dzurisin et al.,
1984). At Piton de la Fournaise the observed value of
Pra Was 85% from 1981 to 1998 but small intrusions
may have remained undetected. On the other hand,
field data on several thousand dykes from Iceland
and Tenerife indicate a small value of the feeder-dyke
proportion pg (Gudmundsson, 1999), possibly a few
percent or less. At Piton de la Fournaise the morphology
of the central cone indicates a mean pg value of about
7% over 4000 or 5000 years, with p., about 30% (this
study). At Ko’olau volcano pyq is not well constrained
but p. is less than 35% even when assuming a very
conservative value of py exceeding 90% for the whole
period of volcano building (this study).

The method we have developed can be applied to

the study of growth processes of basaltic shields and
other volcano types in various environments, includ-
ing non-terrestrial volcanism. The method can evolve
towards a more sophisticated simulation of source
geometry, medium rheology, dyke intrusions and
lava flow. The model can be further refined by includ-
ing the computation of internal stresses and their
evolution, in order to evaluate the possible occurrence
and location of volcanotectonic events, such as flank
landslides, an important point for the prevention of
volcanic hazards.
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Appendix A. Simple two-parameter distribution
laws

Egs. (Al)-(All), (A16) and (Al7) below are
classical and can be found in many textbooks, e.g.
Swan and Sandilands (1995). Numerical methods to
get random variables following the various distribu-
tion laws can be found in Press et al. (1986). In this
study, each dyke or lava-flow characteristic X is
considered as a continuous random variable. The
probability density function (p.d.f.) fis defined from
the probability of getting X within an infinitesimal
interval:

Plx =X = x + dx] = f(x) dx (A1)

The probability of getting X in some finite interval is
thus given by:

Py = X = x] = j f) de (A2)
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and, in particular:

rjmf(x) dx=1 (A3)
The mean value of X is given by:

2= vww (Ad)
and its standard deviation and variance by:

ox = \/vx

and vy = r (x — X)*f(x)dx = Jm Xf(x)dx — X2
(AS)

Another important function is the cumulative prob-
ability function (c.p.f.) F:

P =pix=x1= | s ae (A6)
which has the following properties:

F(00) =0 and f(x)z—d—F (A7)

F(—o0) =1, .

The simplest distribution law is the continuous
uniform distribution:

0 ifx<a
1
fx) = ifasx=b (AB)
b—a
0 ifx>»b
and
1 ifx=a
b—x .
F(x) = ifas=x=b
b—a
0 ifx=»b
for which:
_ +b b—
=12 and oy = -2 (A9)

2 23

In this study this distribution law may be appropriate
for dyke strikes (with e.g. a = 0 and b = 2w = 360°).
The most popular distribution law is the Gaussian

(or Laplace—Gauss or “normal”) law:

FOO = —— ex —(x — % )2 (A10)
N R NS

and
_ l _ X — Xp

F(x) = 2[1 erf( 7 )]

for which:

X =x and oy =35 (A11)

Values should tend to come from this distribution
law when they are the sum or the mean of many
independent random contributions (central limit
theorem). However, most physical or geological
characteristics are positive quantities so the
Gaussian law should never apply unless oy <
X. We use instead the positive-Gaussian law,
which is simply the Gaussian law left-truncated
at x=0:

0 ifx<O0
fx) = (x—xo)2 .
exp| — ifx=0
sv/2 p[ 2
. 2
with A = — 7\ (Al2a)
1+ erf(—o)
532
and
1 ifx=0
T 2l l) e
1 2[erf(S\/z + erf 2 ifx=0
(A12b)
for which:
X + As ex (xo )2
:x — — —_—
0 ,_ZTF p S\/E
(A13)

and oy = 4/s7 — X(X — x;)

A random variable X follows a log-normal (or Galton—
MacAlister) law if its logarithm is normally distributed.



C. Annen et al. / Journal of Volcanology and Geothermal Research 105 (2001) 263-289 287

This distribution law is characterised by:

0 ifx=0
= 2
1 —J——wp——%(mi) it x>0
mx~/27 2m X0
(Al4a)
and
1 ifx=0
Tl e
—|1—erf In-- ifx=0
2 m2
(Al4b)

and leads to:

2
X =x exp(m?) and oy = XyJexp(m?) — 1
(A15)

The exponential distribution usually arises when
discrete events occur randomly and independently in
space or time. If the number of events per unit interval
follows a Poisson distribution then the interval between
events follows the law defined by:

ifx <0
f) = ,
Aexp(—Ax) ifx=0
(A16)
1 ifx=0
and F(x) =
exp(—Ax) ifx=0
for which:
X ! (A17)
= 0' = —
X7

This distribution law has only one parameter. However,
it may be that no interval less than a certain cut-off value
ais allowed, which leads to the two-parameter truncated
exponential law:

ifx<a
Jx) :{ ,
Aexp[—Ax —a)] ifx=a
(A18)
1 ifx=a

and F(x) = {

ifx=a

exp[—A(x — a)]

for which:

_ 1 1
X=a+ 3 and oy = X
The power-law distribution arises in the context of
fractality. It is characterised by a c.p.f. proportional to
1/x™ where m is a positive constant. The fractal
dimension is m if x is a distance, m/2 if x is a surface
and m/3 if x is a volume or mass (Turcotte, 1992). It is
clear, however, that the fractal behaviour cannot
extend to an arbitrarily small value of x since F(x)
cannot diverge when x tends to 0. The left-truncated
power-law distribution is characterised by:

(A19)

0 ifx <a
f® =1 ma" .
xm—+1 lfx >a
(A20)
1 ifx=a
d F(x) = m
and Fx) (3) ifx=a
X
for which:
X = Tlaﬁm>D
(A21)
and oy = —2 (f m > 2)
m—1\m— 2

X is infinite for m < 1 and oy for m < 2. For most
geological and physical characteristics the mean and
standard deviation cannot diverge: if data indicate
fractality with an exponent m less than 2, the fractal
behaviour cannot extend to an arbitrarily high value
of x and a power-law distribution both left- and
right-truncated should be considered (with three
parameters).
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