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Abstract

Three techniques of digital photogrammetry have been applied successfully to laboratory analogue models to
study surface displacements caused by various volcano deformation types. Firstly, side-perspective videos are used to
differentiate profile displacements between cryptodome intrusion models and models deforming by ductile inner-core
viscous flow. Both models show similar morphologic features including a bulged flank and an asymmetric upper
graben. However, differences in displacement trajectories of the bulge crest reflect upward intrusion push contrasting
with essentially downward displacement vectors of weak core models. The other two techniques use vertical views
correlated automatically either as time-sequence monoscopic views or as coeval stereoscopic pairs. This exploits to a
maximum the method’s potential by imaging surface displacements over the whole model. Successive monoscopic
photograms, because they suffer only moderate numerical processing for topographic effect removal, can detect very
small displacements occurring early in deformation processes. As illustrated by analysis of intrusion models, the
monoscopic method allows prediction of fault locations and main displacement locations. It can also anticipate the
principal strain directions, and separate different deformation stages. On the other hand, the stereo-photogrammetry
technique, although more complicated, provides topography and volume changes, as well as pictures of surface
displacements in three dimensions. Results are presented for the spreading of volcano models on a ductile substratum
and viscous cored cones. We have found digital photogrammetry to be a useful tool for analogue modelling, because
it provides quantitative data on surface displacements, including movement invisible to the eye, as well as topographic
changes. It is a good method for investigating and comparing different deformation mechanisms. It is especially useful
for interpretation of displacement patterns obtained from monitoring of natural active volcanoes. In fact, results of
the methods used in the laboratory can be directly compared with field data from geodetic or photogrammetric
surveys, as at Mount St. Helens in 1980.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

* Corresponding author. Tel.: +33-4-73-34-67-65;

Fax: +33-4-73-34-67-44 The growth of volcanoes is characterised by
E-mail address. f.donnadieu@opgc.univ-bpclermont.fr episodes of instability that can lead to structural
(F. Donnadieu). deformation and flank failure turning to a debris

0377-0273/03/$ — see front matter © 2003 Elsevier Science B.V. All rights reserved.
doi:10.1016/S0377-0273(03)00034-9


mailto:f.donnadieu@opgc.univ-bpclermont.fr
http://www.elsevier.com/locate/jvolgeores

162 F. Donnadieu et al. | Journal of Volcanology and Geothermal Research 123 (2003) 161-180

avalanche. Instability may occur in response to
one or a combination of different possible factors
(see Borgia et al., 2000 for a review). These in-
clude slope steepening (e.g. Siebert, 1984; Begét
and Kienle, 1992), flank overloading by the accu-
mulation of eruptive products (e.g. Murray,
1988), magma intrusion (e.g. Gorshkov, 1959;
Moore and Albee, 1981; Lipman et al., 1981;
Voight et al., 1981; Siebert et al., 1987; Elsworth
and Voight, 1995; Voight and Elsworth, 1997;
Voight, 2000; Donnadieu et al., 2001), mechanical
weakening due to hydrothermal activity (e.g. Lo-
pez and Williams, 1993; Day, 1996), increase in
pore fluid pressure (e.g. Elsworth and Voight,
1996; Voight and Elsworth, 1997), seismicity
(e.g. Kanamori et al., 1984; Siebert, 1984), tecton-
ic movement (e.g. Francis and Self, 1987; Carra-
cedo, 1994; Tibaldi, 1995), gravitational spread-
ing (e.g. Borgia, 1994; Merle and Borgia, 1996;
van Wyk de Vries and Francis, 1997; van Wyk de
Vries and Matela, 1998), or undermining effects of
peripheral erosion (e.g. Guest et al., 1988; Moore
and Clague, 1992; Firth et al., 1996). Volcano
instability can develop over various time scales
from months to hundreds of years and involve
volumes varying over several orders of magnitude
up to several thousands of cubic kilometres
(McGuire, 1996).

Since the pioneer work of Cloos (1928), ana-
logue modelling has been widely used to investi-
gate deformation mechanisms and structures as-
sociated with tectonic processes (cf. McClay,
1996) and salt tectonics (e.g. Weijermars et al.,
1993). For over a century, many experimental
studies have also been dedicated to deep mag-
matic intrusions into crustal country rocks (e.g.
Howe, 1901; Ramberg, 1970, 1981), dike em-
placement (e.g. Fiske and Jackson, 1972; Pollard
and Johnson, 1973), or superficial intrusions in a
sedimentary cover (Merle and Vendeville, 1995;
Roman-Berdiel et al., 1995, 1997; Benn et al.,
1998). More recently, scaled models have been
designed to study various processes leading to
volcano instability, including gravity spreading
(Merle and Borgia, 1996; van Wyk de Vries and
Matela, 1998; van Wyk de Vries et al., 2000),
regional tectonics (Tibaldi, 1995; van Wyk de
Vries and Merle, 1996, 1998; Lagmay et al.,

2000; Vidal and Merle, 2000; Merle et al.,
2001), caldera formation (Komuro et al., 1984;
Komuro, 1987; Marti et al., 1994; Roche et al.,
2000; Acocella et al., 2000; Lagabrielle et al.,
2001), superficial intrusions (Donnadieu and
Merle, 1998, 2001; Lagmay et al., 2000), and
domes (e.g. Blake, 1990; Fink and Griffiths,
1990, 1998). Most of these studies use surface
photography to map structures and sections cut
through models to characterise internal deforma-
tion.

Surface displacements of real volcanic edifices
are often large and rapid enough to be monitored,
as illustrated by the intrusion-induced bulging of
the northern flank of Mount St. Helens in
March-May 1980. Geodetic (Lipman et al., 1981)
and photogrammetric (Moore and Albee, 1981;
Jordan and Kieffer, 1981) records revealed a
northward displacement of the bulge centre of
about 150 m ascribed to the growth of the
114 X 10® m* magmatic cryptodome over 2 months.
Comparison to model displacements can help in-
terpret and bring constraints on the mechanical
processes operating at depth provided models
are properly scaled, according to the theory of
Hubbert (1937) for geometric, dynamic, and kine-
matic scaling, and as shown by Donnadieu and
Merle (2001) in the particular case of the Mount
St. Helens intrusion. This is a major concern for
volcano instability because cumulative displace-
ment may lead to a catastrophic destabilisation
of the flank (Voight, 1988). The presence of mag-
ma may dramatically enhance the explosive ca-
pacity that represents an additional hazard to
the devastating landslide (Alidibirov and Ding-
well, 1996). In order to compare the deformation
of natural volcanoes with that in the scaled mod-
els where the source mechanism is known, an ac-
curate way of measuring model displacements is
needed. In most experimental studies, however,
classical qualitative photographic analysis is used
to describe model displacements of a number of
discrete points.

We present here an application of three photo-
grammetric techniques to analogue models of vol-
cano deformation. We show that digital photo-
grammetry, in a broad sense, is a powerful tool
in analogue modelling. It provides useful quanti-
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tative data on surface displacements that allow
the interpretation of laboratory model deforma-
tion processes. It can give advance prediction,
through the detection of very small displacements,
of the location of developing structures. Case ex-
amples illustrate the brittle deformation of vol-
canic edifices produced by viscous intrusions, by
viscous flow of a weak inner core and by gravity
spreading on a ductile substratum. This approach
can also be used in real situations, assuming that
the deformation rates and magnitudes are large
enough to be detected by photography at a dis-
tance.

2. Principles of digital photogrammetry

A basic and very general definition of photo-
grammetry would be a technique devoted to de-
termine dimensions of objects by means of mea-
surements made from perspective views, usually
photographs, of these objects. Photographs of a
given object can be compared to obtain surface
displacement data if they are taken from the same
spot at successive instants in time, i.e. monoscopic
views. Also, photographs taken in a short interval
of time from different spots and showing the same
surface part of an object can be used to calculate
the object topography in three dimensions, i.e. a
digital elevation model (DEM). Time-successive
DEMs, in turn, can be compared to compute
topographic changes, volume changes, and 3-D
views of displacements for each pixel area or se-
lected points.

The term digital photogrammetry is often used
in reference to work done from a stereoscopic pair
of aerial photographs. Hereafter, we use this term
in a broader sense, including stereoscopic and
monoscopic digitised images taken vertically
above, or from the side of, the model and that
have been processed numerically to obtain quan-
titative information. Classical or digital photo-
grammetric methods have been applied for years
to natural volcanoes of Earth and other planets
(e.g. Moore and Albee, 1981; Jordan and Kieffer,
1981; Fink et al., 1990; Zlotnicki et al., 1990;
Head, 1996; Mattioli et al., 1996; Maciejak,
1998; Kelfoun, 1999; Yamashina et al., 1999;

Baldi et al., 2000) or to mountain-slope instabil-
ities (e.g. Weber and Hermann, 2000) in order to
get spatio-temporal data, either displacement data
or topographic and volume data, as well as to
facilitate mapping.

Photograph correlations, once hand-made, can
now be conveniently made from two digitised im-
ages by automatic numerical processing, allowing
information to be obtained for a continuous sur-
face area. The automatic correlation that we used
works with the region-growing algorithm of Otto
and Chau (1989). It is based on the adaptative
least-squares correlation technique developed by
Gruen (1985). The advantages of doing this nu-
merically are several-fold: (1) a better accuracy
for matching points and ensuing displacement or
volume computations; (2) less time-consuming;
(3) resulting data for the entire area covered by
both images; (4) easy plotting of results.

Unlike natural volcanoes in the field, the labo-
ratory conditions are ideal for the application of
such a method because they do not suffer from
weather whims and also because the camera set-
tings can be chosen to avoid too many numerical
corrections, and prepared meticulously in ad-
vance. The accuracy of the results depends upon
the resolution of photographs used, the experi-
mental setting conditions, and upon the resolution
chosen for the computation of the DEM (the
higher the resolution, the higher the noise).
Although weather presents a problem in photog-
raphy of real volcanoes, alternative deformation-
monitoring techniques such as InSAR are also
limited by the repeat interval due to satellite orbit
parameters, and so one advantage of photogram-
metry is that it can be used to monitor more rapid
and immediately threatening deformations than
can InSAR. Furthermore, one of the benefits of
using standard aerial photography equipment and
settings is that routine aerial photographic sur-
veys can be carried out as a pre-eruption or pre-
unrest baseline with which repeated photographs
can be compared. Note also that there are safety
advantages, at least until an eruption column is
present and may threaten aircraft, of using aerial
photography-based techniques relative to ground-
based deformation monitoring (classical geodetic,
laser-ranging and GPS geodetic).
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3. Summary of experiments

We have used photogrammetric techniques to
analyse three series of experiments reproducing
deformation features observed on real volcanoes
and that we summarise here.

3.1. Flank bulging by intrusion

Flank bulging due to the viscous magma intru-
sion has been observed at Bezymianny volcano in
1956 (Gorshkov, 1959), Mount St. Helens in 1980
(e.g. Voight et al., 1981), or Usu-Shinzan volcano
in 1978-1983 (Katsui et al., 1985). The first two
cases led to a voluminous sector collapse because
the edifices were steep-sided, whereas Usu-Shin-
zan did not collapse because the magma intruded
nearly flat-ground.

We have recently carried out scaled analogue
modelling of viscous cryptodome intrusion into
volcanic cones (Donnadiecu and Merle, 1998). Sil-
icone putty, the magma analogue, was injected
vertically at the base of a cohesive cone made
up of sand and flour. Models always show the
same deformation mechanism, called viscous in-
dentation. Typically, a major shear fault, which
propagates initially from one side of the intrusion
to the opposite flank, was found to guide the in-
trusion obliquely. It causes one flank to bulge
outward in the footwall region and then an asym-
metric graben to form in the hanging-wall region
near the cone summit. The outward motion of the
bulge is further accommodated by the curving of
the major shear fault into tear faults bounding the
bulge laterally and eventually merging together to
form a thrust fault at the base of the bulge (Merle
and Donnadieu, 2000). The accompanying inter-
nal structures can significantly reduce the stability
of the deformed steep flank and may lead to its
destabilisation, as at Bezymianny and Mount St.
Helens (Donnadieu et al., 2001).

3.2. Flank slumping by gravitational deformation

A similar bulge morphology exists on the flank
of Casita volcano, Nicaragua, without associated
eruptive activity (van Wyk de Vries et al., 2000;
Kerle and van Wyk de Vries, 2001). On the basis

of analogue models as well as structural and mor-
phologic evidence, the authors interpret these fea-
tures as the result of slow creep of the hydrother-
mally altered volcano core. Therefore, it turns out
that similar topographic features in the field may
result from different deformation processes. Note,
however, that flank bulging due to an intrusion
involves an increase in volume of the volcanic
edifice, whereas flank slumping inferred to result
from gravitational deformation is a constant-vol-
ume process.

Models with scaling parameters similar to those
of van Wyk de Vries et al. (2000) were compared
with the above intrusion experiments. In the duc-
tile core models, a spherical inclusion of silicone
was buried in a cohesive cone, and offset from the
cone centre, to simulate slope changes and fault
patterns in a weak-cored edifice. Varying the vol-
ume and geometry of the silicone inclusion did
not change the resulting structures significantly,
although a volume increase raised the deforma-
tion rates. The cone summit, initially 10 cm
high, first flattened above the silicone and was
bounded by horseshoe-shaped normal faults. An
area of localised flank steepening then occurred
by the side of the silicone inclusion and was later
fronted by thrust faults downhill. The slump-like
structures therefore lead to a convex—concave
morphology of the flank.

3.3. Models of volcano spreading

Many examples of volcano spreading have been
recognised worldwide as well as on extraterrestrial
edifices (Borgia et al., 1992, 2000; Merle and Bor-
gia, 1996; van Wyk de Vries and Francis, 1997;
van Wyk de Vries et al., 2000). Scaled analogue
models of radial spreading like those of Merle and
Borgia (1996) have been used for photogrammet-
ric analysis. A slightly cohesive cone, 10 cm high,
made up of sand and flour, was built on a ductile
substratum made up of a basal layer of viscous
silicone (1-2 cm thick), simulating weak strata
(e.g. sediments), overlaid by a layer of sand
(1 cm thick). The silicone spread radially under
the load of the cone away from the centre. Major
normal faults and their conjugates formed leaf
grabens with an overall radial direction and ac-



F. Donnadieu et al. | Journal of Volcanology and Geothermal Research 123 (2003) 161-180 165

commodated the concentric extension, while oth-
er, minor, non-radial faults accommodated inter-
nal deformation of the cone due to its sagging.
The leaf grabens intersected in the central region
of the cone, producing on top a flat circular area.
A shield morphology progressively developed as
the cone diameter increased and the edifice height
decreased. Outward motion of the flanks caused
peripheral compression expressed at the surface
by a concentric ridge of fault-propagation anti-
clines or thrust faults verging away from the
cone (cf. Merle and Borgia, 1996).

4. Side-perspective videos
4.1. General features

The most simple but efficient technique we used
is side-perspective videos. Pictures are extracted at
selected time intervals from side-perspective video
films of the experiments, and then digitised using
a standard video-play software. The technique is
designed to obtain quickly profiles of displace-
ment trajectories in two dimensions from a few
selected discrete points at the surface of a model.
As data are not required for a continuous surface
area, comparison of a point’s position on succes-
sive photographs can be done manually and there
is no need to use the automatic correlation pro-
cess in this case. Typically, the chosen points lay
on the line of greatest displacements or in a zone
where the user may expect specific displacements.

4.2. Experimental setting

We used a CCD-VXI1E Hi8 camcorder provid-
ing high quality images with 410000 pixels each.
The video camera was placed at a distance where
the model matched the full size of the screen,
usually at 60-90 cm. In these conditions, each
picture represented a zone of about 10X 15 cm
of the model, leading to a pixel resolution of
much less than 0.1 mm. The camera’s focal axis
must be as close as possible to the normal of the
displacement plane, i.e. horizontal in our case and
at the same level as the model centre (Fig. 1a).
Measurements of vertical displacements were

made in the vertical displacement plane, thus re-
quiring no correction. In order to be able to see
the cone profile along the line of largest displace-
ments, the camera had to be placed at an angle
slightly less than 90° from the deformation axis.
Therefore, the real horizontal displacements (xyea1)
were viewed at an angle o from the displacement
plane and the ensuing effect on the measured dis-
placements (Xmeasured) can be calculated from:
Xmeasured

cosx

As o typically ranges from 5° to 10°, the error
represents less than 1.5% of the measured value
and can be neglected.

A scale object was placed in the vertical plane
of motion in order to provide an absolute scale
for displacement vectors during the image pro-
cessing as well as for comparison purposes with
other experiments. Black grains of silicon carbide,
about 1 mm in diameter, were poured onto the
model surface to provide tracers to follow refer-
ence points. This provided the resulting images
with good contrast and texture, as most models
were built with a light-coloured cohesive mix of
sand and flour. Digitised images were compared
using image viewing software by superimposing
immobile reference points common to all pictures.
The displacements of selected points on the model
outline were then determined from the offset with
previous pictures.

The accuracy of the displacement measure-
ments depends upon the size of the model on
the image, the resolution used to digitise the im-
ages and the quality of the video camera and the
videotape. In our experiments, the displacement
detection threshold was less than 0.1 mm.

Xreal =

4.3. Side-perspective analysis

Photogrammetric analyses have been carried
out on both types of analogue models using the
side-perspective video technique to follow the tra-
jectories of points on the line of greatest displace-
ment. Outward radial displacements in the two
types of model are surprisingly similar (Fig. 1).
Both display two distinct displacement areas: (i)
upslope of the topographic peak, linear subsi-
dence occurs in the asymmetric graben with an
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/\ ------ i camera

Xmeasured

plane view

Fig. 1. Results of the side-perspective video technique applied to two models. (a) Experimental apparatus in side and plan views.
(b) Vertical intrusion model simulating cryptodome emplacement after 21.85 h. Injection velocity was 1.72 cm/h, conduit diameter
0.4 cm, initial cone height 7.4 cm and injection level 3 cm. (c) Volcanic cone models with ductile core (silicone) simulating hydro-
thermally altered inner part after 20 min. The silicone inclusion was not centred (2 cm offset), had initial radius of 3 cm and
4 cm height; the cone’s initial height was about 10 cm. Note the lateral bulge and summit graben structures in both cases and

the different displacement patterns on the bulge for both models.

outward angle which mimics the dip of the main
horseshoe fault; (i) downslope of the topographic
peak, displacement vectors are slightly inclined
downward, decreasing in magnitude downhill
from the bulge crest. Although these structures

appear to be wider for the soft-core models in
Fig. 1, their extent can vary with the size of the
silicone inclusion and its initial depth (Cecchi et
al., 2001). Therefore, the discrimination of the
type of deformation mechanism, i.e. hydrothermal
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weakening or intrusion, must be made from the
flank-profile displacement patterns.

Although most bulge displacement vectors have
a slight downward component, points on the
upper part of the bulge clearly show an up-
wards-then-downwards trajectory. This upward
evolution of the crest points is observed at the
very beginning of the deformation in the intrusion
models. It is thought to reflect directly the upward
intrusion push at the footwall of the oblique ma-
jor shear fault, whereas points of the flank located
under the intrusion front level are simply pushed
aside (Fig. 1b). The graben represents a smaller
area collapsing passively as the flank is pushed
aside. As this is an increasing-volume deforma-
tion process, the bulge volume coarsely represents
the collapse volume of the graben plus the addi-
tional volume of the intrusion. At the crest of the
bulge, one can therefore expect displacements
larger than those obtained in the case of a con-
stant-volume process (other parameters being
equal) as well as displacements with a strong
and long-lasting upward vertical component.
The bulge-point trajectory profiles are very similar
to those recorded by geodetic monitoring at
Mount St. Helens when a cryptodome intruded
the north flank in May 1980 (Lipman et al.,
1981; Fig. 2a).

In the case of the soft-cored cones, deformation
occurs at constant volume so that the volume of
the bulge equals that of the graben. The volume
loss of the cone through initial graben collapse is
progressively counterbalanced by flank bulging.
This is produced by the lateral escape of the sili-
cone pushing the lower part of the flank along
gently dipping faults that preclude strong and sus-
tained vertical displacements. Surface point trajec-
tories of volcano models with a ductile core show
outward displacements with a much stronger
downward component (Fig. 1c). On the upper
part of the bulge, points initially show a down-
ward trajectory, followed later on by a low-am-
plitude up-and-down trajectory, unlike points of
the bulge in the intrusion models. The initial col-
lapse corresponds to the sagging of the upper
cone into the silicone, which is flattening at first.
The following tiny upward component is caused
by the core being pushed outwards and slightly

upwards in the weakest flank, i.e. in the direction
of the silicone inclusion offset to the centre. This
causes asymmetrical collapse to impinge on the
weak flank.

4.4. Comparison between ductile core and intrusion
models

The deformation patterns are similar in both
types of models but the technique used here to
retrieve displacement profiles reveals some differ-
ences. In addition to the timing of the upwards-
then-downwards trajectory, there is also a more
gradual transition between the displacement pat-
tern of the graben and that of the bulge in the
case of the soft-core models. In the intrusion
models the limit is sharper, marked by a topo-
graphic peak that represents the emergence of a
steeply inward-dipping shear fault and that is
easily recognised in the field. Another major dif-
ference in the two models is strain rate. The in-
trusion models generally take several hours to
complete, with a reasonable injection rate (0.1-4
cm?/h), and represent a natural deformation of
days—-months to a few years with magma viscos-
ities of the order of 10!! Pa s. This corresponds to
an average displacement rate of the order of 1 m
per day or month to reach 100-150 m outward
displacement, assuming that the bulged flank
would collapse beyond this limit because of large
strain and strain rate inducing the rock strength
weakening. In contrast, the soft-core models take
about 30 min to complete and simulate hydro-
thermalised rocks with a viscosity of the order
of 10'® Pa s flowing over a time scale of thou-
sands to hundreds of thousands of years. To
reach a displacement of about 100 m, an average
displacement rate closer to 1 m per thousand
years is needed. From this it follows that, nor-
mally, the indentation process is much more rapid
than the soft-core deformation, and would nor-
mally not be confused in the field, except where
no deformation data are available.

We do not know, however, the real viscosity of
an altered core under high fluid pressures, nor the
real range of intrusion rates possible. Thus, we
cannot discount the possibility that gravity
spreading may deform at rates approaching intru-
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Fig. 2. Deformation of Mount St. Helens during the cryptodome intrusion in 1980. (a) Displacements measured at the crest of
the bulge from April 30 to May 17 (Lipman et al., 1981). (b) Elevation changes in meters on April 7, 1980. Dashed line: limit of

May 18 crater (Moore and Albee, 1981).

sion under some circumstances. Indeed, once an
intrusion is emplaced, and if it is large enough to
overcome cooling effects, it is likely to deform by
spreading. Moreover, rate of deformation (i.e.
quantitative kinematic) criteria might not always
be useful in distinguishing intrusion-driven from
alteration weakening- or pore-fluid pressurisation-

driven cases. Certain collapses (e.g. Unzen, 1792)
that did not involve intrusion in the destabilised
edifice seem to have been preceded by relatively
rapid flank deformation (Siebert et al., 1987). In
such scenarios, geometric and qualitative kine-
matic (i.e. sequence of events) criteria can also
be found in analogue models through detailed



F. Donnadieu et al. | Journal of Volcanology and Geothermal Research 123 (2003) 161-180 169

photogrammetric analysis and provide invaluable
constraints on the internal processes.

Extension of the results to natural volcanoes
displaying incipient bulging of one flank, like Ca-
sita, may help field scientists focus their monitor-
ing on more specific areas (the bulge crest in our
case) that could give decisive information and
may help recognise the operating deformation
process. The latter aspect may have a fundamen-
tal importance in terms of hazard assessment be-
cause the presence of magma may greatly enhance
the explosive capability in case of sector collapse
of the weakened flank. Moreover, this technique
enables the user to link the surface displacements
to internal deformation features, as these can be
inferred from model cross-sections. This method
has given good results for scaled models of the
1980 Mount St. Helens cryptodome and brought
geometrical and kinematic constraints on the in-
trusion (Donnadieu and Merle, 2001).

5. Surface photogrammetry
5.1. Experimental setting and numerical processing

This technique uses monoscopic vertical views
of the models caught successively by a camera
from the same position. The time frame chosen
for the photograph sequence depends upon the
strain rate of the models, and it is useful to
have an automatic programme to take pictures
at regular time intervals. The camera is main-
tained in a stable position above the model so
that the camera focal axis is normal to the plane
in which displacements are to be viewed. In our
experiments, this plane view was horizontal so
that the camera’s focal axis was set vertically in
order to avoid additional corrections during pro-
cessing.

The images need to be digitised so that they can
be correlated by a numerical automatic process.
To this extent, a digital camera may be used in-
stead of a classical camera but the device resolu-
tion must be the deciding factor. We used a sys-
tem of two analogue Minolta Dinax 700si
cameras with 50 mm focal length positioned 70
cm vertically above the model base. They were

aligned along the film axis at a distance of 22
cm, i.e. the maximum horizontal interval for
which the entire model was seen on both cameras.
Focus was achieved at mid-height of the cone, the
aperture was set to 1/22 and the exposure time to
2 s. These conditions lead to a pixel resolution of
0.15 mm with an Ektachrome Tunstene film 100
ISO. Successive images from the camera located
on the side of the model with maximum deforma-
tion were used for time-differential monoscopic
analysis. The accuracy of all computations de-
pends upon the quality of the correlation pro-
gramme. As processing of monoscopic views im-
plies comparison of each smallest area (pixel) of
successive pictures of the same object, zones
where ‘new surface’ is created, or where surface
area has disappeared, cannot be recognised. For
example, if deep material is brought up to the
surface of the model, or if part of the model sur-
face tumbles down, or if cracks are opened up at
the surface, then corresponding zones are not
going to be correlated. In the case of crack or
fault creation, the surface area is usually suffi-
ciently narrow not to alter the quality of the cal-
culated displacement picture. In a general way,
the automatic correlation may fail in homogene-
ous zones without texture or sufficient contrast.
The topographic effect has to be removed from
displacement calculations as these might be al-
tered in magnitude (by up to 13% in our models)
and orientation. The higher the point elevation,
the larger the effect on displacement computa-
tions. Obviously, flat models without significant
relief variations do not require such topographic
corrections. For ‘true 3-D’ models, the parallax
effect can be removed from computed displace-
ments in two ways: (1) if two cameras are used
synchronously, successive ortho-images can be
built from elevations calculated with correspond-
ing DEMs; (2) displacements calculated from
original images can be corrected with a pro-
gramme that takes into account a simple elevation
function describing the approximate shape of the
model. The second method has been used because
the broad initial topography of the models was
simple (a cone) and because subsequent elevation
changes during each run were conspicuously an
order of magnitude less than the model height.
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Thus, their effect was minor with respect to the
topographic effect and could be discarded. Al-
though this method might not be applicable to
all kinds of models, it is more accurate and less
time-consuming than ortho-image computations
as it implies no DEM processing. Moreover, it
requires only one camera and thus simplifies the
experimental setting. Therefore, this method may
display its full efficiency if used in routine exper-
iments to observe small displacements. A pro-
gramme was also added to the processing routine
to remove the non-random noise stemming from
imperfections of the experimental conditions (cam-
era lenses, focus, scan etc.).

Observed displacements are a projection of the
real 3-D displacements onto the camera film plane
so that displacements parallel to this plane are
particularly well displayed. Displacement vectors
of a few selected points can be calculated from
their coordinates on both images and added to
the displacement magnitude picture.

5.2. Example from intrusion models

A detailed photogrammetric analysis has been
conducted on the scaled intrusion models of Don-
nadieu and Merle (1998). It reveals radial initial
displacements in a crescent-shaped area around
the summit (Fig. 3a), although a whole crown
sometimes forms. The magnitude of the displace-
ments is so small (0.15-0.25 mm) that they are not
visible to the naked eye in the models, corre-
sponding to less than 5 m at the scale of an edifice
like Mount St. Helens. Revealing very small dis-
placements is a major interest of this technique,
especially when they occur early in the deforma-
tion process, because they may provide an indica-

Fig. 3. Displacement maps calculated by digital photogram-
metry from successive monoscopic images of an intrusion ex-
periment. The parallax distortion is removed from computed
displacements. Silicone is injected vertically into a cone at
10.7 cm/h through a conduit with diameter 0.4 cm, at a
depth of 5 cm. Displacements in dark blue =0.15 mm; red
=3.3 mm; light grey areas were not correlated. (a) Initial
displacements after 2 h for an injected volume V'=2.68 cm?;
(b) displacements during following injection stage for same
injection time and volume; (c) map of cumulative displace-
ments and vectors after 4 h and ¥'=5.36 cm®.
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Table 1

Parameters and scaling ratios for intrusion model (Fig. 3) and Mount St. Helens

Model (ST26; Fig. 3)

Mount St. Helens, 1980
(March 20 to May 16)

Ratio (MSH/model)

Intrusion viscosity (Pa s) 10*
Injection rate (m’/h) 1.345%x107°
Injection depth (m) 0.048
Cone density (kg/m?) 1375
Gravity (m/s?) 9.8
Stress ratio
Time

total deformation time 557 h

time of Fig. 3c 4 h

Displacement rate

at bulge centre 0.78 mm/h

10“ ,U* = 107
8.2x10* 0*=6.1x10"
1200 I*=25000
2200 p*=1.6

9.8 gt =

0*=40000 (=p* X g*xXh*)
% =250 (= p* o* = h*31Q%)
58 days
42 days (i.e. May 1)
v¥ =100 (=h*/t¥)
1.87 m/day (Goat Rock)

tion of future fault location and may display
switches in location of the active zone. Both fea-
tures can be anticipated by comparison with Fig.
3b. For example, slightly longer displacements oc-
cur in the upper left part of the picture where the
trace of the major shear fault separating the bulge
and graben areas appears later on. Also, we ob-
serve an unexpected switch of the initial displace-
ment location from westward (left on Fig. 3a) to
clearly northward at a later stage (Fig. 3b). An-
other useful aspect of the technique is that calcu-
lated displacement maps show changes all over
the picture area, and therefore the full extent of
the deformed area. For instance, it has been
shown that the bulge boundary downslope be-
comes clear only at the very end of the experi-
ments as the bulge becomes completely bordered
by the major shear fault (Merle and Donnadieu,
2000); in contrast, the photogrammetric analysis
displays the extent of the bulge area while the
shear fault tips are still propagating downhill
and well before they merge and form a thrust
fault at the base of the bulge. The graben and
bulge structures are clearly displayed by two areas
with different displacement patterns. The north
and south graben contours are sharp, reflecting
the structural action of the major shear fault
and normal fault, respectively, and the displace-
ment magnitude is less than in the bulge area
because the downward component is more impor-
tant (Fig. 3b). The bulge area is hemispherical
and shows large divergent displacements decreas-
ing downslope and appears similar to the defor-

mation pattern of Mount St. Helens during the
cryptodome intrusion in 1980 (Figs. 2b and 3b).
Table 1 gives parameters of the models (Donna-
dieu and Merle, 1998, 2001) and those measured
during the intrusive episode of Mount St. Helens
in March-May 1980 (Moore and Albee, 1981;
Jordan and Kieffer, 1981; Lipman et al., 1981;
Alidibirov and Dingwell, 1996). For example, Jor-
dan and Kieffer (1981) found an average steady
displacement rate of 1.87 m/day between April 11
and May 12, 1980 in the Goat Rock area, i.e. the
bulge centre, corresponding to displacements of
about 60 m. Scaling ratios (Table 1) indicate
that these values should scale down to a rate of
0.75 mm/h and displacements of 3.12 mm after 4 h
in the model bulge centre, which is in very good
agreement with what can be inferred from Fig. 3c.
Accumulated displacements in Fig. 3c show the
initial crescent-shaped area, which has spread sig-
nificantly, suggesting that shearing occurs along
the lower sides of the intrusion as well. Surface
displacement vectors in this area are small and
indicate an outward radial direction (Fig. 3c). Pic-
tures reveal no displacement outside these areas
over the rest of the cone surface. We argue that
such displacements of the upper south flank (i.e.
opposite to the bulge) might have existed in the
early stages of deformation at Mount St. Helens.
They might have remained undetected in the pho-
togrammetric records (Moore and Albee, 1981;
Jordan and Kieffer, 1981) because displacements
of less than 5 m were within the technique’s un-
certainty and more accurate geodetic measure-
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ments started too late (Lipman et al., 1981). We
further argue that these small displacements of the
upper south flank induced diffuse normal shearing
along a zone dipping inward towards the intru-
sion side and that mechanical weakening of this
zone contributed to the final location of the head
scarp of the May 18, 1980 avalanche scar. Not
coincidentally, the elongate ovoid shape of the
deformation area in the models is reminiscent of
the avalanche scar at Mount St. Helens.

6. Stereo-photogrammetry

The stereo-photogrammetric techniques are the
most commonly used in aerial photography-based
mapping and so provide results most closely com-
parable to those used for real volcanoes. For ex-
ample, Jordan and Kieffer (1981) made a topo-
graphic map of Mount St. Helens from aerial
photographs made on August 5, 1972, with scale
1:10000 and contour interval 10 m. They also
used terrain-difference models to quantitatively
determine topographic changes between March
and mid-May 1980. Recently, Yamashina et al.
(1999) applied time-differential stereoscopy to
the lava dome of Mount Unzen. They detected
accelerated movement of a lava block prior to
its collapse and resulting pyroclastic flow, and
they studied the growth rate of a spine and its
correlation to tilt measurements. Mattioli et al.
(1996) also proposed a desktop image processing
and photogrammetric method for rapid volcanic
hazard mapping.

6.1. Experimental setting and numerical processing

Two digital images, taken at known position
and orientation, allow the production of a DEM
of an analogue laboratory model. Processing of
stereo-image pairs uses the autocorrelation pro-
cess previously described and programmes devel-
oped by Kelfoun (1999) that compute the parallax
value for each homologue point and calculate the
elevation of each pixel. The elevation is calculated
from both (x,y) coordinate pairs produced from
the correlation process for each image pixel. The
accuracy of calculated elevation in our case is

better than 1 mm (Kelfoun, 1999). The accuracy
of computed elevations depends upon several ex-
perimental conditions, including pixel resolution
of both cameras, textural quality of object surfa-
ces (contrast, shape of small areas), conditions of
camera setting (focal axes’ parallelism, focus etc.;
see also Section 5.1), as well as upon the resolu-
tion chosen for the DEM computations (e.g. the
correlation step). A good compromise has to be
found between high resolution with high noisy
signal from the correlation and lower resolution
with fewer morphological details. The parallax
value can be used to correct an image, then called
an ortho-image, and calculated elevations can be
used to compute a DEM.

The first step, once the cameras have been posi-
tioned, is to calibrate the camera by laying a grid
of known points on the model table. The correc-
tions can then be used in the processing. Once the
model is set up, images are taken at two points,
either by two cameras simultaneously or by rap-
idly swapping the position of a single camera (the
latter has the greatest error, as the camera posi-
tion changes by small amounts each time it is
moved). Dual images taken at different time peri-
ods can be used to compute displacement maps
for x,y,z movements, and changes or movement
of volume.

We report two types of model as examples of
this process. The first is a cone with a silicone
inclusion, simulating a volcano with an altered
core (cf. Section 3.2; van Wyk de Vries et al.,
2000; Cecchi et al., 2001). The second is a cone
standing on a ductile substratum reproducing
gravitational spreading (cf. Section 3.3; Merle
and Borgia, 1996), as at Concepcion (van Wyk
de Vries and Borgia, 1996) or Etna (Borgia et
al., 1992) volcanoes.

6.2. Example from models of volcanic spreading

6.2.1. Cone with altered core

This is a similar model to that used to describe
profile measurements. The advantage here is the
3-D characterisation of the whole deformation
area. The images presented in Fig. 4 show the
cone once it has been left to deform for 10 min
and has already suffered significant movement.
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Fig. 4. Images of a stereophotographic reconstruction of a flank-spreading experiment where a weak core of silicone is used. De-
formation data are obtained by comparing images taken at the start and after 10 min (10000 years when scaled). (a) Shaded im-
age map from deformed DEM showing the faulting. (b) Contour map of the deformed volcano. (c) Map of the vertical deforma-
tion distribution. (d) Sketch showing the fault pattern and the horizontal deformation vectors. (¢) Wire-frame reconstruction of
deformed cone (highest point: 9 cm above base; initial height 10 cm).
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The shaded image (Fig. 4a) and the contour map
(Fig. 4b) show the general form of the deformed
cone. One side is undeformed and has semi-circu-
lar concentric contours. The other side is elon-
gated in the main direction of deformation. The
summit has lost its original conical shape and a
flat area has appeared further down, above a
steep ‘bulge’. The flank oversteepening has pro-
duced a landslide, the scar of which is clearly
seen. A structural map obtained from comparison
of two successive ortho-images with deformation
vectors and contours shows the relationship of
displacement to faulting (Fig. 4c,d). Normal faults
have formed at the crown of the deforming zone
(Fig. 4d). These delimit the zone of deformation
from the undeformed flanks. These normal faults
change direction and become strike-slip faults
bounding a zone of parallel deformation, which
appears very different from the strongly divergent
pattern of displacement vectors all over the bulge
surface in the intrusion models. Further out, the
deformation vectors fan out and no clear bound-
ing fault is seen, though in other models this
boundary coincides with a thrust fault.

The digital photogrammetry technique shows
that small displacements occur outside the fault
structures over almost half the cone surface. Vec-
tor displacements cannot be calculated for the
landslide as the whole surface has been disrupted.
The vertical contours show a rising area around
the landslide, which corresponds to rising silicone,
displaced from the mass inside the cone. This is
similar, therefore, to the models with silicone in-
trusion, except that the bulge cross-section is
wider in relation to the summit graben zone. A
grid 3-D representation of the cone shows the
morphologic features described above (Fig. 4e).
Here the form of the deforming zone, the location
of the faults, and summit graben, and the flat area
and bulge are clearly seen. The flat area, in par-
ticular, is very different from the sharp transition
zone between the bulge and the graben observed
in the vertical-intrusion experiments. A small im-
perfection in the correction procedure can be seen
in the curve of the tabletop represented at the
base of the cone. The use of one single camera
and a slight rotation of one of the image focal
axes probably caused this. The experimental con-

ditions therefore strongly control the technique’s
accuracy and, in particular, the ability to deter-
mine precisely absolute volume changes at the
scale of these models.

6.2.2. Spreading cone

In the volcano spreading models of Merle and
Borgia (1996), the sand cone was cohesionless and
the fault pattern (leaf graben intersecting at the
centre) had an overall radial symmetry. These au-
thors have inferred radial paths for the surface
particles although they describe substantial cir-
cumferential movement. There was, thus, a con-
tradiction between assumed displacement and as-
sumed fault slip. Our models are similar except
that the cone is slightly cohesive in order to re-
produce faithfully the brittle behaviour of natural
rocks with a cohesive strength and to better local-
ise strain (fault). We describe here the displace-
ment pattern as inferred from the stereo-photo-
grammetry study.

The model in Fig. 5 is shown at two periods of
deformation, after 10 min and after 25 min. The
displacement pattern appears more complicated
than previously thought, with a lot of imbricated
normal faults. Major normal faults are usually
curved with a strike generally approaching the
radial direction and conjugate faults can be seen
that form the leaf grabens described by Merle and
Borgia (1996). In contrast, minor normal fault
segments, not seen in sandy models but appearing
clearly in our cohesive mix, are cut by major
faults and show more linear trends with strikes
often departing significantly from radial. For the
early period, deformation vectors are roughly ra-
dial at the edge of the cone, though some vectors
point into the cone and others outwards. Inside
the cone, vectors are in general more circumfer-
entially oriented, but there is a separation into
areas delimited by faults. Each block has almost
the same movement direction but vectors change
direction and magnitude from block to block.
Outside the cone, significant deformation is occur-
ring over a wide area associated with some small
thrusts, or folds verging outwards. In the 25 min
image (Fig. 5b) there is a pronounced displace-
ment field in the thrust direction. There are sharp
changes on vector orientation and magnitude over



F. Donnadieu et al. | Journal of Volcanology and Geothermal Research 123 (2003) 161-180 175

(125,000 years')

model scaling

vector scaling (225,000 years) 0 5 10cm
L —]
05cm — 100m 0 7 2 km
—— thrust —4—anticline ——normal fault — displacement vector ——- cone limit

Fig. 5. Fault map of volcano spreading experiment with a cone resting on a ductile substratum (similar to Merle and Borgia,
1996). (a) Model deformation after 25 min (125000 years in reality) and (b) after 45 min (225000 years). While the fault pattern
has previously been interpreted as being caused by radial displacement (Merle and Borgia, 1996), in both cases there is a signifi-
cant departure from the radial. In panel a, while some fault-bound blocks move radially outwards, others move inwards and
others tangentially. A major thrust is developing to the top of the sketch in panel a, and this direction becomes dominant in pan-
el b, at least to one side of a major normal fault (MF). The area in the image below this fault has movement in the opposite

sense.

some of the larger faults, but not over smaller
ones, in contrast to earlier deformation. This sug-
gests that blocks are deforming internally, but are
still being displaced in the same general direction.
The cone deformation has reached a mature stage
where only a few major faults separate coherent
displacement fields. Changes in displacement vec-
tor magnitude and orientation among the differ-
ent displacement fields are also more conspicuous
in the mature deformation regime. For instance,
one major fault is clearly seen in Fig. 5b that
delimits a part of the cone being displaced toward
the bottom of the figure from the main field head-
ing for the top.

A qualitative analysis of the fault pattern alone
does not allow the detection of such a compli-
cated pattern as described above. Thus the ste-
reo-imaging allows a much more in-depth analysis
of the models. The models can be used for ex-
plaining anomalous displacements and structures
recorded in the field. For example GPS-measured
displacements at Concepcion, Nicaragua, indicate
significant non-radial movements. Using the ana-
logue models we can now interpret these move-

ments as spreading of the volcano along non-ra-
dial faults separated into structural blocks.

7. Discussion

The three techniques of photogrammetric anal-
ysis described here have different purposes, a dif-
ferent accuracy, imply different amounts of image
processing, and provide different types of data.
Therefore, the use of one particular method
should be selected according to the specific goal
of the experimental study, although several of
them might be conveniently combined.

The side-perspective video technique is quick
and easy to implement and provides accurate
displacement trajectory data for a few selected
points. This technique alone is not appropriate
for the study of complicated broad deformation
patterns but is very useful in analysing deforma-
tion rates and sequences of a few selected points
and bringing strong clues on the deformation pro-
cess. Displacement profiles can be recorded any-
where in the deformation area but, naturally, it is
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useful to seek the line of largest displacements,
because most deformation features will have their
maximum amplitude and will be the most distinc-
tive. In this case, the user has to have a rough
idea of the displacement pattern and how this
line will be oriented prior to implementing this
technique. Some clues can be revealed by a sur-
face photogrammetry analysis of early displace-
ments or the observation of structural features
at the very beginning of the deformation. In the
models presented here, the main strain direction is
not known a priori, so this implies waiting for the
appearance of precursors of the main deformation
(e.g. direction of incipient bulging, orientation of
arcuate faults) and displacements at the very be-
ginning might not be recorded. The strong interest
of this method, however, is that displacement
measurements are generally directly comparable
with profiles obtained from geodetic surveys car-
ried out on active volcanoes (e.g. precision or
trigonometric levelling, trilateration, GPS) and
can provide clues on processes occurring at depth.
For example, geodetic measurements by geodim-
eter and theodolite on the bulge of Mount St.
Helens in 1980 showed a net uplift of the northern
flank and indicated intrusion of magma (Lipman
et al., 1981). The advantage of using a video film
rather than time-framed photographs lies in the
fact that the time interval of videogram pictures
can be chosen after the experimental run accord-
ing to the observed model surface displacement
rate, which is generally known only a posteriori.
In contrast, using a video system as opposed to a
digital camera provides a lower resolution, but
one good enough to follow reference points and
accurately study small displacements (=0.1 mm).
Obviously, this method could also be used with
vertical photographs to get horizontal displace-
ment trajectories of specific points of the model’s
top surface.

For broad displacement patterns, a photogram-
metric analysis of the whole surface area by nu-
merical correlation is found to be more conven-
ient because it gives results for each pixel area.
Photogrammetry from monoscopic views enables
the user to detect very small displacements over
wide areas that may help to anticipate fault loca-
tion and switching of active zones, as well as to

interpret model deformation. This method re-
quires a less complicated experimental setting
and less numerical processing than stereo-photo-
grammetry. Hence, there is a smaller displacement
detection threshold. This method is, thus, better
when tiny displacements are sought, when the ini-
tial topography can be modelled by a simple func-
tion, when the displacements are small with re-
gard to the elevation and, finally, when they
occur mainly in the plane normal to the focal
axis. On real volcanoes, photogrammetric analysis
from aerial photographs and InSAR surveys, as
well as data from extensive arrays of geodetic
points, would give results comparable to those
obtained in the experiments by monoscopic and
stereo-photogrammetry. For instance, a very
good agreement was found between results from
the scaled intrusion models presented and defor-
mation measurements by digital photogrammetry
made during the bulging episode of the north
flank of Mount St. Helens in 1980 (Moore and
Albee, 1981; Jordan and Kieffer, 1981).

The stereo-photogrammetric method is the
most powerful of the three techniques presented,
as most information can be inferred from DEM:s,
or ortho-images, for each point of the picture,
such as elevation changes, displacement maps or
vectors. In contrast, it is the most time-consuming
method in terms of setting the experimental con-
ditions to a satisfying degree of accuracy, and nu-
merical processing. Large storage capacity is also
required for computed files. The detection thresh-
old is higher than that of monoscopic photogram-
metry as more numerical processing is involved
and problems often arise to calculate accurately
volume changes. Airborne stereoscopic photo-
grammetry is a powerful tool to derive high-reso-
lution DEMs on dangerous and inaccessible areas
such as volcanoes. Also, methods like n-view re-
construction and its recent applications in volca-
nology for morphological modelling and deforma-
tion measurement (Cecchi et al.,, 2003), or
airborne laser swath mapping (Carter et al.,
2001) seem very promising. However, although
time-differential stereoscopy or InSAR data are
potentially very useful to detect volcano deforma-
tion, these techniques are limited by the accuracy
achievable. The accuracy of the digital photo-
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grammetry technique applied to volcanoes is lim-
ited, for example, by the presence of vegetation,
shadowing effects, morphology, scale of the im-
ages, and efficiency of the image matching proce-
dure. The accuracy of the InSAR technique is also
limited by the presence of vegetation and the time
interval between two consecutive sets of data, i.e.
orbit parameters of the satellite.

8. Conclusions

We have shown that digital photogrammetry in
a broad sense is a useful tool in analogue model-
ling in general. It provides quantitative spatio-
temporal data on model surface displacements
that come in addition to qualitative information
from classical observation. The interest of the ex-
perimental techniques presented here is two-fold.
First, detailed photogrammetric analysis of scaled
analogue models may enable volcanologists to ob-
tain clues about the deformation process. This is
of importance because the nature of deformation
processes (e.g. presence of magma, volume, injec-
tion rate, direction and size of potential collapse)
has direct implications for volcano hazards, par-
ticularly hazards associated with flank instability.
Secondly, the experimental techniques are directly
comparable to most monitoring techniques of real
volcanoes.

Images retrieved from side-perspective videos
give displacement profiles of selected points.
These can be compared with data obtained in
the field by geodetic monotoring (levelling, trilat-
eration, GPS). For example, geodimeter and the-
odolite measurements made on the bulge of
Mount St. Helens in March—-May 1980 enabled
volcanologists to infer a magmatic intrusion in
the northern flank. Data from extensive arrays
of geodetic points, aerial photograph analysis, or
InSAR surveys would give results more compara-
ble to the other techniques, monoscopic and ste-
reo-photogrammetry respectively. Thus, direct
and quantitative comparison between scaled mod-
els and natural volcanoes can be made, as illus-
trated by scaled intrusion models and photogram-
metric surveys at Mount St. Helens. Models can
be used to determine the most useful sites for

monitoring, by finding areas of maximum antici-
pated displacement. Conversely, hypotheses about
the origin of deformation can be rapidly checked
with analogue models. For example, profile mea-
surements using a camera linked to the web could
provide near real-time measurements on the
growth of a dome or bulge. These data could be
interpreted by models running concurrently with
data acquisition.

Improvement of the technique’s accuracy and
adaptability in the field, especially for DEMs,
has the potential to create a highly valuable tool
for hazard assessment.
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