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ABSTRACT

Volcanic activity produces ground deformation and gravity changes in
response to geodynamic processes within the crust. Many of these precursors
are measurable with present-day technology like precise surveying techniques
or “high-technology” as those use in satellite-based geodesy (e.g. Global
Positioning System). It is usually assume that vertical deflection and geoid
height needed for comparing such as techniques, are not significantly affected
by the intrusion process. In this work, we have tested theoretically this
assumption and applied to active zones with different crustal structures that
resemble layered media, namely Lanzarote (Canary Islands, Spain) and Long
Valley Caldera (California). Considering the geoid as an equipotential surface
of the gravitational field we have used the elastic-gravitational deformation
model, proposed by Rundle and Fernandez, to compute geoid and vertical
deflection changes produced by a magmatic intrusion in the crust. This
technique represents the geoid and vertical deflection due to a point source,
which therefore can be used as Green’s function with which to convolve an
arbitrary distribution of subsurface mass or pressure change. The results show
that the magma intrusion radius should be of approximately 1 km for the
effects on both geoid undulations and vertical deflection not to be negligible.
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This radius would decrease for shallow intrusions. The pressure effects
computed with the model, if we considered realistic pressure changes values,
would be always negligible.

1. INTRODUCTION.

The effects associated to a crustal intrusion that can be used in monitoring
and predicting possible volcanic activity are those that can be detected on the
ground’s surface before an eruption. These effects generally reflect the
adjustments of the volcano’s surface in response to subsurface movements of
magma into or out of the volcanic edifice and may also be related to variations
in the pressure and/or flow fluids in the geothermal system of the volcano.

Many of these precursor phenomena, like gravity changes and ground
deformation, are measurable with present-day technology that provides
essential data to interpret past or current volcanic behavior by using
deformation models (e.g., Newhall and Dzurisin, 1988; Rymer and Brown,
1989; Sevilla and Romero, 1991; Dvorak and Dzurisin, 1997; Fernandez et al,
1999; Fernandez et al, 2001a). Monitoring active zones by applying geodetic
techniques involves terrestrial triangulation and trilateration techniques to
detect horizontal crustal movements. Spirit or trigonometric leveling is used
to detect vertical displacements. These types of control networks are generally
supplemented by gravity, tilt and extensometer measurements, that allow
continuous monitoring in order to recognize the anomalous behavior that
might predict an eruption. GPS methods are being increasingly used to
measure both vertical and horizontal ground displacements. Researchers have
been attracted by a number of advantages of GPS, including its all-weather
operational capability, portability, the fact that benchmarks do not have to be
intervisible and the accuracy of the system in comparison to other terrestrial
and space-based measurement systems (Dixon, 1991).

Prior to the widespread use of GPS, height above the geoid (the one
gravity equipotential surface that aproximates the mean sea level over the
whole Earth, e.g., Vanicek and Krakiwisky (1992)) was the only height that
could be measured accurately. The GPS delivers a measurement of height
above the reference ellipsoid (geometric reference surface which
approximates the geoid). The ellipsoidal height is reckoned from the surface
of any reference ellipsoid to the point of interest on the highly irregular
topographic surface, along the ellipsoidal normal. The height above the geoid,
namely orthometric height, is reckoned from the surface of the geoid to the
point of interest along the plumb line (lines of force of the Earth’s gravity
field). Converting orthometric heights to ellipsoidal heights or vice versa
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involves knowing the vertical deflection (angle at ground level between the
actual plumb line and the ellipsoidal normal) and the geoid undulation (geoid
height from the surface of any reference ellipsoid to the geoid, reckoned along
the ellipsoidal normal) to refer the measurements to same reference surface
(e.g., Vanicek and Krakiwsky, 1992; Milbert and Smith, 1996; Strang and
Borre, 1997; Featherston, 2001). In the case of the ground geodetic networks
used to measure displacement, vertical deflection and geoid undulation must
be known to refer the measurements to the same surface (e.g. an ellipsoid). If
one considers that the area studied in volcano monitoring tends to be
relatively small, the reference surface problem can be solved locally. In this
case, we would only have to consider the local anomalies of the vertical
deflection and the geoid undulation caused mainly by the distortion of the
gravity field due to the distribution of the surrounding masses (e.g., Baldi and
Unguendoli, 1987).

In this work, we show how vertical deflection and geoid undulations are
affected by the presence of a magmatic intrusion in the crust. Knowing the
magnitude of these effects will let us distinguish between the effect of the
intrusion and the previously existing background field caused by differences
between the real Earth and reference body potential field. We have developed
a theoretical model to compute vertical deflection and geoid undulation
changes produced by a magmatic intrusion in an elastic medium considering
the existence of the ambient gravity field. Because we are interested in near-
field effects we can consider flat half-space models that do not take account of
the Earth’s curvature. Furthermore, by modeling the effects produced by an
intrusion in stages immediately prior to the eruption, we do not consider
anelastic effects. Instead of deformation models that consider homogeneous
media (e.g., Mogi, 1958), our model considers a layered medium, although we
do use a point source to permit analytical solutions very attractive for solving
the inverse problem.

2. VERTICAL DEFLECTION AND GEOID CHANGE.

Volcanic activity commonly caused ground deformation as response to the
geodynamic processes that are taking place in Earth’s interior. Whereas
elevation changes resulting from land-based geodetic techniques are referred
to the geoid, elevation variations resulting from GPS are referred to the
geometric reference ellipsoid. Therefore, geoid height and vertical deflection
must be known to compare the leveling and GPS surveys. From Heiskanen
and Moritz (1985) the geoid undulation is defined at each point as:

Fisica de la Tierra 13
2002, 14, 11-31



Charco et al. Modeling magmatic intrusion’s effects...

N~h-H (1)

where N is the geoid height, /# is the ellipsoidal height and H is the
orthometric height. The approximate equality results from neglecting the
vertical deflection (Helmert projection).

The deformation model considers a layered half-space that includes the
ambient gravity field (Rundle, 1980, 1982; Fernandez and Rundle, 1994a, b).
The disturbing source is located at depth ¢ in the layered half-space. The
solutions are expressed as integrals using the general propagator matrix
formula (Thomson, 1950; Haskell, 1953) The displacement vector, disturbing
potential and gravity change are given, respectively, by the following
expressions (Rundle, 1982; Fernandez et al, 1997):

w=M ["{x) (0P, + y; (0)B, fkdk . @
¢ =M @0}, (kr)kd 3)
Sg = =M [ 43 (0)J, (kr)kdk + Byu. . “

where x,'(0), ¥0'(0), @y'(0) and ¢'(0) are the kernel functions. Py and B, are
functions depending on the Bessel functions of first kind order zero, Jo(kr),
and are given in Rundle (1982) by expression (6), f=47Gpy with G being the
universal gravitational constant and p, the unperturbed density. The kernel
functions depend on the gravitational wave number k and on the
characteristics of the medium (e.g., Rundle, 1980, 1982; Fernandez and
Rundle, 1994a,b).

Vertical deflection is a spatial angle and is usually split into two
orthogonal components, a North-South component & and an East-West
component 1. If we denote by 0 the component of the vertical deflection in a
given plane, this is expressed as (Heiskanen and Moritz, 1985)

dN
g =2 5
7S (5)

thus the component in that plane is given by the derivative of geoid
undulation, N, with respect to the arc element, S, in the considered direction.

Rundle (1982) pointed out that the additional change in apparent height #*
which is due solely to the change in potential ¢ caused by the intrusion
process is:
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wo? (6)
g

where g is the unperturbed surface gravitational acceleration, considered
constant in our deformation model (Rundle, 1980, 1982). The expression (6)
is the Bruns’s formula (see equation 2-144 by Heiskanen and Moritz, (1985)),
which provides geoid undulation from the disturbing potential. #* can be
identified with a geoid undulation change, dV, produced by the magmatic
intrusion, taking surface z = 0 to be the reference equipotential surface. Figure
1 displays a diagram illustrating the effects of an intrusion on the vertical
deflection and geoid undulation.

New Geoid
after intrusion

7=0 (Geoid= Ellipsoid)

Y Layer 1

Source Layer 2

7TA77

Figure 1. Effects of a magmatic intrusion on the vertical deflection component and
the geoid undulation. The media is composed by two layers over halfspace and the
source is located on the second one. Vertical distance between the reference surfaces
is exagerated. g is unperturbed gravity vector, y denotes the gravity vector produced
by the reference body, ellipsoid. Geoid and ellipsoid are considered identical before
the intrusion to simplify the diagram. Therefore geoid undulation prior to the intrusion
is null. @' is the perturbed gravity vector, de is the vertical deflection and dN is geoid
height after the intrusion process.
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Thus, we can use the analytical expression of the disturbing potential given
by (3) to obtain the effect on the vertical deflection components caused by the
presence of a disturbing source in the layered half-space. From expressions
(5) and (6),

ge_ W 1.2 .
ox g Ox

dn:_%:_l.%, (8)
ay g O

where x and y are the directions of the meridian and the parallel respectively.
Thus we can calculate the intrusion’s effect on both components as follows:

dé = % [ xa00(0)- (Jo(kr)+ T, (kr)) - Kdk, )
g

M o
dn = 2 o y@0(0)- (JoUkr) + T, (kr)) - Kdlk, (10)

Equations (9) and (10) can be expressed as the sum of the
effects calculated for a center of dilatation and a point mass due to their
linearity with regard to the source functions (e.g., Fernandez and Rundle,
1994b).

To compare the results obtained with (9) and (10) against a
recognized methodology, we have used the Vening Meinesz formulae for near
zones (e.g., expression 2-235 on Heiskanen and Moritz, 1985) since we are
interested in near-field effects. The numerical integration of this problem is
not applied to the whole Earth. Instead of that it is applied to a given spherical
distance. The error that results from neglecting the zones beyond this
spherical distance is known as the truncation error (e.g., Sjoberg, 1984).
Figure 2 shows the differences between both methodologies in the North-
South component of the vertical deflection produced by a point mass of 1 MU
(10" gr = 10" kg), located at different depths in a medium comprised by a
layer overlying the half-space. Subindex 1 corresponds to the values obtained
using equation (9), while the components with subindex 2 correspond to the
values obtained using Vening-Meinesz formulae. It can be observed that the
difference between both methods decreases in line with the radial distance to
the source. For the East-West component it is obtained the same result. The
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maximum differences for both vertical deflection components at each depth
are shown in Table 1. Both Table 1 and Figure 2 show that the differences
between the two sets of results are very small for intrusion depth below 1.5
km, the ones typical used in Volcanology. We have not taken account of the
truncation error. Furthermore, it should be remembered that the model
described does not take account of topographic relief. The magnitude order of
the effect caused by a center of expansion at the same depth is smaller than
the point mass effect.

0,0
-0,2
-0.4 — &
-0,6
0.8
-1.0

0.0 R 1 T

" oop2 [ ===
Cj‘ 0,4

06

0.8

1.0

ool ¥ ¢ L ¥ [ ¢ ¥ T —

0.2 e |

0.4

-0.6

By (=1km) [ / (c=0.5 km)
o 1 2 3 a4 s o 1 2 3 a4 s

Y (km)(X=1km)

Figure 2. Effect on the N-S component of the vertical deflection produced by a point

mass of 1 UM located at 0.5, 1.5, 3, 6 and 10 Km in a homogeneous medium with

elastic parameters A and p equal to 3-10' Pa and density equal to 3300 Kg/m’.

Subindex 1 corresponds to the values obtained using equation (9) and subindex 2

corresponds to the values obtained using Vening-Meinesz formulae. The effect is plo-
tted versus horizontal coordinate Y and is given in arc seconds.

3. COMPUTATIONS.

We have perform an analysis to obtain the mass and pressure increments in
the magma chamber that could produce vertical deflection and geoid heights
values within the precision levels attainable, i.e., values that can be detected
over the existing background. These values are needed for comparing spirit or
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trigonometric leveling with GPS surveys or for reducing classical terrestrial
geodetic observations to any reference surface.

Table 1. Maximum differences between vertical deflection components,
calculated by the method provided by the expressions given in (11)-(12) and
the approximate method of Vening-Meinesz. See text for details.

C (km) d&, ) dT] LR
0.5 -0.400  -0.220

1 -0.120  -0.090
1.5 -0.070  -0.044
3 -0.020  -0.017
6 -0.005 -0.005

10 -0.001 -0.002

Geoid models like EGM96 (Lemoine, et al, 1997) usually provides geoid
undulations for solving the problem of the reference surface. The usual levels
of accuracy of the geoid models after applying topographic effect corrections
are around 10 cm (e.g., Nahavandchi and Sjéberg, 2001; Kuroishi, 2001).
Therefore we have considered an effect on N of 15 cm as a detectable value.
The calculations have been made by using an elastic-gravitational
homogeneous half space. The reference density of the medium is p = 3.10° kg
m~ and the Lame constants are A = u= 30 GPa.

Figure 3 displays the geoid undulation change produced by a point mass of
1 MU located at 5 km depth and the effect caused by a center of expansion of
strength (product of the pressure change by the cubic potency of its radius)
10° MPa km™ at the same depth. The maximum magnitude of the effect in the
geoid undulation is 1.5 mm. This critical point is located over the intrusion
projection on the free surface. Expression (6) provides the geoid height caused
by a perturbation source, thus for an intrusive mass M, the geoid height
change is given by:

M
N =M (1)
Rg
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Figure 3. Effect on the geoid undulation (mm) caused by (a) a point mass of 1 MU,
and (b) a center of expansion of strength equal to 10° MPa km® located in a homoge-
neous media. See text for the characteristic of the media.
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where R is the radial distance from the point mass to the point at the surface
where the effect is computed. 1 MU produces a geoid height change
magnitude of around Imm in a point located at 5 km from the intrusion
projection in the free surface. This is in agreement with Figure 3a.
Considering an intrusion of density equal to 3300 kg m™ we would need an
intrusion of 0.9 km radius, or AV = 3 km® to modify the geoid undulation by a
detectable amount. The radius would vary by 0.95 km if we considered an
intrusion of density 2800 kg m™. Thus, we would need intrusions with a
radius of about 1 km to obtain measurable effects on geoid height caused by
sources located at not very shallow depths.

Similarly, we can obtain the strength of a center of expansion that
would be necessary to obtain the detection value in the geoid. Considering the
values of Figure 3, the strength value we would need to detect the effect on
the geoid height is 5.5.10° Mpa km™, i.e., with a radius of 1 km the pressure
increment would be 5.5.10° MPa that is an unrealistic pressure change. In the
same way, if we set a pressure change of 10 MPa, the radius would be 81 km,
which is an unrealistic magma chamber radius. It must be note that the
variations on geoid height are directly proportional to the intrusive mass and
therefore the bigger masses, the larger effects. Similar results are obtained if
we calculate the effect on the vertical deflection components.

4. APPLICATION

We apply our model to illustrate that the effect on vertical deflection
components and on geoid undulation caused by a magmatic intrusion located
beneath the crust is not inside the precision limits we can obtain with geodetic
techniques. In the first hypothetical example we compute the effect caused
mainly by the pressure change, while in the second case the inflation is mainly
produced by magma intrusion in the crust.

Figure 4 shows the results of the first case. The magmatic intrusion is very
small and the main effect is caused by the pressurization of the chamber.
Table 2 lists the characteristics of the crust, the elastic parameters and the
density values. We consider a spherical intrusion of 0.3 km radius, located at
4 km depth and suppose a pressure increase of 150 MPa and a density of 2800
kg/m’, resulting in a mass of 3.2 .10"" kg. This case is similar to the 1730-
1736 episode in Lanzarote (Canary Islands) (Fernandez and Rundle, 1994a).
For further information on volcanic activity on the Lanzarote island and in the
Canary Islands in general, see e.g., Schminke (1982), Ortiz et al., (1986),
Ancochea et al. (1990), Arana (1991), Arafia and Ortiz (1991).
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Figure 4. Effect on (a) geoid
undulation (mm), (b) N-S
component and (c) E-W
component of the vertical
deflection (msec) produced
by an intrusion in the island
of Lanzarote of the charac-
teristics described in the text.
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The geoid undulation change has a maximum with an absolute value of 0.5
mm. When this value is compared with the EGM96 model (Lemoine et al.,
1997), shown in Figure 5, we see that the considered intrusion has a negligible
effect on the geoid. The effect on the vertical deflection components has a
maximum value of the order of 0.01°’, resulting in no considerable change in
the island component map. Furthermore, both kinds of modeled effects are so
small that they do not have to be taken into account when we compare the
leveling and GPS surveys or reduce classical terrestrial geodetic observations
to a reference surface. However, they could be detected with measurements
performed with high-precision tiltmeters (e.g., water tubes) because they
exceed the levels of precision achievable (e.g., Fernandez et al., 1999).
However, a correct interpretation should involve correcting other types of
disturbing effects (e.g., Agnew, 1986, 1987), and the measurement of other
possible precursory effects, such as displacements and gravity changes.

Table 2. Densities and Lamé constants for the crustal model of Lanzarote
Island (after Fernandez and Rundle, 1994a).

Thickness p u A
Layer (km)  (10°Kg/m’) 10"°Pa 10" Pa
1 4 2.2 1.065  1.390
2 7-8 2.7 2.940  3.519
Mantle 3.1 5.211 6.554

We use two spherical point sources in a layered crust to consider the
second hypothetical case in which the inflation is caused mostly by magma
recharge. Table 3 shows the densities and the elastic parameters considered
for the crustal model. The larger spherical source located at 9.9 km has a
volume increment (AV) of 0.036 km® while the second at only 0.008 km” is
located at depth 7.3 km. This model can be used to interpret the 1989 inflation
event in Long Valley Caldera (California) (Tiampo et al., 2000). There have
been three episodes of rapid inflation of the central resurgent dome,
accompanied by seismicity inside and around the caldera, without any
eruptions or deflations between these episodes over the last 20 years in Long
Valley. The first episode began in 1980 and continued in the Eighties. The
second episode started in October 1989 after several years of relative calm.
The most recent episode of inflation and uplift of the resurgent dome within
the caldera occurred in 1997 — 1998. For more details see the very extensive
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Figure 5. (a) geoid undulation
(m), (b) N-S component and (c)
E-W component of the wvertical
deflection (sec) on the island of
Lanzarote obtained with model
EGM96.
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existing literature about Long Valley Caldera (e.g., Ewert and Harpel, 2000
and other references in this paper).

Table 3. Densities and Lamé constants for the crustal model of Long Valley

Caldera.
Layer Thickness p u A
(km)  (10°Kg/m’) 10"Pa 10" Pa
1 2.0 2.56 1.5 3.82
Half-space 2.65 5.0 2.7

Taking into account the chamber volume increases given above and the
initial radii of the sources, a; = 4 Km (Elbring and Rundle, 1985) for the
deepest magmatic chamber located beneath the resurgent dome and a,= 1.5
Km for the shallowest chamber, located beneath the south moat (Sanders,
1984) we can obtain the pressure increase and the final masses of the
intrusions. In the equation (McTigue, 1987):

4

Ap is the chamber pressure increase, u is the rigidity constant, Ag is the
intrusion radius increase caused by the expansion volume, and a; is the initial
radius. If we consider the chambers as a spherical source, in terms of the
volume increase we get,

1/3
Ap=4u 3AV3+1 —11. (13)
4ra;

Then the final mass is given in the following expression:

4 3
Mf =p gﬂ'al +AV , (14)
where p,, is the chamber magma density.
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Battaglia et al., (1999) note that the gravity change observed during 1982-
1998 period in Long Valley Caldera requires an intrusion of silicate magma
and excludes in situ thermal expansion or pressurization of the hydrothermal
system as the cause of uplift and seismicity. The mass increment (AM) is
given by p,AV. Using the values described above we can get the pressure and
mass changes in the magma chamber. In particular, a density of 3300 kg m”,
corresponding to an intrusion of the type described by Battaglia et al. (1999),
and the volume increments obtained by Tiampo et al (2000), result in a Ap =9
MPa for the source beneath the resurgent dome (deepest source), with a mass
increment of 0.1188 UM and a Ap =37.7 MPa for the shallowest source, with
a mass increment of 0.026 UM.

The results obtained are shown in Figure 6. The geoid undulation change
ranges between -0.025 and —0.1 mm. The maximum value (in absolute value)
of change on the vertical deflection components is 0.001°’. That value is again
too small to be taken into account when reducing geodetic data. Geoid
undulations changes are below the mm. If we compare the results obtained for
Long Valley with the EGM96 model (Figure 7) we see that they are totally
negligible in magnitude for solving the reference surface problem. At first
sight, it may be due to the fact that mass increments we use are small. As
regards Lanzarote, the masses considered are not very important and therefore
the effects mainly associated to them are small in magnitude. It must be borne
in mind that the effects are directly proportional to the mass of the intrusions
and therefore the bigger the masses of the intrusion, the bigger the effects that
are computed.

4. SUMMARY AND CONCLUSIONS

Terrestrial and satellite-based measurements of crustal deformation have
become a routine part of volcano monitoring. The estimation of the effects
produced by a magmatic intrusion on the vertical deflection and on the geoid
undulation are important since it is usually assume that the reference vertical
direction and the geoid height are not significantly affected by the process that
is causing the ground deformation. We have extended the deformation elastic-
gravitational model developed and described by Rundle, Fernandez and co-
workers, to calculate the effect on the vertical deflection components caused
by the presence of a disturbing point source in an elastic-gravitational layered
medium.
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The values obtained with this model have been compared to those
calculated using the approximate formulae of Vening-Meinesz. The
theoretical cases show that the difference is negligible except for very shallow
intrusions.

We have tested the characteristics that the intrusion should need to have,
for obtaining detectable effects in volcano monitoring. It has been shown that
it is necessary unrealistic pressure and radius increments in the magma
chamber to get vertical deflection and geoid height changes that could be
detected over the existing background since the computed quantities are
related to the intrusive mass. However we have to take in mind this technique
represents the geoid and vertical deflection due to a point source, which
therefore can be used as a Green’s function with which to convolve an
arbitrary distribution of subsurface mass or pressure change. A magma
chamber radius of around 1 km should be needed to detect effects on both
geoid undulations and vertical deflection. This radius is valid for magma
density range from 2800 to 3300 kg m™ and the considered depth. Lower radii
or density limits would be need for intrusions located at shallow depths. The
effects related with the pressurization of the magma chamber would be
negligible if we considered realistic pressure changes.

We have also studied the possible effects on active zones with
different crustal structures. In applying the model we have considered two
cases. In the first case we compute the effect caused mainly by the pressure
change in the magma chamber, while in the second case the inflation is
mainly produced by magma recharge. The first example approximates to the
1730-36 volcanic episode on Lanzarote Island, The Canaries, Spain. The
second one approximates to the 1989 inflation episode in Long Valley
Caldera, California, USA. In both cases we observe that existing undulation
and vertical deflection background, as provided by model EGM96, would not
be affected by the presence of magma intrusions of the types considered.

Therefore, our model can be used to theoretically establish whether the
assumption of neglecting vertical defection and geoid height caused by a
magma intrusion is valid or not. Nevertheless, volcanic areas, like Long
Valley Caldera and Lanzarote, are usually characterized by large geoid
undulation which should be accurately determined before comparing
measured displacements using different geodetic techniques. It must be noted
that this model is elastic-gravitational and we should use models such as
Bonafede et al, (1986), Folch et al, (2000) or Fernandez et al, (2001b) when
the involved period of time or circumstances imply taking into account of the
viscoelastic properties of the medium.

Fisica de la Tierra 28
2002, 14, 11-31



Charco et al. Modeling magmatic intrusion’s effects...

ACKNOWLEDGMENTS.

The research of M.Ch. and J.F. has been conducted as part of Research
Projects AMB96-0498-C04-04 and AMB99-1015-C02-01. The research
conducted by M.J.S forms part of project AMB97-0706. The work of J.B.R.
forms part of project DE-FG03-95ER14499. This research has been also
partially supported with funds from a New Del Amo Program project. We
thank L. E. Sjéeberg for encouraging us to calculate theoretically the effect of
magmatic intrusions on vertical deflection and to M. Battaglia and S. Owen
for making useful comments on a previous version of this paper which has
helped us to improve it.

REFERENCES

AGNEW, D. C. (1986): «Strainmeters and tiltmeters», Reviews of Geophysics, 24, 579-624.

AGNEW, D. C. (1987): «On noise levels in deformation measurements: Comparison in the
frequency domainy, US Geol. Survey Open File Rept. 87-591, 838-844.

ANCOCHEA, E., FUSTER, J. M., IBARROLA, E., CENDRERO, A., COELLO, ] HERNAN,
F. CANTAGREL, J. M. AND JAMOND, C. (1990): «Volcanic evolution of the island of
Tenerife (Canary Island) in the light of new K-Ar data», J. Volcanol. Geotherm. Res., 44,
231-249.

ARANA, V. (1991): «Canarian volcanismy», Cahiers du Centre Européen de Géodynamique et
de Séismologie, 4, 13-24.

ARANA, V. AND ORTIZ, R. (1991): «The Canary Islands: Tectonics, magmatism and
geodynamic framework». In A. B. Kampunzu and R.T. Lubala (editors), Magmatism in
extensional structural settings. The Phanerozoic African Plate. Springer-Verlag, 209-249,
Berlin.

BALDI, P. AND UNGUENDOLI, M. (1987): «Geodetic networks for crustal movements
studies», in: Stuart Turner (Ed.), Lecture Notes in Earth Sciences, 12. Applied Geodesy,
135-161. Springer-Verlag.

BATTAGLIA, M., ROBERTS, C. AND SEGALL, P. (1999): «Magma intrusion beneath Long
Valley caldera confirmed by temporal changes in gravity», Science, 285, 2119-2122.

BONAFEDE, M., DRAGONI, M. AND QUERINI, F. (1986): «Displacement and stress fields
produced by a center of dilatation and by a pressure source in a viscoelastic half-space:
application to the study of ground deformation and seismic activity at Campi Flegrei,
Italy», Geophys. J. R. Astron. Soc., 87, 455-485.

DIXON, T. H., (1991): «An introduction to Global Positioning System and some geological
applications», Reviews of Geophysics, 29, 249-276.

DVORAK, J. J. AND DZURISIN, D. (1997): «Volcano geodesy: the search for magma
reservoirs and formation of eruptive vents», Reviews of Geophysics, 35, 343-384.

ELBRING, G. J. AND RUNDLE, J. B. (1985): «Analysis of borehole seismograms from Long
Valley, California: Implications for Caldera structure», J. Geophys. Res., 91, B12, 12651-
12660.

EWERT, J. W., AND HARPEL, C. J. (2001): «Bibliography of literature pertaining to Long
Valley Caldera and associated volcanic fields», Department of Interior, U.S. Geological
Survey, Open File Report 00-221, (URL: http://wrgis.wr.usgs.gov/open-file/0f00-221)

Fisica de la Tierra 29
2002, 14, 11-31



Charco et al. Modeling magmatic intrusion’s effects...

FEATHERSTONE, W. E., (2001): «Absolute and relative testing of gravimetric geoid models
using Global Positioning System and orthometric height data», Comput. Geosci., 27, 807-
814.

FERNANDEZ, J. AND RUNDLE, J. B. (1994a): «Gravity changes and deformation due to a
magmatic intrusion in a two-layered crustal model», J. Geophys. Res., 99, 2737-2746.

FERNANDEZ, J. AND RUNDLE, J. B, (1994b): «<FORTRAN program to compute
displacement, potential and gravity changes due to a magma intrusion in a multilayered
Earth model», Comput. Geosci., 20, 461-510.

FERNANDEZ, J., RUNDLE, J. B., GRANELL, R. D. R. AND YU, T. T. (1997): «Programs to
compute deformation due to a magma intrusion in elastic-gravitational layered Earth
models», Comput. Geosci., 23, 231-249.

FERNANDEZ, J., CARRASCO, J. M. RUNDLE, J. B. AND ARANA, V. (1999): «Geodetic
methods for detecting volcanic unrest: a theoretical approach», Bull. Volcanol., 60, 534-
544.

FERNANDEZ, J., CHARCO, M., TIAMPO, K. F., JENTZSCH, G. AND RUNDLE, J. B.
(2001a): «Joint interpretation of displacements and gravity data in volcanic areas. A test
example: Long Valley Caldera, California», Geophys. Res. Lett., 28, 6, 1063-1066.

FERNANDEZ, J., TIAMPO, K. F. AND RUNDLE, J. B. (2001b): «Viscoelastic displacement
and gravity changes due to point magmatic intrusions in a gravitational layered solid earthy,
Geophys. J. Int., 146, 155-170.

FOLCH, A., FERNANDEZ, J., RUNDLE, J. B. AND MARTI, J. (2000): «Ground deformation
in a viscoelastic medium composed of a layer overlying a half-space: a comparison between
point and extended sources», Geophys. J. Int., 140, 37-50.

HASKELL, N. A., (1953): «The dispersion of surface waves on multilayered media», Bull.
Seismol. Soc. Amer., 43, 421-440.

HEISKANEN, W. A. AND MORITZ, H. (1985): Geodesia Fisica. Instituto Geografico
Nacional, Instituto de Astronomia y Geodesia. Madrid, Spain.

KUROISHI, Y., (2001): «An improved gravimetric geoid for Japan, JGEOID9S, and
relationships to marine gravity data», J. Geodesy, 74, 745-755.

LEMOINE, F. G., SMITH, D. E., KUNZ, L., SMITH, R., PAVLIS, E. C., PAVLIS, N. K.,
KLOSKO, S. M., CHINN, D. S., TORRENCE, M. H., WILLIAMSON, R. G., COX, C.
M., RACHLIN, K. E., WANG, Y. M., KENYON, S. C., SALMAN, R., TRIMMER, R.,
RAPP, R. H. AND NEREM, R. S. (1997): «The development of the NASA GSFC and
NIMA Joint Geopotential Model», IAG Symposia, 117, Gravity, geoid and Marine
Geodesy. Springer-Verlag, Berlin, Heidelberg, 461-469.

MCTIGUE, D. F. (1987): «Elastic stress and deformation near a finite spherical magma body:
resolution of the point source paradox», J. Geophys. Res., 92, 12931-12940.

MILBERT, D. G. AND SMITH, D. A. (1996): «Converting GPS Height into NAVD 88
Elevation with the GEOID96 Geoid Height Model», Proceedings of GIS/LIS '96 Annual
Conference and Exposition, 681-692, Denver, November 19-21,1996, American Congress
on Surveying and Mapping, Washington D.C.

MOGI, K., (1958): «Relations between the eruptions of various volcanoes and the deformations
of the ground surfaces around them», Bull. Earthquake Res. Inst. Univ. Tokyo, 36, 99-134.

NAHAVANDCHI, H. AND SJOBERG, L. E. (2001): «Precise geoid determination over
Sweden using Stokes-Helmert method and improved topographic corrections», J. Geodesy,
75, 74-88.

NEWHALL, C. AND DZURISIN, D. (1988): «Historical unrest of large calderas of the
worldy», U.S. Geol. Survey Bull., 1855, 1108 p.

Fisica de la Tierra 30
2002, 14, 11-31



Charco et al. Modeling magmatic intrusion’s effects...

ORTIZ, R., ARANA, V. AND VALVERDE, C. (1986): «Aproximacion al conocimiento del
mecanismo de la erupcion de 1730-36 en Lanzarote», Anales de Fisica, serie B, 82, 127-
142,.

RUNDLE, J. B. (1980): «Static elastic-gravitational deformation of a layered half-space by
point couple sourcesy, J. Geophys. Res., 85, 5355-5363.

RUNDLE, J. B. (1982): «Deformation, gravity and potential changes due to volcanic loading of
the crust», J. Geophys. Res., 87, 10729-10744. (Correction, J. Geophys. Res., 88, 10647-
10652).

RYMER, H. AND BROWN, G. (1989): «Gravity changes as a precursor to volcanic eruption at
Poas volcano, Costa Rica», Nature, 342, 902-905.

SANDERS, C. O. (1984): «Location and configuration of magma bodies beneath Long Valley,
California determined from anomalous earthquake signals», Geophys. Res. Lett., 8, 557-
560.

SCHMINKE, H. U. (1982): «Volcanic and chemical evolution of the Canary Islands», in
U.Von Rad, K. Hinz, M, Sarnthein, E. Seibold (editors), Geology of the Northwest African
continental margins. Springer, Berlin, 273-306.

SEVILLA, M. J. AND ROMERO, P. (1991): «Ground deformation control by statistical
analysis of a geodetic network in the Caldera of Teide», J. Volcanol. Geotherm. Res.,47,
65-74.

SJOBERG, L. E. (1984): «Least squares modification of Stokes’ and Vening-Meinesz’
formulas by accounting for truncation and potential coefficient errors», Manuscripta
Geodaetica, 9, 209-229.

STRANG, G. AND BORRE, K. (1997): Linear Algebra, Geodesy and GPS, 624pp, Wellesley-
Cambridge Press.

THOMSON, W. T. (1950): «Transmission of elastic waves throughout a stratified mediumy, J.
Appl. Phys., 21, 89-93.

VANICEK, P. AND KRAKIWSKY, E. (1992): Geodesy: The Concepts. 2" Edition. Elsevier,
New York.

Fisica de la Tierra 31
2002, 14, 11-31





