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Numerical Simulation of Volcanomagnetic Effects due to Hydrothermal Activity

Ayako OKUBO, Wataru KANDA and Kazuhiro ISHIHARA

Synopsis

We have developed a postprocessor to calculate the geomagnetic field variations caused by

hydrothermal activities in the volcanic region. They use distributions of temperature inside the

volcano, which are results of a numerical simulation for hydrothermal activity after magma

intrusion. The most dominant mechanism of volcanomagnetic effects was considered here:

thermomagnetic effect. We examined the influences of host rock permeability and depth of magma

intrusion on thermomagnetic effect. Results showed that the shallower depth of intrusion causes

larger total intensity anomaly and earlier decline of it and that larger anomalies appear at later times

in cases of lower permeability host rocks.

Keywords: hydrothermal activity, thermomagnetic effect, numerical simulation, magma intrusion,

permeability.

1. Introduction

Continuous observations of geomagnetic total
intensity have been carried out on many active volcanoes
(e.g., Tanaka, 1993; Del Negro et al., 2000). Those
observations are aimed mainly to know thermal
condition of the shallow volcanic edifice because thermal
demagnetization or remagnetization of the volcanic rocks
occurs if the volcano is considerably heated or cooled,
which could be observed as the geomagnetic field
In addition to this
thermomagnetic effect, two mechanisms are widely

variations on the ground.
accepted for the geomagnetic field changes associated
with volcanic activities. One is piezomagnetic effect
which is related to stress-induced changes in rock
magnetization and the other is electrokinetic effect which
arises from motion of electric charges associated with
fluid flow within the Thus,
volcanomagnetic effects could provide various kinds of

volcanic edifice.
information to understand the volcanic activity. However,
the observed geomagnetic field changes have been
interpreted, in many cases, as thermomagnetic effect,
because it generally yields larger changes than other two
mechanisms and because it is difficult to discriminate

each effect from the observed data.

Conventionally, the geomagnetic field differences
between the observation sites and a reference site in a
certain period are explained by using a very simplified
model that assumes an equivalent magnetic dipole, in
order to estimate the thermally anomalous region.
However, this method involves following problems for
the interpretation of the observed data. Firstly, the
estimated anomalous region is rough in temporal and
spatial scale because the data is integrated. Even if the
rate of the geomagnetic field change varies, the obtained
model does not reflect it because the data is treated as an
amount of the site difference in a period. Secondly, there
is no temporal and spatial continuity in the model.
Especially, when the available observation sites are few,
an inconsistent result that the demagnetized area at a
certain temporal "A period" is far apart from the area at
the next "B period" can be obtained. Thirdly, the
volcanological interpretation is "Dated": spatio-temporal
variations of heat, stress, and rock properties associated
with hydrothermal activities should be considered..
These problems originate in the fact that the majority of
the observed time series data is not used. It is insufficient
to discuss quantitatively the relation to the volcanic
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activity by the conventional thermomagnetic
interpretation.

In this study, we consider hydrothermal fluid flows
as a factor to change the physical state within the
volcanic edifice and evaluate numerically the
geomagnetic field changes based on the temperature and
pressure distribution inside the volcano. In this paper, we
focused on thermomagnetic effect as a first step of the

study.
2. The postprocessor

Our calculation utilizes a hydrothermal fluid flow
simulation inside the volcano. We used the numerical
HYDROTHERM (Hayba and
Ingebritsen, 1994) for this purpose. The code gives the

simulation code

temperature distribution at each time step, so that a
magnetic field change due to temperature-dependent
rock magnetization (J) is considered as a post-processor.
Ishido and Pritchett (2001) formulated the
temperature dependence of the magnetization based on
the laboratory experiment of the remanent magnetism for
rocks sampled at Izu-Oshima volcano. We adopted this
formulation here. The pertinent parameters are
and 7, (with T7|<T,) and rock
magnetization per unit volume M, The magnetization

temperatures 7

per unit volume is taken to be equal to A, so long as the
temperature (7) is less than 7 and equal to zero if T
exceeds 7. For intermediate temperatures,

J=My x (1 =3 +217) )
where # = (T — TH)AT, — Ty). In this paper, My = 5 A/m,
T, =100°C, and T, = 600°C are given. It is also assumed
that the direction of the initial magnetization is the same
as that of the geomagnetic field (inclination of 45" and
declination of 0°). Rock magnetization at any point in the
computation domain is calculated from the temperature
distribution that is obtained from the hydrothermal fluid
simulation.

Next, the magnetic total intensity at an observation
site is estimated. Generally, the magnetic field g; at site
is written as

g=Zw;J, )
where w; indicates the magnetic field at i-th observation
site due to j-th magnetic source with unit magnetization,
and J;
calculation, we used a different grid of numerical
discretization from that used in HYDROTHERM in
order to reduce the terrain effect. The explicit form of w;

is the magnetization of j-th source. In this

was obtained by using the technique of Sasai (1991)
based on the circular cone model of Rikitake (1951).

Finally, the anomalous total intensity is obtained as
the difference between g;and g;) where g;, indicates the
total intensity at the stationary state of the hydrothermal
activity.
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Fig. 1 Geometry and boundary conditions of the model
used for all simulation presented in this study. Initial
temperature of the shallow magma intrusion is assumed
as 900 °C.

3. The numerical model

The configuration of the numerical model is shown
in Fig. 1. A 2-D axi-symmetric coordinate system was
used to simulate a 3-D cylindrical domain. Simulation
begins with the instantaneous intrusion of a 900 °C
pluton upto the 3 km deep with a radius of 400 m. After
the pluton is sufficiently cooled (30,000 years later), a
fresh magma with a radius of 40 m newly intrudes from
the top of the cooling pluton. Various model parameters
including properties of volcanic rocks as well as initial
and boundary conditions are similar to those used by
Hayba and Ingebritsen (1997).

The ground surface has a specified hydraulic head
equal to its elevation with a constant fluid pressure of
0.1013 MPa (1 atm) and temperature of 20 °C. The
right-hand boundary, located 5 km away from the center
of the edifice, holds initial hydrostatic pressure and
temperature with a vertical gradient of 20 -C/km and
allows lateral flows of fluid and heat. The bottom
boundary is impermeable, with a constant basal heat flux
of 80 mW/m" into the host rock and a constant flux of
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120 mW/m* into the pluton. The left-hand boundary
represents an axis of symmetry, so that it is impermeable
and insulating. We also specify that initial pressure
within the pluton and magma are 10% less than
lithostatic pressures.

As for rock properties, we assumed temperature
dependent intrinsic permeability and heat capacity, while
other rock properties (porosity, density, and heat
capacity) were constant throughout the simulations
(Table 1). At temperature above 500 °C, permeability is
negligibly low of 107 m? (both host-rock and magma).
As temperature decreases from 500 to 400 °C,

2 for

permeabilities increase log-linearly to 107 m
magma and 107" m* for host-rock. As temperature
decreases further to 360 <C, host-rock permeabilities of
102107 »* and the magma of 10™'® 7 are assumed
(c.f. Manning and Ingebritsen, 1999). The cooling pluton
also holds low permeability (10™"® m?) throughout its
entire history. We adopted the approach of Hanson and
Barton (1989) for the temperature dependence of rock
heat capacity. It is normally 2000 JAkg K) for both
magma and host rock and doubled for temperatures
between 900 °C and 750 °C.

The calculation domain was discretized into 40
(vertical direction labeled as z) x 30 (horizontal direction
labeled as x) blocks. The grid spacing in the x direction
was 10 m (0< x <200), 200 m (200< x <400), 100 m
(400< x <500), 250 m (500< x <1000), 500 m (1000< x <
3000), and 1500 m (3000< x <6000). In the z direction, it
was 500 m (0< z < 1500), 250 m (1500 < z < 3000), 100
m (3000< z <5900), 99m (5900< 5999), and 1m (5999<
z<6000).

Table 1 Rock Properties. Details of f{7) and g(7) are
described in the text.

intensity are shown in Fig.3. Just after the intrusion,
steam appears in the upper part of the intruded magma,
although flow patterns at outside of the magma are not
disturbed yet by intrusion (Fig.2a). High temperature
zone s restricted to the vicinity of the magma and steep
gradient is seen at the interface between magma and the
host. The anomalous geomagnetic field distribution
caused by high temperature magma intrusion is obtained
(Fig.3a). During 8 years to 16 years after the intrusion
(Fig.2b and 2c), a strong upward flow occurs at deeper
part just outside of the magma. The vapor zone also
extends outward as well as downwards along the
interface, which results in the appearance of two-phase
zone. Hydrothermal circulation is arising. High
temperature zone extends gradually near the upper part
of the magma. Pattern of the anomalous geomagnetic
field is similar to that obtained in the previous time step,
although amounts of the anomaly are considerably larger
(Fig.3b and 3c). At 32 years after the intrusion (Fig.2d),
the well-developed hydrothermal circulation is seen.
However, the temperature of the magma decreases to
600-700 °C because the heat is transported by the intense
fluid flows. Accordingly, vapor zone reaches down to the
bottom of the intruded magma at the interface. The
largest anomaly of the geomagnetic field is observed at
this time step (Fig.3d). Hydrothermal circulation extends
laterally and high temperature zone extends to the
corresponding area, although magma is cooled down to
about 400 °C where vapor zone is dominant at 64 years
after the intrusion (Fig.2e). The magnetic anomaly at this
time step (Fig.3e) shows nearly the same pattern as that
shown in Fig.3d but slightly small anomalies are
obtained. At 128 years after the intrusion, heat of the
intruded magma is almost discharged and fluid flow

pattern goes to the steady state (Fig.2f). The anomalous

Property Pluton | Host rock geomagnetic fields are disappearing (Fig.3f).

Permeability m’ (@M | f(

Porosity % 5 10 Table 2 Four models used in the case studies for

Heat capacity J/(kg K) g | g thermomagnetic effect caused by hydrothermal activity.

Thermal conductivity W/(m K) 2 2 Model host rock permeability | Top depth of the

Rock density kg/m’ 2500 | 2500 (<360 -C) intruded magma
Model A | 1072 m? 500 m (a.s.l.)

4. Hydrothermal circulation and anomalies in Model B 1075 m? Om (as.l)

geomagnetic total intensity Model C | 102 m? 500 m (a.s.l.)

Model D | 107" m? 500 m (a.s.l.)

Fig. 2 shows the evolving temperature and fluid-flow
patterns near intrusion of the magma for Model A (Table

2). The corresponding anomalies in geomagnetic total
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Fig. 2 Simulation results for Model A showing temperature contours and fluid-flow vectors at selected times after a fresh
magma intrusion: (a) 1 yr, (b)8 yr, (c)16yr, (d)32 yr, (€)64 yr and (f)128 yr. Arrows represent flow vectors for liquid and
supercritical water. Circles show that the fluid is vapor (steam).

7(a‘) - (bj | 7(c)‘

Fig. 3 Corresponding anomaly map of the calculated changes in total intensity caused by the fresh magma intrusion
shown in Fig. 2: (a)lyr, (b)8 yr, (c)16yr, (d)32 yr, (e)64 yr and (f)128 yr after the intrusion. Area shows -3.0 to +3.0 km
in East direction and -3.0 to +3.0 km in North direction. Contour intervals are 0.5 nT.
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5. Case studies

We examined the influences of host rock
permeability and depth of the magma intrusion. Four

models shown in Table 2 were simulated compared.

5.1 Influence of the depth of magma intrusion

Fig. 4 shows North-South profiles of anomalous
geomagnetic total intensity for different depths of the
magma intrusion. Host rock permeability is the same
(Table 2). In comparison with Fig. 4(b), Fig. 4(a) shows
larger anomalies at all the time steps, although the
anomalous areas are smaller. In addition, the peak of the
anomaly reaches its maximum at 32 years after the
intrusion for Model A as also shown in Fig.3, while the
maximum peak is seen at 64 years after the intrusion for
Model B. This indicates that the shallower depth of
intrusion causes larger total intensity anomaly and earlier
decline of it. As shown in Fig.2, hydrothermal circulation
develops near the upper part of the intruded magma and
extends laterally as time goes. These results suggest that
the larger hydrothermal circulation is developed in the
shallower magma intrusion model. Since the larger
volumes of the fluid advect heat, the hydrothermal
circulation declines earlier.

5.2 Influence of host rock permeability

The geomagnetic field changes shown in Fig. 5
summarize the thermomagnetic effect for different
permeabilities at two selected sites. Those sites are
located north (0 m Easting, 500 m Nothing) and south (0
m Easting, -500 m Northing) from the center, at which
decreasing and increasing centers of the anomaly are
observed for the case of Model A (Fig.3). Simulation
results for two models with one-order higher (Model C)
and lower (Model D) permeabilities are compared with
the result for Model A. The top depth of the intruded
magma is the same for all models (Table 2).

We can see two features in Fig.5. One is that higher
permeability of the host rock results in shorter duration
of the geomagnetic field anomalies. This is because
advective heat transport dominates in the higher
permeability host. The larger volumes of the fluid rapidly
advect heat from the magma, so that the hydrothermal
circulation is not maintained for a long time.
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Fig. 4 North-South profiles of anomalous total intensity
for different depths of the magma intrusion: (a) Model A
(500 m a.s.l.) and (b) Model B (0 m a.s.l.) Six profiles at
different time steps after the intrusion (2° yr, 2° yr, 2*yr,
2% yr, 2°yr, and 2’ yr) are shown in each figure.

The other feature in Fig. 5 is that lower permeability
yields larger anomalies in geomagnetic total intensity,
although the anomalies obtained by three models just
after the intrusion are nearly the same. The initial
anomalies are caused by the direct influence of the high
temperature magma, which are the same for three models.
However, anomalies obtained by models with lower
permeability hosts (Model A and D) show gradual
increase at site north and decrease at site south. This
means that demagnetized zone, that is, high temperature
zone expands widely and is caused by hydrothermal
circulation (see Fig.2). Since the effect of advective heat
transport is less for the lower permeability models, it
takes longer time to cool down the intruded magma.
Consequently, hydrothermal circulation is maintained for

a long time
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Fig. 5 Histories of anomalous total geomagnetic intensity

caused by a fresh magma intrusion into various

permeabilities of host rocks: Model C (10" .m?), Model

A (10" .m?%), and Model D (10™ ).

6. Conclusions

We calculated spatio-temporal variations of the
thermomagnetic effect caused by hydrothermal activity
driven by the intruded magma. We utilized
HYDROTHERM (Hayba and Ingebritsen, 1994) for the
fluid flow simulation after the magma intrusion and
developed a postprocessor to calculate the anomalous
geomagnetic total intensity. We examined the influences
of host rock permeability and depth of magma intrusion.
Following results were obtained in this study:

1. The depth of magma intrusion influences not only
the amount of total intensity changes but also the
duration of the anomalous geomagnetic field. The
shallower depth of intrusion causes larger total intensity
anomaly and earlier decline of it.

2. Host rock permeability strongly affects both the
duration of the anomalous geomagnetic field and the
amount of it. In the case of lower permeability hosts,
larger anomalies appear at later times because advective

heat transfer is less and hydrothermal circulation is
maintained in a wider area for a longer time.
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