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Abstract

Multiplets, i.e. events with similar waveforms, are common features on active volcanoes. The seismograms of
multiplets are analyzed by cross-spectrum techniques: this procedure improves by a factor of about 10 the pre-
cision of differential P-arrival times and therefore the accuracy of the relative location of earthquakes. Long
period events which cannot be located because of the impossibility to pick up P-waves on individual seismo-
grams can be located with a precision of about 10 m. Such a precision permits fault planes to be mapped in-
side a volcanic edifice and the azimuth and strike of fractures to be defined. Seismograms of the two events
(of a doublet) that occur on different dates are analyzed by the Cross Spectrum Moving Window technique
(CSMW) for measuring the time delay between waves in the coda. The pattern of the delays in the coda is a
function of the temporal changes of seismic velocity that occurred inside the volcano during the time interval
that separates the two events of a doublet. We illustrate the potential of the doublet technique for detecting
temporal changes inside a volcano by performing computations of synthetic seismograms. The case of a dyke
injected inside the volcano is considered as well as that of the replenishment of a superficial magma chamber
and of a general increase in velocity in the summit of the volcano. Data from Merapi volcano (Indonesia)
illustrate a possible temporal velocity change inside the volcano several months before the 1992 eruption.

Key words volcanic earthquakes — relocation The spatial gap between sources is smaller
of events — temporal monitoring than the source-receiver distance: a few meters
compared to kilometers. Identification of seis-
mic multiplets can be performed by visual ob-

1. Introduction servation of the seismograms, finding trace
similarity. Another way to find multiplets is to
Among tectonic earthquakes, similar wave- build a database with all the events recorded

form events are sometimes found. A pair of (for instance a short duration record for each
earthquakes with similar waveforms is called a source-station pair) and to compute all the

doublet. Multiplets (families of similar earth- cross-correlations between these events. From
quakes) are frequently, observed on volcanoes a cross-correlation matrix the events that have
(Okada et al., 1981; Frémont and Malone, the same arrival time differences are extracted

1987; Got et al., 1994). The trace similarity of (Got et al., 1994). Figure 1 is an example of
two seismograms of a doublet means that their the events of a multiplet recorded in station
hypocenters are spatially near, that their PUSYV on Merapi volcano (Indonesia).

sources are equivalent and that the ray trajecto- Several studies on volcanic doublets have
ries from sources to receivers are about the improved the precision in the relative location
same (within much less than one wavelength). of events. Doublet analysis is also useful for
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Fig. 1. Example of several shallow volcano-tectonic earthquakes (VTB) recorded in station PUSV on the
Merapi volcano. These events are called a multiplet.

measuring temporal changes in seismic velocity,
for instance to detect a velocity change in the
vicinity of a fault that may precede or follow a
large magnitude earthquake due to stress redistri-
bution: velocity changes of a few tenths of a per
cent can be detected (Poupinet ez al., 1984).

2. Cross-spectrum analysis of doublets

2.1. Cross-spectrum analysis of P-waves
and S-waves

Any location of earthquakes requires the
precise timing of at least P-arrival times. Using
doublets, we compare the waveforms of the
P-waves of different earthquakes in each station
and we measure the arrival time differences
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between the two events by a standard cross-
correlation technique. First, the seismograms
are aligned with a precision of one sample,
usually 10 or 5 ms. A window is applied on the
P-wave train: usually 128 points (1.28 s) ta-
pered by a Hanning function are adequate. In a
given window, the phase spectrum of the
cross-correlation between two events, ¢, is di-
rectly proportional to the frequency f and to the
time delay AT between the two signals

o(f) = 2 mATf.

Thus the delay AT between the two traces is
computed from the slope b of the phase of the
Cross-spectrum

AT = b/2m).
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The phase error o is estimated
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where C is the coherency level, B, and T are
the bandpass and the duration of the signal re-
spectively. The slope & is estimated by a
weighted linear regression that takes into ac-
count the phase error ¢ as a weighting factor.
Figure 2 shows the basic processing of a dou-

blet on data recorded on Merapi volcano by the
Merapi Volcano Observatory (MVO) in Jo-
gyakarta: the seismograms of the two events
constituting a doublet are plotted on top of fig.
2. The coherency and the phase spectrum of
the cross-correlation of the P-wave train (box)
are plotted as a function of frequency in the
bottom of fig. 2. These events were recorded
with a Mark Product L4C—1 Hz seismometer;
the seismic signal is telemetered to MVO
where it is digitized and recorded on a PC mi-
crocomputer at a rate of 100 samples per sec-
ond with IASPEI software (Lee, 1989). It
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Fig. 2. Cross-spectral analysis of the P-wave trains

(box) of two VTB earthquakes recorded in station PUSV.

The coherency of the boxed signal is good until 16 Hz. The phase spectrum of the cross-correlation is linear:

the slope of the phase spectrum gives the delay between the two P-wave trains.
points per second but a precision of the order of 0.002 s is achieved in the r

The digitization rate is 100
elative timing of these two

P-waves. A precision of up to 10 times smaller than the digitization rate can be achieved.
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should be noted that this processing can give a
relative timing precision of about one tenth the
sampling rate because it corresponds to an ad-
justment of the phases of the signals.

2.2. Relocation of doublets

Seismic events are located in routine analy-
sis because it is possible to pick up their
P-waves and sometimes their S-waves. Several
authors have relocated doublets using either a
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Fig. 3a. Hypocenters of the VTB multiplet pre-
sented in fig. 1. The top plot is an epicenter map and
the bottom one is a vertical cross-section. The origin
of the coordinates is in the crater of Merapi at an el-
evation of 2925 m. These events are located beneath
the south flank of the volcano at a depth of less than
1 km from the summit.
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cross-spectral technique in the frequency do-
main as described earlier or a cross correlation
technique in the time domain (Poupinet et al.,
1982, 1984; Scherbaum and Wendler, 1986;
Frémont and Malone, 1987; Deichman and
Garcia-Fernandez, 1992; Got et al., 1994).
Both techniques are equivalent. The relocation
is performed by minimizing

Z(Afi observed—ATi computed (AX, AYs AZ, Ah))2

i=1,n
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Fig. 3b. Relocation of the VTB multiplet presented
in fig. 1 using the doublet technique. The top plot is an
epicenter map and the bottom one is a vertical cross-
section. The precise relocations define a fracture near
the summit of the volcano striking E-W and nearly
vertical. The error on location is of the order of 10 m.
Note the difference in scale between fig. 3a and 3b.
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where i is the index of stations. A7’ is the ob-
served difference in arrival times between the
two P-waves for station i. AT" is the difference
between the travel times of P-waves computed
for two events whose hypocenters differ in co-
ordinates by AX, AY, AZ and in origin time by
Ah. This function is dependent on the velocity
in the vicinity of the hypocenters and on the
azimuth and incidence angles of the stations.
The minimum of this function can be found ei-
ther by exploring the 4D space around an ini-
tial hypocenter or by a least-square inversion
(see Got et al., 1994 for example).

An illustration of the relocation of VTB
type earthquakes from Merapi is shown in fig.
3a,b: 8 events were originally located within
1 km (fig. 3a) by the MVO seismic array
which is composed of 6 stations. The same

events are concentrated within a few dozen
meters after relocation by the cross-spectral
technique (fig. 3b). The precision of the rela-
tive location is of the order of 10 m. After relo-
cation these events are aligned and define a
fault segment or a crack oriented in the east-
west direction. The direction of this crack can
then be compared to deformation measure-
ments.

2.3. Cross-Spectrum Moving-Window
technique and the analysis of the entire
seismogram

The cross-spectral determination of the time
delay between the two seismograms can be
performed for any window along the seismo-
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Fig. 4. Cross-Spectrum Moving-Window analysis of an LF doublet (low frequency). The first event occurred
on August 30, 1991, and the second on the day after. The coda of the LF event is dominated by several sepa-

rate phases with different arrival delay times.
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gram. Therefore a narrow window is shifted
along the entire seismograms. The time delay
is plotted as a function of the running time
along the seismogram: we call this technique
the Cross-Spectrum Moving-Window (CSMW)
technique. The CSMW technique gives an ac-
curate measurement of the time delay between
all waves along the seismogram, without
knowing their exact nature and ray path.

Figure 4 shows the application of the
CSMW technique to a low frequency doublet
recorded on Merapi. A window of 2.56 s was
taken in the analysis. The first arrivals in both
events were aligned within one sample. We ob-
serve different time delays for individual
phases within the coda. Steps in the CSMW di-
agram help to define the occurrence of waves
of different type and ray path.

3. Temporal variations of physical
properties inside a volcano

A temporal variation of seismic velocity in-
duces travel-time differences for waves travel-
ing through the perturbed medium. If it occurs
in the time period between the two events of a
doublet, these differences can be measured
with the CSMW technique. Any change in ar-
rival time of a wave in the entire seismogram,
including a back-scattered wave, gives a travel-
time delay At(¢). Furthermore, different size
and shape of the perturbed volume produce
different patterns of A7(f) curves. Thus, when
CSMW accuracy allows it, we use A7T(f) mea-
surements to map velocity variations inside the
medium. We illustrate these possibilities by
showing synthetic data corresponding to four
simple but characteristic temporal variations
that may occur inside a volcano. We always
compute the synthetic seismogram for the un-

perturbed case then the synthetic seismogram

for the perturbed case. We consider these seis-
mograms as the two events of a doublet. We
apply the CSMW technique to enhance the dif-
ferences in waveform between these seismo-
grams and to show what could be measured
from surface observations.
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3.1. Examples of synthetic CSMW technique
plots

3.1.1. A global change in velocity in the entire
summit of the volcano

In this case, velocity changes in the entire
medium. All waves that propagate within the
medium are affected by the velocity change.
The monitoring of this velocity variation is
based on the intrinsic property of the coda of
local seismograms: the coda is essentially the
superposition of S back-scattered waves that
are radiated by propagating in a heterogeneous
medium (Aki and Chouet, 1975). The longer
the path traveled by the scattered wave, the
later the wave is recorded on the seismogram.
Assuming a constant velocity in the medium
and a temporal change of velocity from V; to
V,, with <V> = [V, V,, the travel-time delay
AT is expressed as:

xAv _ x
Vivy

where the slope of AT versus propagation time
<T> curve is equal to the relative S-velocity
variation.

This technique for measuring a temporal
change in S-velocity precisely is illustrated in
fig. 5. We compute P-SV elastic waves in a
heterogeneous random medium by a finite dif-
ferences method (Virieux, 1986). Propagation
through this kind of medium generates scat-
tered waves, the coda waves, as shown on the
seismograms. In fig. 5 (bottom), the continuous
line represents a vertical seismogram at the
surface for the reference (unperturbed) model;
the dashed line represents the seismogram for
the same source and station when velocity
changes by one per cent (perturbed model). We
clearly observe a time shift of coda waves. Fig-
ure 5 (upper part) is the Cross-Spectrum Mov-
ing-Window measurement of the delay be-
tween the perturbed seismogram and the refer-
ence seismogram. The slope AT/AT of the de-
lay as a function of running time is constant
along the seismogram. The measure of this
slope yields an estimate of the velocity varia-
tion of about 1% * 0.5%.
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Fig. 5. Effect of a constant velocity perturbation in the entire medium using a finite difference modeling of
the P-SV waves propagation for a random medium with 10% velocity random fluctuations. The vertical seis-
mograms recorded at the surface are plotted before (continuous line) and after the velocity decrease (dashed
line) in the bottom of the figure. The size of the window used for the computation of the delay is shown in the
lower left corner. We clearly observe a shift of waves in the coda. The upper diagram shows the Cross-Spec-
trum Moving-Window analysis obtained for the two seismograms below. The CSMW plot is a measurement of
the time delay between the waves along the entire seismogram. The velocity perturbation between them is 1
per cent. In this example the time delay is proportional to the velocity change of S-waves because the coda is
essentially back-scattered S-energy.

3.1.2. A localized velocity variation due to cannot estimate the velocity perturbation from
a horizontal dyke intrusion coda wave analysis. However, the pattern ob-
served on CSMW plots (fig. 6a,b) allows us to

Let us consider that a horizontal dyke is in- locate this variation. All waves passing through
jected at depth in the time interval between the the slow layer (the injected dyke), such as scat-
two events of a doublet. This is represented by tered or reflected waves generated below it, are
a horizontal layer where velocity has changed delayed and exhibit a delay with respect to
between doublets. The perturbed medium is waves propagating in the unperturbed medium.

not large enough to trap scattered waves so we By picking up the arrival time of the At dis-
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Fig. 6a,b. Effect of the intrusion of a horizontal dyke. A dyke intrudes a horizontally layered model: it is rep-
resented by a decrease in velocity in a layer at a depth of 100 m (a). The corresponding seismograms (before
and after the injection of the dyke) and the CSMW diagram which measures the arrival time differences be-
tween the various waves of the seismograms are plotted in (b). The two seismograms are so similar that it is
extremely difficult to visualize their differences except by using the CSMW technique.

continuity recorded in different stations, we course create very complex patterns in a
can migrate this A7 discontinuity to its location CSMW plot. A simple case is that of direct
assuming a constant and known velocity. We waves propagating in the unperturbed medium
illustrate this case by computing acoustic seis- while coda waves with longer paths have been
mograms with a reflectivity method for hori- scattered in the perturbed medium. The delay
zontally layered models. One of the layers has AT between the reference and the perturbed
a 2% velocity variation (from 4.8 to 4.7 km/s) seismogram remains zero for direct P- and di-
and the source is located at a depth of 75 m. rect S-wave trains. The delay increases as a
The A7 discontinuity is picked up at 31 ms (27 function of time in their respective codas
ms + window analysis length) on a surface re- (P-coda and S-coda). This case is illustrated in

ceiver. This travel-time corresponds roughly to a fig. 7a,b. The velocity has changed in a limited
path length of 135 m which in turn, gives us a shallow volume similar to a magmatic chamber
100 m depth for the horizontal dyke location. denoted by the shaded gray area. Earthquake
doublets have been recorded at the surface be-
fore and after the velocity changes. The dou-
blets are located above the magma chamber.

3.1.3. A velocity perturbation inside a superfi- This simulation has been carried out using a
cial magma chamber reflectivity code and the coda is generated by
multiple reflections in the layers. The CSMW

We introduce now a velocity change affect- plot shows that the direct P- and S-wave prop-
ing only a limited volume sampled by seismic agation times are unchanged while velocity
waves: some waves travel through the per- variations are recovered from the respective

turbed medium and others-do not. This can of coda delays AT(f).
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Fig. 7a,b. Effect of a localized velocity change, mimicking a velocity change in a superficial magmatic
chamber. Synthetic seismograms are computed with a reflectivity method in the model shown in (a). The ve-
locity is perturbed by 1% in the shaded area and remains constant in the first shallow layer. The CSMW analy-
sis between the perturbed areas and the seismograms is shown in (b). The direct P- and S-waves show no de-
lay: they propagate outside the vertical dyke. The coda exhibits a delay which increases linearly as a function
of propagation time reflecting a velocity change in the mimicked magma chamber.
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Fig. 8a,b. Effect of the intrusion of a vertical dyke modeled. Synthetic seismograms are computed with a
P-SV finite differences method. a) The model used for the computation: a 30 m thick dyke intrudes in a random
medium with 10% velocity fluctuations. The star is the location of the two earthquakes of a doublet and the
triangles are the stations for which seismograms are presented in (b). b) Horizontal seismograms recorded at
the surface by the four stations shown in (a) and the corresponding CSMW delay diagrams. The black arrows
show the theoretical arrival times for a P-to-P diffracted wave at the top of the dyke. The lines in (a) represent
the possible depths of P-diffractors for the times of the arrows in stations 1 and 3.

3.1.4. A vertical dyke intrusion

In this last case, a vertical dyke intrudes at a
depth of 1500 m in the time interval between
the occurrence of two earthquakes of a doublet.
Four stations located at the surface record the
events. This case is simulated using a finite
differences computation. A 30 m thick vertical
dyke corresponding to a 40% velocity decrease
has been inserted in a heterogeneous medium
with 10% velocity random fluctuations. Figure
8a,b shows examples of computed seismo-
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grams together with their CSMW analysis. As-
suming a constant P-wave velocity for waves
diffracted by the dyke (no converted waves),
one can report the expected time of arrival on
the CSMW diagram. The corresponding arrows
(fig. 8b) coincide with the occurrence of the
first delay discontinuity observed on the dia-
gram. Reciprocally, one could pick up the time
of these delay discontinuities at several stations
and migrate them. This is done in the model in
fig. 8a where the ellipses of possible diffractors
for station 1 and 3 are plotted. In our case, the
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time uncertainty for picking up the delay dis-
continuity is of the order of the pulse half
width, 0.05 s, giving a 300 m location uncer-
tainty denoted by a dotted zone in fig. 8b.

3.2. Example of an observation implying
temporal changes in velocity inside
a volcano

Figure 9 shows two earthquakes that were
recorded before the eruption of Merapi on
February 2nd 1992. The first earthquake oc-
curred on 91/06/22 and the second on 91/09/
04. The slope of CSMW curve is calculated us-
ing a weighted linear regression that takes into
account the coherency of the signal in each

window. A decrease in the delay along the
seismogram indicates an increase in velocity as
a function of date before the eruption. The pat-
tern between the direct waves (body waves) is
different from the pattern in the coda: for the
direct waves, within a 2 s interval following
the first arrival, the time delay is constant and
then it gradually decreases along the coda pro-
portionally to the running time. Such data were
used by Ratdomopurbo and Poupinet (1995) to
detect an increase in velocity close to the sum-
mit of Merapi before the February 1992 erup-
tion. This increase in velocity is interpreted as
due to an increase in pressure around the su-
perficial magma chamber starting about 10
months before the eruption.
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Fig. 9. Example of the CSMW analysis of two seismograms observed before the eruption of the Merapi vol-
cano (Indonesia) on February 2nd 1992. The first events occurred on 91/06/22 and the second on 91/09/04. A
S-velocity change of the order of 0.5 per cent beneath the source and the station explains the observed pattern.
Such a velocity change may result from an increase in pressure around the superficial magma chamber of
Merapi. This increase in pressure would have started about one year before the 1992 eruption of Merapi.
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4. Conclusions

The analysis of multiplets of micro-
earthquakes provides a means to relocate vol-
canic events precisely and to map deep frac-
tures inside the edifice. For instance, many
volcanic events have a low frequency content
and it is nearly impossible to locate them with
standard techniques because picking up P-ar-
rival times in a sufficient number of stations is
impossible. We show that these events can be
relocated by measuring the difference in arrival
times by the cross-spectral technique (precision
within 10 m in relative location). Moreover the
application of the Cross-Spectral Moving-Win-
dow technique to doublets allows S-arrival
time differences to be picked up very precisely
and very small differences to be read in the
coda. It can also be used to enhance secondary
phases that may be related to the deep structure
in the volcano or deep in the crust. We illus-
trate the use of temporal doublets by comput-
ing synthetic seismograms for models that
mimic temporal changes of seismic velocity in-
side the volcano. We analyze these synthetic
doublets with the CSMW technique and show
that it is possible to measure different types of
temporal variations inside a volcano. Several
cases are explored:

1) a velocity change in the entire volcano;
2) the appearance of a horizontal dyke;

3) a change in velocity restricted to a circu-
lar magma chamber.

We process two events recorded on the
Merapi volcano 6 months before the February
1992 eruption. The CSMW technique detects a
dependency of A7 on the arrival time in the
coda that is interpreted as a temporal velocity
variation in the medium beneath the source and
the station. This velocity increase can be re-
lated to the building up of pressure inside the
magma chamber before the eruption of 1992.
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