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SUMMARY

A seismo-acoustic and self-potential survey has been performed in the hydrothermal area of the
old Waimangu Geyser (New Zealand), which was violently erupting a century ago. Nowadays,
no surface activity is visible there. We set-up an array of 16 geophones and recorded a high
and steady acoustic ambient noise. We applied the matched field processing (MFP) approach
to the acoustic data to locate the sources responsible for the ambient noise. The white noise
constraint processor reveals the presence of a unique and well-focused acoustic source at a
depth of 1.5 m below the seismic array. For this very shallow source, the application of MFP
enabled the determination of both the source location and the dispersion curve of seismic
velocity. The study was completed by self-potential (SP) measurements on several profiles
around the acoustic noise source, which displayed a large positive anomaly above it. The
results of the SP inversion gave an electric streaming current density source very close to the
acoustic one. Both sources likely belong to a shallow hydrothermal structure interpreted as
a small convective cell of boiling water beneath an impermeable layer. The joint application
of these methods is a promising technique to recognize hydrothermal structures and to study
their dynamics.

Key word: Tomography; Hydrogeophysics; Hydrothermal systems; Volcano seismology;

Wave propagation; New Zealand.

1 INTRODUCTION

The Waimangu valley, located in the North Island of New Zealand,
is a recent hydrothermal site in the Taupo Volcanic Zone (TVZ).
Prior to the 1886 eruption of Mt. Tarawera volcano, surface activity
was restricted to the world famous Pink and White Terraces near
Lake Rotomahana. During the 1886 eruption, a series of craters
opened along a length of 17 km, with Waimangu at the southwest-
ern end (Nairn & Cole 1981). After the eruption, the Waimangu hy-
drothermal features (Fig. 1) developed in some of the 1886 craters
(Scott 1994). In 1900, the Waimangu geyser started to erupt in
the eastern part of Echo Crater (Fig. 1), and continued until 1904.
Its eruption height was remarkable, up to 450 m (Keam 1980),
making Waimangu the world’s highest historical geyser, and its
cycle period was about 36 hr. During the following years, many
hydrothermal eruptions occurred in Echo Crater, with the largest
on April 1917. This eruption covered the site of the Geyser and re-
excavated the western part of Echo Crater, now filled by Frying Pan
Lake.

© 2009 The Authors
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At present, the Waimangu main surface activity is located in
and around Frying Pan and Inferno Lakes (Fig. 1), which present
a cyclic activity with level and temperature changes (Scott 1994).
The site occupied previously by Waimangu Geyser is an almost flat
area, covered by altered deposits of hydrothermal eruptions, where
surface activity can only be observed in the northern part with a
small boiling pool. Water flow coming from the direction of the
Geyser site can be seen when it joins the Frying Pan outlet stream.

Tosha et al. (1996) recorded the seismic noise activity in
Waimangu and observed a continuous background signal in this
area, with a stronger signal when the Inferno water level was ris-
ing. The source of these hydrothermal noise variations can be at-
tributed to boiling instabilities at depth (Vandemeulebrouck et al.
2005). Tosha et al. (1996) monitored the self-potential changes on
an east—west profile and observed a positive anomaly centred on
the Geyser site, attributed to subsurface upflow, whose amplitude
changed with time during the Inferno cycle.

This paper aims to study the structure of this area (now known
as the Old Geyser site), which represents a remarkable source of
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Figure 1. Map of Waimangu hydrothermal area in the North Island of New Zealand. The rectangle corresponds to the location of the acoustic and self-potential

survey at the Old Geyser site.

correlated acoustic noise and electric self-potential. The combi-
nation of different geophysics methods on hydrothermal systems
has improved the knowledge of their structural features (Aizawa
et al. 2005; Bruno et al. 2007). Self-potential data have been re-
cently combined with temperature and CO, measurements to better
constrain the heat, gas and water flows inside Mt. Vulcano (Revil
et al. 2008). The use of resistivity tomography is very useful for the
recognition of geothermal structures (e.g. Bibby et al. 1994), but is
also necessary for a complete inversion of self-potential data to as-
sess water circulation in complex volcanic structures (Jardani ef al.
2008). To the best of our knowledge, this is the first time ambient
acoustic noise measurements and self-potential data have been used
together on a geothermal area. Both methods are related to dynamic
processes inside the hydrothermal system: acoustic energy is pro-
duced by boiling and cavitation (Leet 1988), and electric potential is
generated by groundwater flow. The combination of these methods
is likely to provide better information on the underground structure
and the physical processes occurring there.

2 DESCRIPTION OF SURVEY
AND METHODS

2.1 Seismo-acoustic experiments and method

The goal of the seismo-acoustic experiment was to analyse the am-
bient hydrothermal noise at the Old Geyser site area, during a period
of Inferno Lake stability. The acoustic method we propose is orig-
inal for the recognition of hydrothermal dynamic structures, as (1)
it applies to ambient noise and not to discrete events (e.g. Almen-
dros et al. 2001) and (2) it uses localization methods developed in
ocean acoustics. Indeed, recent papers on noise correlation tech-
niques have demonstrated the spatial coherence of ambient seismic
noise on length scales varying from hundreds of metres to hundreds
of kilometres and frequencies between 0.1 and 1 Hz (Roux ef al.
2005; Shapiro et al. 2005; Brenguier et al. 2008). Hydrothermal
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Figure 2. Map showing the location of geophones (black triangles) array
and artificial acoustic sources (black stars) over the studied area. The self-
potential variations measured on the four profiles are represented by circles
of different colours; see the colour bar for corresponding values in mV. The
SP reference point is indicated as a black square.

systems classically generate seismic noise above 10 Hz (Kieffer
1984), which is clearly coherent on geophone arrays with inter-
element distances smaller than 50 m (Legaz et al. 2009a). Our goal
is to take advantage of this spatial coherence to perform coherent
array processing to localize the sources of hydrothermal noise.

We set up at the Old Geyser site an array of sixteen 4.5 Hz vertical
geophones (black triangles in Fig. 2). All the seismic channels were

© 2009 The Authors, GJI, 180, 883-890
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synchronized and data were recorded on a laptop using a 12-bit
resolution data acquisition board. To constrain the seismic velocity
¢ of the area, we first performed four series of active experiments
using the method of Gouedard et al. (2008). It consisted in record-
ing the seismic signal produced by several people stepping in a
small area, about 1 m in diameter, at reference points on different
sides of the array (black stars in Fig. 2). We then applied matched
field processing (MFP) techniques, as described later, to localize
the artificial sources, although interactively changing the velocity.
We found a value for ¢, about 160 ms™! in the [15-30 Hz] band-
width, which gives consistent locations for all the active experiment
spots, and we considered the velocity as homogeneous in the studied
domain. The low value of ¢ means that the vertical component of
the seismic field recorded on the geophone array is dominated by
surface waves. Furthermore, the value of ¢ shows that the extent of
the geophone array covers a few acoustic wavelengths, which is a
requisite for source localization using phase-matching techniques.

We then recorded the ambient seismic noise during several inter-
vals, each 4 min long, at a sampling rate of 800 Hz. Fig. 3 shows
a time—frequency spectrogram of 2 min of seismic noise recorded
on one geophone. The ambient noise looks Gaussian in the time
domain with seismic energy distributed between 6 and 35 Hz. To
localize in depth and range the ambient noise sources, we applied
the MFP technique, commonly used in ocean acoustics (Jensen et al.
1994). MFP is an array-processing technique based on comparing
forward modelling solutions of the wave equation with acquired
data, measured on an array of motion sensors. MFP consists in
placing a test source at each point of a search grid, computing the
acoustic field (replicas) at all the P elements of the array, and then
correlating this modelled field with the data from the real point
source, whose location is unknown. First, we consider several (V)
time segments in the record and transform the acoustic signal in
the frequency domain d; x(w), where i refers to the array element
number (i € [1, P]), k is the time segment number (k € [1, N])
and o is the frequency. We then create the cross-spectral density
matrix (CSDM) K;; (i, j € [1, P]) through an ensemble average
performed on N temporal segments of the data vector

1 N
Kij(@) =+ 3 dis(@) dj y(@). (1)
k=1

The star stands for the complex conjugate transpose operation. Prac-
tically speaking, NV is always chosen to be larger than the number of
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sensors so that the CSDM is a full-rank matrix (Jensen et al. 1994).
The CSDM is the acoustic equivalent of the cross power spectrum
CPS that has been used by several authors in surface wave seismol-
ogy (Asten & Henstridge 1984; Horike 1985; Zywicki 1999; Foti
2000). Then, the matched field processor (called Bartlett processor)
is applied through the following estimator:

Bla)=)_|d*(w, K (@)d(w, a)l, )

[

where a is a P-element vector corresponding to the absolute distance
between the source candidate position in the medium and each of
the array element. The P-element replica vector d(w, a) is defined
as the free-space Green’s function at frequency w from a candidate
source position to the array elements. We have

- 1
d(w,a) = Tg %P (j%a) , 3)

where B is the equivalent of a linear ‘correlator’, for which the
correlation is maximum when the candidate point source is colo-
cated with the true point source. The matched-field processor B is
incoherently averaged over the frequency bandwidth of interest to
further improve the contrast of the ambiguity surface. In eq. (3),
we chose the free-space monopolar Green’s function since we ex-
pect to retrieve a local source for which the geophones array is
located in the near field (at most one or two wavelengths away from
the source). In the near field of the source, the separation between
Rayleigh wave and body wave is not yet effective. In this case, wave
propagation can be characterized by a velocity ¢ that depends on
the density and the bulk modulus of the medium.

The central difficulty of MFP is the knowledge of the environ-
ment, to generate the proper replica vectors. Depending on the ex-
pected mismatch, different MFP processors are used ranging from
diffraction-limited linear spatial correlators (eq. 2) robust to en-
vironmental mismatch to non-linear high-resolution methods that
rely on the estimation of K~!(w) and are very sensitive to envi-
ronmental uncertainties (Capon 1969; Widrow & Stearns 1985).
The minimum-—variance distorsionless processor (MV) is one of
these maximum likelihood methods for which the replica vector is
modified as follows:

K Y (w)d(w, a)
d*(w, a)K N(w)d(w, a)’

EZMV(GL a)=

“4)
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Figure 3. Spectrogram (temporal variations of the spectral density) of the ambient seismic noise recorded during 2 min on station 10, at the east of the network.
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which results in the processor output

Buv(a) = ) lduy (@, O)K (@)dwy (@, a)l

[}

1
N Z @, a)K N@)d(w, a)|

)

Jensen et al. (1994) show that a small speed mismatch is sufficient
to degrade the resolution of MV by introducing sidelobes in the
processor output. Actually, two criteria make it possible to assess
the quality of an inversion: (1) focusing defined as the accuracy
of the spot size and (2) contrast determined by the occurrence of
sidelobes, which can introduce an ambiguity on the source location.
Jensen et al. (1994) showed that this quality was strongly condi-
tioned by the linear or non-linear processor applied on the replica. In
many cases, the non-linear procedure (MV) appears more efficient
in focussing, but its sensitivity to speed mismatch makes its use more
difficult. The white noise constraint processor (WNC), chosen in this
study, provides a compromise between resolution and robustness
(Debever & Kuperman 2007). In this method, the replica vector is

(K(w) + e(w, a)) " d(w, a)
d*(w, a) (K (w) + (@, a))) " d(w, a)’

where [ is the identity matrix and ¢(w, a) is a position-dependent
parameter that must satisfy the condition L?G,Nc(w, a)dwne(w, a) <
872 for any source candidate a, § being a user-defined parameter
to be set between 0 and 1. Actually, the relationship between ¢ and
§ is complicated and strongly depends on the quality of the data
and the complexity of the propagation medium. One may notice
though that § = I corresponds to large values of ¢ and makes the
WNC resemble a linear Bartlett processor. As a matter of fact,
when & goes to infinity, then dwnc(w, @) ~ d(w, a) and the WNC

(6)

aWNC(wv a)=

Z (m)
:
|

'10 _2')
Y (m)

-30

processor output

Bunc(@) = Y dinc(@, @)K (@)dwc(, a)| )

is similar to eq. (2). On the other hand, § ~ 0 leads to ¢ = 0, which
implies after eq. 6 that the WNC behaves as the MV processor (eqs 4
and 5) in this case.

In Fig. 4, the WNC processor output was calculated on a 3-D grid
with 2-m horizontal and 1-m vertical intervals. The raw data signals
have been normalized between all geophones to balance the local
coupling between each geophone and the ground. The ambiguity
surface clearly reveals the presence of an acoustic source at depth
1.5 m below the seismic array. The resolution of the acoustic spot
is ~A/2 = 3.5 m in all directions as expected from the diffraction
theory in the case of a source in the vicinity of the array. With such a
shallow source, there is no need to consider depth-dependent veloc-
ity models. Actually, given the frequency spectrum of the recorded
seismic signals (Fig. 3), we chose to perform the WNC processor
in the [18-26 Hz] frequency band as a compromise between (1) a
better resolution of the matched-field processor at higher frequency
and (2) a good contrast when the matched-field processor is aver-
aged over a large bandwidth. We also took into account the fact that
spatial coherence and signal-to-noise ratio are degraded at higher
frequency. Figs Sc and 6 are, respectively, the horizontal projec-
tion of the acoustic spot integrated over the first 5 m in depth and
the vertical projection of the spot along the self-potential profile B
presented in Fig. 2.

Finally, Fig. 7a shows a frequency-dependent representation of
the WNC output. At each frequency between 7 and 27 Hz, we calcu-
lated the WNC output Bwnc for spatially uniform velocities ranging
from 100 to 500 ms~!. The 3-D positions of the beamformer output

MFP output
{normalized)
1

0.9

0.8

0.7

- 0.6

e 0.5

0.4

0.3

0.2

0
X(m)
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Figure 4. 3-D matched field processing normalized output between 18 and 26 Hz for a homogeneous seismic velocity ¢ = 160 ms™!. The coloured surface
corresponds to MFP normalized output greater than 0.95. The geophones are indicated as red triangles.

© 2009 The Authors, GJI, 180, 883-890
Journal compilation © 2009 RAS

120z eunr g| uo 1sanb Aq GZ6069/£88/2/08 L /elone/B/woo dno-olwepeoe//:sdiy wou) papeojumoq



Seismo-acoustic and self-potential survey — 887

——t—— model
= 100 + o
E
= s0{ (3)
[72]
04 i
3 [10%Am™)

Depth [m]

Depth [m]

0 5 10 15
Distance [m]

MFF output
(mormalized)

20 25 30

Figure 5. Results of the acoustic and self-potential inversions on the B profile (from B; to B;) shown on Fig. 2. (a) Comparison between the measured
self-potential (in blue) with the self-potential (in red) produced by the 2-D model of streaming current density shown below; (b) magnitude of the streaming
current density ;S obtained by the 2-D inversion method. The arrows indicate the direction of ;S; (c) vertical cross-section of matched field processing output
between 18 and 26 Hz for an homogeneous seismic velocity ¢ = 160 ms~!. The results of the inversions show two very close acoustic and electric sources

which likely belong to the same hydrothermal structure.

maximum are shown in Figs 7b—d. We observe that the acoustic-
source position stays unchanged within the frequency-dependent
resolution A/2 over the whole frequency bandwidth.

Fig. 7 also shows that, in this particular experimental configura-
tion, seismic waves solve the classical ambiguity in matched-field
processing applications between source location and velocity uncer-
tainties. Indeed, both the phase velocity—dispersion curve (Fig. 7a)
and the source location (Figs 7b—d) can be simultaneously inverted
from ambient noise data. The phase velocity—dispersion curve ob-
tained from the WNC output is also in agreement with phase veloc-
ities obtained through active experiments. Of course, such ‘source
position + velocity’ inversion through matched-field processing
was made particularly easy in this case thanks to the shallowness of
the acoustic source.

2.2 Self-potential method

The self-potential (SP) method aims to measure the electrical poten-
tial ¢ at the surface of the ground with respect to a fixed reference
electrode. Many SP surveys have been conducted in volcanic and
geothermal areas (Zablocki 1976; Ishido 2004; Hase et al. 2005, for
some examples) and have led to a better knowledge of hydrothermal
structures and fluid transfer processes. We performed self-potential
measurements in the vicinity of the acoustic source with Petiau
Pb/PbCl, electrodes and a high impedance (100 M) voltmeter

© 2009 The Authors, GJI, 180, 883-890
Journal compilation © 2009 RAS

of 0.1 mV sensitivity. SP values vary over the area (Fig. 2) in a
20 mV range except around the acoustic source where we observed
a sharp peak of +130 mV slowly decreasing southwards with a
small negative anomaly northwards. The northern steaming area,
where we can observe hot pools and high surface temperatures,
produces neither SP anomaly nor high acoustic energy.

Two major mechanisms are likely to produce self-potential
anomalies in hydrothermal areas. The first is the thermo-electric, or
Seebeck effect, in which a thermal gradient existing in a geological
layer can generate an electric potential. In our case, using a thermo-
electric coupling coefficient of 0.2 mV/°C (Corwin & Hoover 1979),
a temperature anomaly of 100°C in the shallow sub-surface would
give rise to a maximum 20 mV self-potential signal at the surface,
that is, about the sixth of the observed signal. This would consti-
tute, if it exists, only a minor contribution to the observed potential.
The second polarization mechanism is electrokinetic in nature and
called the streaming potential. It is due to the existence of a source
current density, called the streaming current density, associated with
the flow of water through a porous material (see, e.g. Revil & Leroy
2004). An upward fluid flow is generally recognized as the source
of positive self-potential anomalies created by streaming processes
above active hydrothermal systems (Ishido & Mizutani 1981; Lénat
et al. 2000; Zlotnicki & Nishida 2003; Revil e al. 2008). In the
following, we assume the observed SP anomaly results only from
the electrokinetic effects.
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Figure 6. Comparison of the horizontal location of the acoustic source
with the self-potential anomaly measured at the surface. The matched field
processing output is averaged from 0 to 5 m deep and normalized. The
self-potential variations over the area are normalized with reference to the
maximum and represented by circles of different colours.

The total electric current density }(in Am™2) is given by the
generalized Ohm’s law (Linde ef al. 2007)

j=—oV(y)+ 0., (8)

where the first term corresponds to the conduction current density
and the second to the streaming current density j; = Qi . ¥ is the
electrical self-potential (in V), o is the electrical conductivity of the
medium (in Sm™"), Qy is the excess of charge of the electric diffuse
layer per unit volume of the pore fluid (in Cm~3) and # is the Darcy
velocity of the pore fluid (in ms™!).

The electrical charge conservation implies

v.j=0. ©)
Combining eqs (8) and (9) yields a Poisson equation
V-oV(@y)=V-Jj, (10)

which governs the streaming potential distribution, the divergence
of this streaming current density being responsible for an electric
field.

To locate the self-potential source, we have used a 2-D inversion
method described in Boleve et al. (2009), which is very similar
to classical linear inversion methods of potential fields. The for-
ward problem consists in integrating the potential i created by a
distribution of source current density }S in the medium

(M) = /ﬂ G(M. P)- js(M)dV. (11)

where G is the Green function connecting the self-potential at a
station M at the ground surface produced by streaming density cur-
rents at a set of sources P in the conducting source volume 2. The
inverse problem is the minimization of a cost function defined by

¢ = ||Gm — d||, where m contains the vertical and horizontal com-
ponents of the streaming current }S, and d is the vector containing
the self-potential data on the measured 2-D profile.

Because of the lack of high-resolution resistivity measurements,
the resistivity is assumed to be homogeneous and equal to 100 Qm,
from the resistivity measurements performed by Legaz ez al. (2009b)
with an electrode spacing of 20 m.

The results of a self-potential inversion (Figs 5 and 6) on the B
profile indicate a shallow electric source, of 3—4 m width below
the SP peak (Fig. 3), with a predominant vertical component that
generates the positive anomaly. From the directions of the streaming
current }S, we can interpret that there is a small convective shallow
structure, most likely fed by the vertical upflow of steam bubbles.

3 DISCUSSION

The position of maximum correlation resulting from the acoustic
inversion is very close to the maximum of the streaming current
density, indicating the acoustic and electric sources are due to two
different processes inside the same localized structure. It is notewor-
thy that no hydrothermal feature can be seen at the surface above
this source, and that the hot steam area with small boiling pools
does not produce a high acoustic energy compared to this buried
one. The acoustic source location is very shallow, but its depth is
not well constrained as the array elevation was not measured due
to the dense vegetation. The topography was thus considered as flat
whereas the southern part of the array is about 1 m higher than
the northern part. The 1 or 2 m distance between the two sources
location can be due to the fact that associated physical processes do
not occur at the same place in the hydrothermal structure, or results
from the heterogeneities in velocity and resistivity on the area.

We suggest the electric source corresponds to the upflow and the
convection of boiling fluids at shallow depth below an impermeable
layer. The collapse and the merge of steam bubbles as a result of
hitting a solid barrier can generate strong acoustic pulses and would
correspond to the acoustic source. This solid layer could be made
of'silica deposited when Old Geyser was active and covered later by
deposits from Echo Crater eruptions. The presence of an imperme-
able layer is in agreement with the low temperatures in the vicinity
of the source compared to the northern part. A similar structure
of upwelling hydrothermal flow producing a large SP anomaly at
the surface was deduced from resistivity, magneto-telluric and self-
potential measurements on Mt. Fuji (Aizawa et al. 2005), Mt. St.
Helens (Bedrosian et al. 2007) and Mt. Vulcano (Revil et al. 2008).

The lack of self-potential anomaly in the vicinity of the con-
vective structure could be explained by a reduced horizontal water
outflow. The thermal energy required to drive the convection can
be brought by steam/gas bubbles with a high enthalpy and a corre-
sponding small mass inflow rate. The water mass input and output
of the structure would be very small compared to the internal liquid
convective flow. Such a model would meet the water flow conserva-
tion condition and be in agreement with the observed self-potential
and acoustic results. Moreover, in the case of a shallow diffuse hor-
izontal outflow, the likely high water saturation at low depth would
increase the electrical conductivity o and in consequence reduce
the self-potential ¥ generated at the surface after eq. (10).

4 CONCLUSION

As far as we know, this is the first time acoustic and self-potential
methods have been used jointly to give consistent locations of a
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Figure 7. Estimation of velocity model and source location coordinates vs. frequency. (a) Evolution of the WNC beamformer normalized output Bwnc in
function of the velocity ¢ at a given frequency; the Bwnc scale is given by the colour bar. The black circles indicate the velocity for which Bwnc is the
maximum. Bars correspond to the 95% confidence interval. (b—d) Spatial coordinates X, ¥, Z of the maximum Bwnc, using the velocity obtained in (a) for
this maximum at the given frequency. Bars indicate the range corresponding to the 95% confidence interval in velocity.

unique acoustic and electric buried source produced by subsurface
hydrothermal processes. The methods we used were very easy and
fast to set up when working at a small scale. We hope to extend
this study by a joint electric and acoustic inversion to improve the
geometry of the structure and to constrain the fluxes.

A permanent acoustic and self-potential monitoring of this site
would give insight on the temporal evolution of the hydrothermal
plume, as Tosha et al. (1996) has considered this area was also af-
fected by the Inferno cycle. For instance, a 4-D monitoring would
investigate the temporal changes in source location and acoustic en-
ergy produced, seismic velocity, streaming current and associated
groundwater flow. More generally, applying similar techniques to
other places, such as an active geyser would improve the under-
standing of the hydrothermal structures, processes and associated
instabilities.
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