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ABSTRACT

In the context of exploration, development and rravimig,

it is highly valuable to have access to the steatarated
regions of a geothermal resource. During explonagibase,
it consists of a strong evidence that a sufficiertibt
system is still present before the drilling deaisighen it
allows to identify the best locations for the fgur
exploration and development wells. During the pitidun
phase, it is important to monitor the steam satdgratrea
extension due to the field depletion (productioduced
reservoir pressure decrease) in order to optimize t
positioning of the make-up wells. This work presean
innovative methodology to detect relevant resergtéam
saturated areas which can be applied at differiagles of
high enthalpy geothermal projects. A field survegsw
recently conducted in the Muara Laboh geotherneld fi
The obtained results were in complete agreemertt wit
observations made on all the exploration wells. yThe
enable to map the extension of the potential stesnrated
region at the top of the structure and also to tifien
another potential steam area associated with andecp
top. The identified steam cap extension remainshe¢o
confirmed by the development wells which will belled
and tested during the course of this year. Theskénginary
results have demonstrated the applicability and the
potential of this promising new steam detectionhuodtfor
high enthalpy geothermal resources.

CONTEXT AND INTRODUCTION

A new reservoir characterization technique basedhen
interpretation of ambient, natural, low frequengssive
seismic signal meets currently a growing succesietect
subsurface reservoirs saturated with multiphasiel<lult
has been used in various domains such as hydratarbo
detection and volcanic eruption prediction
(Ferrick et al., 1982). This technique was alsocesasfully
evaluated by Storengy on a natural gas storage asiseg

an advanced and innovative workflow developed ireky
(under patent procedure since 2016). As the spectra
anomaly is related to the presence of several stegi
phases in a reservoir and the basic propertiegakavater
and steam/brine system are of the same order instef
surface tension, density and viscosity, there is no
fundamental reasons why this technique could not be

applicable also in the geothermal context to deséeam
saturated areas.

An accurate mapping of geothermal reservoir twospha
regions is of primary importance to guide the térgeof
development and even exploration wells. On a loteyen,
it is also very important to map the extensionha steam
area related to the reservoir depletion in ordeguile the
drilling of future make-up wells. Unfortunately, ping
two-phase regions is usually difficult in geothetrfields
since the top reservoir is picked from the MT datsose
vertical resolution is low, even though the steaatéw
interface is identified in some exploration wellfierefore,
it is highly valuable to develop new techniquesatwess
this information directly in an accurate and co$edive
manner. This is the main objective of this paper.

The first part of the present paper explains thecfple of

the methodology which relies on the acquisition amel
analysis of Low Frequency Passive Seismic (LFP$).da
This approach was originally used and further dmgwed by
Storengy to monitor gas saturation in the contéxtadural
gas storage activity (Lavergne, 2015). Ocean waves
permanent activity generates coherent noise (seismi
surface waves) at the ocean bottom, which thenggaes
across continents. This so called Ocean Wave R2ak,

or microseism for seismologists, provides us with a natural
diffuse seismic source which interacts with muhiape
inclusions in subsurface leading to a modificatafnthe
energy spectrum. In the geothermal context, votcani
tremors can be an additional natural source atstme
frequencies.

The interest of extending the application of such a
technology in the context of high enthalpy geotharm
reservoirs is tackled in the second part of thipgpaand
illustrated through a LFPS field survey recentlndacted

in the Muara Laboh geothermal field (Situmorangakt
2016).

LOW FREQUENCY PASSIVE SEISMIC PRINCIPLE

The method is based on measuring the interactibnees

low frequency ambient waves and multi-phase inohsin
subsurface. Permanent activity of the ocean waves
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generates seismic ambient noise at the ocean hottbith
then propagates across continents mainly in thm fof
Rayleigh waves. The main sources of this noise leen
investigated by different authors (Schimmel, 204mhuin
et al., 2011). The left panel in Figure 1 (aftediAuin et al.,
2011) illustrates their distribution on the globe2008.
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Figure 1: Source zones of seismic ambient noiger(af
Ardhuin et al., 2011) - Typical spectra of seisignals
outside (blue) and over (red) an Underground Gasagée

Though these waves have most of their energy cwedai
into the [0.1-0.2] Hz spectral band, they are sigible on
the spectra up to 1-2 Hz. As we noted on variodasgss,
other sources can be active even at low frequendigman
activities, such as industry and traffic, usuallgcbme
visible above 1 Hz, and mainly contain surface \gayes it
will be illustrated below, in the geothermal coritea
volcanic system can be source of body waves dominat
the ambient wavefield at frequencies as low as 1 dz
even lower. Whatever its origin, characterizing and
exploiting a natural source avoids using costlyfieidl
sources in seismic acquisition surveys.

Natural waves are likely to be scattered when angss
geological formations containing multi-phase inaas
because of the effective elastic and anelasticrastst The
spectral content is modified, giving rise to an raaty that
can be mapped over the zone with multi-phase ifaiss
Dangel et al. (2003) observed spectral anomalies/eab
more than ten oil and gas fields around the wohid.
Figure 1 (right), the anomaly of the vertical compnt
power spectral density (PSD) is observed above the
Chémery natural gas storage in France. The aforéoned
forward modeling approach based on scatteringriently
being developed by Storengy and presented in metiald
in Kazantsev et al. (2017). We must stress out thiat
approach is at reservoir scale, unlike the porelesca
interface oscillation model proposed by
Holzner etal. (2006) in order to explain the spEc
anomaly in the hydrocarbon context.

A typical survey consists of deploying an arraytifee-
component seismic sensors installed into 50 cm Hekrs
over the zone of interest (Figure 2). The recordihguld
last at least 24 hours under good weather conditidbhe
array can be shifted from one day to another toavpthe
spatial resolution of the resulting map. Some efee
sensors must stay at the same location during thaew
survey. The band pass of the sensors should beaat |
[0.1-10] Hz. This light protocol enables to covetasge
surface in a short period of time which makes isteo
effective compared to standard seismic surveys.

Figure 2: Typical sensor and its deployment

The analysis / interpretation process includesrs¢géeps:

e Pre-processing of the data to remove all the time
windows where the signal was affected by external
perturbations,

* Processing through the calculation of the energy
spectra and the source signal propagation direction

e Interpretation using several attributes represimtat
of the spectral anomaly modification due to a rulti
phase reservoir.

The method has been tested and validated over the
Chémery natural gas storage by a consortium inwglvi
Gaz De France (now Engie). Following the prelimynar
results from Spectraseis in charge of the integpicat
(Duclos et al., 2011), Storengy has developed s o
improved processing workflow from the raw data, ebhi
has yielded very promising results (Kazantsev, 2015
Figure 3 shows the anomaly map in Chémery, compared
the gas accumulation computed by a flow simulatisimg

a 3D reservoir model matched on 50 years of préoluct
data.

Figure 3: Spectral anomaly (left) compared to iheutated
gas accumulation (right) [after Kazantsev (2015)]

A very good consistency can be observed betweetwihe
maps. As the gas distribution in the reservoir notle
spectral anomaly appears very sensitive to theeppesof
N-S faults located in the southwestern part of sterage
(bold black lines in Figure 3 left). Moreover, theximum
spectral anomaly corresponds very well to the firat
tops of the reservoir where the maximum gas column
height is located.

Other successful applications of similar technigcas be
found in the literature for hydrocarbon detectioefdre
drilling exploration wells (Holzner et al., 2005543 et al.,
2007; Riahi et al., 2013) and for volcanology tomibar the
low frequency tremors attributed to the magmatiansher
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activity evolution before eruption (Ferrick et al982;
Ripepe and Gordeev, 1999).

ACQUISITION OVER A GEOTHERMAL SITE

The LFPS methodology has been tested on the Muara
Laboh geothermal field (West Sumatra) which was
extensively described by Situmorang et al. (2018).
Supreme Energy Muara Laboh (SEML) drilled six full
diameter exploration wells which yielded an estioratof
temperature distributions, resource size, permeable
structures, and hydrology of the system. The caedp
model relies on a hot geothermal fluid upwellingrfr the
deep part of the resource in the southern part. flthe
then flows globally to the northern direction. Tieservoir
fluid temperature ranges between 200°C to 310°Ghén
most part, the reservoir contains a single liquidge but a
small extension steam cap was detected at theoslesi
part of the reservoir from wellpad A as shown igu¥e 4.
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Figure 4: North-south cross section showing concpt
model of Muara Laboh field (Situmorang et al., 2016
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Figure 5 : Broadband seismic network deployed iraNu
Laboh. Each blue location corresponds to 48 holurs o
available recording

11 low frequency 3-component broadband seismometers
(Guralp 6TD 30s) were deployed from 31/05/2016 lunti
14/06/2016. Three of them (REF01, REF02, REFO03)
remained at permanent locations. Another 7 statoae
deployed in a circular configuration whose location
changed every two days. This configuration enales
array processing of the ambient noise in order to
characterize the incident wavefield. The networkhswn

in Figure 5. Another permanent station (REF04) added

on 15/06/2016. The permanent stations remainedliedt

until 14/08/2016 in order to check the stability thfe
measured attributes.

RESULTS

After pre-processing, the power spectral densi§{Pwas
estimated on all the 3 components. An exampledsvahin
Figure 6.

Power Spectrum Density (log)

Figure 6 : Example of spectra estimated for the GEF
03/06/2016. Bold curve : smoothed spectra.

Then the V/H spectral ratio was calculated as
PSD,

Xv/H = 1—
/7(P50,3 + PSD?)

V/H ratio

Hz
Figure 7 : Result of the V/H spectral curves clicaion

Following the patented procedure, an automated
classification was applied to the recorded V/H $@éc
curves according to their shape. The classificatiotput is
quasi-continuous between -1 and 1. The spectravaites
close to 1 exhibit a stronger V/H ratio betweennd 2.5

Hz (Figure 7). The evolution of the mean V/H ratio
between 1 and 2.5 Hz recorded by the referencmrssat
during two months following the survey is showrFigure

8. It can be seen that the high V/H ratio at REF9Ai
stable feature over time.
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Figure 8 : Mean V/H ratio evolution in [1-2.5] Hzer a
two-months recording period

Figure 9 : Final anomaly strength map after clicssion
and kriging

The classification results were then mapped onte th
surveyed area by kriging, taking into account the
uncertainties related to the time variability o thpectra
(Figure 9). This map shows two “anomalous” zones
characterized by a high V/H ratio (classificationtput
close to 1) : a stronger one in the south of takl ftlose to
the well A, and a weaker one in the eastern vigiaftthe
well E.

Our current hypothesis is that these zones arergieuteby
the scattering of the ambient wavefield on the ratea
bearing zones. The ambient wavefield was analyzigd w
two arrays of different apertures to address 2 ueegy
bands : [1-2] Hz and [5-7.5] Hz (see Figure 10 for
configuration and response functions).

MUSIC algorithm (Schmidt 1986) was applied to g
histograms of apparent slowness and back-azimugr ov
overlapping 5 minutes time windows. The resultsishin
Figure 11 suggest that there is no consistent itgloc
decrease with frequency in the [1-2] Hz band (a&pgs it
would be expected for surface waves. Moreoveryéiees

of apparent velocities range from 1500 to 3000 mfdch
is more typical for body waves at these frequencies
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Figure 10 : Geometry of the two arrays (top) ararth
response functions at the relevant frequenciesdimt
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Figure 11 : MUSIC : velocity-frequency and backraath
histograms over analyzed windows

The results of the array 1 exhibit velocities betwe 000
and 2000 m/s into the [5-7.5] Hz band, which agsams
too high for surface waves, though a decrease over
frequencies is observed. Finally, the back—azinmigtable
over frequencies and is close to the Kerinci vadéan
direction, as shown in the back-azimuth histograms
Figure 11. This leads us to conclude that the weldefn
the frequency band of interest is dominated by bwdyes
originating from volcanic tremors. The next step thé
work will consist of modeling the scattering of busaves
by a contrast intended to mimic a steam-bearingzon
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DISCUSSION

The results obtained by the empirical LFPS approach

presented above are in complete agreement with the

observations made on all the exploration wells FéglL2).

They enable to map the extension of two steam at@ilir

regions :

e The main one at the top of the structure (A wel)pad
were the most prolific exploration well have been
drilled with a steam production under bottom hole
conditions.

e In the northern part near the area of wellpad Es Th
latest steam anomaly is less intense and could be
associated with a shallow steam zone. This is
suggested by the heating-up temperature profiles
recorded after drilling which are showing a
significant temperature anomaly behind the casing a
shallow depth (Figure 12).

Although the identified steam cap extension rem#inke
confirmed by development wells in the course talbiked
and tested this year, these first results are gecpuraging
and very consistent with the current knowledge o t
geothermal reservoir.
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Figure 12: Anomaly in temperature recovery behiasirg
observed on E1 well that could be attributed tdleha
steam

CONCLUSIONS

A new methodology based on the acquisition and the
analysis of Low Frequency Passive Seismic (LFP$a da
has been successfully tested on the Muara Laboh
geothermal reservoir to map the steam saturated.are

The protocol for data acquisition is simple and shevey
can be conducted over a short period of time whielkes

it a cost effective solution. The data analysis and
interpretation consist of the key part to obtaircumate
energy spectra and relevant attributes represeetafi the
spectral anomaly modification due to steam satdrate
reservoir areas.

The first results are very promising since alreedysistent
with the current knowledge of the reservoir. Thgang
field development driling campaign should enabte t
strengthen the accuracy of these preliminary resdlhe
application of this new steam saturated areas tiatec
method for high enthalpy geothermal resources iy ve
promising for both the exploration and field deystent
phases. It may improve the success ratio of thdswel
through a better targeting of the most prolificesre
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