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Summary

We present results from a passive seismic surveyeda
out with broadband seismometers over an oil field i
southern Germany. The aim was to analyze the ambien
seismic noise spectrum in order to test for spkctra
signatures that may be indicative of variations tie
subsurface. Variations in the naturally occurring
background noise level happen at extremely low aogs
levels (typically between -120 to -180 dB [w.r.t.ni/s]),
which oftentimes is orders of magnitudes lower thaise

of anthropogenic origin that may be superimposed. |
addition, the spatial, temporal and frequency-domai
variability of cultural noise often exceeds the teaand
temporal variation of the natural background waef It

is therefore critical to adequately remove anyuwaltnoise
contamination from the records before an attempt lma
made at analyzing the ambient seismic noise lexebafy
meaningful signatures of subsurface variations.n@ysa
survey in an urban environment as an example, wsept
different methods to attenuate unwanted noise of
anthropogenic origin. We show that, despite remnant
contamination of the records by anthropogenic nome
observe a statistically significant variation ofethatio
between vertical and horizontal spectral amplit@dé)

that can be used for subsurface characterization.

Introduction

Broad-band passive seismic recordings of the arhbien
noise field are increasingly employed for explaratiSuch
data may be used for interferometric inversion roésh
(e.g., Shapiro et al., 2005, Sabra et al., 2008nguier et
al., 2007), time-reverse acoustics (Steiner et 2008;
Anikiev et al. 2009) or for spectroscopic analy§i&an
Mastrigt & Al Dulaijan, 2008, Lambert et al., 2009,
Saenger et al., 2009).

Here we present results from a passive seismieguhat
was designed for low-frequency spectroscopy andechr
out in an urban area in Germany. Low-frequency
spectroscopy aims at measuring a characteristiatatan

of the ambient seismic spectrum that may be inidieaif

the presence of hydrocarbon accumulations in the
subsurface. Evidence of such spectral anomaliebbes
observed at many places worldwide (i.e., Dangehlet
2003, Saenger et al.,, 2009, van Mastrigt & Al-Djalaj
2008). Such spectral signatures may be caused by a
possibly nonlinear interaction of a multi-phasediaystem

in porous reservoir rock with the seismic backgbuwave
field (Saenger et al., 2009). On the other handpfeehave

pointed out the potential ambiguity of spectroscopi
analyses through the ever-present contaminatidm magtse
from surface-related processes (Hanssen & Bus6é8,2
Ali et al., 2009). Therefore, extreme care hasdddken to
remove, or at least greatly attenuate any contaiimaf
the records with anthropogenic noise in the frequdrand
of interest before an interpretation of the natsmismic
background spectrum can be attempted.

We present methods to remove surface-related ricise
such data that are based (i) on a statistical aisabf the
spectral amplitude variation over time, and (ii) amay
filtering technique. We are able to identify diffet types
of anthropogenic noise in the records. We showathibity

of these methods to uncover the uncontaminatedtrgpec
signature of the seismic background wave fiekhy
spectral modulation of the background wave field tteen
be quantified by means of spectral attributes. it
attributes are sensitive towards different effeélotd may be
contributing to the observed total spectral sigreatun
particular the V/H ratio, which shows a significamomaly
in the presented data, may be sensitive to vangtio the
shallow subsurface (i.e., Okada, 2003). We theeefor
discuss the spectral influence of the near-receshatiow
overburden.

Survey Description

In 2008, a low-frequency passive seismic (LFPSyeyr
was acquired in Southern Germany, in the vicinityao
town with a population of about 50,000 (Figure Tjvo
lines of about 7.5 km length, consisting of 25ist& each
with a spacing of approx. 300 m, were recording ¥dB
hrs. Each station was equipped with a buried Natricse
T40 three-component broadband seismometer, digitize
and GPS unit for continuous passive seismic rengrdhn
oil reservoir is located approximately in the cerd&both
lines near the city center. The reservoir is loddte the
lower Triassic on the footwall side of a SW-NE tlamg,
westward dipping normal fault, at a depth of al#4@0 m.

In the context of anthropogenic noise contaminatibis
survey presents almost a worst case scenario itious
major sources of cultural noise crisscrossing thevey
area: the northern line runs through an industyisarter
and crosses a major navigable waterway. The southmer
tries to avoid congested areas to the extent pessithile
still meeting the survey objectives. The main sesrof
cultural noise along the southern line are highwajth
high traffic volume. Given the expected level oftatal
noise in the survey area, an initial test deploynieiended
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to assess the noise environment in the surveyardahe
feasibility of an unbiased measurement of the mditur
occurring background wave field. It was found toat,top

of a strong diurnal variation, the cultural noiswdl also
varies weekly, with the quietest period occurrirignaght
between Saturday and Sunday. As a mitigation measur
the survey was carried out over a weekend, anstatibns
were recording simultaneously.

Raw Data Characterization

A first analysis step is the characterization oé ttaw
recorded data and the identification of major naiserces.
Figure 2 shows average power spectral density (PSD)
spectra from selected stations in comparison toNbe
Global Noise Model (Peterson, 1993). The strongesde
source in the recorded frequency band (40 s toA0sthe
secondary ocean microseism, or ocean wave peak JOWP
Oftentimes, i.e., when cultural noise contaminatismot
excessive, a natural noise notch can be observiedcbe
the OWP and the onset of microtremors such as
anthropogenic noise. Any spectral signatures stegmi
from subsurface features at the reservoir scaleldvbe
expected to be observable at frequencies belowH3;Hut
above the OWP that overprints everything elsedrbénd.

In other words, the noise notch above the OWP may
present a “window of opportunity” for prospective
spectroscopy. We notice in Figure 2 that the raviraated
average noise level between 1 and 4 Hz is closieetdlew
High Noise Model (NHNM), indicating that, for this
example, the ambient seismic noise is among theeki
worldwide in this frequency band. In addition, weserve
distinct narrow peaks that can be attributed tdicstary
machinery (arrow in Figure 2). The most promineft o
these is a peak at 2.083 Hz (Bokelmann & Baisc®919
that is observed with almost constant amplitudessthe
whole array. Daytime and nighttime averages (salidl
dashed lines in Figure 2), indicate an order of mtage of
diurnal variation for the noise level above aboli Bz. A
closer inspection reveals that the time betweennigid
and 7 am on Sunday morning is by far the quietest t
period on all stations. We will therefore focus trealysis

on this time period.

Methods to remove cultural noise

Cultural noise is dominated by Rayleigh wave endayy.,
Okada, 2003) whose propagation is highly dispersive
Lower frequencies penetrate deeper, and, corregpgipd
exhibit higher phase velocities. In addition, atigtion is
highly heterogeneous in the subsurface with mugnédri
values in the shallow weathering layer thus causing
accelerated decay of high-frequency (> 5- 10 Hz)légh
waves with distance. Therefore, the upper frequéinay

Figure 1: Map of the survey area showing the two passivarse
lines together with the infrastructure of the area.
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Figure 2 Average daytime and nighttime noise spectra énstirve'
area in comparison to the New Glodise Model. Arrow denot:
machinery noise at 2.083 Hz.

at which cultural noise is observed is a first aadion of

the distance to the source. On the other handcesusf
cultural noise can occur with random amplitudes arel
typically distributed randomly in space and timee \&an
generally distinguish between two source types: (i)
transient signals of broad bandwidth, created hyg,, e
traffic, fauna, explosions, or falling objects;) (§tationary
sources of very narrow bandwidth, created, e.g., by
machinery, running water, structural resonances of
buildings or bridges.
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Figure 3: Removal of transient cultural noise: r{httime Spectrogram aftation 17 before (top) and after (bottom) mutifigransient nois:
(b) The spectral variance is dominated by trangierge. After data conditioning (bottom), the vade is reduced and tiséationary backgrout
noise emerges as the lower end member of the apeetriance. Colors denote frequency of occurresicéhe respective PSD leve(c)
Histogram of average spectral levels between 0dl1énHz showing a bimodal distribution caused lygient noise contaminatioRemoving
the higher mode of the distribution effectively msitransients in the data (compare with a).

Transient noise, which is the most abundant in the
presented data, can be edited out by a statistpgabach.

For this purpose, we calculate spectrograms uging tdme
windows with a 20 s overlap (Figure 3 a). For each
spectrum representing a 40 s epoch, we calculate th
average spectral level over a specified frequerarydbFor
each frequency, we can then arrange the spectrelslef

all epochs in a histogram (Figure 3 c). We obseave
bimodal distribution in the histogram, where thehgr
mode can be attributed to time periods of transieise
contamination, and the lower mode represents theede
uncontaminated background noise. For the removal of
transient noise, we now mute all time periods atmfiged
threshold level in the histogram. For quality cohtwe
look at the spectral variance over the selectee teriod
(Figure 3 b) where we observe an overall reducfion
spectral variance and a convergence of the aveamgee
lower end member representing the natural backgroun
level plus stationary noise. A frequency-domainpiléag
algorithm can remove narrow-banded peaks created by
stationary noise such as the one at 2.083 Hz. phmach
still works for higher degrees of noise contamiortivhere
the bimodality of the distribution may not be rdadi
distinguishable, but breaks down when the individua
transient events are overlapping in time to suctexent
that their superposition has the appearance ohtintmus
noise source (i.e., traffic noise from a congesteeway).

An alternative approach exploits the fact thatumalt noise
is travelling predominantly as surface waves. ¢ tbceiver
spacing is dense enough, an f-k op filter can be
employed to filter waves up to a certain apparebaity.
While this approach is able to filter out transieamd
continuous signals alike, its azimuthal sensitivigpends
strongly on the array geometry. For a linear asagh as
the one used here, the approach is sensitive tocesou
locations within the line of the array, but nothmadside
arrivals from out-of-plane sources. In the lattase a
combination of both methods is required to enshat any
noise of anthropogenic origin has been attenuated
sufficiently for the analysis of the “uncontamindite
seismic background spectra.

A possible spectral modulation can be quantifiethgis
spectral attributes (e.g., Lambert et al., 200%xeiwe use

a normalized integration of the spectral ratio lestw
vertical and horizontal component (called V/H). §hatio
offers a crude way to decompose the wave field iand
generally more robust with respect to remnant teams
noise contamination. Transients that are distrithute
approximately equal between vertical and horizontal
component are normalized out of the signal. For a
guantitative analysis, we calculate the mean aaddstrd
deviation of the distribution of V/H ratio attriteg over all
40-s spectral epochs of the remaining unmuted péutise
nighttime analysis window. The result for the nerthline

is depicted in Figure 4.
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Figure 4: V/H spectral ratios along northern linkghwespect to a depth velocity model (red=higtoeties, blue=low velocitiesBlue square
with error bars show mean and standard deviati@itobute values over analysis window. Green segidenote attributesoim stacked spect
Red squares are rejected due to excessive noisstarment problems. Blue dashed line connectsladl squares with a 600 m smoothing filter.

Stations within the dashed lines exhibit signifityelevated values.

Near-surface effects

The V/H ratio is susceptible to site effects, oriat@ons in

the shallow subsurface (Okada, 2003). Thereforen ev
though the values can be considered clean from
anthropogenic influences, they have to be carefiliscked
against a possible lateral variability in the shall
overburden (site effects). We achieve this in ttstges:
first, we compare the V/H results with the surfgemlogy
and near-surface velocities used for statics and&€Bcity
inversion before PSDM. Second, we calculate thetsple
site response as well as the Rayleigh wave potarizéor
different representative shallow 1D velocity modalsd
compare these with the observed V/H ratio valudstd]
we investigate the amplitude variations across ahay
from known sources such as earthquakes and thenocea
wave peak for signs of site effects. We do not nlsa
correlation of the obtained V/H values with the Ikha
subsurface. Instead, we observe a strong correlatith

the reservoir and the associated structure. Howeher
deeper structure (at around 2500 m) cannot accalone

for the observed increase in V/H ratios over a wide
frequency range. An additional mechanism relatedh&
fluid content is therefore suspected.

Conclusions

A careful identification and removal of anthropoemoise
sources is a necessary prerequisite for the asabydow-
frequency passive seismic data acquired at thacriNe
present methods of noise identification and remaval
show an example where these methods are ablerieveet
the naturally occurring background level despiterétmally
high level of cultural noise contamination. Statit
averages of the V/H ratio over a nighttime winddwws a
significant increase in the center of both linee Whserve
no correlation of the obtained V/H values with grallow
subsurface. This observation is further supported b
forward modeling of spectral responses. Therefohe,
observed anomalous V/H ratios cannot be attribtdeslte
effects in the shallow subsurface. A suggestedant®n
of the reservoir fluid with the background waveldie
(Saenger et al., 2009) is consistent with the ofagiens.

Acknowledgments

We thank Spectraseis AG for support and GDF SUEPE&
Deutschland GmbH for the permission to publish ribe
data results. R. Habiger, E. Saenger and B.Witteniged
valuable comments and suggestions.



Extracting subsurface information from ambient seisnic noise

References

Ali, M., K.A. Berteussen, J.R. Small, B. Barkat and
Pahlevi, 2009, Results from a low frequency passive
seismic experiment over an oilfield in Abu DhabhirsE
Break 27, 91 -97

Anikiev,D.V., D. Gajewski, B.Kashtan, E. TessmedC.
Vanelle, 2009, Localization of Low-frequency
Microtremors by a Modified Diffraction Stack: 1
conference & exhibition, EAGE, Expanded Abstracts,
S040.

Bokelmann, G. and G. Baisch, 1999, Nature of Natrow
Band Signals at 2.083 Hz: Bull. Seism. Soc. A88,,156 -
164

Brenguier, F., N. M. Shapiro, M. Campillo, A. Ness@n,
and V.Ferrazzini, 2007, 3-D surface wave tomography
the Piton de la Fournaise volcano using seismiceanoi
correlations: Geophys. Res. Lett.,.34, L02305,
doi:10.1029/2006GL028586.

Dangel, S., Schaepman, M. E., Stoll, E.P., Carril,
Barzandji, O., Rode, E.-D., and Singer, J.M., 2003,
Phenomenology of tremor-like signals observed over
hydrocarbon reservoirs: Journal of Volcanology and
Geothermal Res128, 135 -158.

Hanssen, P., and S. Bussat, 2008, Pitfalls intladysis of
low frequency passive seismic data: First Br&ak111—
119.

Lambert, M.-A., Schmalholz, S.M., Saenger, E. Hd an
Steiner, B., 2009, Low-frequency microtremor andesaht
an oil and gas field in Voitsdorf, Austria: Geopitgd
Prospecting57, 393-411.

Okada, H., 2003, The Microtremor Survey Method:
Geophysical Monograph Series No. 12, SEG, Tulsa.

Peterson, J., 1993, Observations and modeling ismge
background noise: U.S. Geol. Survey Open-File Rep®r
322, 95pp.

Sabra, K., P. Gerstoft, P. Roux, and W. Kuperm&0%2,
Surface wave tomography from microseisms in soather
California: Geophys. Res. Let82,
doi:10.1029/2005GL023155.

Saenger, E.H., Schmalholz, S., Metzger, S., HabiBer
Mdller, T., Rentsch, S., 2009, A passive seismioveyl
over a gas field: Analysis of low-frequency anoresi
Geophysics74, 029-040.

Shapiro, N.M., M. Campillo, L. Stehly and M. Ritzllar,
2005, High Resolution Surface Wave Tomography from
Ambient Seismic Noise: Scienc®)7, 1615-1618.

Van Mastrigt, P., and Al-Dulaijan, A., 2008, Seismi
spectroscopy using amplified 3D geophones” Znn.
Internat. Mtg., EAGE, Expanded Abstracts, B047



