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Abstract

The present study provides a brief description of the ambient noise recorded at a slow moving mass movement
in Ribeirdo Contagem Basin. The area is an interesting natural laboratory as river detachment processes in a number of
different stages can be identified and are easily accessible. We investigate the site dynamic characteristics of the study area
by recording ambient noise time-series at nine points, using portable nine three-component short period seismometers.
The time-series are processed to give both horizontal to vertical spectral ratio (HVSR) curves as well as time-frequency
plots of noise power spectral density (SPD). The HVSR curves illustrate and quantify aspects of site resonance effects due
to the local geological setting. Probability density function (PDF) shows that noise level lies well between new high noise
model (NHNM) and new lower noise model (NLNM) and their probabilities are higher above 2 Hz. HVSR curves present
a uniform lithologically controlled peak at 2 Hz. Directional properties of the wavefield are determined by beamforming
method. The f-k analysis results in the E-W component show that at 5 Hz phase velocities are close to 1700 m/s while
at 10 Hz dropped to 250 m/s. We observed that between 5 and 16 Hz the incoming wavefield arrive from 260 degrees.
Further studies will apply a detailed noise analysis for relating the dynamics of the landslide (which can be retriggered by
river erosion as well as rainfalls and seismic shaking) to possible changes in detectable physical properties.

Keywords: Seismic noise; Power Spectral Density; Probability Density Function; HVSR; f-k analysis

Resumo

O estudo apresentado fornece uma ampla descri¢ao do ruido ambiental registrado de um deslizamento de encosta
lento localizado na bacia do Ribeirdo Contagem no Distrito Federal. A area de estudo ¢ um laboratorio natural na medida
que os processos erosivos do rio podem ser analisados em diferentes estagios de evolugdo dentro de um setor de facil
acesso. A pesquisa abrange o estudo das caracteristicas dindmicas da area por meio do registro das séries temporais
do ruido ambiental em nove pontos mediante o uso de sismémetros de periodo curto e trés componentes. As series
temporais sdo processadas para obter as curvas de relagdo espectral horizontal-vertical (HVSR) e também os graficos
tempo:frequéncia dos espectros de poténcia (SPD). As curvas HVSR ilustram e quantificam aspectos dos efeitos de
ressonancia local devidos ao ambiente geoldgico. A funcao de desnsidade de probabilidade (PDF) mostra que os niveis
de ruido registrados estdo enquadrados entre os limites conhecidos como NHNM (new high noise model) e NLNM (new
lower noise model) e que suas probabilidades s3o maiores acima de 2 Hz. As curvas HVSR apresentam um pico de
resposta uniforme litologicamente controlado a 2 Hz. As propriedades direcionais do campo de ondas sdo determinadas
pelo método da viga (beamforming method). A analise dos resultados na componente EW indica que na fase de 5 Hz
a velocidade esta proxima de 1700 m/s enquanto que para 10 Hz desce a 250 m/s. Foi observado que entre 5 ¢ 16 Hz
o angulo de chegada da frente de ondas ¢ 260 graus. Estudos adicionais aplicardo uma analise detalhada do ruido para
relacionar a dinamica do deslizamento de terra (que pode ser desencadeado pela erosdo do rio, assim como chuvas e
agitagdo sismica) a possiveis mudancas nas propriedades fisicas detectaveis.

Palavras-chave: Ruido sismico; Espectro de densidade de poténcia; Fung¢do densidade de probabilidade; HVSR; Analise f-k
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1 Introduction

Shallow and rainfall triggered mass move-
ments have a greater share in the global terrestrial
hazards (Fernandes & Amaral, 1997). The tragedies
of 1967 and more recently of 2011 in Rio de Janeiro
are the tragic reminder of the atrocities caused by
such type of mass movements in Brazil (Entralgo,
2013; Gomes et al., 2013). The area of District Fed-
eral (DF) is characterized by the thick and collaps-
ible soil which is less supportive for the civil engi-
neering structures (Araki, 1997). Because of these
problematic soil conditions, the shallow slopes of
the region are unstable. The growth of population
in surrounding regions of DF has greatly affected
the ecosystem of the area by distrusting the natural
drainages that are not being compensated by appro-
priate managerial landuse planning. Water quality
deterioration and soil erosion are two major environ-
mental responses to these unplanned urban growths
on the problematic soil in surrounding areas of DF
(Mendonga et al., 1994).

A generic term used to defined the ambient
vibrations of ground caused by sources such as tide,
turbulent wind, effects of wind on trees or build-
ings, industrial machinery, cars and trains, or human
footsteps is called noise. Based on the frequency
contents, there are two sources of noise as natural
and cultural commonly referred to as microseisms
(below 1 Hz) and microtremors (above 1 Hz), re-
spectively (Bonnefoy-Claudet et al., 2006). Seismic
noise is a part of the record and brings with it in-
formation from both the source that generates it and
of the medium through which it is traveled. Along
with geophysical and geotechnical studies that pro-
vide information about the subsurface structures as
well as their mechanical and elastic properties, and
slip surfaces of landslide, there are many noise based
techniques are popular amongst the earth scientists
and engineers. The ambient noise based analysis like
HVSR and f-k analysis have also been gaining popu-
larity in landslide hazard assessment and vulnerabil-
ity to different triggering factors like earthquakes
and rainfalls. These passive seismic techniques offer
a logistically efficient and cost effective method to
map landslide and and its dynamics. HVSR provides
information about the resonance behaviors of litho-
morphologies and geomorphological features (Galea
etal.,2014). More recent applications of noise based
techniques are microzonation studies based on seis-
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mic site response (Parolai ef al., 2004), in the study
of dynamical behaviour of buildings (Gallipoli et
al., 2010; Nakata et al., 2013), crustal tomography
through noise correlation techniques (Curtis et al.,
20006), shallow crustal velocity profiling (Panzera
& Lombardo 2013), monitoring of earth dams and
levees by noise interferometry (Planes et al., 2015,
2017), underground mining (Olivier ef al., 2015 ) as
well as active volcanoes (Ballmer et al., 2013; Can-
nata et al., 2017). Noise data can also potentially
provide high resolution spatio-temporal information
about the landscape dynamics and evolution (Méric
et al., 2007). The sources of noise are usually dy-
namic in nature because of this dynamism the levels
of noise in a region are not constant over time. This
variability of recorded noise can be quantified by the
noise analysis.

The present study applied a preliminary
noise analysis to the recorded ambient vibrations
by a network of ten short-period seismometers at a
mass movement in Ribeirdo Contagem Basin. Noise
analysis was done by calculating HVSR curves,
time-frequency plots of noise energy as well as f-k
analysis. These noise analyses are the prerequisite
of any further noise based studies for hazards
assessment and soil dynamic properties estimation
under the influence of triggering factors. Finally, we
discuss the implications of the main findings.

2 Material and Methods
2.1 Study Area

Brasilia (DF) comprises an area of 5,783 km?
and is located between 17°30’and 16°03’ S and 47°25°
and 48°12” W. There is an intense limestone mining
in the study area. All landforms of the area are under
erosional effects because of rainfall. The climate in
the area is semi-humid tropical with a rainy summer
and dry winter. The mean annual precipitation in
the area is of 1,442.5 mm. The technical studies to
locate the new national capital had indicated a high
soil susceptibility to erosion (Ferreira & Uagoda,
2015). The slope chosen for this work is located in
the cow and horse farm in a small vicinity naming
‘Rua da Matto’ as shown in Figure 1. The studied
area is geologically composed of metasedimentary
rocks of Proterozoic age that were deformed during
the Brasiliano Cycle (650 My) covered by a thick
weathering mantle (Zoby, 1999).
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Figure 1 Starting from top let to right location of Federal District on map of Brazil, position of Ribeirdo Contagem Basin on Federal
District and lithological units of Ribeirdo Contagem Basin. Landslide (bottom left), zoomed image along with sensor positions (bottom

right).

2.1.1 Data Acquisition

The data acquisition system consisted of
ten short period seismometers (2 Hz) datalogger
Ref-Tek-130, nine GPS locks. The stations
recorded in continuous mode at 250 sample per
second in the north-south (N-S), the east-west
(E-W), and the vertical (Z) directions. Stations
S1 to S4 lie inside the mass movement and S5 to
S10 lie outside the mass movement (Figure 1).
The raw noise record at vertical component of
station S1 is shown in Figure 2.
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2.2 SPD and PDF

The rural environment with farming and
mining activities as well as the nearby village roads
necessarily lead to anthropogenic disturbances on the
recorded noise seismograms. The highest ambient
noise levels cover a wide dominant frequency band
between 2 and 48 Hz, and the extraction of potential
PSD variations due to hydrodynamic -effects,
therefore, necessitates postprocessing these data.

The sources of noise are not stationary over
space and time, in this situation time-frequency
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analysis of noise help in understanding the
spatiotemporal variations of noise sources (Burtin et
al., 2008). Different noise energies were emitted at
different frequencies which can be calculated from
spectrograms (time series). Power Spectral Density
(PSD) approach is used for the calculation of noise
spectrograms (Burtin et al., 2008; Yan ef al., 2017).
The PSDs are calculated using Welch’s averaging
method (Welch, 1967). The processing steps consist
of detrending the signal, mean subtraction, and the
removal of instrumental self response. In signal
processing, a technique where power spectrum
estimate of a stationary ergodic finite-variance
random process, give a finite contiguous realization
of the data and it can overcome the limitation
of Fourier analysis is called multitaper method
(Thomson, 1982). Here it is applied to a 1-hour
time window and power spectrum was estimated.
In this way, a high frequency resolution is achieved
for short record, which decreases the number of
computed frequencies in the spectrum.

PSD curves were used to define a Probability
Density Function (PDF) at each period of the
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noise record (McNamara & Buland, 2004). For
the computation of the PDF, the single PSD curves
were smoothed using a centered averaging moving
window with a width of 1=8 of an octave. The
PSD values at each period were gathered into bins
of 1-dB width to define the histogram of the PSD
recurrence for each period. Finally, the PDF was
built by normalization of the histograms, period by
period (Barriere et al., 2015). The distribution of
power is plotted as a function of frequency. The PDF
at a particular central frequency is equal to the ratio
of the number of spectral estimates that fall into a 1
dB bin at that central frequency, to the total number
of spectral estimates of all powers with the same
central frequency (i.e. the total number of hours in
the dataset). The Peterson, (1993) model is mainly
used as a reference model for the study of the noise
quality of a site.

2.3 HVSR

The survey was carried out in accordance with
the instructions provided by Koller et al. (2004).
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This technique is based on an idea that frequency-
dependent ellipticity of surface wave motion can be
explained by the shape of HVSR curve (Benjumea
et al., 2016) and for determining the resonance of
soil deposit over basement was given by Nogoshi
& Igarashi (1970, 1971). This technique has been
revised after the work of Nakamura, (2008) and now
it is considered as a suitable technique for earthquake
hazards assessments through microzoation (Di Giulio
et al., 2014), to bedrock depth estimation (Garcia-
Jerez et al.,2007; Gosar & Lenart, 2010; Ullah et al.,
2016) as well as its utilization in archeology is also
well established (Kalil et al., 2016) and landslide
studies, slip surface and volume estimations are
other accepts of its applications (Del Gaudio ef al.,
2008; Pazzi et al., 2016; Imposa et al., 2017).

2.4 Frequency-Wavenumber (f-k)

Analysis of surface wave has gained greater
importance in the subsurface characterization. In
this method, the energetic part of seismic wave is
utilized. The surface wave energy can be extracted by
two ways one is the array method and other is single
station method. In the first method, the surface waves
are obtained from dispersion curve (frequency-
dependent phase velocity) for this dispersion curve
extraction the noise must be recorded at more than
one seismometers simultaneous.

The concept of seismic array was applied in the
1960, since then it has been used by the seismologists
for the analysis of properties of propagating waves.
The origin of signals is detected by vector velocity
which can be explained by horizontal slowness
(inversion of apparent horizontal velocity) and
backazimuth provided by array processing (Rost &
Thomas, 2002). Here a standard array processing
technique, frequency-wavenumber (f-k analysis)
is used for the calculation of vector velocity of
incoming waves (Aki & Richards, 1980). Most array
methods use time delays of the signals recorded
at different array stations and summation of the
coherent data stream from each station to improve
the signal-to-noise ratio (SNR) for a specific phase.
The time delays required to bring the signals into
phase provide a direct estimate of the backazimuth
and the slowness of the signal.

One day of noise recording (Julian day 307)
was subjected to beamforming/tk-analysis. With
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this analysis on 2-D array, the phase velocity (km/s)
as well as backazimuth (measured from north in
degrees) is determined. There are different methods
that can be used for phase velocity estimation but
most widely used is the f-k analysis. We processed
time window of 5 min duration using all stations and
the three ground motion components.

3 Results and Discussion
3.1 SPD and PDF

An example of 1-d-long records from station
S1 (Figure 3) reveals large temporal variations of
the seismic noise. The time-frequency series can be
divided into three main phases (A, B, C) based on
noise energy: phase A corresponds to low frequency
(less than 2 Hz), phase B to the intermediate
frequency range 2-10 Hz, and phase C to a high
frequency (greater than 10 Hz) noise. Second
band (B) is observed at frequency range 2-10 Hz
where the energy of noise fluctuates greatly. Noise
characteristics of band B show clear variations with
the day-night periodicity and can be linked with the
cultural activities near the site. The main observed
cultural activities are workers at the farm, working
of electrical motor, activities of cows in the form,
mining activities (workers, rockfall, trucks) and
villages (Rua da Matto) near the experimental site.
These estimations are poor at frequencies less that 2
Hz due to sensor’s natural response. At frequencies,
larger than 10 Hz results are noisy.

The above spectrograms also show one
important feature. A change in the level of energy in
the same band of microseism takes place at hourly
basis. The spectrogram of S1, shows a significant
energy fall in the band from ~ 3 to 9 Hz between 2
to 3 pm.

The PDFs are calculated from PSDs and then
Peterson’s New High Noise Model (NHNM) and
New Low Noise Model (NLNM) have been plotted
for comparison (Figure 4). Results showed that PSDs
of vertical components are different from zeros as
well as they lie well between Peterson curves. We
observe that the noise below 12 Hz is continuously
being generated. According to Peterson, (1993) the
noise level should be at least 20 dB less that NHNM
at a frequency range of 1 to 20 Hz. There are very
little variations on the noise recorded at E-W and N-S
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components which are because of tilting of sensors
and are related to installation problem as well as
some metrological factors like wind and rainfall etc.
(Hussain et al. 2017). The first peak of micrometer
is related to sensor’s natural frequency response.
The second peak is observed above 2 Hz on the
statistical model of environmental noise where
energy levels with high probabilities are observed
that never reach the NHNM. The noise at S8 has
high energy than S1 while probability decreases
at high frequencies. The noise probabilities of
both stations never reach NHNM (Figure 4). The
human activity generates noise that never surpasses
the model of maximum seismic noise of Peterson
(NHNM) during recording periods.

Anuario do Instituto de Geociéncias - UFRJ
ISSN 0101-9759 e-ISSN 1982-3908 - Vol.40-3/2017 p.212-221

3.2 HVSR

HVSR curves show a clear peak at a
frequency of 2 Hz at all measuring points, inside as
well as outside the mass movement (Figure 5). This
peak shows that bedrock lies at relatively deeper
depths. The attempts to localize the frequency of
mass movement as well as the seasonal impacts not
been successful which needs further detailed studies.
Figure 5 shows that peak remains same both inside
and outside the landslide mass. As we move from
left to right inside the mass movement the secondary
peak became more prominent at higher frequencies,
especially at sensors S3 and S4. This peak is again
observed at the stations S8 and S10 that lie directly
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upward the sensors S3 and S4. These secondary
peaks may be related to mechanical vibration
modes of the landslide mass. Future work will
be focused on the determination of landslide
mass frequency that differs from surround stable
material. This frequency will help to mark the
boundary of the landslide mass.

3.3 Frequency-Wavenumber (f-k)

In order to explore the incoming field wave,
we applied f-k analysis to the seismic array in 5
seconds time windows along one hour of seismic
noise. Figure 6 shows results for the Z component.
In Figure 6a we observe that between 2.5 and 3.5
Hz velocities are close to 1700 m/s, however, around

4 Hz is not possible to define a velocity continuity.
Between 4 and 16 Hz velocity values vary between
500 and 1500 m/s, but these values do not decrease
as a function of the frequency, indicating the absence
of surface waves. These waves are attenuated while
passing through a highly deformed material (tropical
clay) of mass movement. We observe that between 5
and 16 Hz the incoming wavefield arrive from 260
degrees. At 260 degree the prominent sources of
noise are farm and village Rua de Matto. We observe
that east-west (E-W) components show a more
stable behavior for phase velocity value; higher
values at low frequencies and lower values at high
frequencies. Backazimuth values are interesting
between 4 and 8 Hz, which arrives from 260 degrees
of azimuth.
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Figure 5 HVSR curves inside (S1-S4) and outside (S5-S10) the landslide mass.
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Figure 6 The f-k analysis of E-W component: results as a function of the velocity (top); results as a function of the backazimuth (bottom).

In Figure 7 average velocity values along 1
hr time windows for each frequency are given. A
large dispersion is observed before 5 Hz. Between 5
and 16 Hz the incoming wave field comes from 260
degrees, but is not possible to obtain a dispersion
curve. So the dispersion characteristics (phase
velocity vs frequency) of surface become invisible
after 6 Hz. Below 2 Hz there is no data of frequency
response of the seismometers. The result indicates
that incoming noise wave could compose of body
waves at frequencies greater than 7 Hz.

4 Conclusions

This study aimed at the analysis of
microtremor (>1 Hz) recorded at a mass movement
in Brasilia, Brazil. Here obtained results output that
the contribution to the noise recorded at stations
inside and outside the analysed landslide mass is
likely due to several factors including man-induced
disturbance and instrument self-noise. Following
conclusions are drawn from the analysis.

1. On PSD plot three frequency bands are observed
where energy of recorded noise is a function of
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Figure 7 Dispersion of recorded noise wavefield of Julian day 307. After 7 Hz there are little variations in phase velocity of wave with frequency.
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natural frequency response of sensors and an-
thropic activities;

2. The recorded noise level was found lie in the
NLNM and NHNM model of Peterson, (1993)
for all stations and never reaches the NHNM;

3. Results of HVSR curves reveal a consistent and
ubiquitous peak which is observed at all stations
that is related to the thickness of Saprolite layer,
i.e. to the local geological setting

4. From f-k analysis it is concluded that waves
come at 260 degree azimuth are devoid of sur-
face waves at higher frequency range (greater
than 7 Hz).
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