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During the last few decades there has been an increased demand for infrastructure, along with a greater aware-
ness of environmental issues in the construction industry. These factors have contributed to an increased interest
in using seismic methods for near surface characterization, particularly in urban environments. Seismic sensors
not affected by anthropogenic electromagnetic noise are therefore important, as well as an acquisition system
that is easy to deploy, move and non-invasive. To address some of these challenges, a multicomponent broad-
band MEMS (micro-electro mechanical system) based landstreamer system was developed. The landstreamer
system is fully digital, therefore it is less sensitive to electrical or electromagnetic noise. Crosstalk, leakage and
tilting tests show that the system is superior to its predecessors. The broadband nature of the sensors (theoret-
ically 0–800 Hz), 3C (three-component) recording and the close spacing of the sensors enable high-resolution
imaging. The current streamer configuration consists of 20 sensors 4 m apart and 80 sensors 2 m apart. The
streamer can easily be combined with wireless recorders for simultaneous data acquisition. In this study, we
present results from testing of the streamer with various sources, such as a shear wave vibrator and different
types of impact sources. MEMS-sensors and their high sensitivity allowed recording clear reflections that were
not observed with coil-based sensors. A complementary test was also carried out at a planned access ramp for
an urban tunnelwhere potential poor quality rocks had been identified by drilling. First-break traveltime tomog-
raphy showed that these poor quality rocks correlate with low velocity zones. The presented landstreamer sys-
tem has great potential for characterizing the subsurface in noisy environments.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Population growth with an increased demand for infrastructures,
along with environmental considerations, motivate the need for better
understanding of near surface geological conditions. In the last two de-
cades, seismicmethodhas became a common tool for shallow subsurface
characterization, where new techniques and processing approaches
have been developed (Bachrach and Nur, 1998; Bansal and Gaiser,
2012; Bretaudeau et al., 2008; Fabien-Ouellet and Fortier, 2014; Guy,
2004; Keho and Kelamis, 2009; Krawczyk et al., 2013; Malehmir et al.,
2013a,b; Miller et al., 1986; Paasche et al., 2013; Polom et al., 2013;
Pugin et al., 2004a,b, 2009, 2013a,b; Steeples and Miller, 1998; Steeples,
2004). Characterizing the shallow subsurface is particularly challenging
in urban areas where anthropogenic noise, such as from power lines or
traffic, among others, are present (Baker, 1999; Keho and Kelamis,
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2009; Krawczyk et al., 2012; Polom et al., 2013; Pugin et al., 2004b;
Steeples andMiller, 1998). In these environments, conventional planting
of geophones is rarely possible and if several kilometers of seismic lines
are to be acquired, with a limited number of channels, the whole spread
has to bemovedmany times. Therefore, it is advantageous if the acquisi-
tion system is portable and geared for such conditions. To cope with all
these issues, Uppsala University has developed a prototype 3C MEMS-
based seismic landstreamer.

We can define a landstreamer as an array of sensors that can be
pulled along the surface without the need for planting (Inazaki, 1999;
Kruppenbach and Bedenbender, 1975; Suarez and Stewart, 2007).
Eiken et al. (1989) applied the concept of towing a receiver array over
land in the form of a snowstreamer and their work summarizes the
preceding studies. The idea itself originates from the marine seismic
industry and following the snowstreamer design, many authors have
reported the usage of a towed land cable in various places and environ-
ments (Almholt et al., 2013; Determann et al., 1988; Huggins, 2004;
Inazaki, 1999, 2004, 2006; Krawczyk et al., 2012; Link et al., 2006;
Polom et al., 2013; Pugin et al., 2004a,b, 2009, 2013a,b; Pullan et al.,
2008; Suarez and Stewart, 2007, 2008a; van der Veen et al., 2000,
2001; van der Veen and Green, 1998). Most of the reported studies
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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have been conducted with data acquisition systems that use different
types of geophones, typically coil-based (Huggins, 2004). Although
coil-based sensors dominate the market nowadays, numerous disad-
vantages have been noted during the half a century of their usage,
amongwhich one canmention electromagnetic (EM) noise pickup, lim-
ited bandwidth and sensitivity to tilting, especially for high-resolution
and multicomponent imaging (Bansal and Gaiser, 2012; Deidda and
Ranieri, 2001; Inazaki, 2004; Malehmir et al., 2013b; Pugin et al.,
2004b). The bandwidth limitation is also becoming a more prominent
issue in the field of full waveform inversion, where low frequencies
are of interest (Adamczyk et al., 2014; Sirgue et al., 2010; Zhang et al.,
2013). The same applies to surface-wave analysis of active seismic
data (Fabien-Ouellet and Fortier, 2014; Lai et al., 2002; Park et al.,
2002, 1999; Socco et al., 2009, 2010; Socco and Garofalo, 2012; Socco
and Strobbia, 2004; Xia et al., 2003). In general, using geophone-type
sensors, one either sacrifices low frequencies for obtaining high-
resolution images of the subsurface or employs low-frequency geo-
phones for surface-wave and/or full-waveform inversions. Aforesaid
limitations, along with others (see Kendall, 2006; Mougenot and
Thorburn, 2004), motivated the MEMS-based seismic landstreamer de-
veloped in this study. This is, to best of our knowledge, the first time that
such a state-of-the-art landstreamer is presented and its reliability and
potentials are illustrated.

We have assembled our landstreamer and tested it in various envi-
ronments. Here we report results from two tests in our department's
backyard in Uppsala and one from Stockholm where a large under-
ground bypass tunnel is planned to be constructed within the next
few years. Other studies with the system have also been carried out
(and several others currently on-going; e.g. Malehmir et al., 2015).
The recording abilities of the system have been tested using explosives
as a seismic source, different size impact sources and a shear wave vi-
brator. In this paper, our main goal is to present separate studies con-
ducted to validate the capability and reliability of the system for near
surface applications. These include:

• comparison of the signals recorded with the landstreamer mounted
MEMS-based sensors versus two planted lines with geophones of dif-
ferent resonance frequencies to check for potential unwanted issues
of the streamer assembly and its signal quality;

• combination of wireless recorders with the streamer system to obtain
information in areas where towing the streamer, or even planting
geophones, was impossible;

• analysis of the frequency characteristics and shot gathers of the
streamer recorded signal using a mini S-wave vibrator with different
sweep ranges for near surface applications.

2. Fully digital multicomponent landstreamer

As a part of an academia-industry partnership project, a 3C MEMS-
based seismic landstreamer was developed. The essential difference be-
tween the existing landstreamers (e.g., Huggins, 2004) and the one we
present here is the digital nature of the sensors, implying fully digital
data transmission. It is alsomuch lighter and does not require several ca-
bles to power the line and transmit the data to an acquisition system.
MEMS sensors measure ground motion as acceleration using a silicon
chip with an approximate length of 1 cm, where the residual displace-
ment between the inertial mass and the frame within the chip is on
the order of a few nanometers (Gibson et al., 2005; Hons, 2008; Laine
and Mougenot, 2014). One of the key benefits of the MEMS sensors is
in their broadband linear amplitude and phase response, which allows
recording frequencies from 0 to 800 Hz without attenuation (Hauer
et al., 2008; Hons et al., 2007; Lawton et al., 2006a; Mougenot et al.,
2011; Mougenot and Thorburn, 2004; Stotter and Angerer, 2011). Their
resonant frequency (1 kHz) enables recording direct current related to
gravity acceleration by which the gravity vector can be used for
sensitivity calibration and tilt measurements (Gibson et al., 2005;
Kendall, 2006; Mougenot and Thorburn, 2004). A fundamental differ-
ence between MEMS sensors and geophones is in their performances.
MEMS are designed to work below their resonance frequencies
(e.g., below 1000 Hz) while geophones are designed to work above
their resonance frequencies (e.g., generally above 4.5–40 Hz). Detailed
studies have been conducted in the last decade comparing MEMS with
different types of geophones and summarizing their pros and cons
(e.g., Alcudia et al., 2008; Hauer et al., 2008; Hons et al., 2007; Hons,
2008; Laine and Mougenot, 2014; Lawton et al., 2006a; Mougenot
et al., 2011; Stotter and Angerer, 2011; Suarez and Stewart, 2007,
2008a,b).

We aimed for a relatively light and portable data acquisition system
that can be easily deployed, towed by any 2WD or 4WD (2 or 4 wheel
drive) vehicle, combined with wireless units that are GPS time stamped
(nanosecond accuracy), and used for a variety of applications and field
situations. A great amount of timewas spent to engineer the base plates
“sleds” and materials holding the sensors (Fig. 1a, b). The sensors have
been mounted on a non-stretchable belt used in the aircraft industry
as cargo straps (Fig. 1b). The sleds weigh approximately 5 kg and with
the sensors mounted on them provide excellent gravity based ground
coupling (Fig. 1b). To avoid purchasing several telemetric data acquisi-
tion units (typically supporting 24 channels or nowadays 48), a decision
wasmade tomake the landstreamer based on the Sercel Lite technology
and Sercel DSU3 sensors (MEMS-based mounted on the landstreamer).
It is important to note that Sercel DSU3 sensors have a noise floor of
40 ng/Hz1/2, which is approximately four times higher compared to con-
ventional geophones (Gibson and Burnett, 2005; Hons, 2008; Laine and
Mougenot, 2014; Merchant, 2009). The system architecture and the
possibility to use up to 1000 active channels along with the Sercel Lite
software represent an up-to-date standard in the seismic recording in-
dustry. In addition, the system provides sophisticated recording
capabilities, such as supporting both geophone-type and MEMS-based
sensors (but also hydrophones). Even though DSU3 sensors and the
selected recording system are fairly expensive, obtaining the same
amount of active channels with commonly used geophone-type
telemetric data acquisition systems would require quite a number of
them (e.g., 12–15 to come up with the same configuration as the
streamer developed in this study). This fact, alongwith the3Cdigital na-
ture of the sensors, and the variety of possible field applications, make
our landstreamer relatively comparable in terms of cost with existing
telemetric data acquisition systems. With GPS being used for time
stamping and data sampling, the systemenables both passive and active
data acquisition and their combination as well.

The current configuration of the landstreamer (September 2015)
consists of five segments of 20 sensors each. Every segment connects
to the next by a small trolley carrying a line-powering unit as shown
by the red arrow in Fig. 1c. Four segments are of 20 units with 2m spac-
ing each, and the fifth consists of 20 units 4 m apart. The spacing of the
units can be easily reduced in necessity of ultra-high resolution imaging.
If longer offsets (than the overall streamer length of 240 m) are re-
quired, to obtain deeper penetration depth or imaging steeply dipping
structures, wireless recorders (connected to geophones or MEMS-
based sensors) can be used in combination. Wireless recorders can
also be used to cover areas difficult to access with the streamer (an ex-
ample of this set up is shown later in the paper). Table 1 summarizes the
main characteristics of the streamer and compares it with the most
commonly available ones.

In normal field conditions, data acquisition starts after approxi-
mately 1 h upon arrival to the site, with a team of 3 to 4 persons for
the setup. Data acquisition rates have so far been varying from
600m to 1200m/day seismic line, using source and receiver spacings
of 2 to 4 m. The shooting usually begins at the end of the spread and
advances towards the beginning (where the observer sits in the
towing vehicle). After recording all shot locations, the whole spread
is moved forward to the next position. The last segment (20 units,



Fig. 1. (a) MEMS-based seismic landstreamer developed in this study towed by a relatively light vehicle. (b) A close-up showing the installation of the 3C sensor on the sled. (c) Small
carriage connecting different segments (typically 20 sensors 2–4 m apart per segment) of the landstreamer carrying also a power unit. Photos were taken as a part of Backyard tests in
Uppsala, Sweden at the early stage of the development of the streamer.
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4 m spaced) often overlaps a portion of the previous landstreamer
position allowing improved data coverage at the edge of each spread
location and more favorable offsets if dipping structures are present.
3. Case studies

We have conducted several tests and contracted surveys since the
streamer was actually assembled in June 2013, using different sources
and in differentweather conditions. This paper deals with three specific
test studies thatwill be introduced and discussed. Tests I and II (referred
Table 1
Summary of the properties of the landstreamer system developed in this study.

Parameters Developed in this study Existing landstreamers

Sensor type 3C MEMS-based Geophones (1C or 3C)
Frequency bandwidth 0–800 Hz 4.5–400 Hz
Tilt measurement Recorded in the header Not possible
Acquisition system Sercel Lite (MEMS +

geophones)
Most commonly Geometrics
Geode (geophones only)

Max number of channels 1000 24 (per unit)
Sensor spacing Adjustable 0.2–4 m Adjustable
Cabling Single Several
Data transmission Digital Analog
Data format SEGD SEG2
GPS time Recorded in the header Often not possible
here as Backyard tests) were carried out in an open field in the early de-
velopment stages of the streamer in the department's backyard at Upp-
sala University. The aim was to check the general reliability of the
system. Test III was carried out in the northern outskirts of the city of
Stockholm as a part of a major planned underground infrastructure
project referred as the Stockholm Bypass (www.trafikverket.se/
forbifartstockholm).

3.1. Backyard tests

The developed landstreamer benefits from constant improvements
made by experiences from previous tests and surveys. Ease of access,
well-known geology and almost no survey logistics in our department's
backyard were ideal for checking different characteristics of the system
at different development stages (Figs. 1, 2a). Geologically, this test site is
located on an esker structure that consist of approximately 10–25 m of
post-glacial sediments, typically fine-grained clays mixed with glacial
tills, comprising the top most part of the esker. Deeper down there are
coarse-grained materials overlaying granitic bedrock (Heijkenskjöld,
2001; Lundin, 1988).

3.1.1. Test I— Reliability and advantages of the MEMS-based landstreamer
After assembling the first segment of the streamer of 20 DSU3 sen-

sors spaced 2 m apart in July 2013, it was tested against two lines of
20 planted coil-based geophones (10 Hz and 28 Hz resonance

http://creativecommons.org/licenses/bycd/4.0/
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Fig. 2. Photos showing details of the landstreamer versus planted geophones test. (a) Landstreamer was located in the middle of two planted geophone-type (10 Hz on the right-hand
and 28 Hz on the left-hand side) lines. Note the difference in cabling involved for the planted lines and the streamer-mounted units. A sledgehammer was used as the seismic source
in this study. (b) Side-by-side comparison between planted and streamer mounted 3C (DSU3, MEMS-based) sensors. This test was done to study different characteristics of the seismic
wavefield registered on the streamer mounted sensors and if the sleds have some noticeable effects on the wavefield especially the horizontal components. A Bob-cat drop hammer was
used as the seismic source in this study.
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frequencies) with the same spacing. The aim was to compare the data
quality recorded using DSU3s mounted on the landstreamer with the
data recorded using the two planted geophone lines (Fig. 2a) and
check for potential unwanted issues caused by the overall streamer as-
sembly. The three lines were placed along a gravel bicycle-road; the
same acquisition system was used enabling simultaneous recording of
all the sensors for the three different line setups. First the assembled
streamer segment was towed by a 4WD vehicle to a desired position;
then aligned with the streamer sensors, vertical component geophones
were planted on each side of the streamer (Fig. 2a; left side 28 Hz, 7 cm
spike geophones, right side 10 Hz 7 cm spike geophones). We used a 5-
kg sledgehammer as the seismic source. Shots were positioned at every
streamer station and at each shot position we recorded 4 hits. These
shot records were then vertically stacked to improve the signal to
noise ratio. Shot gather quality of all three seismic lines was visually
inspected, alongwith their amplitude spectra, especially for the vertical
components. Due to unavailability, no planted horizontal component
geophoneswere used, however, data recordedwith the horizontal com-
ponents of the DSU3s will be shown.

To enable a physically and mathematically correct data comparison,
the geophone data need to be differentiated (or the DSU3 data integrat-
ed), implying that the comparison should be done in the same domain,
either velocity or acceleration (Hons et al., 2007; Hons, 2008; Laine and
Mougenot, 2014; Lawton et al., 2006a; Mougenot, 2014, personal com-
munication). Since commercially available landstreamers are geophone
based we choose to show the integrated DSU3 data, hence do the com-
parison in the velocity domain.

To complement the test, a separate study was conducted using 12-
planted DSU3 sensors next to 12-streamer mounted DSU3 sensors on
a site in south-west Finland (Fig. 2b). This was done to check for possi-
ble phase and timedifferences introduced by the sleds, especially for the
horizontal components. Shots were fired along the whole landstreamer
length at a 4 m interval, while this set-up was in place. For these data a
Bobcat-mounted drop hammer was used as seismic source (Place et al.,
2015; Sopher et al., 2014). We present the data for trace-to-trace com-
parison between the planted and streamer sensors, after removing all
the landstreamer sensors that had no accompanying planted pair. The
approximately 50m thick glacial and post-glacial sediments (confirmed
by drilling; JöniMäkinen, 2014, personal communication)make this site
favorable for this comparison since it is unlikely that any significant near
surface geological effects will be present in the particle motions of the
different phases.

3.1.1.1. Results. An example shot gather (after vertical stacking of the
repeated shot records) presenting a comparison of the data from the
two planted lines, with 10 and 28 Hz vertical geophones, and all three
components (vertical and horizontal inline and crossline) of the
landstreamer, with their corresponding amplitude spectra is shown in
Fig. 3a, b, c, d, e. Fig. 3f, g shows an overlay of all the vertical component
amplitude spectra with both DSU3 non-integrated and integrated data,
scaled (Fig. 3f) and unscaled (Fig. 3g). All the amplitude spectra were
calculated without using the three nearest-offset traces to minimize
source noise contamination and the minor offset between the sensors
on all three lines (the sensor pairs were located within 0.5 m radius).
Some coherent features may be noted on almost all these data (shown
by the red arrows), including the horizontal inline component of the
DSU3 sensors. Horizontal component data have a time scale that is
half that of the vertical component data to better compare the events
marked by the red arrows. Based on the clearly observed reflection in
theDSU3vertical components (shown by the red arrow in Fig. 3c), it ap-
pears that the sensors mounted on the landstreamer recorded higher
quality data compared with the geophones used here. Note that the re-
flection shown by the red arrow on Fig. 3a, c is not even observed on the
28 Hz geophones (Fig. 3b), which appears to be strongly contaminated



Fig. 3. An example shot gather (after vertical staking of three repeated shots) with the corresponding amplitude spectra from the first backyard test shown for (a) 10 Hz planted geo-
phones, (b) 28 Hz planted geophones, (c) vertical component of the DSU3 sensors from the streamer, (d) horizontal inline component of the DSU3 sensors from the streamer and
(e) horizontal crossline component of the DSU3 sensors from the streamer. (f) and (g) show amplitude spectra of all vertical components overlaid, normalized and raw, respectively,
alongwith DSU3 vertical before and after integration. Note thatMEMSdata (acceleration) have been integrated to provide comparable data to the geophones (velocity) and the amplitude
spectra calculated without three traces closest to the shot. AGC has been applied (100 ms window) for display purposes.
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by surface waves. After integration, an amplitude increase of surface
waves on the vertical component of the DSU3 sensors is generally ob-
served (Hons et al., 2007; Hons, 2008, also notable from Fig. 3f, g), but
in our case not as significant as to mask the reflection signal.

Fig. 4 shows an example shot gather from the side-by-side compar-
ison of the planted and streamer mounted MEMS-based sensors
(Fig. 2b). Here we also present particle motion plots (hodograms) of
various wave types to judge if the sleds introduced suspicious particle
motion. Particle motion plots from the noise part of the data (time win-
dow above the first arrivals) show slightly higher directionally depen-
dent energy polarization on the horizontal crossline component while
the other components have a more random character. This is likely
due to wind and the wider nature of the frame holding the streamer
sensor (acting as a barrier against wind; Fig. 1b) in this orientation.
Otherwise, visual inspection of the particle motion plots does not
suggest any significant distortion introduced by the sled. Examination
of the trace pairs of all components show identical phases with similar
shape and arrival time, with a minor distortion on near offset traces of
the horizontal crossline component that will be discussed later.

3.1.2. Test II — Micro shear wave vibrator test
To further explore the capabilities of the landstreamer, we also carried

out a test using the micro shear wave vibrator— ELViS (Electro-dynamic
Vibrator System; Krawczyk et al., 2012, 2013; Polom et al., 2011, 2013).
The small size of the source, its easy handling, high signal reproducibility,
no ground damage and low noise level make it attractive to be used with
the streamer developed in this study, especially for urban applications.
Example field photos from this test are shown in Fig. 5. ELViS version 3
(with a mounted horizontal shaker unit) enables generation of horizon-
tally polarized (SH) seismic energy (see the green arrows in Fig. 5b),



Fig. 4.Anexample shot gather (after vertical stacking of three repeated shots) from the side-by-side planted (black colorwiggles) and streamermounted (red colorwiggles) DSU3 sensors
test showing (a) vertical component data, (b) horizontal inline component data, (c) horizontal crossline component data. (d) Hodograms of noise, first break and later arrivals window
from a far-offset trace from the streamer mounted sensor. (e) Hodograms of noise, first break and later arrivals time window of the same position trace but from the planted sensor. AGC
has been applied (100 ms window) for display purposes. Data are shown in the acceleration (not integrated) domain given the identical nature of the sensors used in the test. Different
gains were applied for the particle motion plots for display purposes.
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implying that most of the energy should be recorded by the horizontal
crossline component of our sensors. Signal control is carried out by a
digital-to-analog sweep generator, which is fed by an EPROM (erasable
programmable read-only memory) module, containing the desired
sweep waveform (ELViS version 3 shaker is restricted to max 360 Hz).
Car batteries, 12 V or 24 V, are used to power the source but also to in-
crease the source-to-ground coupling because of their weight (Fig. 5b).
In addition, often the source operator sits on it to further improve cou-
pling as shown in Fig. 5a.

Typical shear wave surveys use an SH source and SH geophones
(e.g., Bansal and Gaiser, 2012; Deidda and Ranieri, 2001; Garotta,
1999; Polom et al., 2013; Pugin et al., 2013a) to ease the processing
(no need for complicated common conversion point binning or non-
standard normal moveout corrections) and less contamination with
other modes (Hardage et al., 2011). By changing the polarity of the
first amplitude onset direction (positive or negative) and stacking two
opposite polarity SH signals, minimization of vertical motion leaked
into the SH component can be achieved (Garotta, 1999; Krawczyk
et al., 2013; Polom et al., 2013).

During the shear wave source test, we acquired one line located per-
pendicular to the location of the line where the first backyard test was
carried out, on a grassy field and with mainly postglacial clay-till sedi-
ments (Fig. 5a). We used only 2 segments of the landstreamer totaling
40 DSU3 units, spaced 2m apart. ELViS with two sets of sweeps varying
between 30 and 120Hz and 30–240Hz, and a 5-kg sledgehammerwere
used at every second station along the line. In the middle of the line,
shifted approximately 15 m in the perpendicular direction (Fig. 5a), a
test using different sweep frequencieswas conducted to check for signal
attenuation on soft ground and the sensitivity of the streamer for weak
shear wave signals coming off the line. The source sweep was 10 s long
and recording time was 12 s long; a 1 ms sampling rate was used. At
every vibrating point, we acquired 4 records, twice with both “positive”
and “negative” polarities. Cross correlation was done using a pilot sen-
sor registering the designed sweep. After cross correlation, source re-
cords (reduced to 2 s) were vertically stacked and used for studying
signal penetration and amplitude spectra.

3.1.3. Results
The shear wave vibrator test (Fig. 5) was conducted without adjust-

ment of the source frequencies to the ground conditions. Source sweeps
were chosen randomly, which might have resulted in the lack of any
clear reflections in the shot gathers. Fig. 6a shows an example shot gath-
er with picked first breaks acquired using the 5-kg sledgehammer. Even
though both selected sweeps (30–120Hz and 30–240Hz) appear not to
be suitable and properly adjusted to the ground conditions, we were
still able to pick the first breaks of shear waves, with a certain confi-
dence, at least for the 30–120 Hz sweep (Fig. 6b). Fig. 6c shows a collo-
cated shot gather acquired using the 30–240 Hz sweep, where higher
noise levels can be seen and that the site attenuated higher source fre-
quencies. First break picking here was extremely difficult and the data
needed significant scaling. The collocated data recorded using the 30–
120 Hz sweep served as a quality control set and allowed checking of



Fig. 5. Photos showing a micro shear wave vibrator (SH source) used in conjunction with
the development of the streamer in another backyard test. (a) SH seismic source operating
differing sweep frequency ranges but at about 15 m offset from the acquisition line. (b) A
close up look at the SH-vibratorwith the green arrows representing direction inwhich the
energy is induced (SH–SH data acquisition).
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the picked first breaks on the 30–240 Hz gathers. Fig. 6d shows the am-
plitude spectra of a different frequency range sweep test carried out
along the line, with the source positioned with certain offsets from it
(see Fig. 5a). Comparison between Fig. 6a and b, c suggests no signifi-
cant P-wave energy leaked into the horizontal components after the
cross-correlation and stacking of the opposite polarity records. It can
also be observed from Fig. 6d that, at this site, no significant seismic en-
ergy can be seen above 100 Hz, regardless of the source sweep frequen-
cy used.
3.2. Test III — Stockholm Bypass

This survey was carried out in the framework of a nation-wide
academia-industry joint project (Transparent Underground Structures;
TRUST). Stockholm Bypass (also known as Förbifart Stockholm) is a
planned underground highway (8 lanes) approximately 21 km long of
which more than 17 km is to be tunnel through crystalline bedrock
(www.trafikverket.se/forbifartstockholm). It will pass under 3 water
bodies, with the deepest point reaching approximately 85 m below
sea level. A test site where an access ramp for the tunneling will start,
“Vinsta”, located in the northern part of Stockholm city was chosen for
the streamer test (Figs. 7, 8). Motivation to carry out the test at this
site was a priori knowledge about a potential weak zone identified by
a number of geotechnical boreholes suggesting poor rock quality
(geotechnical Q-value below one) close to where the two seismic lines
were designed to intersect each other (Fig. 8). The geophysical objec-
tives of the study were to evaluate the potential of the landstreamer
in such a noisy environment, combination of the streamerwithwireless
units, obtaining information about depth to the bedrock and velocity in-
formation that may be linked to the rock quality, especially where the
poor quality rocks were inferred to be present.

3.2.1. Data acquisition
During November 2013, we acquired two seismic lines (Lines 1 and

2; Fig. 8) at the site. Due to theurbannature of the site, after a reconnais-
sance, a decision was made to conduct the whole survey at night to
avoid heavy traffic and, most importantly, trams passing next to one
of the seismic lines (Line 2). Although we managed to avoid “rush
hours”, there was still significant traffic during the whole survey time,
including trams passing every few minutes up until midnight (Fig. 7b)
and heavy trucks passing due to accessibility to the city during the
night hours. The trams stopped for four hours during the nights for
maintenance between 1 a.m. and 5 a.m., thus allowing a time slot to
conduct the survey.

Geologically, both lines cross over areas with variable thickness
glacial and post-glacial clays and tills ranging from1m to 20m, overlay-
ing a bedrock consisting of granites, granodiorites andmonzonites (Olof
Friberg, 2014, personal communication). Bedrock outcrops in several
places, especially along Line 2, and their locations were noted during
the data acquisition for direct comparison with results obtained in this
work. North of Line 1, on the opposite side of the road and our line,
rock outcrops were conspicuous, suggesting that the road (Fig. 8) is sit-
uated within a depression zone. On the LiDAR (Light Detection And
Ranging) data (Fig. 8b), outcropping bedrock is evident where large to-
pographic features are observed.

Line 1 had low topographic relief andwas located parallel to the road
and almost straight with no bedrock outcrops notable along the whole
560 m length. Data acquisition was done using three segments of the
landstreamer (two segments with sensors 2 m apart and one with
sensors 4 m apart, in total 160 m long). We used a 5-kg sledgehammer
hitting a metallic plate at every 2 m to generate seismic energy. Shots
were only activated along the two segments with 2 m station spacing;
the remaining segment was used for obtaining data coverage in the
zones between the streamer segments and providing far offset data.
The spreadwasmoved five times after first deployment. The data acqui-
sition along Line 1 involved a team of five persons and took approxi-
mately 8 hours (during the night) to acquire.

Line 2was logistically challenging due tomany factors, such as vicin-
ity to the tram tracks (Fig. 7b), severe topography (Fig. 7c), bedrock out-
cropping, a major road in the middle (Fig. 8) and concrete stairs for
access to the tram station (Fig. 7a) where four sensors of the initial
spread deployment had to be placed. It was acquired using a combina-
tion of the streamer with 3C wireless recorders of the same type
(DSU3) as used in the streamer (Figs. 7, 8). The wireless recorders use
a built-in GPS antenna for time stamping and data sampling. Six re-
corders on each side of the road continuously recorded data during
the whole survey time and were kept at their positions while data ac-
quisition continued from one to the other side of the road (see the
black points in Fig. 8). After the survey, GPS time stamps of the active
data from the landstreamerwere used to extract the data from thewire-
less recorders. These datawere latermergedwith the streamer data and
treated similarly for further analysis and use. The information obtained
from thewireless unitswas critical for delineating a zone of poor quality
rock close to the road and slightly under it. Without the wireless re-
corders, it would have been difficult to achieve active signal recordings
on both sides of the road using either the landstreamer or any other
conventional cabled seismic data acquisition system. The three seg-
ments (120 m long) were used on the eastern side, but after moving
to thewestern side of the roadwe decided to reduce the number of seg-
ments to two (in total 80m long), due to inaccessibility and safety issues
for bicycles passing the line overnight. Unfortunately, this reduction

http://www.trafikverket.se/forbifartstockholm


Fig. 6. Shot gathers and amplitude spectra for the data acquired in the second backyard test. (a) Shot gather showing vertical component data obtained using sledgehammer as a source.
(b) Horizontal crossline component acquiredwith the ELViS micro shear vibrator and source sweep frequencies of 30–120 Hz. (c) Shot gather acquiredwith ELViS and source sweep fre-
quencies 30–240 Hz. (d) Amplitude spectra showing different source sweep ranges test. Note that all the sweeps have almost the same dominant frequency and the signal rapidly atten-
uates after 100 Hz frequency. For all the shot gathers we used a fixed AGC (100 ms) for plotting purposes and no trace balancing or normalization was applied.
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resulted in a lack of data coverage in some zones. The streamer was
moved three times on the western side and was fixed on the eastern
side, forming a line totally 420 m long (Fig. 8). All the sensor locations
were accurately surveyed using a DGPS (differential GPS) system, with
an elevation accuracy of a few centimeters, on both lines. Our standard
procedure is to survey the coordinates of every streamer unit after
deploying them. Each time the streamer ismoved, the process is repeat-
ed. The wireless units record their coordinates from the GPS automati-
cally, but for high-resolution seismic surveys with dense sensor
spacing, the accuracy of this automatic positioning is judged to be inad-
equate. Hence, thewireless units get surveyed with the DGPS system as
well.

3.2.2. Shallow reflections and their imaging potentials
Even in such a noisy environment, reasonably good quality first

breaks were observed, especially after vertical staking of the repeated
shot records. Example shot gathers from the two lines are shown in
Fig. 9. Note the different quality data from these two lines. It is impor-
tant to note that none of these shots acquired along the two lines
show any evidence of spike frequencies (e.g., 50 Hz) from the tram
and high-voltage power-lines although they are just a few meters
away. This is encouraging given one of the main aims of the streamer
was to avoid recording this type of noise.

We spent a significant amount of time for reflection data imaging
through various processing approaches. Some shots showed indications
of reflections, but not enough convincing. Several stacked sectionswere
generated, but at the end reflections in them believed to be highly con-
taminated by the remaining parts of source-generated noise, mainly di-
rect and refracted P- and S-wave arrivals. Major problem here were
both elevation and field statics. To further evaluate the reflection poten-
tial in the data, we carried out seismic elastic finite-differencemodeling
using a 1D model based on the direct and refracted arrival times for an
estimate of the overburden thickness from the crossover distances
(Fig. 9b, f). Two scenarios, VP/VS = 5 and VP/VS = 2.5, using a three lay-
ered earth model (5.5 m thick down to the water-table, VP = 500 m/s,
VS = 100 m/s, ρ = 1600 kg/m3; 7.5 m down to bedrock, VP = 2500
m/s, VS = 500 m/s, ρ = 1900 kg/m3; and bedrock VP = 5800 m/s,
VS = 3400 m/s and ρ = 2750 kg/m3) were used for the modeling. The
first scenario with VP/VS = 5 corresponds to our actual field situation,
while the second one served as a test of the detection ability for more



Fig. 7. Photos showing field condition along Line 2 at the access ramp of Stockholm Bypass at the Vinsta site. (a) Landstreamer units placed at the staircase as a part of the first spread
deployment along this line, spacing of 4 m streamer segment reduced to 2 m. (b) Combination of the landstreamer sensors with 12MEMS-based wireless recorders to cover the inacces-
sible zone; at themajor road cutting the line into two segments. (c) Trampassingduring thedata acquisition, location of thewireless units on both sides of the road and a viewshowing the
severe topographic variations from one side of the line to another.
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common field conditions. Synthetic shot gathers were generated
using both elastic and acoustic media with a code available in Seis-
mic Unix (Juhlin, 1995; Juhlin et al., 2012). A Ricker wavelet using
a central frequency of 75 Hz, estimated by studying the amplitude
spectra of the real data (Fig. 9a, b), was used to generate the synthet-
ic seismograms. After detailed examination and comparison of the
synthetic (Fig. 9c, d) and real field shot gathers (Fig. 9a, b), we con-
cluded that the characteristics of the site, along with the source
and acquisition set-up used, impairs the detection of the reflected
energy from the bedrock in this survey. Reflected energy from the
Fig. 8. Location of seismic lines (Lines 1 and 2)with respect to the planned access ramp and them
on the tunnel track and access ramps show different rock classes identified from geotechnical b
with the black points. Geotechnical data were kindly provided by the Swedish Transport Admi
bedrock (see the theoretical traveltimes shown in Fig. 9c, d) is
interpreted to occur within the shear wave arrivals and unlikely to
be observed after processing. The direct and refracted arrivals are
quite consistent both in time and offset when comparing the syn-
thetic and real shot gathers. This is an indication that the model
used to generate the synthetic data is a reliable representation of
the subsurface. During inspection of the shot gathers on Line 2, no
prominent reflection was observed; most likely due to exposed bed-
rock and thin overburden, hence there was no need for generating
synthetic data for this line.
ain tunnel projected to the surface (a) aerial photo and (b) LiDAR (elevation)map. Colors
oreholes. Twelve MEMS-basedwireless recorders, six on each side of the road, are marked
nistration (Trafikverket).
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3.2.3. Tomography, borehole data and 3D visualization
Since our targets were depth to the bedrock and the poor quality

rocks inferred from the drilling at the site (Fig. 8a), we performed
Fig. 9. Example shot gathers from the two seismic lines and their amplitude spectra from the Sto
hits from Line 1 showing the quality of the data and first arrivals used for first arrival tomogra
three layered earthmodel constrained from the actual seismic data using VP/VS=5. Different co
of water table (cyan, 5.5 m deep) and the bedrock (blue, ~12m deep). (d) Synthetic shot gathe
top of water table (cyan, 5.5 m deep) and the bedrock (blue, ~12 m deep). (e) Raw data and (
P-wave first break tomography using the PS_tomo 3D diving-wave
tomography code (Tryggvason et al., 2002; Tryggvason and Bergman,
2006). The tomography was done in 3D to fully account for the
ckholmBypass site. (a) Raw data (one hit) and (b) after vertical stacking of three repeated
phy. (c) Synthetic shot gather generated using an elastic finite-difference algorithm and a
lor lines showing theoretical direct and refracted arrivals (red line), reflection from the top
r with VP/VS = 2.5 and overlaid direct and refracted arrivals (red line), reflection from the
f) after vertical stacking of three repeated hits with first breaks overlaid from Line 2.
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crookedness of the lines and topography variations. A good starting
model was the key for obtaining a good velocity model from these
lines. To generate the starting model, near offset traveltimes were
used. To avoid rays channeling above the topography, the starting
model had to be carefully constructed so that regions above it used ve-
locities on the order of 340 m/s (air velocity) and slightly higher than
that in the shallow subsurface. This was particularly important for the
data along Line 2 given the rapid topography changes. Details of the to-
mography algorithm can be found in Tryggvason et al. (2002). The final
tomographic models (Fig. 10) had an RMS of about 3 ms (after 7 itera-
tions), which was assumed to be sufficient and geologically reasonable,
given the noisy nature of some traces and the quality of the first breaks
(Fig. 9). The tomography was done using a cell size of 2 m in both the
horizontal and vertical directions. Clear shear wave arrivals on the hor-
izontal component datawere not present so no shearwave tomography
or joint P- and S-wave tomography using the same code, was per-
formed. Information from existing boreholes close to the seismic lines,
drilled for a preliminary phase of site investigations, is plotted on the to-
mography models (Fig. 10). A good match can be seen between the
boreholes, our field observations on the locations of the outcrops and
the tomography results, with the deviations from the aforesaid corre-
sponding to offsets between the seismic lines and borehole positions.
Zones with poor quality rock are reasonably well delineated by low ve-
locity zones, especially as marked in Fig. 8. A slight mismatch between
the velocities where the lines cross can be explained as a 3D effect
with the rays coming from the side of the line, given itswiggly character
and large topographic variations.

To give an estimation of the quality of our picked first breaks, they
are shown in Fig. 11a as a function of offset (Line 1 only). Fig. 11b
shows traveltime residuals (picked times minus forward calculated
times) as a function of offset for the iteration used to present the veloc-
ity model in this study. A good match between picked and calculated
values with most of the data falling in the error range of 2 ms can be
seen. It is interesting to observe clustering of the first breaks into two
distinct domains (Fig. 11a). These two domains correspond to two dif-
ferent overburden thicknesses in different parts of the line. This is con-
sistentwith the tomography results suggesting a sudden rise of bedrock
(high-velocity materials) about 300 m distance along Line 1 (Fig. 10a).

To further illustrate the value of the landstreamer for urban applica-
tions we obtained parts of the tunnel model (Stockholm Bypass), in-
cluding the access ramp, and visualized it with the tomography results
obtained in this test and the LiDAR data (Fig. 12). The 3D visualization
clearly illustrates how the poor quality rock correlate with a relatively
Fig. 10. 3D traveltime tomography results shownwith the location of existing boreholes (white
receiver lineswhere the high-density ray coverage is present (note that the inversionwas done
imate location of the access ramps and the black dashed line interpreted depth to the bedrock
low velocity zone (3000–4000 m/s) and a change in the bedrock geom-
etry (interpreted from the tomographymodels; Fig. 10a) suggesting the
possibility of a fracture system and a small depression zone in the mid-
dle of Line 2.

4. Discussion

TheMEMS-based 3C landstreamer developed in this study was test-
ed in various places and the results illustrate its capability for imaging
and site characterizations, especially in noisy environments. The first
backyard test (Fig. 3) indicates the importance of obtaining broadband
data. Both MEMS-based 3C sensors mounted on the streamer and the
10Hzplanted geophones image a clear reflection that is notablymissing
in the 28 Hz planted geophones. The horizontal components of the
MEMS-based sensors from the streamer also show evidences of a
mode-converted reflection. This mode-converted reflection indicates
that there is an imaging potential of the 3C landstreamer using mode
converted waves (Eaton and Stewart, 1989; Guy, 2004; Stewart et al.,
2002; Stotter and Angerer, 2011). The amplitude spectra of the
landstreamer sensors show more energy in the higher frequency part
of the signal compared with the geophones tested, making them more
suitable for near surface applications (Fig. 3f, g).

The sleds carrying the sensors on the landstreamer do not induce
any significant energy decrease, phase difference or additional mode
conversions (Fig. 4). We can also observe that the sleds used to mount
the units on the landstreamer do not introduce additional phase change
or time delays in the data. Judging from the amplitude spectra shown on
Fig. 4, it appears that the landstreamer mounted DSU3s are slightly less
sensitive to higher frequencies comparedwith planted ones. This differ-
ence is most likely due to site conditions and difference in ground cou-
pling and will be investigated in detail in the near future. The nearest
offset traces on the horizontal crossline component occasionally show
a tuning effect on some phases (merging two phases into one). This
phase behavior could be due to local ground conditions or introduced
by the sleds due to bad coupling between them and the surface and is
an effect that will be studied more in the future. Amplitude spectra
and particle motion plots further support the similar nature of the
data for the planted and the streamer mounted MEMS-based sensors.
A similar comparison, but using a shear wave source, might be better
suited for these types of tests and will be conducted in the near future.

The test with the shear wave vibrator was instructive in the sense
that it showed the effect of ground conditions for collecting shear
wave data. In soft sediments or over some grassy fields it is unlikely
bars) identifying the bedrock level at (a) Line 1 and (b) Line 2. Results are shown along the
in 3D). Arrows showmajor anthropogenic features, existing bedrock outcrops and approx-
.



Fig. 11.Quality of the pickedfirst arrivals and the invertedmodels. (a) Example of pickedfirst breaks as a function of offset for Line 1. (b) Traveltime residuals versus offset for the same line
after last iteration of the tomography inversion, with RMS value of 3 ms obtained. Colors correspond to number of points (N) within that range.

Fig. 12. 3D views showing visualization of the refraction tomography results with themodel of the planned tunnel and the access ramp. (a) Aerial photo projected onto the elevation data
obtained from LiDAR measurements showing the location of the seismic profiles and main anthropogenic features. (b) Tomography results (3D model) visualized with the tunnel indi-
cating a low velocity zone where the bedrock deepens and where rocks have poor quality. (c) Closer view on the tomography results along with the interpreted depth to the bedrock
(black dashed line) and the planned tunnel model. The tunnel model was kindly provided by the Swedish Transport Administration (Trafikverket).
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that the use of high-frequency sweeps would be useful since the higher
frequencies tend to attenuate quickly (Fig. 6). Even though the source
frequencies were not adapted to the site requirements, judging from
the shot gathers shown on Fig. 6b, c the high sensitivity of the
landstreamer sensors might be the reason we were still able to identify
the first arrivals. Comparing the gathers on Fig. 6a to b, c, we note that
no contamination with mode leaked P waves is observed and how in-
creasing the source sweep frequencies influences the data. We note
fromFig. 6d that notmuchof the signal can be seen above 100Hz, there-
fore better data might have been obtained using source sweeps with
lower frequencies. A test conducted by Krawczyk et al. (2013); see
also Malehmir et al., 2013a,b) on both a gravel road and farm field
(mainly saturated clay) showed that imaging structures at that site
using a seismic streamer is possible, but that the quality of the image
is significantly different from the farm side than the gravel side. In
fact, an issue to consider that favors the use of a multicomponent
streamer, especially horizontal crossline data, is the possible absence
of Love-waves from the experiments conducted over gravel roads, par-
ticularly if thematerials below the compacted gravels have lower veloc-
ities than the surface. In this case, less Love-waves will be recorded or
generated (Krawczyk et al., 2012, 2013; Polom et al., 2013). A thin
layer of frozen ground (winter surveys) can also be suitable for such ex-
periments using the streamer (e.g., Malehmir et al., 2015).

Given the urban characteristics of Stockholm Bypass, along with a
significant amount of noise observed on the shot gathers, the streamer
was still able to record fairly good quality data (Fig. 9). First breaks
were picked relatively easily using an automatic picking algorithm.
They were later inspected and manually modified (wherever needed),
at least for Line 1. Picking first arrivals along Line 2 was more difficult
due to bedrock outcrops and the fact that some of the sensors were ac-
tually situated on them (or occasionally on the stairs). This produced a
level of uncertainty in the first breaks and required investing more
time in the picking, compared to Line 1. Nevertheless, a matching result
with the drilled boreholes and bedrock outcrops was obtained. Judging
from the synthetic shot gathers (Fig. 9c, d),we argue that reflection seis-
mic imaging of the bedrock is unlikely at this site and requires much
denser station spacing between the sensors and sources with much
higher frequency (Inazaki, 2006; Pugin et al., 2013a; Sloan et al.,
2007). The streamer is built so that shorter spacing between the sensors
can be achieved and this configuration will be tested in the future
studies.

Tomography results along Line 1 (Fig. 10a) suggest that the bedrock
deepens towards the southeastern side of the line, but with sharp
changes in elevation where the poor quality rocks are observed. The
sudden change in the bedrock topographymay be an indication of frac-
turing or faulting, hence the poor quality of rocks at this location. Bed-
rock in the northwestern side of the line is as shallow as a couple of
meters. This is also supported by the two clusters of the first breaks as
shown in Fig. 11a. The tomography results along Line 2 (Fig. 10b) sug-
gest an undulating bedrock surface with its deepest point where
the road is located (Fig. 8). At almost every location where velocities
more than 5000 m/s are observed near the surface there is bedrock
outcropping (our observations), supporting the tomography results
and further showing the potential of the streamer for this type of
application.

At the Stockholm Bypass site we can also note the importance of the
GPS time stampedwireless units mergedwith the streamer system that
allowed the delineation of a depression zone that might pose a problem
during tunnel construction. Judging from Fig. 12c, the access ramp will
be located beneath this zone, where potentially lateral water flow
might be expected. Recent information provided by the Swedish Trans-
port Administration (Trafikverket) suggest that the materials above the
planned access ramp tunnels (at least one of the two; Fig. 12c) at this lo-
cation are soweak that a jet grouting program is planned to be conduct-
ed prior to their excavation/construction (Ulf B. Eriksson, personal
communication, August 2015). This study thus further illustrates the
potential of the streamer and its combination with wireless sensors
for complex field situations.

While the streamer and the data from it should be further analyzed
and tested, we suggest it as a tool for urban applications. There are,
however, limitations with the streamer and the data acquisition system
used in conjunction with it. In its present configuration, a GPS signal is
required. This is mainly for time stamping and data sampling since
there is no internal clock in the acquisition systemwith the required ac-
curacy. If a tunnel experiment is planned, the data recording system
must be changed (not the streamer) or a GPS signal needs to be fed
into the system, for example using an external clock generating a GPS
protocol signal. We are currently working on developing an accurate
(and synchronized with GPS) external clock that can locally transmit a
GPS protocol signal to the acquisition system and wireless sensors.
This is not needed if a surface experiment with the streamer is the goal.

Future studies should also aim at exploiting the potentials of the
MEMS sensors for full waveform inversion in near surface environ-
ments, given their wider bandwidth, particularly at low frequencies.
Towing the streamer segments in parallel might also be an option, and
will be conducted in the future in the necessity of a high resolution shal-
low 3D reflection imaging surveys (e.g. Bachrach and Mukerji, 2001).
Three component data and their ability to differentiate between Love-
and Rayleigh-waves is another advantage to study (Boiero and Socco,
2014; Socco and Garofalo, 2012; Socco and Strobbia, 2004). These data
are complementary and useful for near surface studies since most of
these applications deal with the top few meters of the subsurface
where there may not be any reflective structures or reflection imaging
is difficult (Baker, 1999; Baker et al., 2000; Garotta, 1999; Steeples and
Miller, 1998). In combination with the streamer, higher frequency
sources should also be developed to take advantage of the broadband
nature of the sensors. Future surveys will further explore the usefulness
of the multi-component data acquisition. Until then, the current paper
provides basic information about the streamer, its reliability and poten-
tial for near surface applications.
5. Conclusions

A three-component MEMS-based seismic landstreamer has been
developed and tested against planted geophones and similar type sen-
sors as used on the streamer. The broadbandnature of the sensors, com-
bined with insensitivity to electrical and electromagnetic noise, makes
the system superior to its geophone-type predecessors, especially in
urban environments. Tests conducted with the shear wave vibrator
showed that a compacted (and saturated) ground is likely required to
take the full advantages of the broadband nature of the sensors.
Otherwise in dry and highly porous medium, it is unlikely that shear
wave frequencies higher than 100 Hz are recorded at the medium to
far offsets (50–200 m). As a complementary study, part of the planned
Stockholm Bypass tunnel was chosen where depth to the bedrock and
a potential weak zone were our main targets. A combination of the
streamer with wireless recorders was used to perform 3D first arrival
tomography. These results in combination with borehole information,
and our own field observations, further demonstrated the capability of
the system for urban site characterization. The potential reflection
seismic imaging of the bedrock at the Stockholm Bypass site was evalu-
ated through elastic finite-difference seismic modeling. The modeling
showed the difficulty in imaging reflections from the bedrock at this
site with the given acquisition parameters, but at the same time sup-
ported the initial model used to generate synthetic shot gathers when
compared with real shot gathers. Although these initial studies of the
system do not fully exploit the benefits of 3C MEMS-based sensors, no
negative effect such as phase or time difference, polarity change or
other effects induced by the overall landstreamer assembly have been
noted. The results obtained with the streamer indicate a better signal
quality compared to the geophones tested, while the sensitivity and
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broadband nature of the 3C sensors open great potential to use it for
various near surface applications.
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