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Abstract 
 
Analysis of Multicomponent Data to Study Esker Structures, Turku-Finland 
Julia Fridlund 
 
Eskers are long winding ridges that originate from gravel that has travelled in 
meltwater streams in glaciers. At the study site, Virttaankangas plane in southwest 
Finland, there are esker structures covered by sediments. One reason why it is 
important to study eskers is because they are used for purifying drinking water.  

The data used in the study were collected during a seismic survey in July 2014. 
During the survey a controlled source created seismic waves that travelled down 
through the earth and then reflected back up again. By detecting the travel time of 
the waves and estimating the velocity of the geologic layers, the depth to the 
reflecting structures could be calculated.  

There are two types of waves that travel through the body of the earth, pressure 
waves (P-waves) and shear waves (S-waves). In a previous study (Maries et al., 
2017) P-wave data from the same survey have been analyzed, so this work focuses 
on S-wave data but also compares the result from the two.  

Some structures related to eskers were identifiable, such as fractures in the 
bedrock from the pressure of the main esker core. By comparing S- and P-wave 
results it was possible to see hints of the arched esker cores and esker fan lobes. 
Overall the result confirmed the model that was achieved of the profile in the previous 
study. The location of the bedrock both matched with the previous study, and added 
information about its orientation.    

An additional goal was to demonstrate the insensitivity of S-waves to water 
content by showing that if there was a water table reflection in the P-wave data, this 
reflection was missing in the S-wave data. The results showed water table reflections 
in the P-wave data, but there were no distinguishable water table reflections with 
appropriate velocity for S-waves in the S-wave data. 
 
Key words: Finland, esker structures, reflection seismology, multicomponent data, 
S-waves 
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Sammanfattning 
 
Undersökning av flerkomponentdata för studie av rullstensåsstrukturer, Åbo-
Finland 
Julia Fridlund 
 
Rullstensåsar definieras som långa åsar med storlekssorterat grus som avlagrats av 
smältvattenströmmar i glaciärer. Vid undersökningsplatsen, Virttaankangasheden i 
sydvästra Finland, finns rullstensåsstrukturer som är begravda under sediment. En 
anledning till varför det är viktigt att undersöka rullstensåsar är att de används för 
filtrering vid framställning av dricksvatten. 

De data som användes i denna studie inhämtades under en seismisk 
undersökning i juli 2014. Undersökningen gick till på så vis att en kontrollerad källa 
skapade seismiska vågor som färdades ner i jorden för att sedan reflekteras tillbaka 
upp mot ytan. Genom att notera tiden det tog för vågorna att färdas, samt uppskatta 
hastigheten i de geologiska lagren, kunde djupet till de reflekterande strukturerna 
beräknas.  

Det finns två sorters vågor som kan färdas genom jorden, tryckvågor (P-vågor) 
och skjuvvågor (S-vågor). I en tidigare studie (Maries et al., 2017) analyserades P-
vågsdata från samma seismiska undersökning, så detta arbete fokuserar på S-
vågsdata men jämför också resultaten av båda två. 

Vissa strukturer kopplade till rullstensåsar kunde identifieras, så som sprickor i 
begrgrunden från trycket av den största rullstensåsen. Genom att jämföra resultat 
från S- och P-vågor kunde man se reflektioner från rullstensåsar och sediment. 
Sammantaget bekräftade resultatet den modell över profilen som framtagits i den 
tidigare studien. Berggrundens läge stämde överens med den förra studien och 
tillförde ny information om dess orientering. 

Utöver detta försökte man också demonstrera S-vågors okänslighet för vatten 
genom att visa att om det fanns reflektioner från grundvattenytan i P-vågsdatan så 
skulle de reflektionerna inte synas i S-vågsdatan. I P-vågsdatan visade det sig att det 
fanns grundvattenreflektioner, men det gick inte att urskilja några liknande 
reflektioner i S-vågsdatan. 
 
Nyckelord: Finland, rullstensås, reflexionsseismik, flerkomponentdata, S-vågor 
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1. Introduction 

Eskers are long winding ridges that originate from gravel which has travelled in 
meltwater streams in glaciers. The gravel has been grinded, stratified and exposed at 
the surface when the glacier melted. At some sites eskers have today been covered 
by sediment. Since the gravel in the eskers is grinded and sorted after size, eskers 
can be, and are, used for filtering drinking water (Adrielsson, 2016). This is the case 
in the study area for this project, the Virttaankangas plain, just north of the city Turku 
in southwestern Finland. There the buried eskers are a part of a managed aquifer 
recharge plant (MAR) which support the 300 000 inhabitants in the Turku region with 
clean drinking water (Maries et al., 2017). An aquifer is the term for a geologic 
formation that contains groundwater available for extraction. Rocks in these sections 
must be permeable which makes eskers with their high permeability examples of 
good aquifers (Grip, 2016).  

Since aquifers and buried eskers are so useful, it is important to be able to map 
these subsurface structures. For example, it can be good to know how deep down in 
the ground the water is. The top level of the groundwater is called the water table. 
Above this level, there might be some water in the rock but there is also air. Under 
the water table, the rock is completely saturated with water (DWA, 2016). One way of 
investigating this, and perhaps the most common way, is to drill a well, but there are 
some problems with this method. To map a large area many boreholes have to be 
made, but even then lateral variations are easily missed. Drilling also destructs the 
subsurface (Pasquet et al., 2015). To overcome these disadvantages, different 
seismic methods have been developed. One of them is reflection seismology, which 
is the focus of this project. It is similar to radar technique but instead of emitting 
electromagnetic waves, a controlled source (e.g. explosives or a hammer) is used to 
create seismic waves. Usually the source is located on the surface and the waves 
then travel down through the earth where they are partly reflected and partly 
transmitted at compositional boundaries. By detecting the reflected signals that come 
back to the surface and processing them it is possible to resolve subsurface 
structures.  

There are two types of body waves that travel through the earth, P-waves and S-
waves. The "P" in P-waves stands for “pressure” or "primary" because they are 
longitudinal, compressional waves and they are the first reflected waves that arrive 
back to the surface. The S-waves are transverse shear waves and travel slower than 
P-waves, hence the "S" for "shear" or "secondary". The displacement of the material, 
which the S-waves travel through, lies in a plane that is orthogonal to the wave’s 
travel direction. S-waves are therefore separated into two components; one that is 
called SH (horizontally polarized) and one called SV (vertically polarized). S-waves 
cannot travel through liquids, such as air or water, and this means that they will not 
be reflected against the water table. P-waves on the other hand, can travel through 
liquids so they will be reflected at the water table.  
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Figure 1.1. A) P-waves compress and expand the material in the same direction as the 

waves travel, whereas S-waves (B) force the material to move up and down (or side to side) 
perpendicular to the waves’ direction of travel. Image from Brooklyn College (2016).  

 
The Virttaankangas plain is part of a glaciofluvial complex that was formed during the 
Yoldia Sea Phase, about 11 000 years ago (Maries et al., 2017) (Geologia.fi, 2017). 
This complex is part of a hundreds of kilometers long esker chain in southwestern 
Finland. At the study area there is one main esker core stretching from northwest to 
southeast. Connected to the main core is also a smaller tributary esker core. Other 
structures that we can expect to observe are MUKH, Morphologically Undetectable 
Kettle Holes. They form when large ice blocks are parted from a retracting glacier 
and get covered with esker fan sediments. When the ice blocks melt the sediment 
collapses into the holes and this is what is called MUKH structures (Maries et al., 
2017). 
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Figure 1.2. Map of the study area. Profile 2 is the profile studied in this report. The image 

has been imported from the study of Maries et al. (2016). The extent of the MAR plant area 
with infrastructure (observation wells, infiltration pools) and the 645 coarse-grained unit 

provided by Turku Region Water Ltd. The map of Superficial deposits of Finland 646 
 © Geological Survey of Finland and the base map and LiDAR © National Land Survey of 

Finland. 
 
In this research I am going to use the data from a seismic survey that were recorded 
with a landstreamer (Brodic et al., 2015). This is an array of sensors that records 
three orthogonal components (3C) of the vibrations of the earth, one vertical (V) and 
two horizontal (H1: radial and H2: transverse). During the survey, shots were fired 
every 4 m along the streamer. The streamer was then towed behind a vehicle, and 
shots were again fired with the same shot spacing. This was repeated until the entire 
length of the survey profile was covered. Data from the vertical component (including 
mostly P-wave energy) have already been studied in another paper (Maries et al., 
2017) so I am going to focus on processing data from one of the horizontal 
components (H2: transverse) and comparing this with the results from the first study. 

By studying and analyzing reflection data from P- and S-waves, it is possible to 
interpret structures as eskers and the water table under the sediment. The goal is to 
obtain a seismic section of S-wave data from the H2 component, identify esker 
structures and determine the geology of the section. I will also aim to show that, if 
there is a water table reflection in the vertical component data, this reflection is 
missing in the S-wave data. 
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2. Theory 

2.1. Seismic body waves 

There are different elastic properties that define how a material is affected during 
stress. An elastic isotropic homogenous medium is defined with two constants, the 
bulk modulus, K and the shear modulus, µ. The bulk modulus is a measure of how 
much the material compresses when pressure is increased. Shear modulus 
describes the change in shape of the material during shear stresses (Fowler, 2005). 
By extending Hooke’s law to three dimensions and using Newton’s second law we 
get the equations of motion for general disturbances transmitted in a perfectly elastic 
medium. The equations can be expressed as two wave equations, where the first is 
the 3D compressional wave equation for P-waves 
 
 

∙  

 
(2.1)

Here, ϕ is a scalar displacement potential and 
/

 is the wave speed. The 

second equation is the 3D rotational wave equation for S-waves 
 
 

∙  

 
(2.2)

where  is a vector displacement potential and   is the wave speed (Fowler, 

2005). 
 From the equations above we can conclude that for a given material, the P-wave 
velocity is always greater than the S-wave velocity. At first it might seem like both vp 
and vs are higher in materials with low density, but it is actually the opposite. This is 
because µ and K themselves depend on ρ in a manner that makes vp and vs increase 
with density. Generally the density increases with depth so the seismic body wave 
velocities also tend to increase with depth (Fowler, 2005). 

For fluids, the shear modulus (or rigidity) μ is zero so when a shear force is applied 
to a fluid, there is no restoring force in the fluid. This means that fluids cannot 
transmit shear stresses and hence shear waves (S-waves) cannot travel through 
them (Fowler, 2005) (Hardage et al., 2011). 

2.2. Differences between S- and P-waves 

There are two properties of porous rocks that affect how a P-wave travels through 
them. One is the elastic properties of the rock matrix itself, and the other is the type 
of fluid that exists in the pores of the rock. At a boundary where one or two of these 
aspects change the P-wave velocity will change, which means that a P-wave hitting 
this boundary will be reflected. An S-wave on the other hand, can only travel through 
the rock matrix and not in the pore fluid. This means that a change in pore fluid 
between two rocks cannot alone create an S-wave reflection (since the S-wave will 
not be affected by this change). Only if there is also a change in the rock matrix 
properties will S-waves reflect at the boundary (Hardage et al., 2011). At the water 
table, the rock changes from containing a mixture of air and water in the pores to 
being completely saturated with water. In soft, dry sand P-wave velocities can 
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increase from 500 m/s to as much as 1800 m/s when the sediments become 
saturated (Maries et al., 2017). Therefore P-waves will be reflected at this boundary, 
but S-waves will not.  

S-waves are slower than the P-wave so for a given frequency, S-waves have 
shorter wavelengths than the P-wave. This can have an important implication for the 
resolution of geological structures. Shorter wavelengths can resolve smaller 
structures, which mean that seismic reflection with S-waves might reveal structures 
that are too small to be detected with a P-wave. On the other hand, the P-wave 
usually have higher frequencies which allow their wavelengths to be shorter so in 
most documented surveys S- and P-waves have had roughly the same wavelengths 
(Hardage et al., 2011).  

Another difference between S- and P-waves is that they displace the earth in 
different directions. Therefore, if the earth is not completely isotropic, they will sense 
different elastic constants and so each mode can reveal properties of the earth that 
the other cannot (Hardage et al., 2011). 

There are two types of S-waves, horizontally polarized (SH) and vertically 
polarized (SV). To see this we imagine a plane in which the raypath of a reflected 
wave lies. This is called the sagittal plane and includes also the shotpoint, reflection 
point and receiver point. The wave that is polarized perpendicular to the ray path and 
lies in the sagittal plane is the SV-wave. The wave that is both perpendicular to the 
ray path and the sagittal plane is the SH-wave. 

 
Figure 2.1. The sagittal plane. The SV-wave lies in the plane whereas the SH-wave is 

perpendicular to it. 
 
To observe both SH-, SV- and P-waves it is necessary to have a multicomponent 
sensor at the receiver point. It measures vibrations in three perpendicular directions 
to be able to sense the earth’s full movement. Usually one component is directed 
vertically (V) and two are directed horizontally. One of the horizontal components is 
parallel to the line between the shot and the receiver (H1) and one is perpendicular to 
it (H2). H1 is also called the inline or radial component and H2 crossline or transverse 
component (Hardage et al., 2011). When a vertical impact source is used both P-
waves and SV-waves are created and a mix of them should be detectable on all 
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three components of the receiver (Hardage & Wagner, 2014). To detect SH-waves, 
you would theoretically need a special SH source. However in practice, there have 
been observations of SH-waves created from typical P-SV sources as well (Garotta, 
2000) (Brodic et al., 2017). 

2.3. Waves and noise 

Many types of waves are created when a seismic source is deployed. Some of them 
are pictured in Fig. 2.2. One of the waves is of course the reflected wave, the focus of 
this work. It travels down through the earth, reflects at the boundary between two 
layers of different velocities and then travels back up to the receiver. Then there is a 
direct wave that travels straight from the shot point to the receiver. There can also be 
a refracted wave that is called the head wave. This wave hits the boundary at the 
critical angle for the two velocity layers and travels in the second layer until it is 
refracted again and travels up to the receiver. If the earth has many layers of different 
velocities, there can be reflected and refracted waves from each layer. Lastly, waves 
that (almost) always are considered as noise are created. One is the air wave, which 
is easy to detect since it always travels with the approximate velocity of 330 m/s. 
Then there are different surface waves that travel on the surface of the earth or just 
directly below it. 
 

 
Figure 2.2. Different wave types created from a shot (star) and hitting the receiver (triangle). 

In a) is a air wave, in b) a refracted/head wave, in c) a surface wave and in d) a reflection. 
 
There are two important surface waves. One is the Love wave that displaces the 
earth perpendicular to its direction of propagation. The other is the Rayleigh wave, 
also called ground roll because of its rolling motion through the surface. The surface 
waves carry more energy than the body waves but are generally slower (Fowler, 
2005). Surface waves are also dispersive, which means that different frequency 
components will show different velocities (GPG, 2014a). 
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Figure 2.3. Surface waves: Love wave and Rayleigh wave (Mitrica, 2014). 

 
All waves mentioned above, except the reflected wave, are considered as noise in 
reflection seismology (Schlumberger, 2016). A good understanding of these waves 
makes it easier to remove the noise, both during acquisition and processing. Other 
possible sources of noise are anything that will cause the earth to vibrate, eg. human 
activities, weather effects or random occurrences in the earth (Schlumberger, 2016). 

2.4. Travel time vs. offset 

The distance between the shot and receiver is called offset. The longer the offset, the 
longer will the travel time be, i.e. the time that it takes for a seismic wave to travel 
from the shot to the receiver. In a simple two-layer model where there are two 
homogenous and parallel layers, the travel time of the reflected wave will have a 
hyperbolic relation to the offset. To see this, consider Fig. 2.4 below. 
 

 
Figure 2.4. The geometry of a reflected wave. S = shotpoint, D = reflection point, G = 

receiver (geophone), x = offset, M = midpoint (at half offset). Image from SEG Wiki (2014). 
 
A wave is travelling from shotpoint S, reflects at the boundary D between the two 
layers and reaches the surface at the receiver G. Since the layers are parallel, the 
distance SD is equal to DG. If the velocity of the top layer is v, x is the offset and z is 
the thickness of the first layer, the travel time is then 
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	 2
2

2
 

 

(2.3)

 
.
⇒			 	 	

4
  (2.4)

 
where the last expression is the equation of a hyperbola.  

Seismic waves make the earth vibrate so when a wave pulse arrives at a receiver 
it will also start to vibrate. The receiver records the earth’s movement for a period of 
time and this can later be plotted on a time versus amplitude graph, where large 
amplitude corresponds to large vibrations, containing more energy. This is called a 
time series or, more often, a trace. At the time when a wave arrives to a receiver 
there will be a wiggle in the trace and this is called a seismic event (Hardy, 2015).  

When many receivers with different offsets to the shot are used, their traces can 
be shown together in a shot gather. A flat reflector can then be easily recognized in 
the shot gather since the corresponding events on the traces will form a hyperbola. 
The travel times of the direct wave and refracted waves are directly proportional to 
the offset so their corresponding events will appear as straight slopes. Surface waves 
will also appear as straight slopes but since they travel slower, their slopes will be 
steeper. Their traces often look ringy or shingled because of their dispersive 
character. 
 

 
Figure 2.5. Left: Example of a seismic trace. Image provided by Rowley, 2012. Right: 
Example of a shot gather with 24 traces, where different wave types are pointed out. 
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3. Method 

In reflection seismology, the depth to the reflective boundary is usually much greater 
than the offset from the shot to the receiver. This means that the waves reflect at 
almost normal incidence and thus most energy is transmitted to the underlying layers 
instead of reflected back to the receiver. This makes a poor signal-to-noise ratio 
(SNR), that is, the signal will be hard to distinguish from the all the noise. To 
overcome this problem, multiple shots are made from the same location and then the 
traces are added (or stacked) together to create only one trace. This is called vertical 
stacking.  

Another method to create a stronger signal is to stack recordings from many 
different receivers. The method used in this work, which is called Common Depth 
Point (CDP), or Common Mid Point (CMP) stacks all signals that are reflected at the 
same subsurface point (Fowler, 2005).The CMP is the point at the surface that is 
halfway between the source and the receiver. In the simple two-layer model, the CDP 
is situated directly underneath the CMP as in Fig. 3.1(a). Waves travelling from 
source S1 to receiver R1, S2 to R2 and S3 to R3 will all be reflected at the same CDP. 
Thus the signals from these source-receiver pairs are stacked together when using 
the CDP method. If the second layer is slightly dipping, source and receiver pairs with 
the same CMP will not have a common depth point, instead the reflection points will 
be more or less spread out depending on the steepness of the dip (see Fig. 3.1b) 
(Schlumberger, 2016). 
 

 
Figure 3.1. For a horizontal layer (a) the CDP is directly under the CMP. For a dipping layer 

(b) there is no common depth point. Images (Schlumberger, 2016) 
 

In a CMP acquisition there is usually a number of channels evenly spread out along 
the profile. At each channel is a receiver which will record every shot during the 
acquisition. First a shot is fired from the first channel into all receivers. Then the 
shotpoint is moved and a shot is fired from the second channel. After every shot, the 
shotpoint is moved to the next channel until shots have been fired from all channels. 
The traces from every shot can then be sorted so that traces with the same CMP can 
be shown together in a CMP gather. The number of traces per CMP is called fold. A 
greater fold gives a higher SNR. 

In a time vs. offset diagram the recordings from one CDP will, as previously 
mentioned, appear as a hyperbola. To stack them together, their travel times must 
first be corrected for offset so that the arrival times line up. From eq. above follows 

that at offset x = 0, the travel time is t0 =	 . At a greater offset x = x1 the travel time is  

a) b) 
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t1 =  . This leads to the following expression for the time difference 

 
 

∆
4 2 2

1
2

1  

2
1

1
2 2

1
4 2

 

 

(3.1)

 
In the second line, binomial expansion and the fact that x1<< 2z is used to get the 
approximate expression. This is called the NMO correction (Normal Move Out). 
Applying this on all traces with offsets greater than zero makes the arrival times line 
up, as shown in Fig. 3.2 below. When the NMO correction is performed, the traces 
can be constructively stacked together.   
 

 
Figure 3.2. Illustration of NMO correction for signals reflected at the same CDP. Images 

provided by Wikimedia Commons, 2012.  
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3.1 Seismic data acquisition 

The profile studied is approximately 1 km long and orientated in SW-NE (southwest-
northeast) direction to allow a cross section of the main esker core. The profile starts 
on a sandy road next to an open pit and continues on a loose sandy trail into the 
forest (Fig. 3.3). 
 

 
Figure 3.3. Set up during the seismic survey (July 2014). The main picture shows the 

source, a Bobcat drop hammer, and the landstreamer array with receivers positioned along 
the study profile. The smaller picture shows how the landstreamer is towed with a vehicle to 

a new position. Photos by Alireza Malehmir. 
 
The landstreamer used in this survey consists of 80-3C sensors distributed on four 
segments. Each segment has 20 sensors, where the sensor spacing is 4 m on the 
first segment and 2 m on the other three. This provides a total length of 200 m for the 
landstreamer.  

During the survey, three shots were fired every 4 m along the streamer. The shots 
were made with a 300 kg Bobcat-mounted drop hammer (vertical impact source). At 
the bottom of the hammer casing a 1.5 cm thick steel plate was mounted. This was 
done to give a better coupling between the source and the ground. Then the 
streamer was towed ~200 m behind a vehicle, and shots were fired again in the 
same manner. This was repeated five times until the entire length of the survey 
profile was covered (Maries et al., 2017). 

In the study of the vertical component, this showed high quality data for the profile, 
except in some places on the NE side. This was explained by the loose sediment on 
the forest track and the fact that water pumps for infiltration pools were working 
during the acquisition (Maries et al., 2017). 
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Table 3.1. Acquisition details 

Parameters 
Recording system Sercel Lite 428 
Survey geometry Fixed spread shooting and then moving 
Receivers DSU3 (MEMs) 
No. of receiver locations 400 (80 moving) 
No. of shot points 248 (3 records/point) 
Receiver spacing 2/4 m 
Shot spacing 4 m 
Maximum offset ~ 1000 m 
Source type Bobcat drop hammer 
Sampling interval 1 ms 
Record length 8 s (1.0 s used for processing) 
Wireless data harvesting GPS time 
Total no. of traces 19,840 
Geodetic surveying DGPS 

 

Acquisition details from the seismic survey, performed at the  
Virttaankangas plane (SW-Finland) in July 2014.  

3.2. Processing 

The processing procedure is described in Table 3.1 below. All steps were made in 
seismic processing software from GLOBE Claritas™.  

 
Table 3.2. Processing steps 

Step Parameters 
1. Read 1.0 s SEG-Y* data 
2. Data sorting based on component 
3. Extract and apply geometry 
4. Separation by components (only H2 component is used) 
5. Vertical stacking 
6. Automatic gain control (AGC), 250 ms window 
7. Fk muting 
8. Bandpass filtering, 20-30-100-120 Hz 

10. Surgical mute of the direct and refracted arrivals (top muting) 
11. Datum corrections (datum 130 m, replacement velocity 500 m/s) 
12. Velocity analysis (iterative) 
13. Automatic gain control, 250 ms window 
14. Normal moveout corrections (NMO), stretch mute 70% 
15. Stack 
16. FX-deconvolution 
27. Trace balance 

 

Main processing steps of the seismic data from the H2 (horizontal crossline) component. Different 
types of filtering and muting were made to remove direct and refracted P-waves as well as surface 

waves. Datum correction was made to compensate for different altitudes along the profile and NMO-
corrections were applied to align S-wave reflections. *SEG-Y = file format for storing seismic data 

developedby the Society of Exploration Geophysicists. 

3.2.1. Description of some of the processing steps 

AGC: The longer the waves travel in the earth, the more they will be attenuated. The  
attenuation is both caused by geometrical spreading and the fact that the earth is 
not perfectly elastic so some wave energy will be converted to heat by friction. 
This means that late events on a trace can be difficult to find since the amplitude 
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might be much smaller than that of early events. To compensate for this Automatic 
Gain Control (AGC) is used, which is a method to boost the amplitude of waves 
arriving later in time (Schlumberger, 2016). 

Bandpass filtering: The purpose of a bandpass filter is to remove noise with 
frequencies that lie outside the frequency spectrum of the waves being studied (in 
this case reflected S-waves). An estimate of which frequencies to filter out can be 
made from background information about the wave, but usually a variation of 
corner frequencies are tried and applied until the ones that removes the most 
noise and makes the signal most enhanced is found (Hardy, 2015). 

 
Figure 3.3. Illustration of a bandpass filter. Image by Hardy (2015). 

 
Fk muting: To remove surface waves it is usually not enough to use a frequency  

filter, especially not when looking for S-waves since they also have low 
frequencies. What can be done is to Fourier transform the data into the frequency-
wave number domain (F-K domain) (Chibuogwu, 2013). The slope in this domain 
∆

∆
 is proportional to the velocity, so by muting all data under a certain slope the 

surface waves with slow velocities can be filtered out. 
Top muting: The mute of direct waves, head waves and all the noise that is above  

them in the shot gather is called top mute. It is used so that these waves and noise 
will not obscure the reflected waves in the CDP stack. 

Datum correction: In the earth model discussed in both the theory- and method  
sections, the surface and the boundary between the first and second layer of the 
earth’s subsurface were assumed to be horizontal and parallel to each other. In 
reality, different points along a profile on the earth’s surface are usually located at 
different altitudes above sea level. At higher altitudes the signals recorded by a 
receiver at the surface will be delayed. Datum correction compensates for this by 
moving traces up or down depending on their altitude (GPG, 2014b). 

Velocity analysis: This step was done manually by dividing the subsurface in  
different layers and sections. I assumed that the velocity would increase with 
depth. Then I tried with different stacking velocities and looked after reflectors. In 
each section I chose the stacking velocity that would show the clearest picture of 
the reflectors. If all layers are horizontal, the stacking velocity for one layer is a 
root-mean-square value of the seismic velocities in all the layers above the actual 
layer (Hardy, 2015). 

FX-deconvolution: Convolution is a mathematical operation that can be described  
as one signal being filtered thorugh another signal to create a new combined 
signal. This resembles how the signal from a seismic source is filtered thorugh the 
earth before arriving as a new modified signal at the receiver. To compensate for 
this unwanted effect that distorts the signal, deconvolution is used. This means 
that the seismic data are Fourier transformed to the spatial-frequency space 
(hence FX) where a filter is applied and then inverse transformed back to the 
space-time domain (Schlumberger, 2016) (Hardy, 2015). 

 



 

14 
 

4. Results 

4.1. Geometry and shot gathers 

Fig. 4.1 shows the geometry of the profile. The left end is pointing in SW direction 
and the right end is pointing NE. The elevation of the profile rises from around 90 m 
a.s.l. in the SW part to 130 m in the NE.  
 

 
Figure 4.1. Geometry of the profile. Bottom left = SW, Top right = NE.  

Color scale = elevation. 
 
After applying the geometry on the data, the shot gathers were inspected. Many shot 
gathers showed reflection hyperbolas before processing. In Fig. 4.2 is one example 
from shot 3156 with a reflection event at 0.3 s. In the right processed image this can 
be seen even more clearly. The curve corresponds to a velocity of 300 m/s and since 
it is so slow, this should be an S-wave. When comparing the left and the right image 
it is evident that most of the surface waves are removed with the fk muting and 
filtering.  

It also looks like there is a reflection at 0.05 s with velocity 500 m/s. In the vertical 
data, reflections with the same velocity and time appeared in many of the shot 
gathers (see Fig. 4.3) and they were interpreted as P-wave reflections from the water 
table. 

The direct wave (red line) has an apparent velocity of around 350 m/s (300-400). 
Assuming the density increases with depth, this should not be an S-wave since the 
velocity of the S-wave reflected at 0.3 s was 300 m/s. This is more likely a direct P-
wave.  The slopes of the refracted waves correspond to a velocity of about 2000 m/s 
(1700-2300) (green line). These are probably P-waves refracted in the bedrock.  

In the study by Maries et al., (2016) shot gathers from the profile showed that the 
velocity of the direct P-waves varied between 400-500 m/s, whereas the refracted P-
waves travelled with velocities between 1800-3000 m/s.  
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Figure 4.2. Shot gather from shot peg 3156, H2 component, where the left picture shows a 
raw gather and the right a processed (bandpass filter, top mute, fk mute of surface waves). 
The arrow in the left picture points at a reflection with apex at 0.05 s and velocity 500 m/s. 

The arrow in the right points at a reflection with apex at 0.3 s and velocity 300 m/s. The shot 
peg is located at approximately 150 m distance along the profile.  

 
Fig. 4.3 shows a shot gather of the vertical (P-wave) component at the same shot 
point. To the left is the raw image and to the right is the processed. There is no 
visible reflection hyperbola around 0.3 s in any of them. This confirms the 
interpretation that the reflection at 0.3 s in Fig. 4.2 is from an S-wave and not a P-
wave. 
 

        Shot peg 3156 ‐ Raw                         Shot peg 3156 ‐ Processed 
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Figure 4.3. Shot gather of vertical component from shot peg 3156, raw image (left) and 

processed (right). Image from Maries et al. (2016). 

4.2. Brute stacks 

Before the velocity analysis a brute stack was made where the same stacking 
velocity was used for all traces. Different velocities were tried but the one that 
showed the best result was 300 m/s (Fig. 4.4). In the image there is a clear reflector 
stretching from CDP 140 to at least 400. It lies between 0.3 and 0.5 s which 
translates to 45-75 m below the surface. This matches with the position of the 
bedrock along the profile (Maries et al., 2017).  

In Fig. 4.5 is shown the same stack but after fk filtering and top muting. There is 
less noise in the top of the image, just below the surface. The bedrock reflection is 
also a bit enhanced and other features are more visible in the right part of the image.  

The CDP:s are numbered from 100 to 1070 but in Fig 4.4 only CDPs 100-650 is 
shown. The distance between each CDP is 1 m. 
 

 
Figure 4.4. Brute stack with NMO-velocity 300 m/s. The picture shows CDPs 100-650 (not 

datum corrected). 
 

          Shot peg 3156 ‐ Raw                     Shot peg 3156 ‐ Processed 
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Figure 4.5. Brute stack with NMO-velocity 300 m/s after processing (top muting, fk muting 

and bandpass filter). The picture shows CDPs 100-650. Some improvement can be noticed 
at the top of image and the bedrock reflection is a bit enhanced (not datum corrected). 

 
There was a reflection visible in shot gather 3156 (Fig. 4.2), where the shot was fired 
at 150 m distance along the profile. 0.3 s is the two-way travel time, i.e. the time 
down to the reflector plus the time up to the receiver. So the time down to reflector is 
the half of this; 0.15 s. With the velocity 300 m/s this gives a distance of 45 m under 
the surface. In the brute stack in Fig. 4.5 at CDP 250 (= 150 m along profile) the 
bedrock reflection is at approximately 300 ms, so this is also at 0.15 s · 300 m/s = 45 
m. In the seismic section made from the vertical component data, there might be a 
reflection from the bedrock in this location too, but it is very vague because there is a 
clear reflection above this. The higher reflector is most likely a silty-sand bed which is 
part of the esker fan sediments (light blue dashed line in Fig. 4.9), and this probably 
blocks most of the P-wave energy from reaching the bedrock (Maries et al., 2017).  

Around 240 m into the profile is a borehole (VI282) hitting the bedrock at around 
60 m below the surface (boreholes can be seen in Fig. 4.7). Also in the brute stack in 
Fig. 4.5 at CDP 340 (= 240 m along profile) the bedrock reflection is at approximately 
400 ms. 0.2 s · 300 m/s = 60 m. 

Fig. 4.6 shows the same stack as Fig. 4.5 but the whole profile, from CDP 100 to 
1070.  
 

 
Figure 4.6. Stack with NMO-velocity 300 m/s. Not datum corrected.  

4.3. The final section  

In Fig. 4.7 is an image of the profile that was created with a method called seismic 
refraction tomography in the study by Maries et al., 2017. It also includes the location 
of existing boreholes along the profile. 
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Figure 4.7. Seismic refraction tomography of profile 2, with boreholes VI282, VI250, VI6, 

VI285, VI252, VI251 (red lines), bedrock (Br) and water table (blue dashed line). The color 
scale indicates seismic P-wave velocities, with red being the highest. 

 
The final section after the velocity analysis and datum correction is shown in Fig. 4.8. 
In the top picture the tomography from Fig. 4.7 is projected on to the section. 
 

 
Figure 4.8. Final stack for the H2 (S-wave) section. In the top picture refraction tomography 

and boreholes are projected on the section for comparison.  
 
In Fig. 4.9 is the final section from the vertical component (Maries et al., 2017). It is 
divided into six different zones based on their reflection characteristics. In zone 1 (0-
350 m) the profile is parallel to the southeastern part of the tributary esker (Fig. 1.1). 
A borehole (VI282) shows that lower fan sediments of bouldery gravel is deposited at 
43-50 m a.s.l. and upper fan sediments of sand at 50-59 m a.s.l. There is a reflection 
from the top of the esker fan sediments at 62 m a.s.l. (light blue dashed line) that hide 
the bedrock. From the H2 section (Fig. 4.8) there is instead the bedrock reflection 
that is clearly visible while there might be a hint of some layers above this. 

Zone 2 (350-500 m) is located in a fracture zone of the bedrock. In Fig. 4.8 it does 
look like the bedrock reflection disappears around 350 m into the profile. Above the 
bedrock is in the vertical section, reflections from MUKH structures and a buried 
kettle hole with collapsed esker fan sediments. In the H2 section there are some 
reflections, especially distinct around 450 m, that could be interpreted as the 
(fractured) bedrock or MUKH structures. 

In Zone 3 (500-750 m) lies the main aquifer in the glaciofluvial complex. At 650-
750 m is an arched structure, interpreted to belong to the main esker core. Beneath 
the core are reflections from horizontally fractured bedrock. The fractions might have 
been created from the pressure of subglacial meltwater streams. This triangle of 
horizontal reflections look like it is also visible in the H2 image (Fig. 4.8). In Fig 4.9 
there also seems to be a smaller tributary esker core between 500-600 m. There 
might be some arched structures visible in the H2 image at this location.  
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In Zone 4 (750-850 m) are according to Maries et al. (2016) more MUKH 
structures. This section in the H2 data is very blurry. This may partly be due to the 
low fold that happens at every 200 m, where the signals have been collected at the 
endpoints of the landstreamers. But it is exceptionally blurry here compared to at 
200m, 400 m and 600 m. This might be explained by the fact that the sediment on 
the surface was very loose here and interfering noise from the water pumps that were 
working during the acquisition. 

Zone 5 (850-950 m) includes a clear bedrock reflection approximately 50 m below 
the surface and above that the reflections are interpreted to belong to a layer of 
coarse material, possibly till. The deepest reflection in the H2 section might be a 
bedrock reflection since it is also at 50 m depth. Above this there are a lot of events 
that may be reflections from the coarse material.  
 

 
Figure 4.9. Section and interpretations made from vertical component data. The image has 

been imported from the study of Maries et al. (2016). 

4.4. Groundwater table 

In the southwestern end of the profile the groundwater table is very shallow, 
approximately 10 m below the surface (Maries et al., 2017). In the H2 section there 
are a lot of shallow reflections here. It is difficult to map them to a certain structure, 
but it might seem like they are close to the level of the water table. Theoretically there 
should not be any water table reflections from S-waves in the H2 data, only in the P-
wave data. Even though all P-wave energy was not completely eliminated from the 
H2 data, it cannot not be P-waves because the stacking velocity at this level is less 
than 300 m/s. The P-waves reflected from the water table had an apparent velocity of 
500 m/s according to Maries et al., 2017 so they should not be able to line up here. 
One explanation is that the shallow events are S-waves reflected from the fan lobes 
from the tributary esker. These are vaguely represented in the vertical stack as two 
through shaped reflections (Fig. 4.9) centered at 100 m and 300 m. This matches 
well with the H2 section reflections which are especially distinct at these distances 
along the profile (Fig. 4.8). The most shallow reflections seem to be located at depths 
less than 10 m, an indication that they are from structures above the water table. In 
the northeastern part the water table is deeper (20-40 m according to Maries et al., 
2017) and here there is no clear S-wave reflection that matches the groundwater.  
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5. Discussion 

The objective of this study was to use the S-wave data from the H2 component to 
obtain a seismic section, where esker structures would be identifiable and the 
geology could be determined. A seismic section was achieved by a processing 
procedure which included velocity analysis and NMO stacking. With a frequency filter 
and top muting, most of the P-wave energy could be removed from the data. Fk 
filtering showed to be effective for removing the surface waves.  

Some structures related to eskers were identifiable, such as the fractures in the 
bedrock from MUKH and the main esker core. By comparing the H2 section with the 
vertical section, it was possible to see hints of the arched esker cores and esker fan 
lobes. It was a difficult task for a beginner in seismic processing to extract all 
information about the geology that was available in the data, but overall the result 
confirmed the model in the previous study (Maries et al., 2017). The location of the 
bedrock both matched with the previous study, and added information about its 
orientation.    

An additional intent was to prove that, if there was a water table reflection in the 
vertical component data, this reflection was missing in the S-wave H2 data. There 
were water table reflections in the vertical data and this was also shown in the 
vertical section. There were water table reflections in the H2 data too, but they 
appeared to be from P-waves. Most of this was removed in processing so it did not 
show in the H2 section. There was no distinguishable water table reflection with 
appropriate velocity for S-waves found in the shot gathers. In zone 1, in the SW side 
of the section there were many shallow reflections, but they were most likely not from 
the water table. In the NE there were no water table reflections. 

5.1. Credibility of the results 

During processing and NMO stacking it is possible to produce processing artifacts 
that happen to align so that they look like reflectors. The artifacts can be made from 
refracted waves, surface waves or other types of noise that has not been eliminated 
correctly. True reflections though should show as reflection hyperbolas in 
corresponding shot gathers. In the brute stack image with stacking velocity 300 m/s 
(Fig. 4.5), there is a bed rock reflection at 300 ms around CDP 240. In the shot 
gather from peg 3156 a reflection hyperbola is visible around CDP 240, with the apex 
at 300 ms. The curvature of the hyperbola corresponds to a velocity of 300 m/s 
(measured with a hyperbolic ruler in GLOBE Claritas™). So this supports the 
interpretation that it is the bed rock that gives rise to this reflection. 

It seems like the interpreted extent of the bedrock is accurate, but the depth of it 
might not be exactly true. In some steps of the processing, there is no objective right 
or wrong but it is up to the processor to judge which parameters give the best image.  
In the datum correction a constant replacement velocity was used for the entire stack 
and that can cause some events to move further up and some further down than they 
truly are. In the velocity analysis more than one velocity can enhance certain 
reflections in a part of the section, but only one can be chosen. There was also the 
assumption that the velocity increases with depth, which is generally true, but not 
always. There is always the possibility that slow velocity layers are located under 
faster layers. Since the depth is calculated from the arrival time and the assumed 
velocity, uncertainties in the velocity give uncertainties in the calculated depths.  
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The shot gathers showed direct and refracted P-waves, but no clear S-waves. In 
the study of the vertical component, the bandpass filter 60-80-250-300 Hz was used 
and in this study 20-30-100-120 Hz was used. This is not much overlap but it must 
have been enough to keep the P-waves (and surface waves), which then hide the S-
waves. This is unfortunate since if direct S-waves would have been more visible, it 
could have been easier to find hyperbolas from shallow reflections because they 
would fall inside the cone of the direct S-waves. Now it is hard to tell if the shallow 
reflections in the SW part of the section are really S-reflections or just noise that 
accidentally got lined up here during the stacking. Luckily there is the study of the 
vertical component that can confirm that there are indeed shallow structures there 
which matches with the reflections. But if the S-wave study was going to stand alone, 
a source that is better for S-waves and/or more processing would have to be done so 
that more S-wave reflections could be found in the shot gathers.  

5.2. The polarization of the S-waves 

According to theory, SH-waves cannot be created by vertical impact sources such as 
the drop hammer used in this work. The component of the SV-wave that vibrates in 
the H2 direction should be very small. SV-waves are also attenuated to a greater 
degree than SH-waves since part of their energy is converted to P-wave energy at 
compositional boundaries. This imposes the question if the S-waves observed are 
actually SH-waves. During the seismic acquisition, the steel plate under the drop 
hammer was not entirely fixed (see Fig. 3.3). Because the surface was loose and 
uneven, the plate could not be placed exactly parallel to the ground - some parts of 
the plate were more connected to the surface than others. This unevenness, 
combined with the diffculty of hitting exactly vertically with the drop hammer, probably 
made the plate move slightly in the lateral (crossline) direction too, and thus 
generating SH-waves. So the most likely answer is that the polarity of the observed 
S-waves is horizontal, i.e. they are SH-waves. 

5.3. Additional findings 

An unexpected result was that the S-waves could delineate the bedrock so well, 
much clearer than the P-waves, in the first zone. The reason for this is probably that 
more P-wave energy was reflected upwards before it could reach the bedrock. P-
waves were reflected at the water table, a silt/sand-layer and most likely scattered in 
the gravel bed under this. It is clear why S-waves are not reflected at the water table, 
but not why the signal was not attenuated in the gravel. It may have to do with 
different frequency content or different wave lengths. Since S-waves have lower 
frequencies, attenuation does not affect them as quickly as it does for P-waves with 
higher frequencies.  

As mentioned in the theory, there are many differences between P- and S-waves 
which mean they have potential to show different things about the earth. This was 
proved by the fact that S-waves could reveal the bedrock much better than P-waves, 
while the P-waves exposed the water table where S-waves did not.  

One might think that P-waves (which displace the earth in a direction parallel to 
the sagittal plane) should not be detectable on the H2 component (which is directed 
perpendicular to the sagittal plane). But in reality, they are. This might be explained 
by the fact that the shot is never fired directly at the profile but a bit to the side. When 
the wave approach the receiver from an angle one component of the P-wave will be 
in the H2 direction.  



 

22 
 

An interesting fact was that fk muting was so effective for removing surface waves. 
This can be important in S-wave studies since they often have similar frequencies as 
surface waves. In other surveys frequency filters are often used to mute the surface 
waves, but that does not work here because that would mute the actual signal being 
studied.   

5.4. Recommendations  

An obvious recommendation is of course to look at the data from the last component; 
H1. Since this is the one that is directed parallel to the sagittal plane it has the 
potential of detecting more energy from both SV-waves and P-waves and it would be 
interesting to see the energy ratio of the two in the data. This would also make it 
possible to compare shot gathers from the H1 and H2 components to see if the 
reflections in the H2 component are present in the H1 component. If not, that would 
be a stronger evidence that the reflections seen in this study are from SH-waves. 

Potential dipping layers were not taken into account in the processing procedure. 
As described in the method, this has the implication that reflection points that are 
thought to have the same CDP actually are more or less spread out, decreasing the 
lateral resolution. Using a method called DMO correction (Dip MoveOut) would give 
more accurate data and hence better resolution in the final section. 

Other possible improvements include distinguishing and removing multiple 
reflections and diffractions that can be mistaken for relections (Fowler, 2005). 
 

6. Conclusions 

In this report I have analysed  data from a seismic survey performed on the 
Virttaankangas plain, a site where eskers are used for groundwater filtering. The data 
were collected from the crossline horizontal component (H2)  and contained both S- 
and P-wave energy. The data were processed to remove P-waves, surface waves 
and other noise. Some of the key steps were to apply a bandpass frequency filter, 
top muting of refracted P-waves and fk muting of the surface waves. A velocity 
analysis was made, and after NMO-correction the traces were shown in a CDP 
section.  
 The section showed a clear reflection of the bedrock. The position of the bedrock 
was confirmed by corresponding reflections in the shot gathers and boreholes, but 
also by a geologic model from a previous study. The data in this study were collected 
in the same survey but from the vertical component, and was used to construct a 
seismic section from P-wave reflections. Overall, the S-wave section and the P-wave 
section matched pretty well, but many structures were more clearly pictured in the P-
wave section. This way, the P-wave section was of help for indetifying events in the 
S-wave section.  
 Water table reflections at 10 m depth were clearly visible in the P-wave data, both 
in the shot gathers and the section. Many shallow reflections were found in the S-
wave section, but since no corresponding reflections were found in the shot gathers 
these reflections are more likely to be from shallow esker fan sediments.  
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