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i. Abstract  
In 2012, the Geological Survey of Sweden, SGU, initiated the Barent’s project in order to increase the 

amount of information that exists about the geology of unexplored areas in Sweden. One of the 

subprojects involved a seismic reflection survey carried out during the summer of 2012. The survey 

contained both Vibsist and explosive sources and the profile was 75 kilometers long, stretching 

eastward from the mining-town Kiruna.  

This project focuses on the data collected from the explosive sources and the aim is to process the 

data and to create models of the reflectors visible by using a ray tracing software. Three different 

softwares were needed for the processing: GLOBE Claritas was used to apply different types of filters 

and to pick arrival times of reflected rays from the seismograms; Matlab was used to plot time-

distance graphs, apply time corrections, simplify the profile and to create simple 2D calculated 

models; and finally Rayinvr was used to create ray tracing models of the reflection data.  

The results show that the west side of the profile’s area contains greater amounts of reflective 

surfaces than the east side. By comparing the models with bedrock, magnetic, and gravity maps of 

the area, it is seen that the reflectors agree with the geological maps. The western part of the profile 

is characterized by eastward dipping reflectors originating from lithological boundaries. The eastern 

part is characterized by, to a large extent, seismic transparent bedrock, with a few reflectors that 

may be related to gabbro-granite contacts. At a depth of approximately 8 km there is a trend of 

horizontal reflectors, which most likely mark the border between Proterozoic rock and Archaean 

rock.  

 

 

Key words: geophysics, seismic reflection modeling, ray tracing  

 

  



Seismic modeling of reflection survey near Kiruna 
Joanna Holmgren 

- 2 - 
 

Table of Contents 
i. Abstract ............................................................................................................................ - 1 - 

Table of Contents ..................................................................................................................... - 2 - 

1. Introduction...................................................................................................................... - 4 - 

1.1 The Barent’s project ............................................................................................................ - 4 - 

1.2 Geological background of the Kiruna area .......................................................................... - 6 - 

1.3 Aim and goal ........................................................................................................................ - 6 - 

2. Theory .............................................................................................................................. - 7 - 

2.1 Seismic waves ...................................................................................................................... - 7 - 

2.1.1 Types of waves ............................................................................................................ - 7 - 

2.1.2 Stress and Strain .......................................................................................................... - 7 - 

2.1.3 Velocity of seismic waves ............................................................................................ - 9 - 

2.2 Refraction and reflection of seismic waves ....................................................................... - 11 - 

2.2.1 Snell’s law .................................................................................................................. - 11 - 

2.2.2 The Reflection Coefficient ......................................................................................... - 11 - 

2.3 Collection and Processing of seismic data......................................................................... - 12 - 

2.3.1 Recognizing reflected waves in a seismogram .......................................................... - 12 - 

3. Method ...........................................................................................................................- 14 - 

3.1 Processing – Claritas .......................................................................................................... - 14 - 

3.1.1 Filters and moveout corrections ............................................................................... - 14 - 

3.1.2 Time picking on the seismogram ............................................................................... - 16 - 

3.2 Processing – Matlab .......................................................................................................... - 18 - 

3.2.1 Time-distance graphs ................................................................................................ - 18 - 

3.2.2 Additional correction of data .................................................................................... - 18 - 

3.2.3 Simple 2D models ...................................................................................................... - 21 - 

3.3 Processing – Rayinvr .......................................................................................................... - 22 - 

4. Results .............................................................................................................................- 25 - 

4.1 Line 1 ray tracing models .................................................................................................. - 25 - 

4.2 Line 2 ray tracing models .................................................................................................. - 27 - 

5. Discussion and conclusion ................................................................................................- 28 - 

5.1 Comparison with other geophysical data .......................................................................... - 28 - 

5.1.1 Reflectors of line 1 ..................................................................................................... - 28 - 

5.1.2 Reflectors of line 2 ..................................................................................................... - 33 - 

5.1.3 Comparing reflectors of line 1 and line 2 .................................................................. - 34 - 



Seismic modeling of reflection survey near Kiruna 
Joanna Holmgren 

- 3 - 
 

5.2 Errors and Continued Work ............................................................................................... - 35 - 

5.2.1 Sources of error ......................................................................................................... - 35 - 

5.2.2 Continued work ......................................................................................................... - 36 - 

5.3 Conclusion ......................................................................................................................... - 37 - 

6. Bibliography ....................................................................................................................- 38 - 

7. Appendix .........................................................................................................................- 40 - 

7.1 Geophysical maps .............................................................................................................. - 40 - 

 

  



Seismic modeling of reflection survey near Kiruna 
Joanna Holmgren 

- 4 - 
 

1. Introduction 

1.1 The Barent’s project 

Large areas of northern Sweden have yet to be explored and mapped. In order to gain more 

information about these areas, a project known as the Barent’s project was initiated in 2012 by the 

Geological Survey of Sweden, SGU. Geological and geophysical methods will be employed to map 

these parts of Sweden in order to support and create a basis for the mining industry.  

In the summer of 2012, a seismic reflection survey was conducted to investigate a 75 kilometer long 

profile stretching east from Kiruna to Vittangi, see Figure 1.1. The profile’s path and direction were 

determined based on previously known deformation zones and bedrock interfaces; the profile 

crosses these zones perpendicularly so that as much information as possible can be obtained from 

the survey.  

 

Figure 1.1 Profile overview. 
[1] 

During a time period of 7 weeks, a Vibsist source travelled along the profile. The Vibsist source 

consisted of a hammer mounted on a truck which struck the ground with varying frequencies 

creating seismic waves, see Figure 1.2. The maximum force a Vibsist source is able to exert on the 

ground is roughly    N [2], which will allow a penetration depth of approximately 5 kilometers. To be 

able to gather data from greater depths explosive sources were used as well. 11 drill-holes were 

drilled along the profile and a total of 25 shots were triggered during the duration of the field work, 

see Figure 1.3 and Figure 1.4, using an explosive load of approximately 8 kilograms. 

 

Figure 1.2 The vibroseis. Photo: Karin Berglund 
[3] 
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Figure 1.3 One of the 11 drill holes. Photo: Author 

 

Figure 1.4 The drillholes on the profile. The shot positions were named after order moving west-east in the map, i.e. the 
first shot just west of Kiruna is known as shot location 1 and the most east shot position is known as shot location 11.  

To measure the incoming seismic waves, 300 geophones were manually placed and moved along the 

profile as the Vibsist source hammered its way through the profile. The method used during the 

survey was CDP (common depth point) stacking. The explosive sources were shot when the 

geophones were at different positions. 

  



Seismic modeling of reflection survey near Kiruna 
Joanna Holmgren 

- 6 - 
 

1.2 Geological background of the Kiruna area 

Kiruna is a Swedish mining-town located above the Arctic Circle. The bedrock belongs to the 

Svecofennian province which was created 1.9-1.87 Ga [4]. It consists of an Archaean bedrock covered 

with Proterozoic volcanic rock, sedimentary alterations and generations of granites. Throughout 

geological history, it has been subjected to various amounts of deformations via metamorphism, and 

through millions of years of erosion, these rocks have been gradually exposed [5].    

1.3 Aim and goal 

The aim of the project is to identify the major reflectors of the profile using the explosive-data from 

the seismic survey and then to create 2D models using ray tracing. The last stage will be to compare 

the model’s reflectors with other geophysical data, such as magnetic and gravity data.   
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2. Theory  

2.1 Seismic waves 

Seismic waves arise when the ground is exposed to a momentarily force. The momentarily force can 

be caused by small actions, such as a pedestrian crossing a street or a car traveling down a gravel 

road. The source of the force can also occur on a grander scale, such as dynamite explosions in mines 

or tectonic plate movement that results in earthquakes.  

2.1.1 Types of waves 

There are two main divisions of seismic waves: body waves and surface waves [6]. Body waves 

propagate through their medium while surface waves propagate on the surface of their medium. 

Seismic surveys deals mostly with the primary body waves, also known as P-waves, since these waves 

have the greatest velocities and arrive first at the seismic recorders, the geophones. P-waves 

propagate through a medium by displacing the medium’s particles in a compressional manner; the 

particles will oscillate parallel to the direction of propagation.  

 

Figure 2.1 The propagation of a primary wave through a medium. 
[7] 

This property allows P-waves to propagate through all types of medium, i.e. gas, liquid and solids, 

making it a valuable characteristic of waves in e.g. earthquake seismology since P-waves are the only 

waves able to travel through the liquid interior of the Earth.  

2.1.2 Stress and Strain 

The origin of seismic waves lies in the ground’s stress and strain properties. By definition, stress is the 

force per unit area   ⁄  on an object, and strain is the resultant deformation caused by the stress 

  
 ⁄  [8].  To be able to cause a deformation, the forces exerted on a body have to differ. 

Compressional stress occurs when parallel forces are directed towards each other and act to 

compress the object; tensional stress occurs when the forces are directed away from each other and 

act in an extensional manner; and shear stress occurs when the forces also are directed away from 

each other, though the result is translation of the object, see Figure 2.2.  
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Figure 2.2 The different types of stresses. 
[9] 

When a body is exposed to different amounts of stress from different directions, it becomes 

deformed. The deformation occurs as a change in size, shape or volume of the object. There is a limit 

of stress and strain exerted on a body before it reaches its fracture point, see Figure 2.3. In the early 

stages of strain the body deforms elastically. As the stress increases, the body exceeds its basic limit 

of stress and strain and enters the ductile phase, resulting in small fractures and cracks. This 

continues until the stress has increased past the body’s fracture point, resulting in rupture of the 

body. Thus, if the forces acting on the body are great enough, they will cause fracture. But in the case 

of the forces used in seismic surveys, the stress-strain level stays in the elastic deformation zone.  

 

Figure 2.3 The three stages of strain before the fracturing of an object occurs. 
[10] 

Hooke’s law states the relationship between stress   ⁄  and strain    ⁄
[11]:  

 
The constant that connects shear and stress is K, a modulus of elasticity, which differs in different 

rock types. There are different moduli of elasticity constants depending on what type of stress and 

strain a body is exposed to. There are two commonly dealt with moduli when it comes to primary 

waves’ propagation through a medium: the bulk modulus K (not the same K as mentioned above!) 

describes the volume change that an object undergoes as it is exposed to equally large forces from 

 
 
  

 
 
 

 
 

(2.1) 
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each direction, i.e. the incompressibility of the object, and the shear modulus   describes the shear 

stress and its resultant shear strain, i.e. the rigidity of the object [12].  

2.1.3 Velocity of seismic waves 

By measuring the velocity of a primary wave that travels through the subsurface, the bedrock type of 

the subsurface can be determined. The velocity of a wave’s propagation through the bedrock can be 

expressed through the following relationship [13]: 

 
In the case of primary waves, the velocity formula has the following form [13]: 

 
vp is the primary wave’s velocity, K is the bulk modulus,   is the shear modulus, and   is the 

medium’s density. By examining the velocity equation (2.3), it is apparent that the P-wave’s velocity 

depends on a material’s compressibility through K, rigidity through  , and on its density. Thus 

theoretically, the wave will travel with greater velocity through the bedrock the more rigid and 

compressible the bedrock is. Its velocity will also be negatively correlated with its density. Practically 

though, velocity and density are positively correlated, see Figure 2.4. This is because as density 

increases, the elastic moduli increase with a greater factor thus eliminating the effect of the 

increasing denominator.  

 

Figure 2.4 The Nafe-Drake curve. 
[14] 

 

                         √
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Seismic modeling of reflection survey near Kiruna 
Joanna Holmgren 

- 10 - 
 

The velocity can be used to estimate the density of the bedrock, which at the same time leads to an 

estimation of rock type. Roughly, igneous rocks have the highest densities and the highest P-wave 

velocities at 5.5-8.5 km s-1, while sedimentary rocks have lower densities and lower P-wave velocities 

at 2.0-6.0 km s-1, see Figure 2.5.   

 

 

 

Figure 2.5 P-wave velocity table in different materials. 
[15] 
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2.2 Refraction and reflection of seismic waves 

According to Snell’s law, a ray will reflect and refract as it enters a new medium with different 

characteristics compared to the previous medium. Seismic reflection and refraction surveying are 

based on this characteristic of waves. 

2.2.1 Snell’s law 

As a ray travels from its source at the surface down towards the subsurface, it will encounter other 

mediums with new properties. When this occurs, the ray will either reflect and/or refract at the 

boundary between the two media. Snell’s law defines the incoming and outgoing angles and 

velocities of the incoming ray and the refracted ray [16]: 

 
This relationship can also be viewed in Figure 2.6. 

 
Figure 2.6 Snell’s law. 

[17] 

2.2.2 The Reflection Coefficient  

The reflection coefficient describes the amplitude of a reflected wave from an interface between two 

different mediums [18]. The reflection coefficient R is expressed through the mediums’ densities   and 

wave velocities vp 
[19]:  

 
Z is known as the acoustic impedance. Reflected waves arise as soon as there is a contrast in acoustic 

impedance between two mediums. Examples of such situations are at bedrock interfaces and 

fracture zones filled with water or intrusive rocks. The greater the contrast in acoustic impedance 

between two different mediums, the greater the amount of seismic energy will be reflected back 

towards the surface. The velocity of primary waves increase with density and velocity, as seen in the 

Nafe Drake curve in Figure 2.4. Consequently, when the underlying interface’s medium is denser or 

less dens than the overlying’s medium, reflected waves will be created. The waves which originate 

from reflections off of denser rocks will have greater amplitudes and are therefore more easily 

distinguished from the seiemograms in the processing steps.  

   
     

 
  
     

 (2.4) 

 
  

         
         

 
     
     

 
(2.5) 
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2.3 Collection and Processing of seismic data 

2.3.1 Recognizing reflected waves in a seismogram 

When seismic waves have been sent from the source, the seismic recorders, or geophones, will be 

set to record the incoming pulses under a definite time interval. The pulses will in turn be displayed 

on seismograms – pseudo-section graphs. Different filters are applied to the seismogram in order to 

enhance the signal so that the refracted and reflected pulses can be recognized and picked.  

In a seismogram, the different incoming P-waves will have different appearances depending on type 

of incoming P-wave, but also on depth and dip of the reflectors. The first pulses to arrive are the 

direct- and refracted waves [23], see Figure 2.7.  

 

Figure 2.7 The incoming waves and their appearances on a seismogram. 
[24] 

The reflected waves appear as later-arriving pulses, often giving the impression of hyperbolic curves, 

see Figure 2.8, which is due to the refracted and reflected wave approaching the same travel paths as 

the distance between the source and recorder becomes greater. This is described by Figure 2.9 and 

Figure 2.10. Figure 2.9 illustrates a simple representation of refracted (orange path) and reflected 

(purple path) waves’ travel paths from the source to the recorder, when the distance between the 

source and the recorder is short. Here it is seen that the refracted wave will be the first to arrive. As 

the distance between the source and the recorder becomes larger, the travel paths of the waves 

become roughly the same, see Figure 2.10, thus they will arrive at roughly the same time.  
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Figure 2.8 A seismogram - the upper layer of pulses reveal the refracted waves, the hyperbola curve of pulses beneath 
reveal the reflected waves. 

[25] 

 

Figure 2.9 Simple representation of a reflected and refracted wave’s travel path. 

 

Figure 2.10 As the distance between shot and recorder approaches infinity, the refracted wave and reflected wave 
approach the same the distance and time traveled. 
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3. Method  

3.1 Processing – Claritas 

The first step in processing the seismic data was carried out with the seismic software GLOBE 

Claritas. With the Claritas seisviewer program the first arrival times of the refracted waves and 

reflected waves were picked from seismograms of the shots. 

3.1.1 Filters and moveout corrections 

The primary waves that arrive at the geophones have usually been reflected, refracted, diffracted, 

etc. This can make the signals difficult to interpret. Figure 3.1 shows an unfiltered seismogram from 

one of the shots of the Kiruna project. To get the optimum seismogram for time picking, different 

methods were used to enhance the signal.  

 

Figure 3.1 Original seismogram of shot 19154 with no filters applied. 

When a seismic wave is produced, its amplitude is the strongest at the source and will slowly fade as 

the wave propagates through the ground, loosing energy on its way. To compensate for this energy 

loss automatic gain control, AGC, was used. AGC will gain the data within a certain time window to a 

constant energy level [26], thus making the effect of energy loss less apparent in the seismogram, see 

Figure 3.2. A Frequency-domain time and spatially varying filter, FDFILT, was used to filter 

frequencies, in this case functioning as a band-pass filter, see Figure 3.3. Figure 3.4 shows when AGC 

and the band-pass filter are combined.  
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Figure 3.2 Seismogram of shot 19154. Left: no alteration. Right: AGC 

 

Figure 3.3 Seismogram of shot 19154. Left: no alteration. Right: Band-pass filter. 

 

Figure 3.4 Seismogram of shot 19154. Left: no alteration. Right: AGC and Band-pass filter. 

There is an additional correction that needs to be made: since the rays do not travel the same 

distance, they will arrive at different times. The solution to this is a time shift of the seismic pulses, 

known as a moveout correction. One type of moveout correction is the linear moveout correction, 

LMO. LMO is a linear moveout which assumes that only one velocity exists above a certain reflector. 

The effect of LMO is shown in Figure 3.5. 
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Figure 3.5 Seismogram of shot 19154. Left: no LMO. Right: with LMO. 

3.1.2 Time picking on the seismogram 

The first prominent pulse on a seismogram is usually interpreted as the arrival of the first refracted 

ray. The method used for the picking was nearest peak, see Figure 3.6 and Figure 3.7. 

 

Figure 3.6 Nearest Peak time-picking, the green squares represent the times picked. 
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Figure 3.7 First arrival times picked on shot 19154. 

After the first arrival times were picked and recorded, the next step was to identify the reflectors in 

the seismogram. The Seisviewer allowed several pickings per shot, as seen in Figure 3.8. In the output 

file the picks’ offsets and times were recorded. 

  

 

Figure 3.8 Reflectors visible in shot 19154 seismogram. 
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3.2 Processing – Matlab 

3.2.1 Time-distance graphs 

After the offsets and delay times of the first refracted waves and the reflected waves were recorded 

from the Claritas software, they were transferred to Matlab and made into offset- and delay vectors, 

one for each shot. Figure 3.9 illustrates a graph of the refraction wave-data for shots 15529 and 

17580, both of which were shot from the same drillhole and thus combined.    

 

Figure 3.9 Time-distance graph combination of shots 15529 and 17580, where shot point equals 0 meters offset. 

From the time-distance graphs the average velocities of the incoming primary waves were 

determined as the inverse of the gradient [27]: 

  

3.2.2 Additional correction of data 

To be able to use the data in the ray tracing program (will be explained in 3.3), the collected data 

needed to be adjusted additionally. The first step was to create a 1D x-coordinate system from the 

2D data-points, where recorder number 1 marked the x-coordinate 0. The profile was divided into 

two separate lines in order to keep the travel times as accurate as possible, see Figure 3.10. 

 
   

 

        
 

(3.1) 
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Figure 3.10 Profile with line 1 (red) and line 2 (green) 

The offsets were then divided between the two lines, depending on where the recorders were 

placed, according to Table 3.1. A Matlab script was written that performed projection of a point on a 

line to convert the 2D offset data into a 1D offset line.  

Line 1 shots Line 2 shots 

15529 27143 

15530 27144 

17577 27145 

17578 27146 

17579 27148 

17580 23928 

19152 23929 

19153 23932 

19154 27147 

19155  

19156  

19799  

19800  

19801  
Table 3.1 The division of the shots between line 1 and line 2 

After the offsets were converted, time corrections needed to be made for the shots that belonged to 

the same drillhole. Before the time corrections their time-distance graph looked like Figure 3.11. By 

using Matlab, a script was created that used LMO as a time correction: 

 
For the refracted wave time-picks, the median numbered recorder of a shot was chosen and a time 

correction value was calculated for each shot. The calculated value was then added to the observed 

delay times. The time corrections for each shot were also applied to the reflected waves as well.  

 
                

      

                
 

(3.2) 
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Figure 3.11 Time-distance graph from drillhole 4 before the time corrections were made. Each color represents different 
shots from the same shot location. 

 

Figure 3.12 Time-distance graph from drillhole 4 after time corrections. 
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3.2.3 Simple 2D models 

To make the modeling in the ray tracing simpler, 2D calculated models were made with Matlab to 

find the dip and depth of the reflectors before using the ray tracing program. The most efficient way 

to do this was using the Matlab tool cftool, which functioned as a solver and searched for the 

parameters that resulted in the most correct model compared to the observed data. The input 

function used for cftool was the hyperbola equation for a dipping reflector [28]:  

 
Where t is the delay time, x is the offset between source and recorder, z is the depth to the reflector 

from the surface,   is the angle of the reflector from the horizon, and v is the primary wave’s average 

velocity, which was defined as 6000 ms-1. 

The figures below illustrate some of the 2D models created with the script. 

 

Figure 3.13 Reflection from shot 15529 lying at a depth of 12 km and a dip of 25° to the east. The blue markers are time-
picks and the green line is the calculated model. Note: because of the scales, the projection seems dilated. LMO has been 
applied. 

 
  

√              

 
 

(3.3) 
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Figure 3.14 Reflection from shot 17579 lying at a depth of 3 km and a dip of 14.8° to the west. The blue markers are time-
picks and the green line is the calculated model. LMO has been applied. 

 

3.3 Processing – Rayinvr 

The final step of processing the seismic data was to create a model of the subsurface using the ray 

tracing program Rayinvr. Ray tracing is a technique that is used to reproduce a wave’s path from the 

source, to e.g. a reflector in the subsurface, and back to the surface again. The purpose of ray tracing 

softwares is to create a computer simulation of the wave as it propagates [29].  

There are certain principles for ray tracing to be possible. A ray has an infinite number of travel paths 

to choose between as it propagates; it may e.g. reflect from one fracture, then proceed to refract at 

the next, and then finally be refracted back to the subsurface. Therefore to eliminate some of the 

more complicated ray paths, the incoming rays are only recorded during certain time intervals. These 

time intervals are set to capture the earliest and quickest incoming pulses of rays since these have 

travelled the simplest paths.  

With the software Rayinvr, a model was created of the reflectors visible in each shot. The 
accurateness of the model is seen by the correlation of the model (the black line) and the input data 
(the colored bars), see the figures below.  
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Figure 3.15 Ray tracing model of the reflectors picked from line 1, shot location 1. The accurateness of the model is 
determined by how well the input data (colored bars) correlate with the model (black line).  

 

Figure 3.16 Ray tracing model of the reflectors picked from line 2, shot location 6, 8, 10, and 11. The accurateness of the 
model is determined by how well the input data (colored bars) correlate with the model (black line). 
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The ray tracing program rayinvr was also used to model direct waves together with the reflected 

waves, as seen below: 

 

Figure 3.17 Combination of direct waves and reflected waves from line 1, shot location 1 and 3. 
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4. Results  
The data of the ray tracing models in Rayinvr were transferred to Matlab, where the depths and dips 

of all the reflectors were calculated and plotted in an x-coordinate vs. depth graph.  

4.1 Line 1 ray tracing models 

shot x-coordinate (km) depth (km) dip (°) 

s1_15529_1 1,00 5,55 -1,64 

s1_15529_2 1,00 3,75 -7,37 

s1_15529_3 7,00 10,20 13,86 

s1_17580_1 1,25 4,00 -20,37 

s1_17580_2 1,75 6,30 -17,46 

s1_17580_3 6,30 11,40 23,76 

s2_19155_1 5,00 4,70 -24,58 

s2_15530_1+ 
s2_17579_3 0,00 2,50 -36,86 

s2_15530_2 4,00 3,40 -7,29 

s2_15530_3 0,00 5,00 -24,09 

s2_17579_2 6,00 10,30 4,56 

s2_17579_4 5,40 11,30 -4,60 

s2_19155_2 7,00 9,40 -19,35 

s3_17578_1 8,50 9,70 8,98 

s3_17578_2 8,00 10,00 0,00 

s3_17578_3 9,00 13,00 8,98 

s4_17577_1 11,50 5,90 3,27 

s4_17577_4 10,50 8,00 0,00 

s4_17577_3 6,00 9,90 -24,09 

s4_19154_1 12,00 5,00 -12,38 

s4_19154_2 12,50 8,50 -4,15 

s4_19154_3 11,50 12,60 -2,29 

s4_19800_1 17,00 12,45 2,86 

s4_19800_2 15,00 8,50 -0,82 

s5_19153_1 12,50 5,60 -2,69 

s5_19153_2 16,50 8,60 -5,06 

s5_19153_3 12,00 12,50 -31,32 

s5_19153_4 16,00 8,50 -16,03 

s5_19153_5 16,00 6,00 -20,37 

s5_19799_1 22,00 7,80 26,78 

s5_19799_2 20,00 8,10 1,35 

s5_19799_3 26,00 8,50 33,22 

s6_19156_1 15,50 3,60 -35,64 
Table 4.1 The shots of line 1 and their most accurate models found. 
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Figure 4.1 Matlab graph displaying all the reflectors found in the line 1-data. 
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4.2 Line 2 ray tracing models 

shot x-coordinate (km) depth (km) dip (°) 

s6_23929_1 1,00 8,50 -16,03 

s8_27146_1 15,00 8,50 -4,56 

s9_27145_1 19,00 3,20 -1,43 

s9_27145_2 20,00 8,00 8,98 

s9_27145_3 20,00 9,25 -1,15 

s10_27144_1 15,50 7,30 -22,48 

s10_27144_2 19,00 4,70 -16,03 

s11_27143_1 22,00 13,20 -6,61 

s11_27143_2 24,00 9,20 -1,91 
Table 4.2 The shots of line 2 and their most accurate models found. 

 

 

  

Figure 4.2 Matlab graph displaying all the reflectors found in the line 2-data. 



Seismic modeling of reflection survey near Kiruna 
Joanna Holmgren 

- 28 - 
 

5. Discussion and conclusion 

5.1 Comparison with other geophysical data 

Comparison with other types of geophysical data will increase the understanding of the results 

obtained in section 4. Three different maps of the area have been retrieved from SGU’s database: 

bedrock, gravity and magnetic maps. The bedrock map displays deformation zones and bedrock 

interfaces, the gravity map displays the density, and the magnetic map the magnetic susceptibility. 

These maps will be compared with the shallow reflectors found in the modeling; the deep reflectors 

are assumed to be at such depths where the resultant geophysical anomalies are not distinguishable 

and thereby not seen in the other surveys.  

 

5.1.1 Reflectors of line 1 

By comparing the shallow reflectors and their assumed projection at the surface, correlations 

between the seismic models and other geophysical data can be sought after. Four reflectors, R1-4, 

are steep enough to assume a surface projection, as seen in Figure 5.1. They have an estimated x-

coordinate surface projection of -2 km, 12 km, 35 km, and 36 km respectively. These positions are 

defined on the bedrock map and other geophysical maps, as seen in Figure 5.2, Figure 5.3, and Figure 

5.4. 

 

 

Figure 5.1 The four steep shallow reflectors and their estimated surface projection. 
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Figure 5.2 Bedrock map of profile. Green – mafic rocks, e.g. gabbro. Yellow – felsic, volcanic rocks, e.g. rhyolite. Red/brown – granites. Blue – 
sedimentary rocks. Dashed line represents deformation zones. The estimated surface projections of R1-4 have been positioned as black dashes. 
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Figure 5.3 Gravity map of profile. The estimated surface projections of R1-4 have been positioned as black dashes. 
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Figure 5.4 Magnetic map of profile. The estimated surface projections of R1-4 have been positioned as black dashes. 
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The reflector R1, or also known as shots s2_15530_1+s2_17579_3 from Table 4.1, has a dip of 36.86° 

to the east and is estimated to break the surface at x-coordinate -2 km. The bedrock map, Figure 5.2, 

shows a bedrock interface at this x-coordinate between a gabbro (west) and a granite (east). The 

magnetic map, Figure 5.4, shows that there is a slightly greater magnetic susceptibility to the west of 

R1 compared to the east, which agrees with the bedrock map since the rock type gabbro generally 

contains greater amounts of magnetic minerals.  

In a study of the Kiirunavaara deposit [30], five reflective surfaces with a 40°-50° and 60° dip and 

approximately north-south strike were modeled close to the ore body. R1 has a dip close to 40° and 

is therefore likely to be one of the reflectors identified. In the study, reflective seismic measurements 

were conducted along two parallel, shorter profiles, roughly parallel to the profile used in the 

present project. The reflectors were interpreted as lithological boundaries.  

The projection at the surface of reflector R2, shot s6_19156_1 in Table 4.1, coincides directly with a 

deformation zone, as seen in the bedrock map, Figure 5.2. This is also a lithological boundary 

between sedimentary rock (west) and felsic-volcanic rock (east). The sedimentary rock is seen as well 

on the gravity map as an area with a lower gravity anomaly. R2 has a dip of 35.64° to the east, similar 

to the modeled reflector R1 closer to the Kiirunavaara ore.  

The modeled reflectors R3 and R4, shots s5_19799_1 and s5_19799_3 from Table 4.1, seem to be 

connected; the two different sides of a granite intrusion in the gabbro country rock. The gabbro 

country rock is seen in both the magnetic and gravity maps as a circular formation with greater 

gravity and magnetic susceptibility, while the granite intrusion is seen as an area of slightly lower 

gravity and magnetic susceptibility inside the circular formation.  

The other modeled shallow reflectors are not steep enough to predict the surface projection, but 

they can still be useful. In the beginning of the profile there is a gather of a few reflectors which are 

all inclined towards the east; these can also be linked with the study mentioned above. The orebody 

lies at a 60° tilt, but no reflections were identified as that steep, thus they are not likely connected to 

the ore itself. Instead the reflection surfaces are more likely related to lithological boundaries and 

weakness zones in the bedrock surrounding the ore body.  

There are reflectors close to R2 which vary in tilt from horizontal to eastwardly inclined. The area 

where R2 projects the surface is covered mostly by sedimentary and volcanic rocks. Based on the 

interpretation of the reflections R1-4, which were assumed to be lithological contacts, and the study 
[30], which also interpreted its reflectors as lithological contacts, these reflectors are probably 

lithological boundaries as well. They are either interfaces between sedimentary and magnetic rocks, 

or the reflective surfaces from intrusions in the magnetic rocks.   
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5.1.2 Reflectors of line 2 

Only two shallow reflectors were located and modeled in line 2, both of which lie near x-coordinate 

20 km. To view this position on the geophysical maps see Figure 5.5. The bedrock map marks a 

granite intrusion which is partly covered by sedimentary rock. The magnetic map marks an area with 

less magnetic susceptibility than its surroundings, which is likely due to the granite. The gravity map 

marks an area that lies on an inclining gravity gradient, which reaches a maximum at the gabbro to 

the granite’s west. Thus, the gabbro could lie beneath the granite, causing the increase in gravity as it 

comes closer to the surface. Hence, the reflectors found could very well mark the interface between 

the underlying gabbro and the overlying granite intrusion. 

 

Figure 5.5 The geophysical maps with the shallow reflectors marked as red circles. Top left: Bedrock map. Green – mafic 
rocks, e.g. gabbro. Yellow – felsic, volcanic rocks, e.g. rhyolite. Red/brown – granites. Blue – sedimentary rocks. Dashed 
line represents deformation zones. Top right: Gravity map. Bottom left: Magnetic map.  
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5.1.3 Comparing reflectors of line 1 and line 2 

Not as many reflectors were found along line 2 as along line 1. All three geophysical maps show that 

the western part of the profile has a different characteristic compared to the eastern side; the 

western side is governed by north-northwest and south-southeast trend directions, while the eastern 

side is characterized by circular structures. Also noteworthy is that it is stated in the study made by 

Jensen et al. [30] that the western area has a lower velocity profile than the eastern area, implying 

that the western side has more fractured bedrock or that the sedimentary rocks are more abundant 

than in the eastern side of Kiruna. The absence of reflective surfaces in the eastern area of the profile 

reveals that this area is probably more uniform than the western side.  

Also seen on the bedrock map is that the volcanic rocks are only present towards west and not east. 

This could be due to the west side having a more volcanic environment than the east side. Thus the 

streak-patterns in the western area are due to the folding of volcanic and sedimentary rocks. The 

eastern side does not contain as much sedimentary and volcanic rocks; hence it becomes more 

uniform and does not contain as many reflective surfaces. 

At a depth of approximately 8 km lie a few horizontal reflectors that can be connected, see Figure 5.6 

and Figure 5.7. As mentioned earlier, it is difficult to draw any conclusion based on the bedrock, 

magnetic, and gravity maps, since most of the anomalies that arise from these structures are 

diminished by the shallower structures. Since multiple of the models picked up the reflector at 8 km, 

the surface can be assumed to be a strong reflector and have a large difference in acoustic 

impedance compared to its overlying rock. One possible explanation for these reflectors is that they 

mark the border between the old Archaean bedrock and the younger, overlying Proterozoic bedrock, 

as it is illustrated by Wright S.F. in an article [31], see Figure 5.8. 

 

Figure 5.6 The reflectors of line 1. The modeled reflective surfaces at 8 km are combined with a red line.  
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Figure 5.7 The reflectors of line 2. The modeled reflective surfaces at 8 km are combined with a red line. 

 

 

Figure 5.8 Vertical model by Wright (1988) 
[31]

. The 8 km reflectors found in the present seismic study could be the border 
between Archaean basement and Kiruna greenstone.  

Figure 5.8 also illustrates possible explanations for the rest of the reflectors found at great depths. As 

mentioned in 5.1.1, most of the reflectors are interpreted as lithological boundaries. The same 

interpretation can be applied to the deeper reflectors; they are the reflective surfaces of bedrock 

interfaces from e.g. the Lina granite intrusions. 

 

5.2 Errors and Continued Work 

5.2.1 Sources of error 

In order for the scope of this project to be at a bachelor’s level, the seismic models obtained in this 

project have been simplified and therefore certain errors are bound to follow. The velocity model 

that was used for the models was simple; it was assumed to be horizontally layered, increasing 

downwards, and constant throughout the whole profile. In practice this is rarely the case for bedrock 

velocities. Different types of rock have different densities and therefore different velocities, as 

recalled from section 2.1.3, and since the bedrock in the Kiruna area is greatly deformed, the velocity 

model will not be as simple as the one used in this project.  
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Another simplification used was that the profile could be converted into a 1D line instead of 2D as it 

is in real life. The recorder locations and shot locations were projected onto a straight line, thus 

simplifying the profile’s curvature. This will automatically lead to some errors arising in the model 

since the arrival times have been assumed to be the same for the 2D model as for the 1D model. 

Moreover, when the profile was divided into two sections, line 1 and line 2, some shots became 

unusable because the errors in the reflector-model would be too great. One example of this is in the 

line 2 models: when shot positions 4 and 5 were projected onto the line they resulted in too large 

errors since they were already 10-20 km east of the line’s first point.  

As always with surveys, there will be systematic and random errors that need to be taken into 

account in the form of uncertainties. One large error, though, that needed to be taken into 

consideration while working on this project was that during one of the recordings the radio-

communication equipment between the source and the data-collector did not work. At the moment, 

it was solved by using telephones, but this also lead to the error evolving from a systematic error to a 

random error. Performing the time corrections, see section 3.2.2, eliminated most of these errors, 

but at least one of the shots could not be modeled which could have been caused by this. 

5.2.2 Continued work 

The results obtained through this thesis will serve as a complement to the results obtained from the 

Vibsist data. In the future they will function as a basis for mining industries interested in the area. 

Combined with geophysical data from other methods, the reflection models indicate areas that can 

be explored more thoroughly for additional information.  One way to do this is to create a new 

parallel profile running a few kilometers north or south. By combining these two profiles, reflective 

surfaces can be combined to create a 3D model for the area instead.  

It would have been interesting to have assumed fewer simplifications. One good example of this is 

that more data could have been used if the lines were portrayed in 2D instead of 1D. This would 

eliminate the errors caused by ignoring the curvature. Also, more focus on the velocity model could 

have led to greater understanding of the subsurface’s structure. Since the velocity is a direct 

measurement of the rock type and also an indicator of potential weakness zones, some more 

conclusions could have been drawn about the bedrocks present beneath Kiruna. Retrospectively, it 

would also have been interesting to go back to the seismograms and pick more reflectors, which 

were not as visible or which were located at greater depths, thus having more data to model. 
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5.3 Conclusion 

The general trend seen from the results obtained is that the western area is governed by more 

subsurface reflectors than the eastern. Possible explanation for this is that a volcanic environment 

used to exist in the western side and the eastern side consists of more uniform rocks such as granite 

intrusions. This was also seen in the bedrock map where volcanic rocks are predominantly present in 

the western and not in the eastern part of the profile, and would explain the streak-characteristic of 

the western area and the circular characteristic of the eastern area from the gravity and magnetic 

maps.   

Reflective surfaces arise when there is a petrophysical difference between two connected rocks or 

within a rock. Examples of such situations are cracks and brittle zones, deformation zones, and 

bedrock interfaces. Four reflectors were particularly distinguishable from line 1, R1-4. These 

reflectors were steep enough to trace the possible surface projection and compare with the 

geophysical maps. R1 appeared as a lithological boundary between a granite and a gabbro, R2 is 

possibly the reflective surface of a deformation zone and lithological boundary between sedimentary 

and volcanic rocks, and R3 and R4 are opposite interfaces of a granite intrusion into a gabbro. No 

reflectors were distinguishable from line 2, but assumptions of a granite intrusion interface could still 

be made from two of the reflectors.  

A trend of horizontal reflectors exists at approximately a depth of 8 km in both line 1 and line 2 of the 

profile. A possible explanation to these reflectors is that they are the boundary between Archaean 

and Proterozoic bedrock. 
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7. Appendix 

7.1 Geophysical maps 

 

 

Figure 7.1 Bedrock map of the whole profile. Green – mafic rocks, e.g. gabbro. Yellow – felsic, volcanic rocks, e.g. 
rhyolite. Red/brown – granites. Blue – sedimentary rocks. Dashed line represents deformation zones.  
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Figure 7.2 Gravity map of the whole profile. 

 

Figure 7.3 Magnetic map of whole profile. 


