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Abstract

Near surface seismic methods have the potential for mapping the

overburden and bedrock in the Nordic environment. They can provide

effective information about shallow glacial deposits and groundwater

resources in Sweden. We analysed seismic data from the Heby and Marsta

sites with the aim of improving the imaging resolution and understanding the

substructures better, developing systematic strategies to deal with the

detection of aquifers and the delineation of some significant boundaries. The

general scheme for every case study is composed of processing, inversion

and forward modelling. Processing strategies for the Heby and Marsta have

different key points, because of the different acquisition equipment and

systems. The Heby data were acquired by dynamite and collected with

conventional geophones, while the Marsta data were acquired by a sledge

hammer source and a 3C data landstreamer with MEMS sensors. Inversion

can be used for enhancing image quality, particularly in velocity model

building. Strongly undulated substructures in the Heby profile cause

ambiguities and conflicting dips in the stacked section. By employing the

tomographic inversion result as a starting point to implement prestack depth

migration (PSDM) the final image shows better continuity at the top of

bedrock and shallow layers are resolved clearer. At Marsta, vertical and

radial component data were used to obtain PP and PS information,
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respectively, to delineate the bedrock surface. Common conversion Point

(CCP) binning of the radial component identifies the surface in better

resolution, even a 2m variation in the depth of the bedrock can be seen.

PSDM radial component data supports and complements the result from the

CCP binning. In both the Heby and Marsta cases, forward modelling was

applied for testing processing workflows for the field data using models that

mimick the real substructures. Acoustic modelling was used for

understanding the P-wave response in the Heby single component data,

while elastic wave modelling was performed to simulate the multicomponent

data at Marsta. The results demonstrate that a comprehensive application of

seismic methods in the near surface (shallower than 100m) can provide

adequate resolution. Noteworthy is that an accurate velocity estimation plays

a significant role in the whole scheme for seismic imaging. The strategies for

building the velocity are also meaningful in this research.
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1. Introduction

1.1 Background

Water is one of our most important natural resources and our most

important food (https://www.sgu.se/en/groundwater/). With the depletion

and reduction of the quality of water from underground reservoirs, the

exploitation and, just as importantly, the protection of such resources has

become not only a technical but a social issue for communities (Francese,

et al., 2007). In Sweden, to have good quality water is one of the 16

environmental goals as defined by the ministry of environment.

Monitoring, exploitation and protection of groundwater are essential

issues. Geophysical methods, as a tool to address these, are valuable when

applied to obtaining sub-surface information.

Geophysical methods are effective in exploring for and characterizing

groundwater aquifers, both economically and with respect to quality

(Cartwright, 1968). As important developments, the electrical resistivity

and seismic refraction methods are considered to be the most appropriate

methods of delineating underground water reservoirs since the 1960s

(Chaterji and Karant, 1963; Hatherton, et al., 1966; Worthington, 1975).
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However in particular geologic situations, magnetic (Stanley, l975),

gravity (Carmichael, et al., 1977) and seismic reflection methods have

been used and, gradually, become more mature. Compared with electric,

magnetic and gravity methods, the penetration depth and structural

resolution of seismic measurements are usually higher and less

ambiguous, even though their cost is generally higher (Kirsch, 2006).

Even if more costly, seismic methods are still worthy of developing for

effective shallow exploration.

The accurate determination of seismic interval velocities prior to drilling

(Dix, 1955) is a starting point in applying seismic methods in near-surface

exploration. This methodology was used in early attempts in detecting

groundwater (Pakiser, et al., 1956; Warrick, et al., 1960). Theses attempts

formed the basis for further development of acquisition methods and

processing skills for shallow seismic refraction and reflection methods.

Seismic refraction is a regularly used tool for locating the groundwater

table, the depth to bedrock and the thickness of the shallow overburden.

The intercept-time method (based on Adachi, 1954) is applicable for

detecting continuously the varying substratum velocity. Seismic refraction

tomography (a review, Sharma, 1997) is the most common method for

determining vertically and laterally the heterogeneous sub-surface

velocity (Kirsch, 2006). Irregular interfaces usually require that both

forward and reverse traveltime data are generated. These methods include
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wavefront construction methods (based on, Thornburg, 1930), the

conventional reciprocal method (CRM) (Hawkins, 1961) and the

generalized reciprocal method (GRM) (Palmer, 1980). On the other hand,

reflection methods have been used in mapping aquifers since the 1980s.

The optimum offset shallow seismic reflection technique (Hunter, et al.,

1977, 1982, 1984; Miller, et al., 1990; Baker, et al., 1998) defines a

specified geometry for mapping geological structure characterized by the

unconsolidated overburden-bedrock contact. They point out that there is a

well defined relation between the optimum processing window and the

anticipated depth of bedrock. Other researches focus on how the shallow

subsurface can be imaged and how thin subsurface beds can be resolved

in extensive near-surface seismic surveys (e.g., Pullan, et al., 1985;

Miller, et al., 1986; Birkelo, et al., 1987; Miller, et al., 1989; Steeples, et

al., 1990; Wyatt, et al., 1996; Baker, et al., 1999; Juhlin, et al., 2002).

A constant challenge to identifying the near surface structure is in the

generation of enough high frequency signals, according to the Widess

resolution criteria (Widess, 1973). Seismic source types and sensors play

a significant role on obtaining data with high resolution (Yordkayhun, et

al., 2009; Yassi, et al., 2013). The choice of source depends on the target

depth and resolution required in the survey. Dynamite (explosive type),

with high-energy and high-bandwidth features, can provide high

resolution datasets, and deep penetration, but at high cost and some risk.
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Alternative source types that have been developed include vibrators on

land (Damotte, et al., 1990), allowing control of the balance between low

frequency and high frequency information, and airguns at sea (Larner, et

al., 1982; Staples, et al., 1999), for overcoming the effective level of the

bubble pulses. A large group of various land sources, e.g., a sledge

hammer, an accelerated weight drop, a MiniVib, vibroseis (vibrator),

(Wikipedia, 2020) have been used of the years in small scale seismic

exploration.

There are also a number of specific pitfalls to overcome in processing and

interpreting shallow reflection seismic data, e.g. air-coupled waves,

refractions, processing artifacts, incorrect or uncompensated static

corrections, low fold on some geophones. Proper judgement on when to

stop processing and on data interpretation is required in order not

introduce artifacts (Steeples, et al., 1998).

Glacial sediments form the reservoirs for much of the groundwater

resources in the Nordic countries. The glaciers produce deposits of sand

and gravel and even larger sized boulders that may then be covered by

clay. When the deposits are poorly-sorted they are referred to as glacial

till, while the thinner ones are called moraine. It is of general interest to

utilize geophysical measurements to understand the structure of this

geologic setting, consisting of unconsolidated deposits on top of the
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bedrock. In Sweden, the glacial deposits provide good conditions for

storage of groundwater for human consumption. Thus, it is definitely

essential to investigate these deposits by geophysical methods and further

the research. Reflection seismic tests over Swedish glacial deposits have

proven successful at a number locations (Wallinder, 1998; Juhlin, C., et

al., 2000, 2002; Mohammadi-Vizheh, et al., 2020). Shallow deposits have

been delineated with good resolution at depths as deep as almost 100m.

The primary objectives of these hydrogeophysical investigations were to

map the subsurface structures and boundaries of different geological

layers.

In this thesis, the hydrogeology and imaging of the sedimentary-bedrock

boundary for groundwater exploration will be described and discussed.

Important methods that have been applied include prestack depth

migration (PSDM), first-arrival tomography, P- and PS reflection wave

mapping of the overburden and bedrock. I utilized these technologies to

interpret featured substructures in the shallow subsurface, e.g., the water

table, shallow aquifers and the bedrock boundary.

1.2 Motivation

From a societal aspect, one objective is to have access to good quality

groundwater that provides a safe and sustainable supply of drinking water
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and contributes to viable habitats for flora and fauna in lakes and

watercourses (SGU responsible for Parliament's definition of the

environmental target). A further motivation for this work is improving

image resolution so that the substructure is better understood. Seismic

methods can be used to determine the underground velocities. The

comparison of various datasets for groundwater exploration in different

regions contributes to the accumulation of hydrologic knowledge. The

two case studies presented in this thesis reflect the work flow in

processing near surface seismic data, and their final results will hopefully

contribute to assessing groundwater resources in Sweden.

1.3. Problems and solutions

The topic, “Near Surface High Resolution Seismic Imaging of glacial

deposits in Sweden” focuses on exploring three problems in general:

1). Complex substructure, such as shallow faults and dipping

boundaries, requiring better quality in seismic imaging;

Prestack depth migration (PSDM) can suppress the influence of steeply

dipping, coherent noise (such as, ground roll and airwave), and artifacts. It

also considers effects from complex topography in its migration formula.

Bradford, et al., (2006) demonstrated that PSDM can significantly improve

the reflection imaging in contrast to post stack migration under the same
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situation of complex substructure. In the PSDM work flow, velocity is a

significant factor. First breaks provide the initial velocity estimation.

Tomography can provide a more suitable velocity model starting from the

first break pickings for the next seismic processing. Besides, simulation of

the field data can verify the estimated velocity model by means of comparing

the numerical results with field data in shot gathers and the image domain, so

as to delineate substructures as properly as possible.

2). Multi-component datasets provide opportunities for enhancing the

interpretation of the underground, for example by comparing PP and

PS mapping;

The Sercel DUS3 system mounted on a Landstreamer is utilized to collect 3-

component (3C) data in the vertical, radial and transverse directions. We

analyzed the radial component data for observing converted wave (PS)

information. PS wave data generally have a higher resolution for shallow

structural imaging than PP wave data due to the S-wave velocity being

smaller than the P velocity, thence advantageous to discern thinner stratums.

3). Resolution analysis based on the tuning effect in shallow seismic

data, is critical in vertically and laterally heterogeneous deposits to

avoid pitfalls in interpretation.

Our datasets are acquired at the sites of Heby and Marsta in Sweden. In the

Heby survey, a dynamite source with a broad frequency band was used. Its
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dominant frequency is about 400 Hz. We have borehole data at several

locations along the profile, but still seismic data are needed to delineate their

structures in detail, including the water table level, the boundary of

unsaturated (wet clay - silt), the saturated (sand - boulder) layers, and the

contact between the unconsolidated and the consolidated rock. The

detectability and resolving power for some layers are two typical

considerations. The thickness of some layers greater than  is detectable,

and larger than  can be resolved (Widess, 1973).  represents here the

wavelength. For the Heby profile, a silt with a high velocity and thin

thickness (1700m/s, 25cm) exists in the near surface and can be detected, but

not resolved even though being illuminated by the dynamite source with a

high frequency content. On the other hand, the Marsta survey uses the sledge

hammer (dominant frequency 80Hz) as a source. The low frequency content

makes it difficult to map the shallow structure.

2. Study area
2.1 Geology

The Quaternary period, lasting from about 2.6 Ma to the present, is

characterized with several glaciations and warmer interglacial intervals.

These glaciations result in various size sorted deposits after a series of long-

time oscillations of ice movement. A pronounced climatic change resulted in
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the last deglaciation c. 22,000 years ago, when Sweden was covered by an

inland ice sheet. The inland ice sheet melted away in the interior of Northern

Sweden. Thus, the original Quaternary deposits were uplifted and reshaped.

Even other factors (such as, the wind and water in running) erode and

remake the landscape. The current Quaternary deposits are in this way the

result of a series of natural processes. Nowadays, those deposits are worthy

of investigating for several purposes. Some of these are closely related with

human activities (as outlined by SGU), e.g., physical planning and some

agriculture, supply of natural resources (such as, groundwater, energy peat

and minerals), addressing some environmental problems (such as,

groundwater pollution, landslides).

Below the Quaternary deposits, the bedrock in Sweden is generally

composed of hard crystalline rocks (Fig. 1).

Our study sites at Heby and Marsta are located in the middle eastern part of

Sweden (Fig. 1). The bedrock is composed of granitoids in this region of the

Baltic Shield. They are overlain by glacial deposits – sedimentation with

sand, boulders and finally covered by clay (unsaturated to saturated).
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Fig. 1. The geology of Sweden, with sites location nearby Uppsala. (from SGU)

2.2 Hydrology and water resources

Groundwater pumped from the Earth’s interior is cheaper, more convenient

and less vulnerable to pollution than surface water

(https://www.usgs.gov/mission-areas/water-resources). Commonly it is used

as an important usable water supply. Glacial deposits contain good aquifer

structures that play a significant role in providing usable water for local

people. Fig.2 is a conceptual model for this type of deposit. In the shallow

stratum, its sedimentary material generally contains clay and silt as a cap for

https://www.usgs.gov/mission-areas/water-resources
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groundwater, sand and gravel layers act as the major storage reservoir of

groundwater (aquifer), and bedrock is present at the bottom of the aquifer.

Sometimes it is necessary to drill a borehole to acquire direct information on

the subsurface and logging data. In Table 1, important hydrologic

characteristics for glacial deposit types are summarized. By means of

comparing primary wave velocities in different situations, e.g.,

unsaturated/saturated, unconsolidated/consolidated and different

compositions (with clay or not, sand/gravel, or till), simple relations between

material and velocity can be suggested,

a) less clay percentage leads to layer material close to silt, which has a

higher velocity than pure clay;

b) unsaturated stratum generally has a slower propagation velocity than the

saturated, when they are the same material;

c) unconsolidated overburden has a quite large velocity variation compared

to consolidated basement. This is the most featured point for near surface

glacial deposits.
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Fig. 2. Conceptual model for the stratification of glacial deposits (overburden)

overlaying the bedrock.
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Table 1. Hydrogeological Characteristics in Glacial Deposits.

Quaternary
Aquifer

P-wave
velocity

(km/s)

Grain Size
Range

(mm)

References

Unconsolidated
/Alluvial
deposits

Clay 1.1-
2.5

0.00006
(Clay)

Kirsch,
2006. p. 20.

Burger,
1992.
p. 18-19.

Silt 0.0039-0.06
(Silt: very
fine-fine-
medium-
coarse)

Sand Unsaturated 0.2-1.0 0.063-2.00
(Sand: very
fine-fine-
medium-

coarse-very
coarse)

Saturated 0.8-2.2
Sand
and

gravel

Unsaturated 0.4-0.5 2.1-4096
(Gravel:
Granule-
pebble-
cobble-

boulder)

Saturated 0.5-1.5

Till Unsaturated 0.4-1.0

Saturated 1.7
Compact 1.2-2.1

Others Water 1.4-1.6
Air 0.33-

0.35
Consolidated
/Bedrock for
basement

Sandstone 5.5-9.0 Sheriff, &
Geldart,
1995. p.
118-128.

Shale 1.8-4.9

Limestone 6.4-7.0

Dolomite 7.0

Anhydrite 6.1
Salt 4.6

Gypsum 5.5
Granite 6.1
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Fig. 3. Hydrologic environment. (references from USGS official website)

Based on the summarized empirical relations in Table 1, the hydrologic

environment in Fig. 3 is our ideal vision of what we would like to image

above the consolidated bedrock.
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3. Theory of near surface seismic

3.1 Near surface velocity characterization

Near surface deposits generally feature high attenuation of the propagated

wavefield energy. Acquired data also suffers from heavy coherent noise

caused by multiples by layering, as well as low frequency surface waves.

Besides, different wave modes propagating from the source through the

shallow layers and back to receivers, interfering significantly with any

potential reflections. To identify these reflections is important, but

problematically dealt with to some extent. The root problem is the

difficulty in selecting suitable velocities during the work flow. For

example, if the shallow structures consist of layers with velocity reversals

(Sun and Zhang, 2020), these then produce shingling effects in the first

arrivals. Lateral or vertical variations in substructures cause low

resolution for imaging because of unknown velocities in particular

structures.

Factors affecting velocity

Porosity

Porosity is defined as the ratio of voids volume to the total volume,

including the skeleton and voids, measuring the amount of fluid which is

stored in a saturated stratum.
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Fig. 4. The scheme of porosity and velocity (reference from Wyllie, et al., 1958)

A common relationship between velocity and porosity has been found

empirically (Wyllie, et al., 1958), and its formula states that,

= ∅ + ∅                                         (3.1)

Where  is the measured P-wave velocity,  is the velocity in the

saturating liquid,  is the velocity in rock matrix, and ∅ is the volumetric

porosity fraction. As schematically shown in Fig. 4, higher porosity will

generally reduce velocity.

Density

The following equation is derived empirically that relates seismic P-wave

velocity to the density of lithology the wave propagates through.
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=                                             (3.2)

Where  is density,  and  are empirical constants, depending on the

geologic situation (Gardner, et al., 1974). The formula shows how the

density ( ) increases with P-wave velocity ( ).

Ratio of  and

The ratio of  and  can be used to estimate Poisson’s ratio . The

formula is written as (Sharma, 1997. P.120),

= 1−                            (3.3)

Where = . In geotechnial studies, Poissan’s ratio can be obtained in

situ by measuring P-wave velocity and S-wave velocity. This can be

particularly meaningful prior to some construction of large structures,

such as, a plant for power production, a basement for a bridge and

landslides assessment and so on. Most materials have Poisson’s ratio

values ranging from 0.0 to 0.5. For high velocity bedrock,  is usually

about 0.25, while the velocity ratio  is about √3. In other respects, the

sedimentary rock has a larger value, and for clay, the  range is around

0.30-0.49, for sand, the range is about 0.20-0.45 (Gercek, 2007, a review

on Poisson’s ratio). These large range variations are attributed to the
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velocity in sedimentary stratum being influenced by porosity and fluid

content.

Velocity expression

The above mentioned factors impact the elastic constants so that certain

velocity variations are caused. Their quantity relations are the below

expressions.

Fig. 5. Different waves statement, reflecting the relation of propagation and particle.

a). S-wave, b). P-wave and c). surface wave (Love and Rayleigh wave).
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The body waves velocity expressions are,

=                                  (3.4)

= ⁄                                     (3.5)

Where,  and  are P- and S- wave velocities;  is the compressional

modulus,  is the shear modulus and  is the density.

Surface waves include Love wave and Rayleigh wave. Love waves

typically cannot be generated during exploration, so Rayleigh wave

velocity is generally estimated in surface wave studies. Its value is

normally assumed as 0.92 times of the shear wave velocity.

Body waves and surface waves are defined according to the relation of

wave propagation and particle motion (Fig. 5). The shear wave is named

for the particle motion direction different from the group wave

propagation direction (Fig. 5a). The primary wave propagates in the same

direction as the particle motion (Fig. 5b). Surface waves include Rayleigh

wave and Love wave types (Fig. 5c). They are slower than the body

waves, but they have specific dispersion properties, that is, velocities vary

with the frequency.

3.2 Forward modelling



29

The wave equation is defined through the first order linearized systems of

Newton’s second law and Hooke’s law. Wave propagation in different

media can accordingly be simulated by Finite-Difference (FD) schemes.

The current studies mainly used two schemes of the wave equations, the

acoustic and the elastic ones. We made use of the program fdelmodc

(Thorbecke, et al., 2019) to model the situation in the acoustic wavefield

for comparison with the field data shows at the Heby site, and the Seismic

Unix program suea2df (Juhlin, 1999) for modelling the elastic wavefield

for comparison with the data at the Marsta site. Some theory concerning

wave propagation is described below.

3.2.1 Wave modes
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Fig. 6. Primary and shear wave path leading to direct, refracted and reflected events,

and their angles relation.  is an incident angle,  is a critical angle for producing

the S refracted wave,  is a critical angle for producing the P refracted wave,  is

a reflection angle for the S reflection wave ,  is a reflection angle for the P

reflection wave,  is a refraction angle for the S refraction wave, and  is a

refraction angle for the P refraction wave.

Fig. 6 shows the basic scheme for the seismic direct, reflected and

refracted waves produced by a source and propagated to a set of receivers,

based on wave propagation theories - Snell’s law. From the perspective of

ray path, this scheme is plotted to illustrate how the wave modes are

generated, and what wave modes we will focus on. In the next two parts,

3.2.2 and 3.2.3, based on wave propagation theory, forward modelling

will be briefly presented along with examples of the above mentioned

wave modes.
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3.2.2 Acoustic modelling

=                                  (3.6)

= (3.7)

(Newton’s Second Law)

= + ………………………..(3.8)

(Hooke’s Law)

Where ,  are the particle velocities respectively along the  and

directions, and P is the acoustic pressure.  is the density, = , and

is the P-wave velocity (Thorbecke, et al., 2019). In the staggered grid

computation,  and  are used in calculating grid points, for

representation of other variations ,  and .
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Fig. 7. One acoustic shot-gather modelling the situation at the Heby site (Sun, R, et

al., 2020a).

At the Heby site (Sun, R., et al., 2020a), an example shot-gather (Fig. 7) is

obtained with the acoustic modelling method. It contains the relation of

reflections from clay (Ref1), silt, sand (Ref2), gravel (Ref3) and bedrock

(Ref4), and the direct event. Due to the receiver array being too short, the

refraction in this shot gather cannot be seen.

3.2.3 Elastic modelling

Elastic modelling also makes use of the relations: equation of motion

(Newton’s second law) and equation of deformation (Hooke’s law), as the

following shows,

= + , = + ,               (3.9)
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(Newton’s Second Law)

= ( + 2 ) + , = ( + 2 ) + , =

+ . (Hooker’s Law) (3.10)

Where ( , ) are the displacements along - and - directions,

( , , ) comprise the stress tensor in the 2D medium. ( , ) is the

density, ( , ) and ( , ) are elastic constant matrices (Virieux, 1986).

Fig. 8. One elastic wave shot-gather modelling the situation at the Marsta site (Sun,

R., et al., 2020b). (a)Seismogram; (b)Travel time curves showing seismic events of

(a).

The second-order time and fourth-order space finite-difference schemes

are implemented to discretize the above elastic formulas into calculation

grids for elastic wavefield modelling. For the Marsta site study (Sun, R.,

et al., 2020b), this scheme was applied, one shot gather (Fig. 8) from our

synthetic results shows the arrivals of the different seismic events – PP
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reflect1 from the water table and PP reflect2 from the bedrock in the

deeper layer, SS reflect1 from the water table, PS converted wave

reflections from these two layers, including a strong surface wave and

first break (direct + refract). For a full description of the model and

modeling see paper II.

3.3 Inversion

Seismic inversion is a process to reconstruct underground properties from

the seismic field data (Schuster, et al., 2017). The main equations contain,

: = ( , , , … , )  ………………….(3.11)

: = ( , , , … , )                        (3.12)

:∆ = ( − )………………….(3.13)

 represents the sensitivity matrix of ( × ),  is the acquired

dataset,  is the calculated dataset with respect to the input model

parameters. The general inversion scheme is shown in Fig. 9. The kernel

in the inversion formula can be composed of different operators in order

to enhance inversion resolution and stability. There are several types of

inversion: waveform, traveltimes, phase and migration images. The next

part will focus on migration and tomography inversion theories as for

their application in our study sites.
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Fig. 9. Inversion general scheme.

3.3.1 Migration

Fig. 10. Chart for inverting seismic migration image.
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Migration can reposition seismic data untying conflicts caused by undulated

substructures. Its general process is shown in the chart in Fig. 10. The input

unmigrated image type will decide the migration method choice. In order to

resolve the stacked image better, depth migration was developed after time

migration, and is more advantageous for resolving some complex

substructures (Sheriff, et al., 1995). At the Heby site, the bottom of the

aquifers have the typical structure as shown Fig. 11a. The utilization of

PSTM and PSDM obviously can improve the image in this part, along the

profile from 200-300m, to reduce the ‘bowtie’ effect, marked with a dashed

box.

Fig. 11. Stacked and migration images from the part 200-300m of the Heby section

(Sun, R., et al., 2020). (a) Stacked image; (b) PSTM image; (c) PSDM image. The

dashed squares mark the dipping structure before and after being migrated.
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3.3.2 Tomography

Fig. 12. Chart for inverting seismic traveltime.

Fig. 12. Fermat's Principle, = + , → 0, = .

Traveltime tomography theory is constructed based on Fermat's Principle.

Rays pass through the underground, and the taking the shortest time will be

accepted by some receiver (Fig. 13). In the tomography work flow (Fig. 12),

traveltimes from the input dataset will be inverted by means of an optimum

formula for calculating the traveltimes to fit those values recorded from

every source. The calculation attempts to produce the smallest fitting error so

that enough accurate ray-paths through the substructure are present to
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delineate media boundaries. The higher velocity geologic structure will

attract more rays and have a denser ray-path coverage.
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4. Application

4.1 Data

Interpretation of geophysical field data often requires combining various

datasets to obtain a better understanding of the real underground situation.

Borehole data are the most reliable to bring us the truth of the

underground. However, its high cost limits the whole fieldwork, so that it

just can play a critical role as a comparison with other geophysical

information partly, and definitely is helpful to enhance the final results of

an interpretation (Bradford, et al., 2006). In groundwater exploration, a

drilled borehole can generally detect stratum information to identify layer

thickness are and what rock materials are present. The next section will

discuss data types used in our site studies.

4.1.1 Borehole data

Boreholes allow identification of geological formations based on drilling

parameter and cuttings. In groundwater exploration, these logs help to

determine the depth and thickness of the aquifer (permeable layers) and

the location of any impermeable layers. Fig. 14 gives an example of a

constructed borehole in glacial deposits.  After drilling, water will flow

into the borehole due to fluid physical connectivity, so that the water table

level can be measured. Once drilled, the borehole can be geophysical

logged with different properties recorded in logs, e.g., temperature, fluid
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conductivity, gamma, resistivity, velocity. By means of some obvious

peaks in these logs, potential layers will be initially located.

Fig. 13. Example of a borehole scheme (Misstear, et al., 2017).

4.1.2 Seismic data

Seismic methods are being increasingly used in groundwater exploration.

In recent years, in reflection seismic surveys can be performed

economically and efficiently. These surveys can delineate critical

boundaries in typical glacial deposits. Commonly, reflection, refraction

and surface wave information from seismic shot gathers are used to map

substructures. The data consist of traveltime, frequency, wave-phase and

amplitude. Every aspect has certain methodologies to analyze its

information hence interpret the underground characteristics furthermore.
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4.2 Acquisition

Data acquisition is the first and most important step in the seismic work

flow - from methodologies to the field, and back to data analysis. Before

acquisition, the choice of source, receivers and their spread, must be

made. The survey design should be according to realistic expectations of

the geology and the target underneath. Survey geometry choice has an

impact on the acquired data resolution. On the other hand, the choice of

source and receivers also reflects the balance of cost and data quality.

4.2.1 Resolution

Seismic resolution is the ability to distinguish one feature from one

another (Kallweit, et al., 1982). Factors controlling seismic resolution

include band limited frequency content of the data, spatial sampling and

overlying-strata shielding (Wei, et al., 2020). Seismic resolution is often

described using vertical resolution and horizontal resolution.

Vertical resolution determines the resolved bed thickness in the seismic

image. A typical geological model is the Widess Model (Widess, 1973)

illustrating the relationship between the wavelength and bed thickness by

comparing the seismic response of various layer thicknesses. The

seismogram is yielded by convolving the reflectivity series with the

wavelet. The wavelet information: the width of the main lobe, the side
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lobe ratio, and side-tail oscillations, play a key role to control the vertical

resolution (Fig. 15). Schoenberger (1974) implemented a resolution

comparison of zero-phase (Fig. 15a) and minimum-phase signals (Fig.

15b). Berkhout (1973) proved that the zero-phase seismograms have a

superior resolution to that of minimum phase cases with the same

amplitude spectrum.

Fig. 14. (a) zero phase wavelet and (b) minimum phase wavelet (plotted with
Wavelet Toolbox of MATLAB).

Horizontal resolution is derived from the Fresnel-zone. Much attention

has been paid to how the geometry design impacts the spatial resolution

(Wei, et al., 2014; Van-Veldhuizen, et al., 2006).

Both vertical and horizontal resolution should be considered during

seismic acquisition, data preprocessing for filtering noise and de-

multiples, and migration processing. For near surface seismic, vertical

resolution analysis should be done based on the amplitude spectrum of the

data to clarify the detected and resolved reflection events based on the
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tuning effect. The horizontal resolution relative to the Fresnel-zone will

influence the final image and put constraints on the migration velocity

and the aperture for migration. These parameters are often determined and

adjusted by trial and error.

4.2.2 Parameters

Apart from the wavelet’s main lobe and sidelobe factors, the recording

geometry also affects the seismic image resolution. For example, source

and receiver intervals should be equal to the basic signal sampling

interval as given in the formula below, as an alias-free sampling on the

land survey. The spread length is another important factor for recording

data with enough quality. Lastly, there are source and receiver types to be

summarized.

1) Geophone spacing and source point spacing

The criteria for selecting geophone spacing ∆  follows,

∆ < = ⁄  ………………… (4.1)

Where ,  and  are the smallest wavelength, propagation

velocity and the largest frequency, respectively. For both stacking and

velocity analysis, a regular source spacing  should be the same as the
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geophone spacing if possible, in order to obtain CMP gathers with an

almost uniform coverage (Reinhard, 2006).

2) Spread length

In the reflection seismogram, seismic analysis is based on the

measurement of reflection hyperbolas. One key rule for geometry length

is the source-receiver offsets should be at least half of the aimed depth

(Reinhard, 2006). The other regular rule is for determining the moveout

of hyperbola, based on the following inequality determined by the NMO

velocity estimated value , two-way travel time  for the target

deepest reflection and the wave period ,

∆ > . 1 + ( ) ½
≈ . (2 (0). )½     (4.2)

Where, ∆  represents the moveout of the hyperbola.

3) Source

A wide range of sources have been used in seismic exploration. For the

shallow subsurface, the ideal sources for targeting at shallow depths are

characterized by having high enough frequency content and sufficient

energy to provide reflections and refractions from contacts between

sediments and rock units. The signal amplitude must be high enough to be

detected for the purpose that the data are being used for. In these land-

based works, the general categories of sources are weight drop, explosive
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and vibratory sources (Burger, 1992). We used dynamite (explosive) and

the accelerated weight drop for the acquisition over glacial deposits at the

Heby and Marsta sites. Table 2 displays the descriptions in detail for

these sources at our study sites. Sufficiently large explosive charges will

produce interpretable seismograms, normally with much better quality

than smaller weight drop sources. Dynamite sources will have a wider

bandwidth of frequency and a higher dominant frequency compared to an

accelerated weight drop (Fig. 16). The advantage of the weight drop

source is that it is cheaper, causes less environmental damage, and easily

operated (Reynolds, 2011). In Fig. 16, the solid curve has an abnormal

peak in the range [300Hz, 500Hz]. This strong power is from the air

wave. Site characteristics influence the source energy. Some materials

such as dry sand will absorb energy like a sponge. The general source

representative function is,

( ) = ( ) + ………………….… (4.3)

In which, ( ) represents monopole source and has the same wavelet with

dipole source  (Wapenaar, 1989). ( ) is a delta pulse at time t, and

is a force along the z-direction. Therefore, the source situation varies in

time and space, in theory.

For a homogeneous media,
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= [− ( − )]                       (4.4)

In which,  and  are the amplitudes at distance  and  from the

source respectively, and  is an attenuation efficient depending on the

velocity in the material and frequency of signals from the source

(Reynold, 2011). The energy will attenuate with the distance the

wavefield propagates along in the underground. The above expression is

the simplest basic format.

Table 2. Seismic sources which were used at the study sites. (Sheriff and Geldart,
1995; Sun, et al., 2020 a and b)

Source Type Description Comments
Dynamite  Explosive Ammonium nitrate and

nitromethane explosive
mixed on site; detonated
by seismic blasting cap

10-cm hole
augured 1.4-m into
ground; explosive
and cap placed at
bottom; hole
packed.

Accelerated
weight drop

Impact
(Weight
drop)

45-kg hammer striking
steel plate of roughly
equivalent weight

Plate set in the
grass field with 5
drop blows/shot.
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Fig. 15. Comparison of spectrum of the dynamite and accelerated weight drop for

the Heby and Marsta sites. The spectra are measured from shot gathers separately in

these two survey sites: the source in Heby is the dynamite, and its dominant

frequency is about 200Hz, bandwidth 0-1000Hz; the source in Marsta is accelerated

weight drop, and its dominant frequency is about 50Hz, bandwidth 0-500Hz.

4) Receiver

Ground coupling is one major component controlling the recorded

signals. It is difficult to measure, but is commonly defined as the

difference between the velocity measured by the geophone and the ground

velocity without the geophone (Tan, 1987; Drijkoningen, 2000). The

design of the seismic receivers is on the basis of this theory. The received

signal quality primarily depends on existing soil characteristics, wave

propagation physical properties and conditions of the measurement

devices. The increasing complication of the modern seismic methods
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urges the development of geophone from the spiking signal to the digital

technology. There are moving-coil geophones and Micro-Electro

Mechanical Systems (MEMS) microchips as acceleration-measuring

sensors (Hons, 2008). The planted and gimbal-mounted geophones are

major sensor types depending on the degree of ground-coupling. Their

properties are as Table 3 shows. Digital sensors are advantageous for a

broader recording frequency bandwidth and higher sensitivity accepting

signals. Conventional geophones are cheaper as for their manufacture.

Table 3. Receiver classification and properties. Heby data were acquired by

conventional geophones and the Marsta data by multi-component MEMS sensors.

(https://www.sercel.com/Pages/default.aspx)

Parameters Conventional
geophone

MEMS sensors
1C 3C

Recording
system

Moving-coil 24-bit digital
acquisition

24-bit digital
acquisition

Natural
frequency

10, 14 or 28Hz 1600Hz 1000Hz

Coupling type Planted
(Spike or Augered hole)

Mounted Mounted

Cost Lower Higher Higher
Sensitivity Low High High
Function
theory

Velocity
measurement

Acceleration
measurement and
data transmission
with CRC control

Acceleration
measurement and
data transmission
with CRC control

Dynamic
range

110dB 120dB 140dB

Recording
frequency

4.5-400Hz 0-800Hz 0-1000Hz
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4.3 Interpretation

Two attributes analyzed in seismic interpretation are amplitude and

coherence (Herron, 2011). These allow delineating abnormal variations

caused by some meaningful geologic structures, e.g., resource traps of

anticlines and synclines, layered stratums, and faults. Locating theses

substructures involves a procedure to track continuous seismic events in

these attributes. We also use these attributes to interpret the subsurface

glacial sedimentation by correlation of the relative seismic events on the

final seismic section using their amplitude and coherence.
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5 Summary of papers

5.1 Paper I: Reprocessing of high-resolution seismic data for imaging of

shallow groundwater resources in glacial deposits, SE, Sweden.

Groundwater supports the most water use, such as irrigation and drinking,

for local people in Sweden. Therefore, it is essential to improve groundwater

exploitation and management. Geophysics methods as an efficient and cost

saving tool has been applied for detecting aquifers and accordingly geologic

environment. In order to accumulate study materials, we were dedicated to

re-interpreting Heby section based on its high-resolution seismic data.

5.1.1 Summary

This case study aims at re-interpreting seismic data from the Heby site by

reprocessing the data acquired in 2002 in order to improve imaging

resolution. From the original processed results (Juhlin, et al., 2002), the

Heby profile is dominated by a synclinal substructure. The contact with the

bedrock undulates and the upper deposits need to be resolved further,

especially a thin silt layer with higher velocity than the overlying clay. This

study meaningfully contributes to accumulating information for recognizing

aquifers in glacial deposits and groundwater management in Sweden. It can

also provide a reference for our future geophysical studies in comparison

with other survey sites.
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Fig. 17. (a) Location of the study area from Google Earth (two maps on the right),

and the geological map from the Geological Survey of Sweden (main map)

(http://apps.sgu.se/kartgenerator/maporder_en.html) with the location of the seismic

profile and boreholes BH1, BH2 and BH3 (right top corner). (b) The profile with the

geological units identified in the boreholes plotted at their respective locations.
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Fig.17 is the map with the location of Heby profile. There are three

boreholes BH1, BH2 and BH3 shown as the red points in Fig.17a. Fig.17b

displays their logs with stratum depth and thickness. It delineates several

rock material stages (clay, thin silt, sand from medium to coarse size, gravel

mixed with sand and cobbley size, and bedrock) initially, as an important

role to prove their corresponding positions in seismic sections.

Fig. 18. Examples of raw shot gathers from the dynamite source at different

locations along the profile. (a) shot 10; (b) shot 50; (c) shot 100; (d) shot 150; (e)

amplitude spectra in the interval 0-80 ms from the respective shots. Blue lines mark

first breaks (FB), red curves mark the upper silt layer, purple curves represent the

top of the cobbley gravel (CG) and green curves mark the bedrock reflection (BR).

The Heby dataset was acquired using a dynamite source, characterized with

high peak frequencies and broad bandwidths (Fig. 18e). That is the reason

we called our study high resolution seismic imaging. Four shot gathers
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selected from the profile (Fig. 18) show clearly the first break and several

critical reflection events, which are overlain by colored curves on top of the

seismic seismograms. Due to dry sand at the western end of the profile, shot

10 has a low velocity as its direct event shows. Then, from west to east of

this profile, first breaks of Fig. 18b-d have a higher velocity because of the

clay cover and refractions from the bedrock are not observed on this short

receiver array.

Fig. 19. First arrival tomography. (a) ray coverage; (b) tomographic result after 6

iterations; (c) the same as model (b), but with contour lines added.

Based on the first breaks, a tomography result is obtained as in Fig. 19. The

tomography is implemented with Tryggvason’s ps-tomo tomography code.

Fig. 19a is the ray coverage after 6 iterationa, reaching a depth to an
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elevation of about -17m. The contour lines in Fig. 19c describe the layers

with velocities 800m/s, 1400m/s and 1600m/s, separately representing clay,

water table and sandy layer in the saturated aquifer. Their average elevations

are in sequence of -42m, -30m and -20m. Thus, this result was used as a

starting point guiding further processing.

Fig. 20. (a) Tomographic result overlain on the PSDM image. (b) Interpretation of

the PSDM image based on the borehole information. Red, purple and green curves

represent the silt, cobbley gravel (CG) and bedrock (BR) interfaces. Possible faults

in the bedrock surface are shown by blue lines.
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Fig. 20 shows the seismic sections after prestack depth migration (PSDM).

The upper section is overlain by the tomographic result, and the bottom

section is the substructure interpretation based on the seismic image and

borehole information. In comparison to previous images (Juhlin, et al.,

2002), PSDM increases the image quality - more continuity after improved

continuity of the undulations, pointed out with short blue lines. The PSDM

image shows a strong reflection at around 35m elevation (about9 m below

the surface) that can be correlated to a thin (0.2m) hard silt layer. In the

tomographic result (Fig. 20a), this strong reflection is correlated with the

velocity range [1400-1600]m/s.

Fig. 21. Comparison of the shot gather at 376 m distance, (a) raw field data with

refraction statics applied, (b) processed data, after refraction statics correction and

bandpass filter [100, 150, 400, 600 Hz] (c) synthetic data. The zero offset times of

clay-silt, clay-sand and bedrock are about 0.015s, 0.025s and 0.06s, respectively.
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Furthermore, forward modelling complements the interpretation results by

PSDM. Fig. 21 is a comparison of one shot gather at 376m distance along

the profile. The synthetic shot gather (Fig. 21c) simulates reflections from

different boundaries. Their zero offset times of clay-silt, clay-sand and

bedrock are about 0.015s, 0.025s and 0.06s, respectively. Synthetic images

are Fig. 22a-c: image after NMO, stack and depth conversion, post stack

time migration (PSTM) and prestack depth migration (PSDM). Improvement

of the reflection from the bedrock testifies to that PSDM is a valid

processing approach for our shallow synthetic seismic reflection data and,

most likely, for the field data.



57

Fig. 22. Synthetic images (a-c) overlain by the velocity model. (a) Image based on

synthetic data after NMO, stack and depth conversion; (b) PSTM image after depth

conversion; (c) PSDM image.
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Fig. 23. Common image gathers from field data (a-d) at lateral distances of 225 m

and 250 m. (a) CDP=225 m, after NMO and time-depth conversion; (b) CDP=250

m, after NMO and time-depth conversion; (c) CDP=225 m, after PSDM; (d)

CDP=250 m, after PSDM. Common image gathers from synthetic data (e-h). (e)

CDP=225 m, after NMO and time-depth conversion; (f) CDP=250 m, after NMO

and time-depth conversion; (g) CDP=225 m, after PSDM; (h) CDP=250 m, after

PSDM. Red arrows mark silt, clay, cobbley gravel (CG) and bedrock (BR) following

the interpretation in Fig. 20b.
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Table 4. PSDM and PSTM data processing flow.

DATA PROCESSING FLOW

STEP Process

1 Geometry installation and trace editing
2 Geometrical spreading correction

3 Trace balance: 0-100 ms
4 Refraction statics

5 Spectral whitening and Bandpass filtering: 100-150-
400-600 Hz

6 Fixed datum correction: datum=45 m, velocity=1600
m/s

7 NMO

8 Residual statics (iterations before and after velocity
analysis)

9 PSDM and RMO (Figure 8b)
10 Stack

11 PSTM and time-depth conversion (Figure 8a)

Finally, common image gathers in Fig. 23 show the field and synthetic

results together, illustrating the PSDM effect at some locations with

important structures. Table 4 summarizes the complete processing flow.

5.1.2 Conclusion

Reprocessing for seismic data at Heby site enhances image quality. The

processing scheme focuses on the application of first breaks tomography and

PSDM. The tomography uses first breaks to obtain a tomographic velocity.
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This velocity model as a starting point was taken as the reference for PSDM

velocity estimation. The migrated section displays the influence from some

dipping structures decreased, being compared with the previous processed

section. Simulation based on the above estimated velocity testified the

existing substructures, such as, some shallow deposited stratum sequences

and dipping on top of bedrock.

5.2 Paper II: High Resolution Seismic Reflection PP and PS Image the

Bedrock for Shallow Groundwater Detection in Sweden.

Multicomponent data is studied for a mutual comparison from different

views for checking substructures more properly and with a higher resolution.

Shear wave propagation is slower than primary wave, thus, PS wave can

resolve thinner layers bsed on the Widess’s definition (Widess, 1973) for

resolution and detectability. We process 3C seismic data at Marsta site on

the vertical and radial component shot gathers, respectively for PP imaging

and PS imaging. The below summarizes this case study and makes

conclusions on final results.

5.2.1 Summary
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Fig. 24. (a) Quaternary Map of Marsta, Sweden. Provided by SGU (Sveriges

Geologiska Undersökning); (b) Zoomed map of the site, with survey geometry, in

which stations 1-120 correspond to the landstreamer with 0.5m spacing, and stations

121-157 are 1C units with 1m spacing. Sources were activated besides every

receiver point, at about 1m horizontal (West-East) distance (two examples shown in

the figure).

The case study at the Marsta site (Fig. 24) focuses on the mapping of the

bedrock surface through processing the vertical and radial components data

using PP and PS wave information. The acquisition equipment included a 3C

landstreamer and 1C sensors. Source type is the sledge hammer. Acquisition

parameters are given in detail in Table 5.
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Table 5. Data acquisition parameters.

Attribute Parameters

Acquisition system SERCEL Lite 428

(3C landstreamer)

SERCEL RAU-ex

(1C UNIT)

Sensor type DSU3

(mounted on sleds)

Geophone

(planted, wireless recorders)

Sensor spacing 0.5 m 1 m

Resonant frequency - 10 Hz

Recording Frequency 0-800Hz 4.5-400Hz

No. of channels 120 37

Source type 45kg accelerated weight drop

Source spacing/interval 0.5 m 1m

Source depth 0 m

No. of source positions 118 37

Survey line [X(m)] 0-59.5 m 60-96 m

Data format SEGD SEGD

The seismic data at Marsta are characterized by high attenuation in the

shallow sediments, significant multiples and strong ground roll. The latter

two features masking potential reflections.  Furthermore, some refractions

are difficult to separate from reflections.
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Fig. 25. First breaks from (a) vertical component, (b) radial component, and (c)

amplitude spectrum for the vertical component time window [0-100ms] (green curve)

and for the radial component time window [140-250ms] (blue curve). The blue

arrow in (c) indicates the high frequency air wave arrival.

Direct and refracted events can be measured as Fig. 25, respectively, using

the vertical and radial components of the shot gathers. Generally, every shot

along the whole profile can help us define the velocities underground with a

three-layer model. However, the frozen surface makes the direct wave

difficult to identify, just the refractions with 1600m/s and 5500m/s. In the

radial component gather, the direct wave is easily measured at about 800m/s.

The amplitude spectra show the maximum usable frequency for the vertical

component to be about 100Hz and for the radial component to be about

70Hz.
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Fig. 26. Synthetic seismograms for the models given in Table 4 and comparison

with the field data. (a) a raw source-gather at 0m along the survey line; (b) synthetic

source gather for model 1; (c) synthetic source gather for model 2. In the figure ‘R’,

‘M’ and ‘S’ denote the low velocity (Vrms≈215m/s) reflection, multiples and

surface waves respectively. The red curve in the figures shows the expected arrival

time for a reflection off the top of the groundwater level for model 2.

Velocity estimation is a key step in processing. P-wave velocity can be

measured in first breaks. The S-wave velocity is estimated by measuring the

zero offset time of the identified converted wave reflection and back

calculating the velocity based on the borehole log. Based on some trial and

error modelling, the initial velocity estimated for the P-wave was: 800m/s for

depth of 1m, 250m/s for depth 1-4m, 1600m/s for depth 4-15m, and 5500m/s

for the below bedrock; for the S-wave: 100m/s for depth of 0-15m as the

velocity in overburden, and 3000m/s for the bedrock. Note that if the surface

has not be frozen then the upper layer (0-4m) would have had a velocity of

250m/s. In Fig. 26, the red curve is the expected reflection traveltime from

the water table, it is difficult to identify this reflection even in the synthetic

data.  From this estimated model, ray tracing traveltime can match
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reflections being interpreted as water table and bedrock in Fig. 27c and d.

Especially the green and purple curves delineate the possible PP and PS

reflections from the bedrock.

trefp1 trefp2 trefc1 trefc2 trefs1 trefs2

Reflector
[stratum]

PP
[water_table]

PP
[bedrock]

PS
[water_table]

PS
[bedrock]

SS
[water_table]

SS
[bedrock]

Fig. 27. Vertical component (a-b) and radial component source gathers (c-d). The

calculated traveltimes based on the model in Fig. 26 are overlain in b and d. The

colors and corresponding reflections are explained in the table below the figure. AW

represents the Air wave, and GR the ground rolls
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Table 6. Field data processing flows for vertical and radial component data.

Step Process
Vertical component Radial component

1 Convert SEGD/SEG2 to SEGY
format

Read SEGD data to SEGY format

2 Trace edit
3 Add geometry/CDP binning Add geometry/CCP binning
4 Trace balance [full trace]
5 Deconvolution
6 Band-pass filtering [50-80-180-200

Hz]
Band-pass filtering [20-40-120-200 Hz]

7 Trace balance [full trace]
8 Geometrical spreading amplitude compensation
9 Median filter [velocity=330m/s]
10 AGC 50ms
11 Surgical mute [front/bottom] Surgical bottom mute
12 CDP sort bin spacing 0.25 CCP sort bin spacing 0.175
13 Residual statics Residual statics
14 Median filter [-170m/s]  N/A

15 Velocity analysis
[0ms-400m/s, 40ms-1100m/s]

 Velocity analysis
[140ms-700m/s]

16 NMO NMO
17 Stack Stack
18 FX-Deconvolution FX-Deconvolution
19 N/A FK mute
20 Time-depth conversion

[0ms-400m/s, 40ms-1100m/s]
Time-depth conversion
[140ms-210m/s]
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Fig. 28. (a) PP depth section; (b) PS depth section based on CCP binning; (c) PS

image after pre-stack depth migration. The dashed lines on the images delineate the

bedrock.

After velocity estimation, seismic data processing is implemented as given in

Table 6. The final images in Fig. 28 show that the PS image has a higher
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resolution, resolving a 2m step (15m-17m) fault on the bedrock, in the

middle of the profile, not observed on the PP image. The section after

Prestack depth migration (PSDM) of the radial component data without CCP

binning further validates the use of CCP binning, showing a little stair-step

substructure at the top of the bedrock.

Fig. 29. 2D velocity model for synthetic modelling. The model is based on the

information obtained from the seismic field data (Fig. 10). S-wave velocity is

constant for the uppermost layer simulating the sediment and is selected as Vs=100

m/s, and the velocity increases in the lower layer.

Elastic wave simulation according to a simple 2D estimated velocity model

(Fig. 29) based on the images in Fig. 28 has been performed to further

investigate the use of CCP binning and image resolution.
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Fig. 30. Comparison of seismic field data and synthetic data. (a) Radial component

field data; (b) Vertical component field data; (c) Radial component synthetic data; (d)

Vertical component synthetic data. The dashed lines mark the assumed PS (a and c)

and PP (b and d) reflections from the bedrock layer.

Shot gathers for both components of the field data (Fig. 30a&b) show

similarities with the numerical results (Fig. 30c&d). The pink dotted curve

in the radial component represents the converted wave from the bedrock

model, and in the vertical component it represents the PP reflection from the
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same layer. Synthetic stacked sections in Fig. 31a-b support our processing

work flow PS imaging of the field data.

Fig. 31. Stacked synthetic images in the time domain (a) PP image; (b) PS image.

The dashed line marks the bedrock surface.

5.2.2 Conclusion

The process is concerned about mapping the bedrock boundary. Due to

radial component data from Marsta with a strong amplitude reflected event

by PS converted wave, this is a good example to extract PS information as a

comparison with PP wave. The CCP binning radial component data shows a

2m small step on the bedrock, and its PSDM section proves the according

structure. Vertical component data are processed to image with the PP

information, however, its lower resolution makes that mapping of the

bedrock boundary cannot show that 2m vertical variation.
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Conclusions and outlook

Conclusion

We investigated the application of near surface seismic methods for mapping

the overburden and bedrock over two Nordic glacial deposits. Primarily

three problems are focused on, e.g. 1). Complex substructure, such as

shallow faults and dipping boundaries, requiring better quality in seismic

imaging; 2). Multi-component datasets provide opportunities for enhancing

the interpretation of the underground, for example by comparing PP and PS

mapping; 3). Resolution analysis based on the tuning effect in shallow

seismic data, is critical in vertically and laterally heterogeneous deposits to

avoid pitfalls in interpretation.

Two cases at the Heby and Marsta sites are studied to assess how to handle

these difficulties commonly existing in shallow seismic data processing and

analysis. Major steps in every case include forward modelling and inversion.

For Heby, PSDM and tomography were used for inverting accurately the

section and improving continuity in imaging complicated undulations.

Acoustic modeling is dedicated to delineating and mimicking the field

substructure properly. At Marsta, multicomponent data mapping small

spatial variations was the main point. Converted wave mode (PS) and pure

mode (PP) information identification from multicomponent data requires
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suitable velocity estimation and processing work flow. Elastic modeling is

used to test the velocity model and processing steps used in the field data.

Outlook

Seismic methods in near surface exploration can be superior to depicting the

boundaries between the overburden and bedrock with a higher velocity, in

comparison with other geophysical methods. For groundwater exploration,

geophysics can work as a good balance of efficiency and economic cost.

With the development of modern technologies, equipment with higher

resolution and more accuracy there is increasing potential for the application

of reflection seismic methods using shallow scale data. From the analog to

digital age, the future should provide a more intelligent way as high-tech

development gradually becomes more mature in the acquisition system and

equipment. Given that processing is a major effort in shallow seismic data,

an increasing number of advanced processing skills need to be developed for

batch processing. The general tendency evolves into faster, more accurate

and lower human interaction. Conventional processing can be improved in

algorithms, such as, different migration methods, waveform inversion,

tomography, first break picking or validation of event identification and so

on.
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Summary in Swedish

Studien handlar om seismiska metoder nära ytan som kartlägger

överbelastningen och berggrunden i den nordiska sedimentära miljön. Det

ger nödvändigtvis effektiv information om grunt glaciala avlagringar och

grundvattenhantering i Sverige. Vi analyserade seismisk information från

Heby- och Marsta områden i syfte att förbättra avbildningsupplösningen och

förstå understrukturerna bättre, och därmed upprätta systematiska strategier

för att hantera upptäckten av akviferer och avgränsa några viktiga gränser.

Det allmänna schemat för varje fallstudie består av bearbetning, inversion

och framåtmodellering. För det första har processerna för Heby och Marsta

olika viktiga punkter på grund av olika anskaffningsutrustningar och system.

Heby-data är av dynamit och samlas in med konventionella geofoner, medan

Marsta-data är av slägga och 3C-data samlade med landströmmar. För det

andra används inversionsarbetsflödet för att förbättra bildkvaliteten. Starka

undulerade substrukturer i Heby-profilen orsakar oklarheter och konflikter i

staplade avsnitt. Schemat för det är att använda tomografiskt resultat som en

utgångspunkt för att implementera prestackdjupmigrering (PSDM). Den

slutliga bilden har en bättre kontinuitet längst upp på berggrunden, och grunt

lager löses tydligare. Å andra sidan använder vertikala och radiella

komponentdata i Marsta PP- och PS-information för att avgränsa

berggrunden. CCP-binning på radiell komponent klargör skiktet i bättre
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upplösning, även en 2m variation på berggrundens djup kan ses. PSDM-

resultat från samma komponentdata bevisar resultatet från CCP-binning. För

det tredje tillämpas framåtmodellering för att testa processarbetsflöden i

fältdata och efterlikna de verkliga understrukturerna. Akustisk modellering

är för att förstå P-vågsituationen i Heby-enkomponentdata. Och elastisk

vågmodellering fortsätter för att simulera multikomponentläget i Marsta.

Resultaten visar att en omfattande tillämpning av seismiska metoder i

närområdet (över 100 m) är effektiv för att ge tillräcklig upplösning. Det är

anmärkningsvärt att en exakt hastighetsuppskattning spelar en viktig roll i

hela schemat för seismisk avbildning. Strategierna för att bygga hastigheten

är också meningsfulla i hela forskningen.
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