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Abstract 
 

Reflection Seismic Survey for Characterising Historical Tailings and Deep Targeting at 

the Blötberget Mine, Central Sweden  

Emmanuel Damola Alofe 

 

Iron has been an essential element to human development and iron-oxide deposits are known to host 

minerals that are labelled as critical raw materials (CRMs), especially in the EU. Therefore, ensuring a 

sustainable supply of CRMs require access to both primary and secondary sources of their host deposits 

such as iron oxides. Blötberget is an old mining site in central Sweden rich in both primary and 

secondary iron-oxide resources (i.e. tailings) from centuries-long mining activities. Thus, this thesis 

focused on this site, to (1) improve the image of its iron-oxide mineralisation under the historical tailings 

area through the extraction and processing of 2D data from a wider and sparse 3D dataset, (2) 

characterise the tailings in terms of geometry delineation and geomechanical property estimation by 

generating P-wave velocity models of the tailings, and (3) improve the interpretation of existing results 

in the area through 3D visualisations and comparison. Results from this thesis work suggest possible 

depth and lateral extensions of the mineralisation for few hundreds of metres beyond what was known 

previously in the area. It is believed that about 10 Mt of primary iron-oxide resources could arguably 

be present under the tailing area while the tailings contain an estimated 1 Mt of secondary iron-oxide 

resources. Also, this thesis work findings indicate that the historical tailings are approximately 10 -12 

m thick, 650 m long, and 300 m wide, and has a Vp/Vs ratio between approximately 3-4, indicating a 

poor geomechanical strength. Additionally, the depth to bedrock in this area was estimated to be 50 m 

at its deepest parts, with a morphology indicative of complex geological occurrence. Therefore, it is 

concluded, based on these results, that Blötberget has a good potential to ensure the supply of both iron 

ore and its constituent CRMs.  
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Populärvetenskaplig sammanfattning 
 

Reflektionsseismisk undersökning för karaktärisering av historiskt gruvavfall och djup 

inriktning vid Blötberget i mellersta Sverige 

Emmanuel Damola Alofe 

 

Järn har varit ett viktigt grundämne för mänsklig utveckling och järnoxidavlagringar är kända för att 

innehålla mineral som är märkta som kritiska råmaterial (KRM), särskilt inom EU. Därför kräver 

säkerställandet av en hållbar tillgång till KRM tillgång till både primära och sekundära källor till deras 

värdfyndigheter, till exempel järnoxid. Blötberget är en gammal gruvplats i mellersta Sverige som är 

rik på både primära och sekundära järnoxidresurser (dvs. gruvavfall) från en lång gruvverksamhet. 

Således fokuserade denna avhandling att (1) förbättra karaktäriseringen av järnoxidmineralisering i det 

historiska gruvområdet genom utvinning och bearbetning av 2D-data från ett glest 3D-dataset, (2) 

karakterisering av gruvavfall för avgränsning av geometri och uppskattning av geomekaniska 

egenskaper genom att generera P-vågshastighetsmodeller för gruvavfallsområdet, och (3) förbättra 

tolkningen av befintliga resultat i området genom 3D-visualiseringar. Resultat från denna avhandling 

tyder på möjliga djup och laterala förlängningar av mineraliseringen om några hundratals meter bortom 

vad som tidigare var känt i området. Det antas att cirka 10 Mt primära järnoxidresurser finnas under 

avfallssområdet medan gruvavfallet innehåller uppskattningsvis 1 Mt sekundära järnoxidresurser. 

Dessutom visar denna avhandling att det historiska gruvavfallet är cirka 10-12 m tjockt, 650 m långt 

och 300 m brett och har ett Vp/Vs -förhållande mellan cirka 3-4, vilket indikerar en låg geomekanisk 

hållfasthet. Dessutom beräknades djupet till berggrunden i detta område vara 50 m vid dess djupaste 

delar, med en morfologi som indikerar komplex geologisk förekomst. Därför dras slutsatsen, baserat på 

dessa resultat, att Blötberget har en god potential att säkerställa leveransen av både järnmalm och dess 

ingående KRM  
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1 Introduction 
The evolution of the human resource footprint has gone from few raw materials for communal 

infrastructures, e.g. rail tracks, to a substantial amount of raw materials for individual gadgets such as 

laptops, phones, e-vehicles among others (Achzet and Helbig, 2013). However, many of these raw 

materials are labelled critical in terms of their supply risks and availability. Presently, thirty-one raw 

materials are listed as critical in Canada while the number in the EU has increased steadily from fourteen 

in 2011 to thirty in 2020 (European Commission, 2020; Natural Resources Canada, 2021). Meanwhile, 

these critical raw materials (CRMs) do not only exist in minute quantities in nature but also as associated 

minerals in other deposits of lesser economic value. Also, several CRMs are often found in apatite-

bearing iron-oxide deposits, for instance, rare earth elements or REEs, bismuth, copper, cobalt are 

known to exist as associated minerals of these deposits. Today, iron oxide ore, as a commodity, has its 

price higher than the peaks recorded since the turn of the 21st century, based on data from Thomson 

Reuters Datastream, World Bank (accessed 18 August 2021). Thus, there is a renewed interest in re-

opening moribund iron mines, because iron ores are not only profitable but could also contain a more 

profitable CRM constituent. However, the presence of these iron-oxide deposits at depths makes their 

discovery increasingly difficult, necessitating the need to explore secondary sources such as historical 

tailings. It is generally believed that most economically viable deposits to mine at shallow depths have 

already been found and exploited and bigger deposits are likely only to be found at depth (Malehmir et 

al., 2020). Since the supply of CRMs is largely dependent on the discovery of the host deposits, it is, 

therefore, important to employ and innovate sensitive, environmentally friendly, less-expensive, high-

resolution, deep-targeting techniques as a reliable precursory to expensive deep drilling exploration 

programs. 

    Seismic method, especially reflection seismic, is one of such techniques that has proven its efficiency 

for deep targeting in crystalline rock settings despite its much more complex geology compared to the 

sedimentary settings of the hydrocarbon industry where it was originally developed. For three decades, 

reflection seismic has recorded successes in deep exploration for crystalline rock settings (Reed, 1993; 

Pretorius et al., 2003; Milkereit et al., 2000; Manzi et al., 2012, 2014; Malehmir et al., 2012; Markovic 

et al., 2020, Malehmir et al., 2020). Most of these hardrock seismic surveys are conducted either in 2D 

or 3D of regular sampling depending on the target. However, the drawback for this is the extensive line 

cutting and clearing required in forested and/or swampy areas, such as in my study area (Blötberget 

mining area), making them non-environmentally friendly in addition to being expensive. A viable 

alternative is to conduct sparse surveys, which are designed so that the targets of interest will be imaged 

using a suitable illumination angle (Singh et al., 2019; Malehmir et al., 2021).  

    This thesis was based on data extracted from such a sparse 3D survey technique, arguably the first 

reported sparse 3D hardrock seismic survey for mineral exploration in Sweden, making its dataset 

attractive for further studies according to Malehmir et al. (2021). 
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1.1 Aim and Objectives 

The main aim of this thesis was to process two 2D seismic profiles and image an area of the Blötberget 

iron-oxide mineralisation while deepening the knowledge about the delineation and characterisation 

(size and volume) of the overlying historical tailings area using first-break traveltime tomographic 

inversions. The justification for a dedicated study on the tailing area was its possibility of being a 

secondary source of resources when mining commences thereby promoting the circular economy 

agenda (European Commission, 2020). 

    In actualizing this aim, the objectives were to: 

• improve the reflection seismic imaging of the iron-oxide mineralisation under a historical 

tailing area through the processing of 2D profiles from the 3D dataset crossing the area and by 

maintaining resolution and high-fold nature of the data along the 2D profiles;  

• characterise the tailings in terms of geometry delineation and geomechanical property 

estimation by generating P-wave velocity models of the tailings, and  

• improve the interpretation of existing results in the area through 3D visualisation and 

comparisons.     

1.2 Industrial Collaborators 

1.2.1 Smart Exploration 

Smart Exploration is an EU-funded project under Horizon2020 Research and Innovation Programme 

with the objective of “developing cost-effective, environmentally-friendly geophysical solutions for 

mineral exploration”, according to a principal researcher of the project. The project flagged off in 

December 2017 and officially ended in November 2020 with 27 partners spread over nine EU countries. 

The project alone resulted in five innovative prototypes including (1) E-vib (a broadband electrically-

driven seismic source), (2) GPS-time transmitter (mobile GPS-time system for time synchronisation in 

denied environment), (3) digital downhole geophysical system, (4) broadband UAV-magnetic-

electromagnetic system, and (5) Deep-probing helicopter transient-time electromagnetic system, many 

of which were validated at Blötberget, owned by Nordic Iron Ore. 

    Although Smart Exploration budget tenure ended last year, several of its legacy data, due to their 

uniqueness and geologically attractiveness, are the subject of ongoing researches, including this MSc 

thesis work. 

1.2.2 Nordic Iron Ore 

Nordic Iron Ore (NIO) is a mining and exploration company that was founded in 2008 to resuscitate 

mining operations at the Blötberget site where iron ore mining history dates back to the 1500s. Mining 

continued until 1979 “when the mine was decommissioned due to the lack of profitability as a result of 

the low price of iron ore at that time” (NIO website last visited on June 3, 2021). However, the surge in 

iron ore prices in recent years has once again renewed the interest in this site. In achieving its aim, NIO 

has conducted several geological, geophysical and environmental studies internally and through 
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collaborations with research institutes and projects such as Smart Exploration and earlier in 

StartGeoDelineation. With its collaborations with Smart Exploration, a wide range of detailed studies 

have been conducted to deepen the knowledge about the mineralisation potentials of the site. Past 

mining activities on this site before its closure occurred above 240 m depth level and NIO plans to 

continue at about 40-50 m deeper as soon as funding for the project is secured. It is therefore hoped that 

the results from this thesis work will join a host of research findings in boosting the bankability of the 

site. 
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2 Background 

2.1 Geology of the Study Area  

Blötberget is in the Ludvika municipality of Dalarna County in central Sweden and about 230 km 

northwest of Stockholm (Fig. 1). Geologically, it belongs to the Bergslagen mineral district, which is 

one of the three major mineral districts of Sweden (Stephens et al., 2009). Bergslagen itself belongs to 

the Svecokarelian orogen in the Fennoscandian Shield (Fig. 1), which comprises of metamorphosed 

volcano-sedimentary host rocks of Paleoproterozoic age (1.85-1.8 Ga) (Geijer and Magnusson 1944; 

Markovic et al., 2020). The banded-iron formation, skarn-type and apatite-rich iron-oxide deposits are 

types of mineralisation found within the Bergslagen mineral districts with the apatite-rich type 

accounting for almost half of the total iron ore produced from the district (Geijer and Magnusson 1944; 

Stephens et al., 2009). Although the Blötberget apatite-rich iron oxide is believed to be synvolcanic in 

origin, Jonsson et al. (2013) study indicate a possible magmatic-hydrothermal (i.e. high temperature) 

origin. 

    Blötberget mineralisation, the focus of this study, is rich in magnetite and hematite (with inclusions 

of apatite, quartz, and calc-silicate) minerals occurring in sheet-like horizons of feldspar and porphyritic 

metavolcanic rocks which are cut and deformed by several post-mineralisation intrusions of granite-

aplite-pegmatite and metamorphism (Allen et al., 1996; Ripa and Kubler 2003). These mineralized 

sheet-like horizons have a moderate dip of about 450 towards the southeast extending to about 500 m 

depth before attaining a gentler dip down to 800-850 m depth as evidenced from borehole studies. 

Although the available data for this estimation of the longitudinal (depth) extent of the mineralisation 

was from 1200 m-deep boreholes (intersecting the mineralisation at 800 m depth) drilled in the 1970s, 

recent research findings (Markovic et al., 2020; Maries et al., 2020; Malehmir et al., 2021) suggest a 

possible extension down to 1200 m and a lateral extent of about 300 m to the west. Collaboratively, 

there have also been some topographic and magnetic lineaments mapped over the Blötberget area by 

the Geological Survey of Sweden (SGU) striking in a similar direction. 

    According to Malehmir et al. (2021), the sheet-like bodies hosting the iron-oxide deposits of 

Blötberget can be categorised into four based on their magnetite/hematite content ratio: (1) Kalvgruvan 

(92% magnetite, 8% hematite), (2) Hugget (39% magnetite, 61% hematite), (3) Flygruvan (67% 

magnetite, 33% hematite) and (4) Sandellmalmen (mostly magnetite). Stratigraphically, the hematite-

rich zones (Hugget-Flygruvan) overlie the magnetite-rich zones and generally have 25-60% Fe content 

with a possible upgrade (Malehmir et al., 2021). Neighbouring Grängesberg mineralisation, about 10 

km southwest of Blötberget, is also one of the promising deposits in the region described to be of a 

Kiruna-type magmatic origin by Jonnson et al. (2013). Although iron has been mined for centuries in 

the Bergalsgen district, current mining activities are focused on massive sulphides (Cu, Zn and Pb 

mainly) in Zinkgruvan, Garpenberg and Lovisagruvan.
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Figure 1. Geological and geographic maps of Sweden showing the location of the study area and the seismic profiles (P4 and P5) processed in this thesis. 
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      Blötberget, as its English translation implies, is a “wetland” with a few outcrops visible in the area 

and no clear or recorded folding evidence except for a speculative antiform axis reported to exist at 

about 20 km south of the area (see Malehmir et al., 2021). This makes surface geological mapping as 

well as interpretation of geophysical surveys in the area somewhat problematic and challenging. Also, 

most of the existing subsurface geology of the site, found in literature, is focused on mineralisation and 

not so much on delineating the structures and features such as faults and fractures. Therefore, detailed 

structural geology of the site is strongly recommended. It is, however, worth mentioning that such a 

work requires more boreholes to allow sensible interpolation between the structures in different 

boreholes and this is currently difficult given the complex geology of the site and sparsity of the 

boreholes.  

 

2.2 Previous Studies 

2.2.1 Borehole In-situ Logging 

Maries et al. (2017) logged 6 boreholes intersecting the Blötberget mineralisation from about 400 m to 

550 m depth using various probes for a full-waveform triple sonic and physical properties measurements 

including magnetic susceptibility, P-wave velocity and density measurements. The results (Fig. 2) from 

their study gave empirical evidence of sufficient acoustic impedance (Z) contrast at the mineralisation 

horizon needed for successful seismic imaging of the mineralisation. This success could be seen in the 

images from later seismic surveys conducted on the site and discussed in subsequent sections including 

a pilot survey conducted using a seismic landstreamer by Malehmir et al. (2017), standard 2D surveys 

by Markovic et al. (2020) and cross-2D profiles by Maries et al. (2020).  

    Also, from the synthetic seismogram generated using a 70-Hz Ricker wavelet shown in Figure 2, 

repeated strong amplitudes could be observed at the depth (z) of mineralisation at short intervals (about 

10-50 m of each other). This explains the repeated reflectivity seen on seismic sections of later surveys 

rather than one single strong reflection. Physically, this is consistent with the expected vertical and 

horizontal resolutions (eqs. 1 and 2) of the Fresnel zones created by the wavelet parameters (dominant 

frequency, f, of 70 Hz, velocity, v, of 6000 m/s) at the zone of mineralisation (approximately 500 m).  

𝑉𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 =  
𝑣

4𝑓
=

6000

4 × 70
≅ 20 𝑚𝑒𝑡𝑟𝑒𝑠                                                  (1) 

 

𝐻𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 =  
𝑣

2
√

2𝑧

𝑣𝑓
=

6000

2
√

2 × 500

6000 × 70
≅ 150 𝑚𝑒𝑡𝑟𝑒𝑠               (2) 

    From the calculation results, reflectors with a vertical distance of 20 m (which is less than the 

occurrence interval of some part of the mineralisation) will not easily be resolved and the same applies 

to those within a horizontal distance of 150 m. 
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    The cyclic reflectivity can also be observed on the reflection series where reflection coefficient spikes 

correspond to the amplitude highs on the seismogram. In theory, this correlation is factual as reflection 

coefficient (R), density (ρ) and P-wave velocity (Vp) are related according to the Zoeppritz equation (eq. 

4) for normal incident P-waves cases. In practice, it is believed that a planar surface that reflects 6% of 

the incident energy (R = 0.06) can easily be detected by the reflection seismic method and generally 

requires an impedance contrast of about 2.5 x 105 g/cm2s (Salisbury et al., 1996), which is the contrast 

between felsic and mafic rocks.   

 
Figure 2. Downhole logging data from borehole BB14004 (location shown in section 2.2.3) showing physical 

property measurements down to the depth of mineralisation. Adapted from Maries et al. (2017) and Malehmir et 

al. (2021).  
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𝐴𝑐𝑐𝑜𝑢𝑠𝑡𝑖𝑐 𝑖𝑚𝑝𝑒𝑑𝑎𝑛𝑐𝑒, 𝑍 = 𝑉𝑝 × 𝜌                                                                                (3) 

 

𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡, 𝑅 =
𝑍2 − 𝑍1

𝑍2 + 𝑍1
=

𝑉𝑃2
𝜌2 − 𝑉𝑃1

𝜌1

𝑉𝑃2
𝜌2 + 𝑉𝑃1

𝜌1
                                         (4) 

where Z1, ρ1 and Vp1 are the impedance, density and P-wave velocity, respectively of the upper layer 

while Z2, ρ2 and Vp2 are the corresponding parameters for the lower layer. As expected, there are higher 

magnetic susceptibility values at the zone of iron-oxide mineralisation (Fig. 2) than its surrounding host 

rocks because of their high iron content making them magnetically also detectable. Magnetic 

measurements alone, however, would suffer from model non-uniqueness and can offer only very little 

information about the depth extension and geometry of the deposits.  

 

2.2.2 2D Seismic Surveys 

Several 2D seismic surveys have so far been conducted at the Blötberget site following the downhole 

logging study of Maries et al. (2017). Malehmir et al. (2017) published results from a 2015 2D survey 

where a pilot study on the use of a newly developed MEMs- (micro-electromechanical system) based 

seismic landstreamer was carried out for deep-targeting at the site. The 240-m-long streamer had one 

hundred MEMs sensors on it spaced at 2-4 m spaced. The streamer and wireless receivers were moved 

along a 3.5 km long profile 1 (P1) providing 1049 receiver and 533 shot locations for this survey. The 

source used was a 500-kg Bobcat-mounted accelerated drop hammer and the data acquired, which had 

a nominal fold of 40, produced the imaging of the mineralisation down to a depth of 800 m (Fig. 3a). 

    Another 2D survey was conducted in 2016 with cabled plant-type geophones using the same seismic 

source from 2015 along the same P1 and a perpendicular profile 6 (P6, Fig. 4a). This acquisition had a 

much higher nominal fold of 208 where approximately 85% of all the receiver locations (451) were 

shot compared to the 51% from 2015. Results from this survey (Bräunig et al., 2020; Markovic et al., 

2020; Maries et al., 2020) suggest the imaging of the mineralisation down to a depth of 1200 m (Fig 

3a-d). This was a clear improvement from the previous 2D survey and also showed potential geological 

structures, however, a “3D seismic survey was needed to account for the 3D geology of the site and its 

complex tectonic history” (Malehmir et al., 2021). Also, the results from both 2015 and 2016 surveys 

did not report any findings on the lateral extent of the mineralisation. 

 

2.2.3 3D Seismic Survey 

Substantiating the potential geological features hypothesized by the 2D surveys as well as delineating 

the lateral extent of the mineralisation was among the information provided by the results from the 

sparse 3D survey conducted in 2019 (Malehmir et al., 2021). The 3D data were acquired over 

approximately 6 km2 using 9 receiver lines (P1-P9) and 10 shot lines (P1-P11 except for P2) employing 

a 32t vibrator truck and a mixture of cabled and wireless recorders. This survey resulted in 1266 receiver 
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and 1056 shot locations with a combination of 10-20 m receiver spacings for a good fold and offset-

azimuthal coverage (Fig. 4b,c) for primarily targeting the known dip of the mineralisation.  

    The results (Malehmir et al., 2021), corroborate the depth of the known mineralisation reflections 

M1 and M2 down to 1200 m with an extra lateral extent of 300 m to the west (Fig. 5). In addition, a 

possible third mineralisation horizon (M3) was also suggested below the footwall of M2. More 

importantly, this study also gave a better delineation of the geometry of the extra features that were seen 

on previous 2D surveys such as two north-west dipping features F1 and F3 (Fig. 5). 

 

Figure 3. Unmigrated stacked sections of profile 1 (shown in Fig. 4a) from (a) the 2015 dataset (b) the 2016 

dataset (c) merged 2015 and 2016 datasets with industry-standard processing workflow and (d) merged datasets 

after Fast Discrete Curvelet Transform (FDCT) and residual statics corrections. The black arrows labelled as M1 

and M2 in (d) mark two distinct mineralized horizons, noticed in the shot gather. Adapted from Markovic et al. 

(2020).  
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Figure 4. (a) Total-field aeromagnetic map of the Blötberget area in central Sweden and the sparse seismic survey area. P1-P11 were set up as part of the survey (fixed 

geometry), The red dots show the shot locations (1056 points) and in blue are the receiver locations (1026 points). P10 and P11 were added later to improve fold and azimuth 

coverage (b) Offset-azimuth coverage showing a narrow azimuth survey set up for primarily targeting the known southeast dipping of the iron-oxide deposits and (c) offset 

distribution showing a median offset of approximately 900 m for the whole dataset. Magnetic data were provided by the Geological Survey of Sweden. Adapted from Malehmir 

et al. (2021). Data along P4 and P5 are the focus of this MSc thesis work.



11 
 

   
Figure 5. 3D views from (a) the earlier 2D surveys (Markovic et al., 2020) and (b-d) how various features 

extracted from the 3D volume manifest themselves in the 2D data. From Malehmir et al. (2021). 

 

    The 3D geometry delineation of F1 and F3 helped to better interpret them as possible faults rather 

than fractures even though complementary data would be needed for confirmation. Another feature, F2, 

not clearly visible on the 3D volume except on some of the crossline slices, was also interpreted as a 

fold submerging with mineralisation M1 and M2. Two diffractions (not shown here) were also 

identified and serve as a basis for further research. The encouraging results from this survey is a 

confirmation of the fact that the 3D geometry of structures is much better defined in 3D surveys 

(Vestrum and Gittins, 2009; Malehmir et al., 2017b).      

    The second objective of this thesis emanated from the results of the 3D statics, which was applied in 

the 3D survey to primarily understand the near-surface conditions and geological features of the study 

area. This is shown later in the thesis with a high-resolution LiDAR (light detection and ranging) 

elevation map where an unusual built-up area was observed on the eastern part of the area (immediately 

north and east of P4 and P5, respectively). This elevated area is related to historical (dry) tailing position 

from past mining activities. Although this knowledge only came to light after the survey, the result (Fig. 

6a) depicted its positions and the ponds (dry) south of it in addition to estimating its P-wave velocity to 

be about 700-1000 m/s (Fig. 6b). The bedrock velocity and depth maps (Fig. 6c,d) of the study area 

were also generated. However, the information provided about the tailing area from the 3D survey was 

simply an overview. Therefore, my thesis also aims to provide detailed information about the size and 

volume of the tailing.  
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Figure 6. (a) LiDAR elevation map of a portion of the 3D survey area showing built-up roads and a historical tailing where P4 and P5 were positioned, (b) near-surface 

velocities derived from the 3D refraction static solution showing the clear position of the tailing as low-velocity materials and the two separate ponds immediately south of it. 

(c) Bedrock velocities and a sharp jump in the velocity south of the survey area and (d) bedrock level showing a clear lineament (higher ground) immediately south of road 50 

and railroad. From Malehmir et al. (2021). The tailing dam area is also the focus of this MSc thesis work. s
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3 Methodology 

3.1 Data Acquisition 

The data for this thesis work were extracted from the 3D seismic dataset from 2019 that comprised of 

11 seismic profiles (P1-P11, Fig. 7) with a total of 1266 receivers and 1056 shots locations. The blue 

dot represents receiver positions while the red dots represent shot locations on all profiles in Figure 7. 

The extracted data are specifically from P4 and P5 and the key acquisition parameters for these two 

profiles are summarized in Table 1.  

    Both profiles are close to the historical tailing area with P4 running parallel in an NW-SE direction 

for about 2 km while P5 runs almost orthogonally in a W-E direction across P4 for approximately 1.5 

km. It can also be observed that P5 has a section of it with only receivers and no shots. This is because 

that portion of the profile is a valley, swampy, that could not be accessed by the vibrator truck and also 

explains why only about 50% of the receiver locations on P5 was shot compared to over 90% achieved 

along P4.   

    However, each shot location was recorded repeatedly three times and this helped to improve the 

signal-to-noise ratio by vertically stacking the repeated shot records. Receivers on both profiles were 

10-Hz spiked geophones that were connected to wireless recorders. The choice of a linear sweep of 20 

s long with a frequency range of 10-160 Hz as the optimum for the swampy condition of the study area 

was based on a full-day rigorous analysis for sweep parameters detailed in Malehmir et al. (2021). 

Given prior acquisition knowledge from previous studies in the area, the record length processed for 

each shot was 1 s along both profiles. 

 

Figure 7. A high-resolution LiDAR map of the Blötberget mine showing all the seismic profiles (in blue and red) 

highlighting the extracted profiles (labelled in red using P4 and P5) processed and used in this MSc thesis work. 

Adapted from Malehmir et al. (2020). 
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Table 1. Summary of main acquisition parameters of Profiles 4 and 5 from the Blötberget mining area, Sweden 

  Profile 4 Profile 5 

Survey Parameters Acquisition type Fixed-line geometry and 

cross-profile shooting 

Fixed-line geometry and 

cross-profile shooting 

Acquisition system Wireless Seismic  Wireless Seismic  

Receiver type Single 7.5 cm spike 10 

Hz geophones 

Single 7.5 cm spike 10 Hz 

geophones 

Number of receivers 199 162 

Number of shot points 183 79 

Receiver spacing 10 m 10-20 m 

Shot spacing 10 m 10 m 

Maximum source-receiver 

offset 

~2000 m ~1500 m 

Source 32t vibrator  32t vibrator  

CDP bin size 5.6 m 6 m 

Recording/Receiver 

& Source 

Parameters 

Profile length 2000 m 1500 m 

Recorders Wireless seismic Wireless seismic 

Record length 1 s 1 s 

Sampling rate 2 ms 2 ms 

Nominal fold ~100 ~80 

Source sweeps 10-160 Hz (20 s linear) 10-160 Hz (20 s linear) 

No. of sweeps per point 3 sweeps/shot points 3 sweeps/shot points 

Geodetic surveying DGPS combined with 

national LiDAR 

DGPS combined with 

national LiDAR 

 

3.2 Reflection Seismic Processing 

Strong reflections of the mineralisation could already be observed on some raw shot gathers from P4 

and even P5 where only about 50% shooting was possible due to the accessibility constraints (shown 

later in section 4). This shows the good quality of the seismic data from which these profiles were 

extracted and serves as quality control for later interpretation of reflections observed on the stacked 

sections. Figure 8 details the processing flow that was applied to the datasets. 

    The seismic data processing workflow was designed to account for the strong near-surface velocity 

heterogeneity and surface-wave noise from the study area due to its swampy nature and the proximity 

of the profiles to the tailings area (a known low-velocity zone). Similarly, an industry-standard prestack 

data enhancement method (Malehmir et al., 2013) followed by post-stack migration was employed to 

preserve reflections observed on shot records in the final sections. 
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Figure 8. Processing flowchart showing the general processing steps applied to both P4 and P5 in this study.
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        The processing flow is in 7 major steps with slight modifications between P4 and P5 mainly in the 

parameters of some processes such as geometry definition, gap deconvolution length among others.  

These steps are data pre-processing, pre-stack processing, stacking, post-stack processing, migration, 

time-to-depth conversion, and export for visualisation. The processing work was designed so that a 

better refraction static solution would be obtained along the 2D profiles with high-resolution allowing 

improved imaging of the subsurface structures and mineralisation under the tailing dam. First break re-

picking and analysis were hence essential in this thesis work.  

 

3.2.1 Data Pre-processing 

The first process applied to the extracted data of P4 and P5 was to separate these two profiles at the pre-

processing stage to enable tailored processing for individual profiles. The next step was to create the 

geometry of each profile using a CDP bin size of approximately 5 m with a spacing of 10 m before 

applying these to the headers. The choice of CDP bin size was first based on half receiver spacing but 

secondarily based on the maximum non-aliased frequency that needed to be kept in the data considering 

the sweep frequency range used for the acquisition (10-160 Hz), the dip of the expected reflector 

(approximately 450 from previous studies in the area) and its mean velocity (about 6000 m/s) using 

equation 5 according to Yilmaz (2001).   

 

𝑓𝑚𝑎𝑥 ≤
𝑣𝑟𝑚𝑠

4 × ∆𝑥 × 𝑠𝑖𝑛𝛼
 ≤   

6000

4 × 5 × sin 450
≤ 420 𝐻𝑧                                             (5) 

vrms is the mean velocity, α is the dip of the reflector, fmax is the maximum non-aliased frequency and x 

is the CDP bin size. From the results, a bin size of 5 m puts both the sweep frequencies (10-160 Hz) 

and the maximum frequency (150 Hz) kept in the data after bandpass filtering below the calculated 

maximum (420 Hz). 

    For quality control, each shot record was inspected for dead traces and removed before picking the 

first breaks along both profiles. First break picking in seismic processing involves the picking of the 

traveltimes of critically refracted seismic energy and for this dataset, the full offset range was 

considered, and an automatic neural network algorithm was applied before manually inspecting and 

correcting the picks. The P-wave traveltime picks with offset is visualized in Figure 9 showing the P-

wave direct and refracted arrivals. However, two “ridges” and a thick cloud of picks could be observed 

at short offsets along P5 (Fig. 9b), absent along P4 (Fig. 9a). Hence, there is only one observable 

refracted arrival along P4 while there are three observable refracted arrivals along P5. It is arguable that 

the earliest two refracted arrivals along P5 and the refracted arrival along P4, due to the similarity of 

their slopes (i.e., same velocity), belong to the bedrock layer. However, the valley along P5 causes a 

difference in elevation between the bedrock at its ends, thereby generating two sets of refracted arrivals 

for the bedrock even though they have the same velocity. Meanwhile, the much later refracted arrival 

along P5 has a steeper slope indicating a low-velocity layer that is consistent with the tailing’s material. 
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Figure 9. Plots of P-wave traveltime against offset (a) Profile 4 and (b) Profile 5 visualising the first break picks 

used for refraction statics analysis and traveltime tomography. Note the two ridges and a thick cloud of first breaks 

at short offsets interpreted as three refracted arrival sets in (b) due to the difference in bedrock elevation on 

opposite sides of the valley, and the tailings, along P5, respectively. Large first breaks at near offsets observed 

along P4 are due to the distance between the source and receiver positions. This implies some error in the 

tomography results that one should be aware of. Along P5 this is not so obvious, because there are not that many 

shots, but also present.  

 

3.2.2 Pre-stack Processing and Stacking 

The prestack processing started with the muting of the traces at about 30 ms after the first breaks as 

well as the attenuation of the airwave cone of 330 m/s. This was done to remove the noise associated 

with the air blast. Next, surface-consistent (source and receiver) refraction static correction was applied 

to correct for the effects of the near-surface low-velocity zones and the difference in elevation of the 

source and receiver locations. A surface-consistent refraction static correction consists of a vertical 

traveltime shift to a flat datum (Yilmaz, 2001) and these time shifts are the differences between the first 

break picks and the datum-corrected traveltimes for each trace location and shot. For this dataset, 

refraction static analysis was done using a two-layer generalized reciprocal method (GRM) and 

corrected to a datum of 210 m (the highest elevation in the area) with a replacement velocity of 5500 

m/s to compute the time-shifts required to account for the low-velocity zone. The resulting RMS (root-

mean-square) values of the static corrections were 2.91 and 4.54 ms for P4 and P5, respectively. A 

notable improvement could be seen when the correction of the refraction statics was applied to both 

data (shown in section 4). 

    A gapped deconvolution with 20 ms gap length was applied to remove the short-period multiples 

observed on the shot gathers at approximately 20 ms and 15 ms intervals on P4 and P5, respectively. 

Essentially, deconvolution helps to separate the earth’s impulse response and noises that convolves with 

the input wavelet when it passes through the earth thereby producing only the true subsurface 

reflectivity. It can be said to improve the temporal resolution of the data. Mathematically, it involves 

finding a solution to the convolution model of a noise-free seismogram either in the time (eq. 6) or 

frequency domain (eq. 7). 

 

𝑥(𝑡) = 𝑤(𝑡) ∗ 𝑒(𝑡)                                                                                                                (6) 

 

𝐴𝑥(𝜔) = 𝐴𝑤(𝜔)𝐴𝑒(𝜔)                                                                                                        (7) 
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where x(t), w(t), e(t) are the recorded seismogram, input wavelet and earth’s impulse response while Ax 

(ω), Aw (ω) and Ae (ω) are their spectra respectively. In equation 6, x(t) is the only known of the three 

variables and this means that assumptions have to be made about the unknowns to find a solution. 

Weiner deconvolution or least-square filter provides this solution by assuming a filter operator that 

represents the earth’s filter characteristics and a minimal-phase wavelet (Yilmaz, 2001). It then forward-

models a filter that will give the least error between the actual and desired outputs of the seismogram. 

    For the attenuation of the strong surface waves observed on the data, a broad bandpass frequency 

filter between 20-150 Hz was applied followed by a one-dimensional (1D) median filter targeting the 

remaining surface waves left in the shot records. The 1D filter was applied after a brute stack confirmed 

that most of the remaining surface waves after the application of the bandpass filter stacked out. 

Thereafter, a velocity analysis was initiated with a broad range of velocities (5500 m/s to 6500 m/s) and 

narrowed down to a range (5900 m/s to 6100 m/s) within which no significant variation was observed. 

The velocity analysis generated a set of normal moveout (NMO) velocities for the reflections identified 

in the shot gather. For residual statics, a surface-consistent (projecting to sources and receivers) 

reflection static correction was applied after the shot gathers were corrected with the NMO velocities 

from the velocity analysis. The results were iterated through the velocity analysis and residual static 

corrections loop twice to boost the prestack continuity and sharpness of the identified reflections. A 

stretch mute of 50% was chosen to maintain the wide-angle and far offset nature of the reflections 

(shown later in section 4). An automatic gain control (AGC) with a window length of 250 ms was 

applied to boost the amplitudes before stacking. 

    Dip Moveout (DMO) corrections were not applied because its unsuitability for this dataset has 

already been reported by Malehmir et al. (2020). They explained that the sparse nature of the data and 

its offsets introduced DMO artefacts that could give misleading interpretations.  

 

3.2.3 Post-stack Processing and Migration 

Unmigrated stacks were obtained from the preceding processes, however, notable strong surface waves 

dipping in one direction and a few weaker ones in other directions could still be observed. This 

necessitated the need for an Fk-filter to attenuate the strong surface waves and an airwave filter for the 

weaker ones. FX-deconvolution was then applied to attenuate random noise while boosting the 

continuity of the reflections. The trace amplitudes were also balanced before the stacks were migrated 

with both the finite difference and phase-shift migration algorithms using the smoothed NMO 

velocities.  
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3.2.4 Time-to-Depth Conversion and Export for Visualisation 

All stacked sections, both migrated and unmigrated, were time-to-depth converted using a constant 

velocity of 6000 m/s thereby producing 3 km depth sections. These were finally exported for 3D 

visualisation and interpretation with existing ore block models of the study area and earlier studies.  

 

3.3 Traveltime Tomography 

Tomography originates from the Greek word tomos, which means to cut or slice. Also, Lines and 

Newrick (2004) opined that “tomography is based on the premise that observed data sets (e.g. seismic 

waves traveltimes) are related to line integrals along lines or rays (i.e. projections) of some physical 

quantity (e.g. earth’s subsurface in this case)”. Therefore, the traveltime tomography performed for this 

thesis aimed to re-construct the subsurface velocity models along P4 and P5 such that the computed 

data (i.e. P-waves traveltime) from these models match as much as possible with the observed data (i.e. 

P-waves first break picks). In other words, following the set of procedures shown in Figure 10, I was 

able to invert P-wave traveltimes to estimate the subsurface velocity structure along P4 and P5 using 

both the REFSTAT module of the Globe ClaritasTM Software and the PStomo_eq tomography algorithm 

developed at Uppsala University by Tryggvason et al. (2002). The results were compared in subsequent 

sections. 

    For the mechanical characterisation of the tailing materials, P- and S-waves traveltimes ratio (i.e. 

Vp/Vs) inversions could be done to generate the subsurface dynamic Poisson ratio model along P4 and 

P5. However, due to time constraints for this thesis work, the Vp/Vs inversions was not carried out in 

this thesis but strongly recommended. 

 

3.4 Processing Software and Programs 

The software used during this thesis and its functionalities are listed in Table 2. The first four software 

were accessed under the license and/or permission of Uppsala University. Inkscape and Lucidchart were 

accessed via open-source and personal licenses respectively. 

Table 2. List of software and functions in this thesis work.  

S/N Name Function 

1. Globe Claritas Software Seismic reflection data processing and traveltime 

tomography 

2. Uppsala University’s PS_tomo code P-waves traveltime tomography 

3. ParadigmTM SKUA-GOCAD  

(Subsurface Knowledge Unified Approach -

Geological Object Computer-Aided Design) 

3D seismic interpretation and geological modelling 

4. MathWorks’ MATLAB Plotting of figures and tomographic models 

5. Inkscape Preparation of figures and models 

6. Lucidchart Diagramming and process flow design 
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Figure 10. Traveltime tomography procedure flowchart employed in this thesis work.  
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4 Results and Interpretations 

This section presents my results from both reflection seismic processing and traveltime tomographic 

inversions. I attempted to visually match reflections on the seismic sections with the known 

mineralisation and geological structures using the existing ore block models and previous research 

findings from the study area. The bedrock topography along the profiles (P4 and P5) were also generated 

along with the delineation of the tailings area using the first break traveltime tomography models. 

 

4.1 Reflection Seismic Processing 

The reflections (M1 and M2) could already be observed on the raw shot gathers from both P4 and P5 

(highlighted in Figs. 11a and 12a). Also notable on these raw shots were strong surface waves 

necessitating the need for median filters targeted at persistent surface waves after bandpass filtering. 

However, these reflections became stronger and more visible after the application of bandpass filtering, 

refraction statics and deconvolution (Figs. 11b-d and 12b-d).  

    Also, for post-stack processing, the stacks of both P4 and P5 were improved by the application of 

velocity analyses, residual statics, Fx-deconvolution, FK-filter and 1D-muting before migration. The 

evolution of the stack development through each applied process could be observed in terms of the 

improvement in consistency and sharpness of the identified reflections (Figs. 13a-f and 14a-f). The 

phase-shift migrated stack for P4 (Fig. 13f) was observed to better preserve the dipping nature compared 

to its finite-difference migrated stack (Fig. 13e) as suggested by Yilmaz (2001). However, the reverse 

was the case for P5 where the finite-difference migrated stack (Fig. 14e) could be argued to be better 

than the phase-shift migration algorithm (Fig. 14f). This is suspected to be due to the gentle dip of the 

reflections on P5 compared to those on P4 and thus corroborates the fact that phase-shift migration is 

better suited for dipping reflectors (Yilmaz, 2001).  

    Four reflections (M1-M4) dipping in the same direction could be identified on both P4 and P5. P4 

unmigrated stack shows the longitudinal extent of the identified reflections generally dipping to the 

southeast direction while P5 unmigrated stack shows their lateral extent, also with a general slight dip 

to the west. M1 and M2 reflections on the stacks are consistent with those already identified on their 

shot gathers (Figs. 11 and 12) as mineralisation horizons while M2 and M4 exhibit similar 

characteristics at shallow and deeper horizons respectively. Meanwhile, both stacks were time-to-depth 

converted using a constant velocity of 6000 m/s. Table 3 lists the identified reflections M1-M4 and their 

characteristics.  

    Similarly, Figure 15a,b shows the bedrock profile along P4 and P5, respectively. These bedrock 

sections were stacked using a lower velocity of 1000 m/s to properly image the bedrock because of the 

overlying low-velocity tailings. The sections showing M1-M4 (referred to as mineralisation sections) 

and bedrock profiles are merged into one section, one each for P4 and P5 (Fig. 15a,b) to give holistic 

subsurface images along the profiles. However, only the ends of the bedrock profile along P5 could be 



22 
 

properly imaged due to the absence of shots along the valley (swampy) in the middle where the vibrator 

truck could not access. 

  

 

Figure 11. An example of a shot gather from P4, (a) raw shot (b-d) evolution of the shot gather through the 

applications of a bandpass filter, refraction statics and deconvolution, respectively. M1 and M2 are identified as 

reflections believed to originate from the mineralisation horizons. Note the improvement in the consistency and 

sharpness of M1 and M2 with each processing step applied. Strong surface waves in (a) were mostly attenuated 

after bandpass filtering in (b), highlighted undulation (in blue) in (b) was corrected after refraction static 

corrections were applied in (c), and application of deconvolution to (d) removed some of the cyclic feature 

observed in (c).  
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Figure 12. An example of shot gathers from P5, (a) raw shot (b-d) evolution of the shot gathers through the 

application of bandpass filter, refraction statics and deconvolution, respectively. Note the improvement in the 

consistency and sharpness of M1 and M2 with each processing step applied. M1 and M2 are identified reflections 

believed to originate from the mineralisation horizons. Note the improvement in the consistency and sharpness of 

M1 and M2 with each processing applied. Strong surface waves in (a) were mostly attenuated after bandpass 

filtering in (b), highlighted undulation (in blue) in (b) was corrected after refraction static corrections were applied 

in (c), and application of deconvolution to (d) removed some of cyclic feature observed in (c). 
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Figure 13. (a-d) Unmigrated stacks of P4 showing the improvement in the reflections M1 – M4 through velocity 

analysis, residual statics, Fx-deconvolution and muting operations, respectively. (e) Migrated stack using finite-

difference migration and (f) Migrated stack using phase-shift migration. M1 and M2 are well-known as 

mineralisation reflections from published results of other seismic profiles in the area (Markovic et al., 2020; 

Malehmir et al., 2020) while M3 (also reported in previous research findings) and M4 are suggested to be possible 

mineralisation horizons due to their similarities with M1 and M2. Note that the phase-shift migration better 

preserves the dip of the identified reflections. Also, the removal of the highlighted noise (in blue) in (c) after 

applying a 1D mute can be observed in (d). 
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Figure 14. Unmigrated stacks of P5, (a) after pre-stack processing (brute stack), (b-d) showing the improvement 

in the reflections through velocity analysis, residual statics, Fx-deconvolution and FK-muting operations, 

respectively. (e) Migrated stack using finite-difference migration and (f) Migrated stack using phase-shift 

migration. M1 – M4 are lateral reflections of the reflections identified on P4 sections (see Fig. 13) since P5 runs 

almost perpendicularly to P4. Note that the finite-difference migration better preserves the gentle dips of the 

identified reflections better than the phase-shift migration, unlike P4’s reflections with steeper dips. 
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Table 3. Identified reflections and geometrical attributes. 

Reflection Apparent Dip (dip direction) Extent (m) 

 P4 (Longitudinal) P5 (Lateral) P4 (Longitudinal) P5 (Lateral) 

M1 40⁰ (SE) 18⁰ (W) 700 600 

M2 30⁰-50⁰ (SE) 19⁰ (W) 1400 1100 

M3 20⁰ (SE) 19⁰ (W) 1100 600 

M4 35⁰ (SE) 20⁰ (W) 300 350 

 

 

Figure 15. Merged sections with bedrock profiles along (a) P4 and (b) P5 showing the position of their reflections 

under the bedrock profiles. The bedrock profiles along P4 and P5 are also zoomed in to properly show their 

morphology and approximate depth to the surface. There is a blanked-out region on the zoomed-in section of (b), 

where shots were not available due to the swampy valley along P5. Note that the bedrock and mineralisation 

sections that were merged have different stacking velocities (1000 m/s and 6000 m/s respectively), therefore, they 

have different depth calibrations for the same times. 
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4.2 Traveltime Tomography 

4.2.1 P-wave Tomography 

The results from the P-wave traveltime tomography inversions along P4 and P5 using the PStomo_eq 

tomography algorithm and REFSTAT module of Globe ClaritasTM software are presented in Figure 16. 

The P4 models look similar, however, while the REFSTAT-produced model is smoother the 

PStomo_eq-produced model better correlates with lower RMS values. The same could be observed with 

the P5 models. Low-velocity zones (1000 m/s – 2000 m/s) could be seen on both models consistent 

with the old tailings and ponds area delineated by contrasting high-velocity bedrock zones. The 

approximate length, width and depth of the tailing area could be estimated from the P4 and P5 models. 

On the other hand, the correlation of bedrock profiles from the tomography models with those observed 

on the seismic sections along P4 and P5 are also presented in Figures 17 and 18, respectively.  

    A mismatch of the tailing thickness and even bedrock depth could be observed at the cross points of 

P4 and P5 models (on both REFSTAT- and Pstomo_eq-produced models). This could be attributed to 

the velocity mistie, caused by the difference in paths travelled by the rays (or rather waves) along P4 

and P5 planes for similar points. Rays would then prefer to take the fastest paths hence contributing to 

this velocity mistie. Ultimately, this raypath difference may introduce a time delay, thereby causing a 

depth mismatch for similar points during the inversion for the velocity models along different profiles.  

 

 

Figure 16. P-wave traveltime tomographic inversions, (a) P4 model from PStomo_eq algorithm, (b) P4 model 

made with the REFSTAT, (c) P5 model from PStomo_eq algorithm and (d) P5 model from the REFSTAT. Note 

that the PStomo_eq. models are better correlated with lower root mean square deviations than the REFSTAT 

models with a smoother appearance due to the difference in their inversion cell sizes. However, both algorithms 

show similar features identified to be the tailings and bedrock at approximately the same depth. Cross points 

indicate where P4 and P5 intersect and a velocity mistie could be observed, likely caused due to raypath 

differences along different profiles. 
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Figure 17. Correlation of bedrock profiles along P4, (a) traveltime tomography result (full ray coverage section), 

(b) zoomed-in section showing bedrock and (c) bedrock reflection section along P4. The low-velocity built-up 

area, containing the tailings and the underlying overburden, appears to be at least 50 m thick.  

 

 

 

 

Figure 18. Correlation of bedrock profiles along P5, (a) traveltime tomography result and (b) bedrock reflection 

section. The built-up low velocity area appears to be at least 50-60 m thick consistent with that of P4 and how the 

two profiles cross each other over the tailing dam.  
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4.3 3D Visualisation of Results 

Figure 19 shows a series of 3D views (from the same perspective) of both unmigrated and migrated 

sections of P4 and P5. In the unmigrated section (Fig. 19a), M1 and M2 intersect and structurally align, 

indicating a correlation of their longitudinal and lateral reflections. This correlation could also be 

observed in Figure 19c when the reflections were visually matched with the existing ore block model 

from boreholes. Qualitatively, the 3D views also describe the apparent dip and strike of the 

mineralisation horizons (SE and NW respectively). However, while structural alignment of reflections 

on unmigrated sections could indicate seismic processing success, it doesn’t adequately inform about 

the associated horizons of the reflections during final interpretation. A structural tie needs to be achieved 

with the migrated reflections to ascertain the horizon’s true plane of reflection.  

    Intriguingly, a structural mistie could be observed when a match of M1 and M2 was attempted on 

migrated sections of P4 and P5 (Fig. 19b,d). Herron and Smith (2019) defined a “mistie” as the 

misalignment of correlative reflections and associated interpreted horizons at the intersections of two 

2D migrated seismic lines. They opined, in a general sense, four causes for misties: (1) differences in 

processing techniques (i.e., processing mistie), (2) differences in the velocity models used for imaging 

(i.e. velocity mistie), (3) incorrect character/reflection correlation (i.e. correlation mistie also 

colloquially referred to as interpreter error), (4) failure of 2D migration to account for the out-of-plane 

components of dip (i.e. structural mistie also known as kinematic mistie common to 2D data). Given 

that P4 and P5 followed the same processing steps and were imaged using the same velocity (6000 m/s), 

I believe the mistie observed in Fig. 19b is majorly due to a structural mistie (cause 4), and partly due 

to a velocity mistie (cause 2), except the reflections were not properly matched (cause 3). Since the 

planes of P4 and P5 are neither perfectly orthogonal nor horizontal, there will be a difference in paths 

travelled by wavelets in these planes, thereby introducing a time delay and a velocity mistie. Meanwhile, 

the only 3D seismic results from the Blötberget site (Malehmir et al., 2020) has also reported similar 

out-of-plane nature of the mineralisation imaged in this thesis, thereby tilting the cause of the observed 

mistie more in the direction of structural mistie than a correlation mistie. Invariably, this structural 

mistie re-emphasizes the practical limitations of 2D seismic data for solving out-of-plane imaging 

problems and the need for 3D seismic surveys for such problems (Vestrum and Gittins, 2009; Malehmir 

et al., 2017b). 

    Figure 20 shows an attempt to match the updated ore block model for the Blötberget mineralisation 

from previous research findings (Malehmir et al., 2021) but now with the new results from the 

processing of P4 and P5. It can be observed that the part of the mineralisation imaged in the P4 and P5 

planes fit with the updated ore block model with a possible extension downdip and eastward as 

highlighted on Figure 20. While the idea of a possible extension is feasible, complementary borehole 

data down to 1500 m depth, especially in the southeast area, would be needed for confirmation of this 

and many other geological features suggested in this area from other research findings.  
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    Finally, the bedrock reflection sections along P4 and P5 were also matched with a high-resolution 

LiDAR topographic map of the site to visualize where, and how deep the tailings extend in relation to 

the bedrock (Fig. 21). The result also shows where the outcrop observed along P4 at the surface 

originates from the bedrock in the subsurface. Worthy of mention is how well the bedrock profiles align 

at their intersection in Figure 21, thereby validating each other as expected. 

 

 
Figure 19. A series of 3D visualisations showing the same view of, (a) unmigrated sections of P4 and P5, (b) 

migrated sections of P4 and P5, (c) unmigrated sections of P4 and P5 matched with the existing ore block model, 

and (d) migrated sections of P4 and P5 matched with existing ore block model. The red and blue body represents 

the known mineralisation body while M1 and M2 are the reflections of that body identified in this study. Note 

how the zoomed-in section in (b) suggest an out-of-plane nature of the mineralisation horizon as evident by misties 

(see yellow and green lines) in the order of few metres (millisecond) in the migrated sections, even though a good 

tie exists when matched in the unmigrated sections (b).  
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Figure 20. A 3D match of the updated ore block model from previous research findings with the migrated sections 

of P4 and P5, indicating the possible extension of ore downdip and eastward for a few hundred metres. 

 

 
Figure 21. A 3D view of the surface in relation to the bedrock profiles along P4 and P5. The tailing area could be 

observed to extend to the bedrock indicating a thickness of approximately 50m. Also, note the origin of the outcrop 

seen at the surface along P4. 
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5 Discussion 

A part of the results from this thesis corroborates the findings from previous studies at the Blötberget 

site while the other part reveals new and detailed findings especially at the eastern and tailing areas of 

the site. For instance, the longitudinal extent of reflections M1, M2 and M3 is consistent with identified 

mineralisation horizons in Markovic et al. (2021) and Malehmir et al. (2021) while this study reveals 

that they extend at least 200 m towards the east under the historic tailing area (Fig. 15). A much 

shallower horizon, interpreted as a possible fourth mineralisation horizon (M4) extending down to 300 

m depth was also identified with a longitudinal and lateral extent of about 300 m and 350 m, respectively 

(Table 3). On the assumption of an average thickness and density of 10 m and 3800 kg/m3 respectively 

as well as a characteristic 36.2% mineral grade for past inferred resources in the area, this suggests a 

good potential of additional resources of up to 10 Mt under the old tailing area worth investigating. This 

can boost the bankability of the Blötberget mine revitalization project.  

    On the other hand, the historic tailing area has been the subject of a mineralogical and metallurgical 

study according to documents supplied by Nordic Iron Ore, for possible waste valorisation when mining 

resumes in the mine. It, therefore, gives credence to this study’s effort to not only delineate this area 

but also give a reasonable volumetric estimate. Findings from this study (Fig. 16) reveal built-up low 

P-wave velocity (approximately 1000 -1500 m/s) areas typical of the velocities for the tailings area 

reported by Malehmir et al. (2021) and shown in Fig. 6b. Therefore, these low-velocity areas are 

believed to be the tailing dump and pond as highlighted in Figure 16. The tailing area, based on borehole 

data, is approximately 650 m long, 300 m wide and 10-12 m thick. Based on the mineralogical and 

metallurgical reports of the tailings area supplied by Nordic Iron Ore, the average density of the tailing 

material is 2910 kg/m3 with an average iron content of 11.05% and this puts the locked-in resources at 

approximately 1 Mt. With the rapid technological advancement in mineral processing with improved 

recovery rates, these tailings may become a viable source of iron production noting that the major 

grinding and liberation works are already done. Geotechnically, the tailings dam is extremely low 

velocity. A quick observation of refracted shear-arrivals from shot gathers over the tailing suggest 

shear-wave velocities on the order of 250 - 450 m/s, implying a high Vp/Vs ratio of approximately 2 - 

4. This observation is valuable as it provides information on the geotechnical state of the tailing area 

and precautions to be taken when the tailing is restored or removed during the reopening of the mine. 

    The detailed images of the bedrock profiles along the two seismic profiles were also generated in this 

study for mine development and construction purposes (Figs. 17, 18 and 21). The bedrock depth is 

estimated on the knowledge that 10 -12 m thick tailings and an underlying 10 m soil (overburden) sit 

directly on the bedrock. This bedrock depth starts at about 50 m in the northwest for approximately 500 

m before it inclines and outcrops at the surface at about 1 km along P4 (Fig. 17c). This entire length 

was believed to have been used as the tailing dump while the decline to a depth of 25 m that followed 

formed a depression used as the pond towards the southeast. Moving from the west to the east, the 
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bedrock depth again starts at about 50 m before it declines to a depth of approximately 60 m forming a 

valley, which was also visible during data acquisition (Fig. 21). It then starts to incline and outcrops at 

the surface where P5 intersects P4 (at about 1 km along the line) before it ultimately forms another 

depression hosting the historic tailing dump.  

    Geologically, the type of bedrock morphology in this site is indicative of underlying fracture and 

fault systems, which were also reported by Markovic et al. (2020) and Malehmir et al. (2020). The 

former 2D seismic study suggested two possible fault systems while the latter 3D study identified them 

as dipping west (20-25⁰ and 45-50⁰, respectively) with an additional fold (45-50⁰ NE) submerging with 

the mineralisation horizons (M1 and M2) plane. The deeper fault dipping at 20-25⁰ W gives a credible 

explanation to why the mineralisation horizons (M1-M4) identified in this thesis has an apparent lateral 

dip to the west within the range of 18 to 20⁰ (Table 3 and Fig. 19b,d). Similarly, the much steeper, 

shallower fault dipping at 45-50⁰ W explains the bedrock depressions especially along line 5 running 

west to east. Meanwhile, the longitudinal dips for the mineralisation horizons suggested in this study 

(20-40⁰ SE) are also consistent with the range (20-30⁰ SE) reported by Malehmir et al. (2020). 

Undoubtedly, this information would be useful during mine planning and will substantiate updated 

geological modelling of the Blötberget site. 

    Parallel to this study is the comparison of the tomography models from the UU-developed 

PStomo_eq inversion algorithm (Tryggvason et al. 2002) and the 2D REFSTAT (Refraction Statics) 

module of the Globe ClaritasTM Software. The two ray-tracing algorithms inverted the same set of P-

wave traveltime picks to minimize the differences between the picks and the calculated traveltimes from 

the inversion model. However, the REFSTAT-produced models (Fig. 16b and 16d) are smoother while 

the PStomo_eq-produced models (Fig. 16a and 16c) are better correlated with lower RMS values. One 

possible reason for this is the crooked nature of the 2D lines, which is accounted for in the PStomo_eq 

by allowing the creation of cells in the lateral direction (Y-axis) unlike in the REFSTAT module. In 

other words, this allows the PStomo_eq algorithm to apply a 3D geometry during inversion to account 

for the crookedness even though the cells in the Y-axis were kept relatively larger than the cells in the 

X- and Z- directions to force the model to look 2D. Meanwhile, the 2D REFSTAT module does not 

allow settings like these to be adjusted and therefore inverts in two directions (X and Z) only. Similarly, 

the ability to tweak with the inversion cell sizes in PStomo_eq could also account for the non-

smoothness of its models and consequently its lower RMS values compared to REFSTAT where the 

inversion cell sizes are bigger and more smoothed out. Admittedly, cell sizes tradeoff against inversion 

runtime inversely and this explains why REFSTAT produces models faster than PStomo_eq when 

running the same inversion on the same machine. However, given that two algorithms produce similar 

results, the choice of which programme to use will ultimately depend on the user’s goal. 
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6 Conclusions 

This MSc thesis work focused on the processing of two 2D profiles extracted from a sparse 3D seismic 

dataset acquired at the Blötberget mining area of central Sweden for tailings characterisation and deep 

iron-oxide mineralisation targeting. The extracted profiles cross each other at the historical tailing area 

and were acquired using wireless seismic recorders with a 32t vibrator truck over a total length of 3.5 

km and 361 receivers and 269 shot points. Although the overall data quality for this survey was good, 

there were processing challenges due to the significant amount of surface waves generated by the 

swampy nature of the site as well as the proximity of the profiles to the tailings area. 

    A tailored processing workflow targeted at enhancing and preserving the reflections seen on the shot 

gathers as much as possible while simultaneously attenuating the notorious surface waves in the pre-

stack processing stage proved effective. This enabled the imaging of portions of the known 

mineralisation horizons that extend under the historic tailing area which were obscured in past 

processing. Based on my results, I believe that a minimum of 10 Mt of additional primary resources 

under the tailing area can arguably be assessed by further drilling investigations. Meanwhile, the 

historical tailing area and pond themselves are estimated to hold a substantial volume of iron content. 

The dip of the mineralisation, as well as the bedrock morphology imaged from this study, substantiates 

the fault and fracture systems suggested by past surveys. This information would be useful during the 

mine planning and development stages especially in the eastern part of this area. As an addendum from 

this study, it was established that a cost versus time efficiency analysis is quite important for seismic 

traveltimes tomographic inversions especially of large datasets. 

    Future studies can investigate Vp/Vs tomographic inversions on the tailings area to generate a 

dynamic Poisson’s ratio model in that area. This would serve as a useful guide for construction and 

geomechanical design purposes. Meanwhile, subsequent seismic acquisitions, if any, should be 

concentrated towards the southeast to gain more understanding of the complex geological features in 

the area. The seismic dataset and works presented in this thesis work are however encouraging and 

opens further possibilities of using seismic methods for both deep targeting and waste dump 

characterisation that would likely either be expensive through extensive drilling or challenging by other 

methods as the waste is likely highly conductive and difficult to penetrate through using electrical-based 

geophysical methods.   
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