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Location

KIRUNA in northern Sweden
ØHigh-grade iron ores
ØActively mined since 1898! 

LKAB
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Present-day mining method
ØSub-level caving
ØExtraction progresses downwards
ØCaving progresses upwards
ØLarge-scale surface deformation

Kiirunavaara orebody: 
ØHigh grade iron ore
ØSheet-like body oriented   ̴N-S
ØDip 60°-70° East
Ø4500 m long and 80-150 m wide
ØQuartz-bearing porphyry in the hanging wall
ØSyenite porphyry in the footwall

Problem
Kiruna town is located less than 1 km from the 
mine!
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Surface deformation

Ø Deformation follows weakness 
zones in the host rock.

Ø These weakness zones can be 
zones of clay-alteration, 
lithological contacts and/or fault 
and fracture zones.

Ø To predict future deformation 
patterns, it is absolutely critical 
to know the location and 
orientation of these weakness 
zones.

Ø 2 sub-parallel reflection seismic 
profiles perpendicular to the 
main geological and structural 
features in the area. 



Fieldwork Recording truck

Deploying geophones

Hydraulic hammer

Ø December 2008
Ø Seismic source: tractor mounted hydraulic hammer with 1m2 base 

plate.
Ø Single 28 Hz geophones planted in heavily compacted snow or frozen 

ground.

Parameters Profile 1 Profile 2
Nominal spread type Asymmetric split (240/120) Asymmetric split (300/60)
Number of channels Min. 240/Max. 360

Offsets -2400-1200m -1500-300m
Geophone spacing 10m 5m

Geophone type 28 Hz single
Source spacing 5m 10m

Fold Max 247 Max 126
Mean 140 Mean 55

Median 128 Median 42
Profile length 3750 3400
Source points 314 207

Sweeps per source point 5 (7) 5 (7)
Recording instrument SERCEL 408UL

Sample rate 1 ms
Field low cut Out
Field high cut 250 Hz
Record length 3 sec/5x24 sec VIBSIST sequences                                

3 sec/7x24 sec VIBSIST sequences



Results

Ø Reflection seismic processing was 
done with the conventional 
common-depth-point method. 

Ø Both sections reveal a strong east-
dipping reflectivity that is imaged 
down to at least 1.5 km.
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Ø Five distinct reflective features of 
varying amplitude and coherency are 
associated with the main lithological 
contacts that fit well with the surface 
geology (L1-L5). 

Ø The seismic images and traveltime 
modeling of the geological interfaces 
suggest their dip to be 40°-50° from 
horizontal. 

Ø Location and dip of the interfaces is 
consistent between two profiles, 
confirming the extension of the 
essentially 2D geology with depth.

Results

Reflector Strike Dip
Velocity 

(m/s)
CDP at the surface 
Profiel 1/Profile 2

L1 2° 40° 5000 250/350
L2 3.4° 40°-50° 5000 460/765
L3 7.8° 40°-50° 5000 510/850
L4 355.4° 40°-50° 5000 615/1102
L5 8° 60° 5500 -120/-420



Tomography models

Ø First arrivals were picked only in 
areas with good signal-to-noise 
ratio in the offset range of 0-
2400 m. 

Ø Velocity models for the two profiles 
were obtained independently, but 
with the assumption of a general 
2D geology.

Ø The final models are believed to be 
reliable only to a depth of 50-150 m 
as the standard deviation of the 
recovered velocities was as small as 
200 m/s for these shallow-most 
parts and increases substantially 
deeper down.

A1-A3: Quartz-bearing porphyry, 4.0-5.5 km/s
B: Meta-sediment (1), 3-4.5 km/s
C: Meta sediment (2), 3-5.5 km/s
D1-D2: Meta-basalt, 4.5-5.5 km/s



Tomography models

Ø Near-surface low velocity anomalies are found within units A1, B, D1 and A3. 

Ø Observations from petrophysical measurements on core samples justify this 
interpretation of the tomography.

Ø The most pronounced low-velocity zones are associated with the lithological contacts 
L1 and L2 that delimit the meta-sedimentary unit B. The velocity values of 2.0-
3.5 km/s within these zones are too low for the typical metamorphic rocks, and, 
therefore, they may be associated with weakened zones of altered rocks developed 
along faults or tectonic contacts. 



Ø Oriented drillcores from three boreholes (KH1, KH2 
and KH3) were available for the petrophysical study. 

Ø The cores are 4 cm in diameter and are located at the 
western end of profile 2, approximately parallel to the 
profile, and cut through meta-sediments and quartz-
bearing porphyry. 

Ø Samples for the laboratory tests were taken at 
representable intervals along all three cores.

Petrophysical data – Density and P-wave velocity

Ø The velocity of the P-wave was measured both 
diametrically and axially on water-saturated 
samples. All samples were water-saturated and the 
measurements were done in room temperature and 
at atmospheric pressure

Ø Density measurements on 45 samples from the 
three boreholes.



Petrophysical data – P-wave velocity

(A)

(B)

Instrument setup (figure A):
Ø An oscilloscope 
ØA pulse generator (PUNDIT, generates 10 
pulses per second)
Ø2 cylindrical P-wave transducers with 
center frequencies of 1.13-1.14 MHz and a 
diameter of 13 mm (figure B)
ØWave guides (figure B)
ØA rig to fixate the sample and the 
transducers (optional).
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210°

ØThe diametric measurements were made at 
30°-intervals, starting at the orientation mark 
and moving clock-wise (figure). The axial 
measurements were made on plane-parallel end 
surfaces. 
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Drillcore           
(depth (m))

Rock type
N                               

(density)
Density 
(kg/m3) 

Stdev  
(kg/m3) 

P-wave                            
velocity (m/s)                         
Diametrical 

Stdev  
(m/s)

P-wave                       
velocity (m/s)                      

Axial 

KH1 (16) Quartz-bearing porphyry 5 2644 7 5687 40 4800

KH1 (137) Quartz-bearing porphyry 6 2640 4 5531 59 5654

KH1 (578) Quartz-bearing porphyry 6 2632 4 5641 63 5500

KH2 (32) Quartz-bearing porphyry 2 2643 18 6008 60 5774

KH2 (112) Quartz-bearing porphyry 4 2680 12 5557 92 5542

KH2 (185) Quartz-bearing porphyry 4 2703 6 5730 115 5648

KH3 (25) Quartzite 1 2574 - 5092 93 4847

KH3 (78) Quartzite 1 2571 - 4881 119 4653

KH3 (110) Siltstone 4 2841 6,9 6064 276 4607

KH3 (150) Quartz-bearing porphyry 6 2664 19 5883 52 5804

KH3 (167) Quartz-bearing porphyry 6 2680 9 5883 37 5755

Ø Radial P-wave velocity of the (unweathered) quartz-bearing porphyry (unit A1) to vary between 
5531-6008 m/s. The axial P-wave velocities for the same rock type are in the range of 4800-5804 
m/s. The radial velocities are slightly higher than the axial velocities, which can indicate a 
previously unknown foliation of the rock. 

ØFrom the meta-sedimentary sequence (unit B), only two quartzites and a siltstone were available 
for testing. The velocity recorded on the quartzites is 4881-5092 m/s, and the difference between 
the radial and axial velocity is generally larger than for the porphyry, most likely because of the 
sedimentary (and more anisotropic) nature of the rock. 

Ø The difference is even more pronounced in the siltstone, indicating that the drillcore is oriented 
nearly perpendicular to the foliation/layering of the rock.

Unit A1

Unit A1

Unit B

Petrophysical data – P-wave velocity



Petrophysical data – P-wave velocity

Unit Tomo. V. Dia. drillcore V. Ax. drillcore V.

A1-A3 4.0-5.5 5.5-6.0 4.8-5.8

B 3.0-4.5 4.9-5.1 4.7-4.8

C 3.0-5.5 6.1 4.6

Ø Slightly higher velocities are measured in the drillcores compared to the velocities used in the 
tomographic model.

(Table) P-wave velocities (km/s) obtained from tomographic 
modelling and drillcores.

Ø Furthermore, a difference between diametrical and axial velocities is observed in the 
porphyry, indicating an orientation of the mineral grains in the rock (P-wave velocities are 
generally assumed to be highest parallel to and lowest perpendicular to foliation, a 
phenomenon most clearly observed in sedimentary rocks). 

Ø A foliation, although weak, could influence the mechanical strength and therefore the 
deformation of the rock.



Conclusions
Ø Generally speaking, the blocky character of the local geology is reflected in the match between the 

reflection seismic profiles, the surface geology and the tomographic models.

Ø The low velocity zones identified with 
the tomographic models corresponds 
to contact zones between different 
rock types. 

Ø The tomographic modelling reconstructed detailed images of velocity distribution in the upper 
150-300 m along the profiles, which enabled us to identify near-surface low velocity zones

Ø The low velocity zones are interpreted 
to represent weathered and crushed 
rock as these velocities are too low to 
represent intact rock based on 
petrophysical measurements of the P-
wave velocities in the unaltered core 
samples. The identified weak zones 
may, therefore, be potential zones of 
developing deformation.



Ø The bulk tomographic velocities outside of the low-velocity zones in different 
geological units are comparable to laboratory measurements of the acoustic 
properties of drillcore samples. However, slightly higher velocities are measured on 
the drillcores.

Ø Furthermore, a small difference between diametrical and axial velocities is observed in 
the porphyry, indicating an orientation of the mineral grains in the rock. This foliation, 
although weak, could influence the deformation of the rock.

Conclusions

Ø Comparison of petrophysical and tomographic results suggests that low-velocity 
tomography anomalies delimiting the meta-sedimentary complexes cannot be 
explained solely by rock-type differences and must be associated with zones of 
weathered or crushed rocks located within the contact zones between different 
geological units.



Ø The seismic reflection survey was financed by LKAB, who also kindly allowed 
publication of the data.

Ø M. Jensen is financed by LKAB through the Hjalmar Lundbohm Research Centre.
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