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ABSTRACT

Underground mining of the Kiirunavaara orebody is causing large-scale deformation in the hanging 
wall of the orebody. To understand and possibly predict future deformation, a structural model 
combined with a good understanding of the petrophysical and mechanical properties of the rocks 
in the hanging wall is necessary. 

This thesis presents results from the study of Anisotropy of Magnetic Susceptibility (AMS), 
magneto-mineralogy, fracture frequency (F/m), rock quality (RQD), rock strength (Point Load) 
and P-wave velocity and anisotropy of crystalline and sedimentary rocks from the Kiirunavaara 
hanging wall, as well as results from seismic reflection surveying and gravity modelling. The 
results are combined into a structural model of the hanging wall and further used for analysis of the 
correlation between petrophysical and rock mechanical properties.

Two parallel reflection seismic profiles were shot within the town of Kiruna i order to locate 
deformation zones and lithological boundaries in the hanging wall. No deformation zones were 
found, but five seismic reflectors corresponding to five lithological boundaries were located, and 
their strike and dip calculated. The result of the seismic survey was used to constrain a section of 
the gravity model, as was density measurements from the drillcores. The gravity model has a depth 
of 3000 m, and indicates that the crystalline rock in the hanging wall can be separated into two 
parallel N-S trending blocks. The block closest to the orebody had to be modelled using a lower 
density, reflecting either a more fractured rock or a change in rock type.    

AMS data was also correlated to joint sets measured in six outcrops within Kiruna town and a 
correlation was observed between the magnetic foliation planes and the joint set orientations. It was 
concluded, that AMS can also be used to predict joint orientation. 

In total, 76 samples from 12 outcrops and 295 samples from three drillcores have been included 
in the AMS study. Axial and diametrical P-wave velocities (PAxi and PDia) were measured on 30 
water-saturated samples and 172 samples were used for the Point Load tests. The drillcores are 
located along the western end of the seismic profiles and primarily consist of porphyritic rhyolite, 
conglomerate, quartzite and siltstone.

The degree of magnetic anisotropy observed in the crystalline rocks indicates a low degree of 
metamorphism witch is supported by mineralogical studies. AMS data also indicates the presence 
of a magnetic foliation in the rocks. The dip of the magnetic foliation plane (F) and the degree of 
magnetic anisotropy (Pj) measured in samples from outcrops was plotted as contour maps and show 
that both F and Pj decreases towards the east, which was confirmed by data from the drillcores. The 
decrease in both parameters is primarily a reflection of a change in rock type, but is also changing 
within the crystalline rock sequence.



A correlation (correlation coefficient r > 0.6) was observed between Pj, F and RQD, and F and 
F/m in one drillcore for both crystalline and sedimentary rocks; and between the shape parameter 
(T) and F/m in crystalline rock in another drillcore. A correlation between RQD and F/m in the 
drillcores also indicates the presence of at least one broad zone of plastic deformation, which could 
be a potential weakness zones.

AMS was further used to identify a foliation in what has been assumed were isotropic rhyolites. 
Scatterplots and simple linear regression analysis was then used to identify and quantify the 
relationships between AMS, diametrical velocity and point load strength in ferromagnetic drillcore 
samples. Point load data was converted to uniaxial compressive strength (UCS), which shows that 
the rhyolites generally have very high strength, while the sedimentary rocks have low to medium 
strength. The results of the regression analysis suggest that the PL strength increases with 56% 
when the angle between the foliation plane and the measuring direction is increased from 14° (close 
to the foliation plane) to 65° in the rhyolites. Such a large change in rock strength with direction, 
in rocks with no macroscopic foliation, should have significant implication in rock mechanical 
modeling.

The present study thus indicates that AMS may be used as an indicator of rock mechanical properties 
and prediction of fracturing and dominant joint orientation. 
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Abbreviations and nomenclature of selected parameters 
 

Magnetic theory 

AMS Anisotropy of Magnetic Susceptibility 

B Magnetic induction [T] 

Bt  Total field 

Co-axial A strain history or fabric evolution in which the orthogonal principal axes 

remain parallel to the same material lines as events progress; including pure 

shear or compaction ( X = Y > 1 > Z) or  general coaxial flattening X > Y > 1 > 

Z). 

CRM Chemical remanent magnetization 

D Declination 

DRM Depositional remanent magnetization 

F Magnetic foliation F = kINT/kMIN 

H  Magnetic field [A/m] 

I Inclination 

IRM Isothermal remanent magnetization 

L Magnetic lineation L = kMAX/kINT 

M Magnetization 

MD Multi-domain grain 

N  The demagnetizing factor 

Pj Corrected degree of magnetic anisotropy 

Q Königsberger ratio. Is the proportion of remanent to induced magnetization. 

SD Single-domain grain (each grain contains one uniform magnetisation) 

T Magnetic shape parameter 

TC Curie temperature, above which rocks loose their remanent magnetism. 

TRM Thermoremanent magnetization 

X  Y  Z Represent the principal axes of the finite strain ellipsoid. It is commonly 

assumed that they correspond with the principal susceptibility directions (kMAX 

 kINT  kMIN), but there are notable exceptions.  

V  Volume 

VRM Viscous remanent magnetization 

k Susceptibility 

kT  Total susceptibility  



kBulk Bulk (mean) susceptibility 

kmax Maximum susceptibility axes (K1) 

kint Intermediate susceptibility axes (K2) 

kmin Minimum susceptibility axes (K3) 

 (Relative) magnetic susceptibility 

0 The permeability of free space 

 

Seismology: 

CDP Common Depth Point 

VP P-wave velocity 

VS S-wave velocity 

VAni Seismic anisotropy (%) 

VDia Diametrical velocity (in drillcore) 

 

Rock mechanics: 

F  Size correction factor (PLT data) 

F/m Fracture frequency: the total number of fractures, open and closed, pr. meter 

drillcore 

Is Rock strength index (MPa) 

Is(50) Size corrected rock strength index (50 mm core, in MPa) 

K Conversion factor (PLT data) 

Pmax   Failure load (kN) 

PL Point load (kN) 

PLAni Point load anisotropy (%) 

PLT Point load test (N) 

RQD Rock Quality Designation (%) 

UCS Uniaxial Compressive strength (MPa). Can also be given as s   

s   UCS 

 

 

 

Geology: 

Brittle Rock that fractures at less than 3-5% deformation or strain*. 



Ductile Rock that is able to, under a given set of conditions, sustain 5-10% deformation 

before fracturing or faulting*. 

Mqp (Strongly) Metamorphosed quartz-bearing porphyry 

PG Per Geijer ore-bodies.  

TAS Total-Alkali-Silica-diagram. The diagram is used to assign names to common 

volcanic rocks based on the relationship between the alkali content and silica 

content. 

QAPF Quartz-Alkali feldspar-Plagioclase-Feldspar-diagram, used for classification of 

plutonic and volcanic rocks. 

Qbp Quartz-bearing porphyry 

QP Quartz porphyry 

SP Syenite porphyry 

 

Various: 

gu Gravity units 

 

 

 

* Dictionary of geological terms, 3rd ed., 1993.Robert L. Bates and Julia A. Jackson, editors.  
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1. Introduction

A description of the geological setting of 
the Kiruna area is presented, followed by 
an introduction to the methods used in the 
thesis. This theoretical part covers anisotropy 
of magnetic susceptibility (AMS), three rock 
mechanical parameters (RQD and F/m and 
Point load), P-wave velocity in drillcores, 
seismic reflection surveying and gravity 
modeling. Finally, a summary is given of the 
results presented in the manuscripts included in 
the thesis.

1.1 Background

Mining is an old profession. In fact, it can be 
postulated that humankind has hunted the 
planets natural mineral resources since one of 
our Palaeolithic ancestors got the brilliant idea 
of turning a piece of flint into a cutting tool. 
That was approximately 450 000 years ago, 
in the Stone Age, which was followed by the 
Bronze Age, the Iron Age and the Steel Age. 
Since 1945, we have lived in the Nuclear Age 
(Hartman and Mutmansky, 2002). 

Stone, bronze, iron, steel and, eventually, 
nuclear material. This list of materials not only 
describes a development in technology, from 
simple stone knives to advanced nuclear power, 
but also an increase in the number of different 
materials, which we have found some kind 
of use for. Today, a vast amount of naturally 
occurring substances – solids, liquids and 
gasses – is mined all over the planet. 

As the demand for resources increase, and 
exploration proceeds deeper into the ground, 
further out to sea and to ever more remote 
places of the Earth, the level of technical 
difficulty increases as does the environmental 
challenges. Closely related to the effects of 
mining on the physical environment (surfaced 
formation, chemical pollution etc.) are the 
socio-environmental effects on humans living 
in the vicinity of mines. With a growing public 
awareness of the environmental hazards of 
mining, it is more important than ever for 
forward-thinking mining companies to show 
their commitment to sustainable mining and to 
minimize the negative side-effects of mining. 

The Kiirunavaara iron deposit was first 
discovered in 1696, but it was not until 1876 
that it was mapped by the Swedish Geological 
Survey. Initial open pit mining began in 
1898. Since then, the mining level has been 
lowered six times and in 1962 extraction began 
underground. Today, mining continues at 1045 
m below the surface, with a new main level 
being constructed at 1275 m. 

The Kiirunavaara orebody consists of 
magnetite and is hosted in the contact between 
two porphyritic rock types. The orebody strikes 
almost North-South and is approximately 4500 
meters long and 80-150 meters wide. It extends 
down to at least 1300 meters below ground 
surface and has an average dip of 60°-70° to the 
East (Hartman and Mutmansky, 2002; Villegas, 
2008). The rock lying above the orebody is 
termed the hanging wall, and the rock located 
below the orebody is the foot wall. In Kiruna, 
the hanging wall consists mainly of quartz-rich 
porphyry, and the footwall of syenite-porphyry. 

The mining method used today is “Sublevel 
caving” (Fig. 1.1a). This method is especially 
applicable when mining a competent, fairly 
steep dipping (> 60°) ore body located in 
a weak to fairly strong host rock (Hartman 
and Mutmansky, 2002). In sublevel caving, 
overall mining progresses downward while 
the ore between sublevels is broken above; 
the overlying waste rock caves into the void 
created as the ore is drawn off (Hartman and 
Mutmansky, 2002). The caving progresses 
upwards, eventually reaching the surface and 
causing large-scale deformation (Fig. 1.1b). 

Magnor and Mattsson (2000) have presented 
a model of the geological structures of 
Kiirunavaara focusing on deformations of the 
ore. A number of brittle and plastic deformation 
zones of different orientation and age were 
defined. The authors concluded that there 
is a general link between local and regional 
deformation zones, that brittle deformation was 
dominant and that there was a link between 
plastic and brittle deformation, since the brittle 
zones often were reactivated plastic zones. 
Such brittle reactivation was interpreted to 
reflect low rock strength. 
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The sublevel caving method, the geometry 
of the orebody, the rock types, the geological 
structures and the physical properties of the 
rocks in the Kiirunavaara hanging wall all 
together determine the pattern of surface 
deformation observed in Kiruna. If one wishes 
to create a model for the long term deformation 
a good understanding of all these factors, and 
how they interconnect and interact, is necessary. 

Magnetic anisotropy is a measure of the 
magnetic fabric, which mimics the texture of 
the rock, and can therefore be used successfully 
as a tool of structural analysis. The anisotropy 
of magnetic susceptibility (AMS) reflects the 
preferred orientation of magnetic grains and 
crystals in a rock. In homogeneous magmatic 
rocks such mineral orientations may seem 
non-existing however, in most rocks there is 
a preferred orientation of the grains caused 
by e.g. flow directions of the magma and the 
stress at the time of intrusion. These magmatic 
structures are often difficult to observe, but this 
can be done using AMS (Elming and Mattsson, 
2001; Mattsson and Elming, 2001a). 

Minerals are also orientated due to deformation 
of the rock and AMS is also a very good tool for 
defining width and type of plastic deformation 
zones (e.g. Mattsson and Elming, 2001b). 
Magnetic fabrics are, in general, very sensitive 
indicators of low-intensity strain, but they tend 
to be less sensitive when the deformation due 

to strain exceeds some 10 to 20%. This happens 
to be particularly convenient because it is 
easy to measure high-strain states by standard 
techniques in the field, whereas low-strain 
states can only be determined in the laboratory 
– conventionally, by techniques that are more 
expensive and time-consuming than magnetic 
methods (Tarling and Hrouda, 1993).

1.2 Aims

One objective of this thesis is to test the 
hypothesis of a correlation between the 
anisotropy of the magnetic susceptibility (AMS) 
and the elastic and mechanical properties of the 
rock mass. If there is a correlation AMS may 
serve as a cheap tool for a rough indicator of 
rock mechanical properties.

Other objectives are: 

1. To develop a structural-geological 
model of the Kiirunavaara hanging 
wall.

2. Identify different structural-geological 
regions in the Kiirunavaara hanging 
wall on the basis of their physical 
properties.

3. Increase the knowledge about the 
relation between magnetic, mechanical 
and seismic anisotropy.

0 m 

1045 m 

1365 m 

60°

HANGINGWALLFOOTWALL

40-50°

Quartz bearing
porphyry/meta-rhyoloite

Syenite
porphyry

Upper
Hauki

quartzite

Abandoned
level

Extraction
(present day
main level)

Drilling/
Loading

Development
(new main
level)

Backfill

Ore

Caved Rock

(a) (b)

Figure 1.1  (a) A schematic representation of sublevel caving and large scale surface deformation. (b) 
Photograph of deformation in the Kiirunavaara hanging wall, with Kiruna town in the upper left corner.
The view is directly north.
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The results of these objectives serves as a base 
for prognoses of fracturing and forms input data 
into rock mechanical modeling of the hanging 
wall deformation. 

1.3 Study area and methods

The work presented in this thesis is based on 
data from three long drillcores and 12 outcrops, 
two reflection seismic profiles and gravity data 
(Fig. 1.2). The study area includes the hanging 
wall side of the Kiirunavaara orebody, more 
precisely the area between the orebody and the 
town of Kiruna, including the town itself. 

The location and orientation of the three long 
drillcores was chosen to:

-

-

The long drillcores were supplemented with 
sampling of outcrops within the town of 
Kiruna; however, there are few sites with 
exposed bedrock within Kiruna, which limited 
the amount of sampled outcrops to 12. 

Two reflection seismic profiles (P1 and P2) 
were shot within the town of Kiruna with the 
purpose of defining geological boundaries and 
locate eventual wide deformation zones. The 
two profiles are perpendicular to the strike of 
the structural and geological trend in the area, 
since any unknown faults or deformation zones 
were assumed to follow this orientation. The 
purpose was also to determine the strike and 
dip of the reflectors, the reason for which the 
two profiles are parallel and closely spaced 
(500-600 m). 

The gravity profile is 28 km long and oriented 
ENE-WSW, perpendicular to the Swedish 
Caledonian Mountains, and crosscutting but 
roughly parallel to the two seismic profiles and 
both the hanging wall and the foot wall. The 
profile was long enough to correctly model the 
regional gravity field. 

Figure 1.2 The study area with location of drillcores, outcrops, seismic pro les and the gravity pro le.

N
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2. Geological setting

2.1 The geology of the Kiruna area

As described in section 1.1 the hanging wall, 
when using a sublevel caving method, is 
defined as the rock above the orebody, while the 
rock located below the orebody is the footwall. 

In Kiruna, this means that the rock mass on 
the western side of the Kiirunavaara orebody 
makes up the footwall, and the rock mass on the 
eastern side of the orebody is the hanging wall.

The regional geology of the Kiruna area (Fig. 
2.1) is characterized by Archaic basement 
and Proterozoic volcanic, volcanoclastic and 

Figure 2.1 The geology of the Kiruna area (modi ed from Forsell and Par k, 1972). 
Upper right corner: the main lineaments according to Magnor and Mattsson (2000). 
The two stars indicate a sub-vertical inclination. Full lines represent brittle structures 
and dashed lines plastic structures. Structures that are both plastic and brittle are most 
often plastic zones with later brittle re-activation.
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Kiruna greenstone

Kurravaara + Haukivaara conglomerates
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Lu, Ki, PG iron ores
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Upper Hauki quartzite

Lina granite + related dikes
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Viscaria

Suolojoki

Nukutus-
vaara

Rektor

Henry
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N
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3.
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sedimentary rocks (Romer et al., 1994). The 
oldest rocks (the Kiruna greenstones) are found 
in the west and the youngest rocks (belonging 
to the Hauki complex) in the east (Par k, 1975). 
The Kiruna iron deposits occur as discontinuous 
bodies within a sequence of volcanic porphyries 
between the greenstone and the Hauki complex. 

The basement complex, known from the 
northern part of the Kiruna area, consists mostly 
of Archean granites and gneisses (Forsell, 1987). 
The lowermost unit is the Kiruna Greenstone 
Group the deposition of which was followed by 
widespread quartz-rich sedimentation. In the 
Kiruna area the greenstone group is overlain 
by the Kurravaara conglomerate. Overlying 
the Kurravaara conglomerate is a sequence of 
extrusive felsic porphyry flows, the Kiruna 
porphyries. A stratigraphy within the porphyry 
group, based on field observations, indicates 
that mafic rock types (basalt and porphyrite) 
are oldest, followed by intermediate-
composition alkaline rock types (syenite and 
syenite porphyry), with acid volcanics and 
rhyolites (quartz-bearing porphyry) at the top 
(Witschard, 1984). 

The syenite porphyry is defined by Geijer 
(1931) as containing alkaline feldspar and 
varying amounts of dark minerals, but no more 
than 5% quartz. The part of the syenite porphyry 
that lies closest to the Kurravaara conglomerate 
contact is skarn-bearing and slightly schistose 
(Par k, 1975), but several other types of syenite 
porphyry are known to exist in the Kiruna area, 
and a more detailed description of them can be 
found in e.g. Par k (1975). The syenite occurs 
in the middle part of the syenite-porphyry 
west of Kiirunavaara. The rock has a plutonic 
structure contrary to the volcanic structure 
of the porphyries but the mineralogical 
composition of the syenite is similar to that of 
the syenite-porphyry, consisting of soda-rich 
feldspar, pyroxene, epidote, magnetite, titanite, 
apatite and occasionally quartz. The transition 
between the syenite-porphyry and the syenite 
is continuous. 

The quartz-bearing porphyry forms the hanging 
wall side of the Kiirunavaara and Luossavaara 
orebodies and lies directly on the syenite-

porphyry in the central part of the area. The 
quartz-bearing porphyry seldom exhibits 
distinct volcanic structures (like the syenite-
porphyry) and consists mainly of quartz, 
microcline and plagioclase. The phenocrysts 
are perthite feldspar and (more rarely) quartz. 
The rock presents a wide range of colours, with 
shades of red dominating but fading into grey/
greyish near the contact with the Lower Hauki 
rocks (Par k, 1975). The contact surface dips 
eastward at an angle of 55° at Nukutusvaara. 

The Lower Hauki rocks (detritus of porphyry, 
Hauki type syenite porphyry and sericite quartz) 
form a suite of rocks located from approximately 
the centre of the town of Kiruna to a point west 
of Kurravaara Mountain. The southern part of 
the suite rests directly on the quartz-bearing 
porphyry, while at the northernmost end it rests 
directly on the syenite porphyry. The dip of 
these rocks varies, with a minimum dip of 50° 
at the southern end and a maximum dip of 70° at 
the northern end of the rock series. The Vakko 
sedimentary rocks (these rocks are referred to 
by some authors as the Upper Hauki complex/
series or the Quartzite group) rest on the Lower 
Hauki rocks partly concordantly and partly 
with tectonic boundaries (Par k, 1975). The 
group consists of volcanogenic conglomerates 
and greywackes, phyllites, and a thick quartzite 
unit with local conglomerates. On its upper 
side, the quartzite is fault-bounded against a 
thick section of felsic porphyries, thought to 
be equivalent to the main Kiruna porphyries 
(Vollmer et al., 1984).

According to Geijer & Ödman (1974) there 
are no traces of textural metamorphism in the 
whole rock sequence. The only change from 
original characters that can be discerned is the 
devitrification of the groundmass of the quartz-
bearing porphyry. Folding is also seldom 
observed but faulting is wide-spread and has 
especially affected the Hauki complex. 

The ore bodies at Kiirunavaara and Luossavaara 
lie at a compositional break in the Porphyry 
Group, between the syenite porphyries and the 
quartz-bearing porphyries (Vollmer et al., 1984). 
The ore bodies have a mineral composition 
consisting mainly of magnetite with subordinate 
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amounts of apatite and actinolite amphibole 
(Geijer & Ödman, 1974) and are oriented NNE 
with a dip of 50°-60° towards the east. In the 
contact between the Kiirunavaara ore and the 
footwall (the syenite porphyries) some ore 
breccia is developed at various points along the 
boundary, but mostly not on an extensive scale 
(Geijer & Ödman, 1974). The contact between 
the Kiirunavaara ore body and the hanging wall 
(the quartz-bearing porphyries) is in places 
straight, but in other places characterized by a 
zone of ore richly mixed with green hornblende 
(Geijer & Ödman, 1974). 

It should be noted that not all authors agree 
with the stratigraphic order presented above. 
The disagreement seems to focus on the 
age relationship between the Kurravaara 
Conglomerates and the porphyries and the 
stratigraphic position of the conglomerates. 
Forsell and Godin (1980) have suggested that 
the conglomerate is younger than the porphyry 
group and Forsell (1987) later suggested 
that the Kurravaara conglomerates and the 
conglomerates and greywacke of the Hauki 
complex were deposited at approximately the 
same time in sub-parallel basins. Forsell also 
suggested that the Kurravaara conglomerate 
un-conformably overlies the porphyry group 
and that the three ore horizons are equivalent 
and connected by folding. Aspects of the “fold” 
theory will be discussed in the next chapter 
along with the alternative “ramp theory” by 
Wright (1988). 

2.2 The structural setting

According to Vollmer et al. (1984) bedding-
cleavage relationships and fold symmetries 
throughout the area consistently show that the 
entire sequence forms the western limb of a 
major synform (Fig. 2.2a). The authors found 
evidence for just one major compressional 
deformation (compression direction 10°). A 
strong extension direction plunges 60° to the 
SSE, parallel to fold hinge lines. The regional 
extent of the folding is not known; the other 
limbs of the adjacent anticline and syncline 
have not been located. 

As an alternative to Vollmer et al.’s hypothesis, 
Wright (1988) suggested a ramping model for 
the structural evolution of the Kiruna area (Fig. 
2.2b). According to Wright (1988), the key to 
the structural interpretation is the presence of 
highly deformed, almost mylonitic horizons. 
In some areas these horizons are located below 
the Vakko quartzite, and in other area they lie 
within the underlying Hauki meta-sediments. 
Wright interprets the mylonitic horizons to be 
major thrust faults, active prior to folding of the 
rocks. The existence of thrust faults implies that 
the supracrustal sequence above the greenstone 
group is allocthonous. Wright speculates that, 
at some point, the faults ramped into higher 
parts of the section, folding the overlying rocks. 
Later intrusion by the Lina granites isolated the 
supracrustal rocks from other rocks of similar 
affinity, but otherwise did not significantly 
affect the rocks. Brittle and ductile structures 
interpreted by Wright (1988) are presented in 
figure 2.3.

A more recent review of the structural geology 
of the Kiirunavaara area, based on geophysical 
data, has been presented by Magnor and 
Mattsson (2000). Different datasets were 
processed and interpreted individually, so that 
anomalies specific for each dataset could be 
identified. The results were then compared in 
order to correlate different types of anomalies 
and good correlations were found between 
lineaments and structures interpreted from 

WNW ESE

W E

Vi

Lu, Ki PG

Tu
a)

Archaean basement
Kiruna greenstone
Basal porphyries
Middle porphyries
Kurravaara + Haukivaara conglomerates

Rektor porphyry
Lu, Ki, PG iron ores
Kiruna syenite + syenite porphyry
Porphyry dikes
Quartz-bearing porphyry
Upper Hauki quartziteLina granite + related dikes

b)

Figure 2.2 Cross-sections of the Kiruna area. (a) Fold 
model suggested by Forsell (1987). (b) Ramping model 
by Wright (1988).
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Figure 2.3 Geological map with brittle and ductile structures (red lines, from Wright, 1988) and NE (green 
lines) and NW structures (blue lines), Magnor and Mattsson (2000). 
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gravity and magnetic data and field observations 
of the structural geology. The largest systems 
of structures are dominated by WNW-ESE 
oriented structures inclined steeply to the south, 
N-S-structures with subvertical inclination, 
NW-SE structures inclined flatly towards NE, 
NNE-SSW structures with a steep inclination 
towards east and NE-SW structures with flat 
inclination towards S-E. Some systems observed 
on the geophysical maps but not underground 
are oriented ENE-WSW and NNW-SSE. Of the 
systems identified underground all seem to be 
of regional importance.

The above grouping of lineaments and structures 
is in good agreement with those identified by 
Par k (1975), who divided the tectonic features 
of the Kiruna area into 3 groups: faults (and 
overthrusts) striking north or parallel to the 
strike of the ore bodies, faults striking NNW, 
and faults striking NE-SW. 

Magnor and Mattsson further more divided the 
tectonic lineament into two types of structures: 
plastic deformation zones and brittle fault 
zones. Zones which are both plastic and brittle 
are most often plastic zones with later brittle 
reactivation. 

The plastic zones are sometimes seen as zones 
of weakness because of re-crystallized bedrock, 
e.g. hydrothermal activity will cause clay 
alteration, especially where different zones cross 
each other. The most dominating orientation 
of plastic features (line 4 in fig. 2.1) is NNE-
SSW with a steep inclination towards the east 
(70 -90 ). Zones of this orientation are part of 
the regional pattern. Two more orientations are 
identified as plastic deformation zones (lines 1 
and 2 in fig. 2.1): both are oriented N-S, one 
is sub-vertical and the other is inclined parallel 
to the iron ore, 60  towards the east, but this 
zone varies in degree of plasticity. The most 
dominant brittle lineaments (line 6 in fig. 
2.1) are orientated WNW-ESE with a steep 
inclination towards the south. This orientation 
is found on a regional scale. Brittle faults with 
an E-W-orientation (line 5 in fig. 2.1) are also 
represented, inclined 40 -50  towards the south.

Magnor and Mattsson conclude that 
the deformation of the Kiirunavaara is 

predominantly brittle with elements of plastic 
deformation. The authors show the location of 
the larger deformation zones but underlines that 
this is not the complete picture. 

The structural lineaments identified by Magnor 
and Mattsson (2000) and Wright (1988) are 
presented in figure 2.3.

 
2.3 Geological description of drillcores

Petrophysical data from three drillcores (Fig. 
1.2) have been included in this thesis. 

The 595 m long drillcore KH1 consists of 
homogeneous quartz-bearing porphyry (Qbp), 
in some places partly metamorphosed. Open 
and closed calcite-filled fractures (2-4 mm) 
occur throughout the core.

The uppermost part of the 597 m long drillcore 
KH2 consists of siltstone and quartzite. The 
quartzite is, in places, very weathered and 
porous and contains fine-grained magnetite. At 
16.75 m depth the rock type changes abruptly 
to Qbp, which is observed throughout the 
remainder of the core. Between 50-85 m depth 
a section of Qbp, interchanging with siltstone 
and fine-grained magnetite, is observed. At 109 
m there is a discordance possibly indicating 
a change in lava-flow. At 193 m an abrupt 
change occurs, from red Qbp to chlorite-rich 
metamorphosed porphyry (Mqp), containing 
fragments of the red porphyry. The fragments 
are of varying size, and near the contact they 
occur as 4-7 mm elongated shear-bounded 
grains. In the contact between the two types 
of porphyry there is a well-defined ca. 0.01 
m wide plastically deformed contact zone. 
Several zones of clay alteration are observed in 
intervals down to 214.90 m depth.  

The upper part of the 171 m long drillcore KH3 
is yellow quartzite with intervals of siltstone 
down to a depth of 64 m. The siltstone contains 
fine-grained magnetite. From 64 m to 101 m 
the rock is a conglomerate, followed by a fine-
grained siltstone down to 123 m, where the rock 
type changes again, this time to agglomerate. 
The deepest part of the drillcore, from 140 m 
down to 171 m is Qbp. 
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A petrographic analysis of 20 samples from the 
long drillcores and 9 samples from outcrops was 
performed by Vattenfall Power Consultant AB. 
The analysis includes a description of structure, 
grain size, color and mineralogy as well as a 
classification of rock types. All thin sections 
were analyzed by a standard petrographic 
microscope. Ten of these samples were further 
analyzed by scanning electron microscope 
(SEM) with an attached energy dispersive 
system (EDS). Since iron-bearing minerals are 
of special interest for the AMS-study presented 
in this thesis, the iron oxides were investigated 
in more detail with respect to approximate 
abundance, crystal habits and textures as well 
as their relation to the overall structure of the 
sample. The occurrence of any shape preferred 
orientation (SPO) in the samples and in the iron 
oxides was also noted (table 2.1).

The analysis re-classified the quartz-bearing 
porphyry as a porphyritic meta-rhyolite 
(Fig. 2.4a). The analysis also concluded 
that the sampled rocks had all to a varying 
degree been affected by a metamorphic 
overprint, hydrothermal alterations and brittle 
deformation, some also by ductile deformation. 

The porphyries are generally shown to have 
a glomeroporphyritic texture, even though 
many of the porphyroclasts are single crystals. 
Up to ~50% of the samples are made up of 
porphyroclasts. Virtually all of them are alkali 
feldspar (albite and microcline). Undeformed 
and free from low-temperature alterations and 
fractures, the meta-rhyolite show a fairly simple 
mineralogy, with a matrix entirely dominated 
either by quartz and albite, or a mixture of 
quartz, albite and K-feldspar. The matrix is 
normally aphanitic, with a grain size up to ca. 
100 m and generally < 50 m.

Table 2.1 Thin-section analyses of samples from the Kiirunavaara hanging wall. SPO: Shape 
Preferred Orientation.

Thin-section ID Comment Main opaque phase Deformation and alteration SEM 

Site 1  Sedimentary rock  Hematite  Strong SPO  NA  
Site 4 Sedimentary rock  Variable, mostly hematite  Strong SPO  NA  
Site 5  Sedimentary rock  Hematite  Weak SPO  NA  
Site 5  Volcanic rock  Hematite  Strong SPO, proto-mylonite  NA  
Site 6  Sedimentary rock  Hematite  Strong SPO  NA  
Site 6  Sedimentary rock  -  Strong SPO  NA  
Site 9  Volcanic rock  Hematite  Strong SPO  NA  
Site 10  Volcanic rock  Magnetite  Weak SPO  NA  
Site 12  Volcanic rock  Magnetite  Possibly weak SPO  NA  
KH1-16-b  Volcanic rock  Magnetite/hematite  No or weak SPO  Yes  
KH1-43-a  Volcanic rock  Magnetite  No SPO  NA  
KH1-129-a  Volcanic rock  Titano-magnetite  No SPO  Yes  
KH1-151-d  Volcanic rock  Hematite  No SPO  NA  
KH1-161-a  Volcanic rock  Magnetite  No SPO  NA  
KH1552-a  Volcanic rock  Magnetite  No SPO  NA  
KH1-552-g  Volcanic rock  Magnetite  No SPO, except along fracture  Yes  
KH1-583-b  Volcanic rock  Magnetite  No SPO  NA  
KH1-583-h  Volcanic rock  Magnetite  Weak SPO  Yes  
KH2-8  Sedimentary rock  Pyrite  Strong SPO  NA  
KH2-10  Sedimentary rock  Magnetite  Strong SPO  NA  
KH2-32-d  Volcanic rock  Hematite  Strong SPO  Yes  
KH2-68-a  Volcanic rock  Hematite  No SPO  NA  
KH2-112-b  Volcanic rock  Hematite  No or weak SPO  Yes  
KH2-193-a  Volcanic rock  Titano-hematite  No or weak SPO  Yes  
KH2-193-h  Volcanic rock  Magnetite  Strong SPO  Yes  
KH3-128-c  Volcanic rock  Titano- hematite  Strong SPO  Yes  
KH3-155-b  Volcanic rock  Hematite  SPO  Yes  
KH3-167-f  Volcanic rock  Hematite  Strong SPO  NA  
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The red color of many of the meta-rhyolites 
appears to be caused by a sub-microscopic 
hematite and/or limonite staining along grain 
boundaries and along internal crystallographic 
planes. Later alterations seem to have turned 
the meta-rhyolite into a more greyish rock.

In many samples magnetite or titano-magnetite 
is the major opaque phase. In several samples, 
however, hematite/titano-hematite is instead 
the predominant opaque phase. To some extent 
this is a function of replacement of magnetite 
by hematite, which is seen in various scales 
in many of the samples. Some hematites are 
octahedral pseudomorphs after magnetite, but 
normally the hematite occurs as platy crystals 
or as irregular, anhedral aggregates.

The EDS analyses of the magnetite show 
a uniform composition, but normally they 
have partly been replaced by hematite along 
crystallographic planes and along crystal 
margins. Locally ilmenite is found within the 
magnetite grains. Magnetite normally occurs as 
euhedral to subhedral crystals, locally as platy 

crystals, but normally as octahedral crystals, 
ranging from ca. 10 to 200 m in size. These 
either occur as disseminated grains or in larger 
aggregates. Rock samples with a distinct shape 
preferred orientation (SPO) normally also have 
such aggregates lying with a common preferred 
orientation.

In several samples brittle or brittle-ductile 
deformation has affected the rock after 
crystallization and after or later during the 
metamorphism (Fig. 2.4b). These fractures are 
often very rich in magnetite or hematite. In 
some samples the opaque minerals localized in 
fractures makes up a large portion of all opaque 
in that sample. In the fractures the opaque 
phases are associated with carbonate, quartz, 
chlorite and sericite, i.e. the mineral phases that 
also are common in fractures.

There is a ductile deformation that has affected 
some of the rock samples, much of which can 
be interpreted as caused by post-magmatic, 
metamorphic deformation. Probable flow 
foliation was also recognized. 

(a)

(d)

(b)

12.5 mm 12.5 mm

12.5 mm12.5 mm

(c)

Figure 2.4 Thinsections 
(a) Porphyritic meta-
rhyolite from drillcore 
KH3 at 155 m depth. 
Brittle-ductile fractures 
penetrate the sample. 
(b) Agglomerate/meta-
rhyolite from drillcore 
KH3 at 128 m depth. 
There is a strong SPO and 
the deformation can be 
seen as a result of brittle-
ductile deformation. (c) 
Meta-siltstone from site 
1. (d) Conglomerate 
from site 4. The large 
fragments are of different 
rhyolitic porphyries while 
the matrix is sericitic 
siltstone.
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The sedimentary rock samples normally have 
a very fine-grained, often aphanitic matrix 
(Fig. 2.4c). All are dominated by sericite and 
quartz (and to some extent limonite) in their 
matrix (Fig. 2.4d). The content of feldspar in 
the matrix varies, but is often hard to deduce 
because of the small grain size. The size of 
matrix grains, regardless of mineralogy, is often 
<50 m, and thus fall into the silt size range 
rather than sand size range, whereas clay sized 
grains are not very abundant. In two of the 
analyzed sedimentary samples, the dominant 
opaque phase appears to be magnetite, whereas 
the other sedimentary rocks have hematite or 
pyrite as dominant opaque mineral.

All the sedimentary rock samples had a distinct 
SPO, though not always parallel to the layering, 
when present. Except for the planar foliation 
in these rocks, there are also signs of more 
extensive deformation and shear deformation.
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3. Magnetism: theory and applications

3.1 The fundamentals of magnetism

The magnetic field of the Earth has two major 
sources: 1) the main dipole field and 2) the field 
created by the magnetized rocks.  

The magnetic source of the main dipole 
field is believed to be convecting currents of 
conducting material circulating in the liquid 
outer core. This field varies relatively slowly, 
but can be affected by more rapidly changing 
sources of magnetic field variations originating 
outside the Earth. These variations are caused 
by solar diurnal variations, lunar variations, 
sunspot activity, and related magnetic storms 
(e.g. auroras). The local effects have their 
origin in the magnetization of the upper part 
of the crust of the Earth. These magnetizations 
cause constant variations in the field and they 
are usually small compared to the main field 
(e.g. Telford et al., 1990).

The Earth’s magnetic field thus varies spatially 
as well as in time, and can be described as a 
vector of magnitude and direction. The main 
field is fully defined by three components: 
Bt (the total field), D (declination) and I 
(inclination). The declination D is the angle 
between magnetic north and true (geographic) 
north, and the inclination I is the angle to 
horizontal (Fig. 3.1). 

Magnetic fields in free space generate magnetic 
flux. The density of the flux lines, measured 
over an area perpendicular to the flow direction, 
is known as the magnetic induction or the 
magnetic field B. Materials placed in a field 
H can be magnetized and acquire a magnetic 
polarization or magnetization M, which add to 
the induction B: 

                   
     [3.1]

This is an expression of the total field measured 
at the Earth’s surface, meaning both the main 
field and the local field. The SI unit for B is 
the tesla (T). The tesla is a too large unit to 
express the small magnetic anomalies caused 
by magnetization of the rocks, so the unit 
nanotesla (nT) is employed instead (1nT = 
10-9T). M is the induced magnetization (A/m) 
and H is the strength of the applied magnetic 
field (A/m). The permeability of free space 0 is 
a constant and has the value                 henry/m.

Any rock containing ferro-, ferri- or antiferro-
magnetic minerals may possess both an induced 
and a remanent magnetization. The proportion 
of remanent to induced magnetization is 
expressed as the Königsberger ratio (Q).

The degree to which a material can be 
magnetized by an applied external field is 
controlled by the magnetic susceptibility k 
(per unit volume) of the material. Magnetic 
susceptibility is defined as 

     [3.2]

k is also sometimes referred to as volume or 
bulk susceptibility. Magnetic susceptibility is 
highly variable and is a function of temperature 
and the strength of the applied field. Magnetic 
susceptibility is described in more detail in 
Chapter 3.3.

True north
Magnetic north

H

Z

Bt

East

D

I

Figure 3.1 Figure illustrating the total eld (Bt), 
declination (D), and inclination (I) of the magnetic eld 
in the northern hemisphere.
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3.2 The magnetic properties of rocks and 
minerals

An electron has a magnetization associated 
with its axial spin and also one due to its orbital 
motion around a nucleus. The spinning electron 
can thus be regarded as a minute magnet (or 
magnetic dipole) with a magnetic moment, the 
Bohr magneton. Magnetic properties arise from 
the motion of the electrically charged particles, 
meaning that different materials have different 
magnetic properties depending on their 
electron configuration. The most important 
elements that produce magnetic moments are 
those with unpaired electrons in 3d orbitals of 
the first transition series, including Ti, V, Cr, 
Mn, Fe, Co, Ni and Cu. This includes some 
very common mineral constituents, such as 
Fe, Mn, Ti and Cr. Fe3+ and Mn2+, each with 
five unpaired electrons, are amongst the most 
magnetic ions (Klein and Hurlbut, 1993). 

3.2.1 Diamagnetism

Two electrons can exist in the same electron 
shell provided that they have opposing spins. 
Two such electrons are called paired electrons 
and their spin magnetic moments cancel. In 
diamagnetic materials all electron shells are 
full and no unpaired electrons exist. When 
placed in a magnetic field the orbital paths of 
the electrons rotate so as to produce a magnetic 
field in opposition to the applied field (Fig. 
3.2a). Consequently, the susceptibility of 
diamagnetic materials is weak and negative 
(Keary et al., 2002).

Diamagnetism is a property of all materials. 
Most non-iron-bearing minerals, e.g. quartz, 
calcite and feldspars, are purely diamagnetic. 
Their susceptibilities are small, but temperature 
independent: at high temperatures, if the amount 
of paramagnetic or ferromagnetic material is 
small, the susceptibility of the silicate matrix of 
a rock may become apparent. 

Diamagnetic susceptibilities are mostly in the 
region of -10-5 (SI) (Tarling and Hrouda, 1993).

3.2.2 Paramagnetism

In paramagnetic materials the electron shells 
are incomplete. When placed in an external 
magnetic field (B) the dipoles corresponding to 
the unpaired electron spin rotate to produce a 
field in the same direction as the applied field, so 
that the susceptibility is positive (Fig. 3.2b). It 
is still, however, a relatively weak effect (Keary 
et al., 2002). Although the degree of alignment 
is slight at ordinary temperatures, it is sufficient 
to outweigh diamagnetism. Fe2+, Fe3+ and Mn2+ 
are the major sources of paramagnetism, and 
most iron-bearing sulphides, carbonates and 
silicates are paramagnetic with susceptibilities 
usually 10-100 times larger than those of 
diamagnetic minerals (Dunlop and Özdemir, 
1997). The susceptibility of paramagnetic 
materials extends over several orders of 
magnitude – mostly 10-2 to 10-4 (SI) for the 
common rock forming minerals (Tarling and 
Hrouda, 1993) and is inversely proportional to 
absolute temperature (Hunt et al., 1995). 

Paramagnetic materials are e.g. olivine, 
pyroxenes and biotite.

3.2.3 Ferromagnetism

Diamagnetic and paramagnetic magnetization 
is temporary: it exists only as long as the 
applied field remains (M disappears when 
B is removed), and so represents a purely 

Figure 3.2 When a magnetizable material is placed 
in a magnetic eld it acquires a magnetization in the 
direction of the applied eld: (a) Diamagnetic material. 
(b) Paramagnetic material. (c) Ferromagnetic material: 
the spin moments are equal and parallel. (d) Anti-
ferromagnetic material: the spin moments are equal 
and anti-parallel. (e) Ferrimagnetic material: the spin 
moments are un-equal, but parallel (Tarling and Hrouda, 
1993).
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induced magnetization. Some materials can 
carry a spontaneous magnetization even after 
the applied field is removed. This ability is 
called remanence and the materials are termed 
ferromagnetic.

Remanent (or permanent) magnetization can be 
divided into 5 groups, based on the origin of the 
remanent magnetization: 1) Thermoremanent 
magnetization (TRM), 2) Depositional 
remanent magnetization (DRM), 3) Isothermal 
remanent magnetization (IRM), 4) Chemical 
remanent magnetization (CRM) and 5) Viscous 
remanent magnetization (VRM). Points 1 and 
2 describe a remanent magnetization, acquired 
as a melt cools and solidifies through the Curie 
points of its minerals; or as the magnetic grains 
of a sediment align with the Earth’s magnetic 
field during sedimentation. Secondary remanent 
magnetization (points 3, 4 and 5) is acquired 
later as the rock undergoes diagenesis and/or 
metamorphosis, but can also be a TRM (partial 
or full) due to a reheating of the rock. 

Ferromagnetism (sensu lato) can be sub-
divided into three groups: ferromagnetism 
(sensu stricto), anti-ferromagnetism and 
ferrimagnetism (Fig. 3.2c, d and e). The sub-
division depends on the individual orientation 
and magnitude of the magnetic vectors of 
different sub-lattices: in grains whose atoms 
contain several unpaired electrons, the dipoles 
associated with the spins of the unpaired 
electrons are magnetically coupled between 
adjacent atoms. Depending on the degree of 
overlap of the electron orbits, this coupling is 
either parallel or anti-parallel. 

Regions within a mineral or grain that has the 
same direction of magnetization are called 
magnetic domains (Fig. 3.3). Ordinarily, 
these domains are randomly oriented so that 
their net magnetization is zero, but when an 
external field is applied, the domains become 
aligned with the external field. Domains are 
separated by domain walls and a single grain 
(SG) (> 100 m) can consist of several domains 
(multi domain (MD) grains). Each domain has 
a magnetic north and a south pole at opposite 
ends of the grain surface and each domain 
is separated from its neighbor by a narrow 

Bloch wall, within which the orientation of the 
electron spins change from the direction in one 
domain to that of the other (front page image). 
In larger grains with more than one domain, the 
number of domains is a function of minimizing 
energy and is controlled by the shape of the 
grain, the crystalline anisotropy of the grain and 
by magnetostrictive forces (strain) (Tarling and 
Hrouda, 1993). 

(a) (b)

Figure 3.3 Magnetic domains in a ferromagnetic 
material. (a) Random domains in an unmagnetized 
material. (b) Parallel alignment of domains as a result of 
an external magnetic eld.

In antiferromagnetic materials the magnetic 
domains are divided into sub-domains, which 
align in antiparallel directions so that their 
moments nearly cancel (Fig. 3.2d). The 
susceptibility is comparatively low. 

Defects in the crystal lattice structure of an 
antiferromagnetic material (one lattice being 
slightly more magnetic than the other, or the two 
magnetic lattices not being exactly anti-parallel) 
may give rise to a small net magnetization 
called parasitic antiferromagnetism. This 
parasitic magnetism is much weaker than that 
of a ferrimagnetic mineral, but the remanent 
magnetization is often very stable because 
the lattice imperfections lock the domains 
effectively. Hematite is an important example 
of this behavior (Tarling and Hrouda, 1993). 

In ferrimagnetic materials the dipole coupling 
is similarly antiparallel but the strength of the 
dipoles in each direction are unequal (Fig. 3.2e). 
Consequently ferrimagnetic materials retain a 
stronger magnetization than anti- ferromagnetic 
(s.s.) materials. Most minerals responsible for 
the magnetic properties of rocks fall into this 
category e.g. magnetite, titanomagnetite and 
the oxides of iron and of iron and titanium. 
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In ferrimagnetic and antiferromagnetic 
minerals the magnetization may remain even 
after the external field is removed and is 
only lost if the material is heated to the Curie 
temperature, above which the material will 
behave paramagnetically.

If ferrimagnetic and antiferromagnetic 
magnetic minerals are absent in a rock, the 
higher susceptibility of the paramagnetic 
minerals will tend to dominate those of the 
diamagnetic minerals unless the paramagnetic 
minerals form less than about 1% of the rock.  
Generally, all four types of magnetic minerals 
are present and each contributes to the observed 
susceptibility, however, the ferrimagnetic 
and anti-ferromagnetic minerals are the most 
important (Tarling and Hrouda, 1993).

3.2.4 Temperature dependence

All materials have a magnetization at 
temperatures above absolute zero (0 Kelvin) 
(Tarling and Hrouda, 1993). As mentioned 
in a previous paragraph, the susceptibility of 
paramagnetic materials is inversely proportional 

to temperature, whereas diamagnetic 
minerals are temperature independent: at high 
temperatures, if the amount of paramagnetic 
or ferromagnetic material is small, the 
susceptibility of the (diamagnetic) silicate 
matrix of a rock may become dominant.

The magnetization of ferro- and ferrimagnetic 
substances disappears at the Curie temperature. 
Above this temperature interatomic distances 
are increased to separations which preclude 
electron coupling, and the materials behave 
as paramagnetic material (Keary et al., 2002). 
The Curie temperature is unique for specific 
compositions, which make it possible to identify 
the minerals that cause a magnetization, and 
to separate the contributions of the individual 
minerals to the total susceptibility of the sample. 
Figure 3.4a and 3.4b shows magnetization as a 
function of temperature for nickel, magnetite 
and hematite. One method for estimating the 
Curie temperature based on thermomagnetic 
curves is by finding the intersection point of the 
two tangents to the thermomagnetic curve, as 
illustrated in figure 3.4c. 
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Figure 3.4 (a) Magnetization as a function of temperature for (a) Nickel + magnetite. 
(b) Hematite with Hopkinson peak (Agico, 2008). (c) Using the intersection point of 
two tangents to determine the Curie temperature.  
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3.3 Anisotropy of magnetic susceptibility 
(AMS)

Magnetic anisotropy is the directional 
variability in the induced magnetization of a 
rock. Magnetic susceptibility is a measure of 
the ability of a rock to become magnetized but 
it is also a measure of the amount of magnetic 
material in the rock. Together, bulk susceptibility 
and anisotropy of the susceptibility represents 
the sum of the magnetic susceptibility of all the 
different minerals -  diamagnetic, paramagnetic 
and ferromagnetic - that make up a rock. The 
anisotropy of magnetic susceptibility (AMS) 
is usually determined from measurements of 
susceptibility in a weak (low) field (  1mT) and 
at room temperature, unless specifically stated 
otherwise (Tarling and Hrouda, 1993).

The bulk or volume susceptibility kbulk is 
determined by placing a sample of known 
volume in a magnetic field of known strength 
(H) and measuring the intensity of magnetization 
induced in it (M). kbulk is dimensionless and is 
given by:

                      
     [3.3]

The assumption that M versus H is linear is 
generally acceptable at fields lower than 1 mT. 

Apart from temperature, the susceptibility of a 
rock also depends on the strength of the applied 
field. Susceptibility responds differently to 
different directions of the applied field – it 
is anisotropic. This means that k cannot be 
described by a single value or constant of 
proportionality as in formula 3.2, but should 
be written as a symmetric 3 3 tensor (Jan k, 
1965). Formula 3.2 is then re-written 

                 [3.4]       

where x, y and z are the three perpendicular 
directions of the susceptibility. The tensor k is 
the matrix form of the anisotropy of magnetic 

susceptibility (AMS) tensor. It is a symmetric 
tensor, implying that

   

This second rank tensor may be inverted to 
a magnitude (susceptibility) ellipsoid for 
which shape and orientation are defined by its 
orthogonal principal axes of susceptibility

                                 or     

The anisotropic behavior of magnetic 
susceptibility can be shown graphically by the 
susceptibility ellipsoid (Fig. 3.5), where k1 
represents the maximum susceptibility axis, 
k2 the intermediate susceptibility axis and k3 
the minimum susceptibility axis. The ellipsoid 
is constructed in the same way as the strain 
ellipsoid in structural geology and the shape of 
the ellipsoid depends on the length of the axes: 
if k1 > k2 = k3 then the ellipsoid will have the 
shape of a rugby ball (prolate), but if k1 = k2 
> k3 the shape of the ellipsoid will be that of a 
disc (oblate). 
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Figure 3.5 The anisotropy ellipsoid (Tarling and 
Hrouda, 1993). 

Mathematically, the shape of the anisotropy 
ellipsoid can be expressed in several ways, 
mainly in terms of ratios of the axial values, 
e.g. magnetic lineation and foliation:

Magnetic lineation (L) (Balsley and Buddington, 
1960):                

     [3.5]
2
1

k
kL
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Magnetic foliation (F) (Stacey et al., 1960): 

3
2

k
kF                 [3.6]

The direction of the magnetic lineation is 
identical with that of the maximum susceptibility 
and the magnetic foliation is perpendicular 
to the minimum susceptibility direction. The 
shape parameter (T) is defined as

      [3.7]

where 1 = lnk1, 2 = lnk2 and 3 = lnk3. For 0 
< T  1 the ellipsoid is oblate and for -1  T < 0 
the ellipsoid is prolate (Jelinek, 1981).

The degree of anisotropy (P) is based on 
the ratio of the maximum and the minimum 
susceptibilities, and is defined as (Nagata, 
1961)

                    
     [3.8]

However, Tarling and Hrouda (1993) 
recommend using the corrected anisotropy 
degree (Pj) by Jelinek (1981):

where 1 = lnk1, 2 = lnk2, 3 = lnk3 and m 
= ( 1 + 2 + 3)/3. The parameter Pj is based 
on logarithmic values of susceptibility, which 
are more appropriate in view of the lognormal 
distribution of this property. More importantly, 
it incorporates both the intermediate and mean 
susceptibility rather than just the maximum and 
minimum values and is thus a more informative 
parameter than P alone.

The mean (average) susceptibility (kmean) is 
defined as (Nagata, 1961; Jan k, 1965):

                                        
     [3.9]

According to Hrouda (1982) six causes 
of magnetic anisotropy can be identified: 
1) shape alignment of ferromagnetic (s.l.) 
grains, 2) lattice alignment of crystals with 
magnetocrystalline anisotropy, 3) alignment 
of magnetic domains, 4) stringing together of 
magnetic grains, 5) stress-induced anisotropy, 
and 6) exchange isotropy. The most important 
factors controlling the magnetic anisotropy 
of natural rocks not exposed to any high field 
prior to anisotropy measurements are those of 
(1) and (2). 

3.3.1 Shape anisotropy

Shape anisotropy arises because the alignment 
of the electron spins by an applied field 
creates a north and a south magnetic pole 
at opposite ends of the surface of a grain. In 
non-symmetrical grains these magneto static 
forces are reduced when the distance between 
the poles is increased, which means that the 
induced magnetization will be preferentially 
oriented along the long axis of any grain so 
that the internal magnetostatic forces – the self-
demagnetizing fields – are minimized. 

The demagnetizing field within the grains is 
proportional and parallel to the magnetization: 

                       [3.10]

The proportionality constant N is termed the 
demagnetizing factor (Borradaile and Jackson, 
2004).

It should be noted that the shape anisotropy of 
a ferromagnetic grain can differ considerably 
depending on the magnetic domain state of the 
samples, since multi or single-domain grains 
have markedly different hysteresis loops. If 
a weak field is applied along the long axis 
of a single-domain grain it cannot induce a 
magnetization. The effect is that the grain will 
have near zero low-field magnetization parallel 
to its long axis, but it will have a maximum 
susceptibility to a field applied perpendicular 
to the long axis. In multi-domain grains, the 
situation is reverse, and the susceptibility 
is greatest along the long axis and weakest 
perpendicular to it (Tarling and Hrouda, 1993).
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Magnetite is an example of a mineral with a 
weak crystalline anisotropy and, consequently, 
dominant shape anisotropy. For the other 
common iron-mineral hematite, crystalline 
anisotropy dominates.

3.3.2 Crystalline anisotropy 

While some materials have anisotropy 
controlled dominantly by particle shape, 
other materials have their magnetic properties 
controlled entirely by crystallography. 
Crystalline anisotropy arises from the 
action of lattice forces on the electron-spin 
configurations, whereby the spins align more 
readily along specific directions. This means, 
that the induced magnetization from an applied 
field will be greatest in these directions. The 
directions (or crystalline axis) are termed easy 
axis and the magnetization of a grain with an 
easy axis will always follow the direction of 
that axis. Pyrrhotite and hematite are minerals 
where crystalline anisotropy dominates, just as 
paramagnetic and diamagnetic minerals carry 
a magneto-crystalline anisotropy. In general, 
the paramagnetic or diamagnetic properties of 
individual minerals can be very much more 
precisely defined than the properties of e.g. 
magnetite, since they depend mainly on their 
crystal lattices, i.e. on the location of iron, nickel 
and cobalt atoms in their structure (Tarling and 
Hrouda, 1993).

In general, the magnetic anisotropy of a grain 
will be maximized if the maximum crystalline 
“easy” axis of the grains and the long (shape) 
axes are the same orientation. 

3.4 AMS in terms of tectonic processes

There are five different applications of single-
generation AMS fabrics in tectonic analyses 
(Borradaile and Jackson, 2004):

(1) Finite strain

(2) Strain history (kinematics)

(3) Deformation mechanism (grain-scale lattice          
      re-alignment)

(4) Metamorphism

(5) Stress indication (incremental strain)

A relationship between AMS and the orientation 
of the finite strain ellipsoid (axes    Z) 
has been indicated by observation both in the 
field and in laboratory experiments. This one-
to-one mapping of principle directions is valid 
in many magmatic and metamorphic rocks, but 
some exceptions exist, e.g. when the AMS of a 
secondary fabric fails to over-write the primary 
fabric, if the rock produces inverse anisotropy, 
or if the fabric accumulation is non-coaxial 
(Borradaile and Henry, 1997).

The correlation between axes can be found 
regarding both coaxial strain histories as well 
as strain involving a shear component. In the 
most simple, coaxial case, where the tectonic 
fabric successfully overprints or may be clearly 
distinguished from an earlier fabric, the one-to-
one correlation of the   Z orientations with the 
orientation of kMAX, kINT and kMIN  can be expected 
(kMAX  X (stretch lineation) and kMIN  Z (  
foliation)). In reality, for the finite strain axes 
to remain constant while strain accumulates is 
not realistic. Fortunately, the degree of non-
coaxiality is beneath the detection limit in many 
cases, the obvious exceptions being shear zones 
and mylonite zones (Borradaile and Jackson, 
2004).

Magnetic fabrics are, in general, very sensitive 
indicators of low-intensity strain, but they tend 
to be much less sensitive when the deformation 
due to strain exceeds some 10 to 20%. This 
happens to be particularly convenient because 
it is easy to measure high-strain states by 
standard techniques in the field, whereas low-
strain states can only be determined in the 
laboratory – conventionally, by techniques that 
are more expensive and time-consuming than 
magnetic methods (Tarling and Hrouda, 1993).

Besides identifying the principal strain axes X  
Z, magnetic petrofabrics can also, on occasion, 
be used to confirm the shear-sense from multiple 
subfabrics, generated successively during 
the non-coaxial strain history of a specimen. 
Since these subfabrics develop sequentially, 
their relative angular relationships reveal the 
shear-sense and strain history (Borradaile and 
Jackson, 2004).
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Differential stress, temperature, strain-rate 
and fluid pressure are the important physical 
variables that control the deformation 
mechanisms. The deformation mechanisms vary, 
from single-crystal differential processes and 
diffusion, to aggregate processes of dynamic re-
crystallization and particulate flow (Borradaile 
and Jackson, 2004). The orientation of AMS or 
its ellipsoid shape varies with different degrees 
of metamorphosis, but AMS is seldom used for 
interpreting metamorphic processes because 
of the potential complexities of the latter. The 
main problem is to determine to which degree 
metamorphic re-crystallization has overprinted 
the pre-existing magnetic fabric. In high-grade 
metamorphic environments the new magnetic 
fabric may completely obscure the pre-existing 
fabric while, on the other hand, a low-grade 
metamorphic re-crystallization may only be 
local, affecting selected minerals/grains.

Ductile tectonic structures, e.g. folds, 
shear zones and mylonitic zones, normally 
accumulate significant finite strain. This finite 
strain can be seen as the sum of countless 
increments of strain, accumulating in various 
directions. This means, that we cannot assume 
any systematic relationship between AMS and 
principal stress directions, though we may 
be able to confidently identify their principal 
strain directions. Features related to minor 
strain (< 2%) (e.g. calcite twins) may, on the 
other hand, reveal the directions of causative 
stress (Borradaile and Jackson, 2004). 

A possible cause-effect correlation between 
strain magnitudes and the degree of anisotropy 
Pj (and the shape parameter T) has been 
questioned by both field observations and 
experimental evidence and it has been 
suggested (e.g. Borradaile, 1988), that the real 
variables are mineral abundance and orientation 
distribution.

3.5 Sampling and measuring technique

The aims of our studies include testing of the 
geological structures presented by Magnor 
and Mattsson (2000) and testing of AMS 
for reflection of rock mechanical properties. 
Therefore, samples representing different 

rock types, rocks with different degree of 
metamorphosis and weathering, the transition 
zones between rock types, and possible 
deformation and fault zones were collected for 
testing.

Precise orientation of a sample in the field, 
usually to ± 1°, is a prerequisite for any study 
related to directional properties. Once a sample 
has been properly oriented it is possible to 
determine the orientations of the axes of the 
susceptibility ellipsoid relative to the original 
position of the sample in the rock. The method 
for orienting samples differs between the 
outcrops and the longer drillcores, and will be 
explained below. It should be noted that non-
oriented samples do have some use, since they 
can be used for determination of the magnitude 
of anisotropy and petrological properties.

3.5.1 Sampling outcrops and drillcores

Outcrops were sampled with a handheld 
portable drill. After drilling, a sun compass 
attached to a copper tube with a slit was placed 
around the sample. The sample was then 
orientated with both a magnetic compass and 
the sun-compass, and an orientation mark was 
made on the sample at the slit in the tube. Two 
measurements were needed to orientate the 
sample: the angle of dip of the core axis of the 
sample and the direction relative to true north. 
Back in the laboratory, the sample was cut into 
specimens. At least 5 samples are needed from 
an outcrop in order to obtain statistical control 
of the susceptibility measurements.

Block samples were collected at some outcrops. 
The block samples were oriented in situ and 
subsequently re-oriented in the laboratory, and 
a cylindrically shaped sample drilled from it. 
Orientation of the long drillcores and collection 
of specimens from these is illustrated in figure 
3.6. 

Based on the selection criteria mentioned above, 
18 sections of the long drillcore KH1 were 
sampled along with 11 sections of KH2 and 5 
sections of KH3. The target was collection of 9 
specimens from each section, but this was not 
always possible due to a limit in material, poor 
quality of the rock (mainly weathering, which 
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caused the samples to break during cutting), or 
local mineralizations, which caused too high 
a magnetization for the susceptibility to be 
measured.  

In total, 76 samples from 12 outcrops and 
295 samples from three drillcores have been 
included in this study.

frequencies and applied fields are 1 kHz and 
100 T, respectively, with sensitivities down to 
10-9 (SI) for standard size specimens.

Besides the orientations of the susceptibility 
axis, the degree of anisotropy (Pj), lineation 
(L), foliation (F), shape parameter (T) and total 
susceptibility (K) is also given. 

45°

Figure 3.6 Orientation of specimens from long 
drillcores.

3.5.2 Measuring AMS

A standard rock specimen for measuring AMS 
is a cylinder with a diameter of 25 mm and a 
length of maximum 21 mm. Orientation of each 
sample is entered manually into the software 
program used for the measurements (SUSAR, 
by Agico).

AMS and the variation of susceptibility 
with temperature were measured using 
the CS-3 temperature control unit and the 
KL -3 Kappabridge unit, respectively, both 
manufactures by Agico. To determine the 
anisotropy of a sample the magnitude of 
susceptibility is measured along at least six 
independent directions, enabling the anisotropy 
ellipsoid to be calculated (Fig. 3.7). In the 
Kappabridge unit, one arm is an inductive coil. 
The change in inductance of the coil when 
the specimen is rotated in it is proportional to 
the sample’s susceptibility. Typical operating 

Figure 3.7 Stereographic projection of anisotropy 
directional data. The projections are on the lower 
hemisphere of an equal area projection. The squares 
represent the maximum susceptibility axis (kmax or 
K1), triangles represent the intermediate susceptibility 
axis (kint or K2) and circles represent the minimum 
susceptibility axis (kmin or K3). The mean direction 
of each susceptibility axis is marked by an enlarged 
square, triangle or circle, while the large circles outline 
the 95% con dence circle.

3.5.3 Variation of susceptibility with 
temperature

The measurements of magnetic susceptibility 
during heating were made using samples that 
were grinded into a powder and heated at a 
selected heating rate. The volume of the sample 
was ~0.25 cm3 cm and the temperature was 
measured by a Pt-PtRh thermocouple inserted 
into the specimen. The furnace containing 
the specimen and the thermocouple is cooled 
by circulating distilled water. During the 
measuring process the furnace was moved 
automatically into and out of the pick-up coil of 
the KL -3 Kappabridge. The susceptibility and 
temperature was measured after each insertion 
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of the furnace into the measuring coil and the 
bridge was then zeroed after the furnace was 
pulled out of the measuring coil (Hrouda, 1994). 

The temperature interval and the increase 
and decrease were automatically controlled 
according to the chosen parameters set up before 
measuring began. These parameters include 
minimum (40°C) and maximum temperature 
(650°C) and the rate of cooling and heating.

 The result of the measurements is a 
thermomagnetic curve composed of many 
discrete susceptibility and temperature 
determinations. Figure 3.4 showed such 
examples of temperature curves for nickel, 
magnetite and hematite.



23

4. Rock mechanical parameters

4.1 Rock Quality Designation (RQD) 

Rock quality designation (RQD) is a method 
for quantifying spacing of discontinuities in 
drillcores. Discontinuities may be caused by 
fractures (faults and deformation zones) or 
rock contacts. The RQD is calculated from the 
formula 

    [4.1]

where xi is the length of individual pieces (  0.1 
m) of drillcore in a drill run, and L is the total 
length of the drill run (3 meters, in this study). 
The RQD quotient is multiplied by 100, giving 
RQD in percentage. Low RQD-values indicate 
a much fractured rock, whereas high RQD-
values indicate a strong, competent rock. The 
index was first proposed by Deere et al. (1967) 
and is widely used in mining engineering as an 
index of in situ quality of the rock. 

There are four main disadvantages to the RQD 
method. First RQD is a directionally dependent 
parameter, so changing the drill direction could 
potentially change the RQD value. Secondly 
one must be careful to avoid counting fractures 
caused by drilling or handling, and thirdly, 
only fragments of the core longer than 10 cm 
is counted. Theoretically, a core consisting 
only of pieces shorter than 10 cm in length will 
yield the same (high) RQD-value as an intact 
drillcore. Fourth, since the method is based on 
discontinuities, plastic deformation zones will 
not be reflected in a RQD plot, since they do 
not cause such a required discontinuity in the 
rock.

RQD was calculated along the entire length 
of drillcores KH1, KH2 and KH3 in intervals 
of 3 meters length (one drillcore run), and the 
results were divided into intervals according to 
the table in figure 4.1. One interval was added, 
soil, which in the Kiruna area is 4-6 meters 
thick. Figure 4.1 is a graphic presentation of 
the RQD data with the drillcores plotted in their 
true position from west to east. Each drillcore 
has been divided into intervals, where one 
RQD-value dominates. 

L
x

RQD i100

Figure 4.1 Geology and RQD.
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4.2 Fracture frequency (F/m)

Because of its simplicity, RQD should be 
complemented by other methods for a more 
complete description of the quality of the rock. 
In this investigation, we have chosen the fracture 
frequency (F/m), which is given as the number 
of fractures per meter. F/m includes all open 
and closed fractures and discontinuities (brittle 
and plastic) between sections of all lengths, and 
therefore gives a more complete picture of the 
condition of the rock than the RQD-index alone. 
If RQD increases, it would, conventionally, 
indicate an increase in the quality of the rock 
because of fewer discontinuities. However, 
if F/m also increases, meaning that the total 
amount of discontinuities increases, it would 
indicate the presence of plastic deformation, 
which could act as potential weakness zones. 
An overall decrease in rock quality should be 
indicated by a decrease in RQD and an increase 
in F/m.

To test the correlation between the two rock 
quality parameters in drillcores KH1, KH2 and 
KH3, the RQD was plotted against F/m (Fig. 
4.2a). The RQD and F/m are plotted in the true 
position of the drillcores from west to east, 
meaning that depth increases from right to left 
for each drillcore. The grey-shaded intervals in 
figure 4.2a are zones where RQD and F/m do 
not indicate the same change in the quality of 
the rock, meaning these are zones of an increase 
or a decrease in plastic deformation.   

Subtracting the data indicating an increase or a 
decrease in plastic deformation, the relationship 
between RQD and F/m can be quantified (Fig. 
4.2b) with correlation coefficients (R2) of 
0.7239 for the crystalline rocks and 0.9497 for 
the sedimentary rocks, meaning that 72.39 % 
and 94.97 % of the variation in the F/m data 
can be explained by variation in the RQD data. 
However, the correlation for the sedimentary 
rocks is based on only three data points. 
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and made on cores with a 40 mm diameter, in 
order to determine the strength of the intact 
rock at various diametrical angles from the 
orientation mark on the drillcores. The same 
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Figure 4.3 Instrument for Point Load test (HMA 
Geotechnical, 2011).

4.3 Point Load test and Uniaxial Compressive 
Strength

The point load test (PLT) is an accepted 
rock mechanics testing procedure used for 
calculating of the rock strength index (Is(50)). 

The point load test (PLT) is used for calculating 
the rock strength index Is(50), which can be used 
to estimate the uniaxial compressive strength 
(UCS) of the rock (Rusnak and Mark, 2000). 
The test involves the compression of a rock 
sample between two uniaxial, conical platens 
until failure occurs. The apparatus itself 
consists of a rigid frame, two point load platens, 
a hydraulically activated ram with a pressure 
gauge and a device for measuring the applied 
pressure (Fig. 4.3). The instrument is accurate 
down to < 0.2% and has a measuring range of 
0-50 kN (HMA Geotechnical, 2011). 

The PLT is a quick and easy, and therefore a 
cheap test method, which can be applied both in 
situ and in the laboratory. There are three basic 
types of point load tests: axial, diametrical and 
block. In this study, all tests were diametrical 

Figure 4.2 (Continued) 
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measuring scheme is used for measuring the 
compressional wave velocities of the drillcores 
(chapter 5), which should enable a direct 
correlation between the diametrical patterns in 
strength and velocity.

For the test, the rock sample (core) is fixated 
between the two hardened steel cones and 
pressure is applied until breakage (Fig. 4.3). 
The failure load (Pmax) and the diameter (D) of 
the sample are recorded. The point load index Is 
can then be calculated:

                                                                                                                               [4.2]

 
The size corrected Point Load index Is(50), which 
is the strength index for a standard size 50 mm 
core, is then calculated:

                                                                                                                   [4.3]

where F (size correction factor)

and De = D for cores tested diametrically 
(Brook, 1985). 

Early studies on hard, strong rocks (Broch and 
Franklin, 1972), found that the relationship 
between UCS and the point load strength can 
be expressed as: 

                                                                                        [4.4]

- where K is the index to strength “conversion 
factor”.  According to the ISRM (1985) 
uniaxial compressive strength is on average 
20-25 times point load strength, but the ratio 
can vary between 15 and 50, especially for 
anisotropic rocks. Later studies have also 
found that K = 24 is not a universal conversion 
factor, especially regarding sedimentary rocks 
(Rusnak and Mark, 2000), which is why K = 
14.7 and K = 23.9 is used here as conversion 
factors for siltstone and quartzite, respectively. 

Table 4.1 makes a correlation between the 
UCS-index and the Point load index Is(50) .   

Table 4.1 UCS, Point load index (Bieniawski, 1975).

 

 

UCS (MPa) Point load index (Mpa) Description
> 200 > 8 Very high strength

100 - 200 4-8 High strength
50 - 100 2-4 Medium strength
25 - 50 1-2 Low strength
 < 25 < 1 Very low strength

A list of 33 different equations correlating the 
UCS to the (size corrected) point load index Is50 
can be found in Kahraman and Gunaydin (2009). 
This large scatter in predictive equations seems 
to be caused primarily by a variation in rock 
type and test conditions, something that needs 
to be kept in mind when working with the data.

4.4 Collecting data

Six tests were made on rock sequences at 
26 depth intervals, meaning a total of 156 
samples of drillcore were used for the point 
load tests. The first measurement was made 
at the orientation mark (0°) with subsequent 
measurements at 30° intervals, down to 
180°. Only one set of tests were performed 
on oriented samples of a sedimentary rock (a 
siltstone) because of a severe limitation in the 
amount of oriented core from the sedimentary 
rock types. Supplementary tests were made on 
8 non-oriented cores from both sandstone and 
siltstone to obtain the strength of these rocks 
types relative the crystalline rocks (table 4.2).

Samples suitable for point load testing should 
ideally be free of open and closed fractures 
and have a length/diameter ratio greater than 
1.0 (ISRM, 1985). These two criteria seriously 
limited the number of samples available at each 
depth interval. Since the test is destructive and 
a sample can only be used once, a neighboring 
sample is used when testing the following 
diametrical angle, assuming that the texture of 
the rock does not change significantly. 
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Table 4.2 Point load, Point load index (Is), size-corrected Point Load index (Is(50)) and Uniaxial 
Compressive Strength (UCS or c). Star indicates non-oriented samples. The complete data-set 
can be found in appendix B.

N Average St. dev. PLAni(%)

KH1-16 Meta-rhyolite 6 20.76 4.99 62 12.98 11.74 281.65

KH1-29 Meta-rhyolite 6 17.37 4.18 62 10.86 9.82 235.66

KH1-43 Meta-rhyolite 6 20.19 8.22 119 12.62 11.41 273.92

KH1-62 Meta-rhyolite 6 15.58 5.04 99 9.74 8.81 211.37

KH1-129 Meta-rhyolite 6 24.95 2.65 29 15.59 14.10 338.49

KH1-137 Meta-rhyolite 6 24.54 1.62 13 15.34 13.87 332.93

KH1-161 Meta-rhyolite 6 13.48 6.64 109 8.43 7.62 182.88

KH1-198 Meta-rhyolite 6 24.46 2.38 24 15.29 13.83 331.85

KH1-563 Meta-rhyolite 6 20.18 5.13 75 12.61 11.41 273.78

KH1-572 Meta-rhyolite 6 10.02 5.79 147 6.26 5.66 135.94

KH1-583 Meta-rhyolite 6 8.47 5.59 126 5.29 4.79 114.91

KH2-32 Meta-rhyolite 6 11.27 5.21 101 7.04 6.37 152.90

KH2-60 Meta-rhyolite 6 12.64 4,60 86 7.90 7.15 171.49

KH2-68 Meta-rhyolite 6 10.05 4.36 130 6.28 5.68 136.35

KH2-112 Meta-rhyolite 6 20.46 5.11 71 12.79 11.57 277.58

KH2-143 Meta-rhyolite 6 23.24 5.50 55 14.53 13.14 315.30

KH2-179 Meta-rhyolite 6 14.76 5.99 106 9.23 8.34 200.25

KH2-185 Meta-rhyolite 6 17.36 7.89 131 10.85 9.81 235.52

KH2-193 Meta-rhyolite 6 21.19 4.56 56 13.24 11.98 287.48

KH3-97* Quartzite 8 5.58 2.65 127 3.49 3.15 75.39

KH3-110 Siltstone 6 5.11 1.57 87 3.19 2.89 42.46

KH3-116* Siltstone 8 6.06 1.59 69 3.79 3.43 50.36

KH3-128 Agglomerate 6 9.19 3.48 96 5.74 5.20 124.68

KH3-134 Agglomerate 6 9,10 1.12 30 5.69 5.15 123.51

KH3-150 Meta-rhyolite 6 15.54 2.70 50 9.71 8.78 210.83

KH3-155 Meta-rhyolite 6 12.30 4.25 100 7.69 6.96 166.93

KH3-161 Meta-rhyolite 6 15.22 6.74 99 9.51 8.60 206.49

KH3-167 Meta-rhyolite 6 17.92 1.56 24 11.20 10.13 243.12

I s              

MPa
UCS         

MPa
Is(50)           

MPa
Point Load (kN)

Rock typeSample
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5. The seismic studies 

5.1 P-wave velocity and anisotropy in 
drillcores

Anisotropy in directions perpendicular to 
the axis of a core is indicated by a change in 
velocity with different diametrical angle and 
with difference to the axial measurements. The 
potential causes of anisotropy are many, e.g. 
micro-cracks, jointing, faulting, foliation or 
layering. The presence of cracks, joints or faults 
influences not only the velocity in the rock 
but also the strength of the rock, and previous 
studies have shown that there is a strong 
correlation (Fig. 5.1) between longitudinal 
velocity and fracturing in unweathered igneous 
and metamorphic rocks (Sjøgren et al., 1979). 
However, the correlations in figure 5.1 are 
based on shallow refraction seismics in the 
upper 25-30 meters of the bedrock. 

5.2 Measuring technique

Identification of anisotropy of seismic velocity 
by axial and diametrical measurements is a non-
destructive, quick and relatively cheap method. 
The method is a modification of a standardized 
method (Brown, 1981) and has been applied 
here to rocks of magmatic and sedimentary 
origin (porphyritic meta-rhyolites, sandstone, 
conglomerate and siltstone). The samples are 
cylindrical in shape with near parallel end 
surfaces. 

The measurements are performed in two 
directions, axially and diametrically (Fig. 5.2). 

Figure 5.1 The relationship between longitudinal 
velocity and rock mechanical properties (RQD and F/m) 
for hard, unweathered igneous and metamorphic rock 
(modi ed from Sjøgren et al., 1979).

Foliation VAni (%)
Weak 2-6
Moderate 6-20
Strong 20-40

Table 5.1 Foliation and anisotropy (Tzidzi, 1997). 

0° 

180° 

First measuring point 

0° 

180° 

Second measuring point 

30° 

210° 

40
 m

m
 

Figure 5.2 Rotation of drillcore for diametrical 
measurements. 

Generally speaking, the highest velocity may 
be expected parallel to foliation or micro-
cracks, and lowest velocity at a 90° angle to 
foliation and cracks. A combination of axial and 
diametrical velocity measurements should thus 
enable identification of anisotropy regardless 
of how the sample is oriented in relation to the 
foliation however; it will not be comparable to 
a full 3-dimensional AMS ellipsoid.

One attempt to correlate between mineralogical 
foliation and seismic anisotropy is presented in 
table 5.1:

For the axial measurements the transmitter 
and the receiver are placed on each of the end 
surfaces of the sample. For the diametrical 
measurements the transmitter and the receiver 
are placed opposite to each other at every 30° 
(moving clockwise), so that 12 measurements 
are made for each sample. 

When making diametrical measurements on 
a cylindrical sample the transmitter and the 
receiver are placed on a curved surface, making 
a linear contact area between the sample and 
the transducers. This dampens the transmitted 
signal and makes the measurements incorrect. 
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will not represent the true velocity of the 
sample, but the velocity of the sample plus the 
two guides, so the effect of the guides (tguide) 
has to be subtracted. tguide is found by measuring 
the time it takes the P-wave to travel through 
two steel cylinders of the same thickness as the 
waveguides (Fig. 5.4).

Total travel time tmeasured and length of the sample 
is then recorded. Since the distance d between 
the transducers (diameter of the sample = 40 
mm) is known, P-wave velocity VP can be 
calculated: 

                                 
                 [5.1]

      
 The degree of anisotropy VAni is here defined as: 

                                                                            
     [5.2]

Axial and diametrical P-wave velocity was 
measured on 20 crystalline, 9 sedimentary and 1 
transition type of rock sample. All samples were 
water-saturated and the measurements were 
done in room temperature and at atmospheric 
pressure (table 5.2 and Appendix C).

Figure 5.3 (a) Instrument set-up. (b) 
Transducers and wave-guides.

guidemeasured
P tt

dV

To avoid this, waveguides are placed between 
the sample and the transmitter and receiver, 
respectively (Fig. 5.3). The waveguides are 
made of steel and has one plane surface and 
one curved surface. The curved surface is 
shaped to fit the curvature of the sample and the 
plane surface is shaped to fit the contact to the 
transducers. To maximize the acoustic contact 
between transducers, waveguides and sample, 
a couplant (in this case water) is used.

Instruments (Fig. 5.3):
1. An oscilloscope 
2. A pulse generator (PUNDIT, generates 

10 pulses per second).
3. 2 cylindrical P-wave transducers. 

The P-wave transducers have a center 
frequency of 1.13-1.14 MHz and a 
diameter of 13 mm.

4. Two wave guides
5. Water
6. A rig to xate the sample and the 

transducers (optional).

The oscilloscope-reading was accurate within ± 
0.1 s and ± 1 s for the diametrical and axial 
measurements, respectively. The instrument set-
up was first calibrated on solid metal cylinders.

Since the transmitted wave has to travel 
through two steel wave-guides as well as the 
rock sample, the immediate reading (tmeasured) 

(a) (b)

ani
max min

mean
× 100%
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Figure 5.4 (a) Measuring the velocity of the two waveguides. (b) Velocity measurement on rock sample.

(a) (b)

Sample Rock type VDia  St. dev.    VAni (%) VAxi

P-wave velocity (m/s)

KH1-16 Meta-rhyolite 5687 40 1.42 4800
KH1-29 Meta-rhyolite 5563 61 2.77 5684
KH1-62 Meta-rhyolite 5763 82 4.31 5790
KH1-129 Meta-rhyolite 5689 110 4.37 5747
KH1-137 Meta-rhyolite 5531 59 4.13 5654
KH1-198 Meta-rhyolite 5756 75 4.32 5800
KH1-563 Meta-rhyolite 5784 70 2.91 5660
KH1-578 Meta-rhyolite 5641 63 2.81 5500
KH1-587 Meta-rhyolite 5550 91 4.23 5517
KH2-32 Meta-rhyolite 6008 60 2.97 5774
KH2-68 Meta-rhyolite 5756 55 2.84 5610
KH2-112 Meta-rhyolite 5557 92 4.11 5542
KH2-143 Meta-rhyolite 5818 64 2.89 5674
KH2-179 Meta-rhyolite 5805 56 2.90 5567
KH2-185 Meta-rhyolite 5730 115 5.70 5648
KH2-193 Meta-rhyolite 5743 81 4.33 5030
KH3-25 Quartzite 5092 93 5.04 4847
KH3-50 Quartzite 3460 214 19.07 ---
KH3-78 Quartzite 4881 119 7.32 4653
KH3-80 Quartzite/Congl. 4541 134 8.92 ---
KH3-87 Conglomerate 4891 120 7.31 ---
KH3-110 Siltstone 6064 276 12.16 4607
KH3-123 Siltstone 5871 138 8.86 5162
KH3-124 Transition type! 5840 45 1.46 5383
KH3-128 Agglomerate 5770 75 2.91 5505
KH3-134 Agglomerate 5971 55 2.99 5726
KH3-150 Meta-rhyolite 5883 52 2.94 5804
KH3-155 Meta-rhyolite 5861 39 1.45 5668
KH3-161 Meta-rhyolite 5847 44 1.46 5479
KH3-167 Meta-rhyolite 5883 37 2.94 5755

Table 5.2 Measured VP for all samples.

5.3.1 Fieldwork 

The reflection seismic data were acquired 
during two weeks of fieldwork in December 
2008. The objective of the survey was to locate 
reflectors related to potential fault zones, rock 
contacts and deformation zones present in the 
hanging wall between the mine and the town 
of Kiruna, and beneath the town. For security 
reasons (on-going deformation), the part of 
the hanging wall closest to the mine has been 
fenced off and was thus not accessible, which, 
together with the location of a railway, put a 
limit on the western extension of the profiles. 
Profile 1 (P1, the northern profile, Fig. 1.2) 
is 3750 m long with a geophone spacing of 
10 m and shot points every 5 m. Profile 2 (P2, 
the southern profile) is 3400 m long with a 
geophone spacing of 5 m and shot points every 
10 m (Table 5.3). The profiles are parallel and 
oriented approximately East-West. From the 
western end of the profiles to CDP 250 (P1) 
and CDP 350 (P2) the profiles cross the quartz-
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bearing porphyry, followed by a section of 
interchanging quartzites and conglomerates up 
to CDP 460 (P1) and CDP 770 (P2). East of the 
sedimentary sequence, the profiles again cross 
the quartz-bearing porphyry, this time with 
sections of meta-basalt. The elevation along the 
profiles varies from 512 m (P1) and 500 m (P2) 
above sea level in the west to 444 m (P1) and 
446 m (P2) in the east. 

Both profiles are located, throughout their 
entire length, within the town, with the receivers 
placed in ditches along the roads and pedestrian 
pathways. The source signal was generated 
by a VIBSIST (Park et al. 1996; Cosma and 
Enescu 2001) controlled hydraulic hammer 
mounted on a tractor (Fig. 5.5). The hammer 
hit the ground repeatedly at a decreasing rate 
and a hammer plate was used to ensure that as 

much energy as possible was transmitted into 
the ground. Five 24 seconds impact sequences 
were produced at each shot point. If the 
ambient noise level was high, the number of 
sweeps was increased to seven. Because of the 
proximity to housing areas and the location of 
water pipes in the ground, it was not possible 
to obtain “shooting” permission for all planned 
source points. This caused minor gaps in the 
source domain of the data, but did not affect 
much the overall interpretation of the data. The 
use of a hydraulic hammer as signal generator 
is especially convenient when shooting seismic 
profiles in an urban environment, where the use 
of traditional explosives is prohibited. Other 
advantages are the lower cost and the repeatable 
source signal. Seismic acquisition parameters 
are listed in table 5.3.

Table 5.3 Acquisition parameters
Parameters Profile 1 Profile 2

Nominal spread type Asymmetric split (240/120) Asymmetric split (300/60)
Number of channels

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

Geophone type
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

Sample rate
Field low cut
Field high cut
Record length 3 sec/5x24 sec VIBSIST sequences                      

3 sec/7x24 sec VIBSIST sequences

Out
250 Hz

Min. 240/Max. 360

28 Hz single

SERCEL 408UL
1 ms

(a) (b) (c)

Figure 5.5 The vibro-seis-truck and the recording truck.
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Profile 1

Profile 2

KH1
KH2

KH3

800700600

500400300

200

1000-100-200-300

0
-800 -600 -400 -200

140012001000

800600
400200

m

10005000

Kiruna town
Seismic profile

Drillcores

Processing lines

Basalt
Kiruna iron ores
Syenite + syenite porphyry
Quartz-bearing porphyry
Vakko sedimentary Group

CDP number

CDP

CDP

1 Decode VIBSIST data to 3 sec
2 Set up geometry
3 Pick first breaks
4 First breaks front mute
5 Elevation and refraction static corrections
6 Spectral balance (spectral whitening)

20-30-130-159 Hz
7 Bandpass filter

30-50-130-150 Hz, 0-300 ms
20-40-130-150 Hz, 300-500 ms
10-30-130-150 Hz, 500-1000 ms

8 Sort to CDP domain
9 Velocity analysis
10 NMO (Normal Move-Out corrections)
11 Residual static correction
12 Balance (spatial amplitude normalization)
13 AGC (Automatic Gain Control in 200 ms window)
14 Stack
15 FX Deconvolution

Filter length - 19 traces with 10 traces overlap
Sliding window - 100 ms with 20 ms overlap

16 Pad traces at ends of line
17 FDMIG (Finite difference time migration)
18 Time to depth conversion

Processing parameters

Table 5.4 Processing parameters

Figure 5.6 The pro les.

5.3.2 Processing

The source (pilot) signal was recorded by a 
geophone mounted on the hammer plate. The 
source pilot signal was then used for decoding 
the data. All sweeps from the same source 
point were decoded together using a shift-and-
stack algorithm, which converted five or seven 
records each of 24 seconds recording time 
with 1 ms sampling rate into 3 second long 
conventional seismograms. This technique 
dramatically increases the signal-to-noise ratio 
and proved to be successful here in noisy urban 
conditions. 

Standard processing steps were applied to the 
data (Table 5.4) resulting in stacked seismic 
profiles. At most locations, energy from the 
source was enough to trace first arrivals as far 
as 1500-2400 m away from the source point. 
Amplitude decay analysis indicates that after 
about 0.5-0.8 seconds the amplitude flattens at 
ambient noise level. This suggests a penetration 
limit of about 1.5-2.5 km depending upon 
location along the profiles.

Straight processing lines were selected to 
pass approximately through the centres of the 
midpoint clouds (Fig. 5.5). The azimuth of 
these lines was adjusted to be the same for both 
profiles and selected to be 84º from north. The 
CDP spacing was half of the nominal source 
spacing and the CDP numbers are used as 
reference positions along the stacked sections.  
The processing steps are listed in table 5.4.
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6. Gravity modeling

6.1 Data collection and density measurements

To strengthen the interpretation of the two 
reflection seismic profiles, the Bouguer gravity 
field was interpreted along a 28 km long 
and ENE-WSW oriented profile (Fig. 6.1). 
Gravity and density data were supplied by the 
Geological Survey of Sweden (SGU) and the 
LKAB mining company. Additional data were 
collected within the present study. 

The data were compiled into a single data file 
and a map of the Bouguer gravity anomaly 
field was produced (Fig. 6.1). The map is 

based on 14943 data points. The point density 
is generally highest closes to the LKAB mine 
and the town of Kiruna, 45 m line spacing with 
20 m station spacing and 400 m line spacing 
with 80 m station spacing, respectively, with a 
decreasing point density towards the edges of 
the map. 

Density measurements were made on 187 
samples of crystalline rocks, 56 samples of 
sedimentary rock and 10 samples of transition 
zone rock from drillcores KH1, KH2 and KH3 
(appendix D and figure 6.2). This together 
with the data from the SGU database gave a 
good control of the density distribution in the 
hanging wall area. 

-30

-40

-50

-55

-35

-45

mGal

-32.5

-37.5

-42.5

-47.5

-52.5

-57.5-50

-40

-40

-50

-40

Figure 6.1 Point density and the Bouguer gravity eld. The Kiirunavaara orebody is outlined with red, and the 
seismic pro les with blue. Dashed line: gravity pro le.
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6.2 Modeling and interpretation

Regional-residual separation and density 
modelling was performed using ModelVision 
by Encom. Because of the proximity to the 
Swedish Caledonian Mountains, the regional-
residual separation was not straight forward. The 
regional field was first estimated automatically 
by the modelling software, and then manually 
adjusted based on the knowledge of the density 
of the rocks. Apart from the Kiirunavaara 
iron mineralization and rocks in the hanging 
wall, for which the densities are quite well 
constrained, density data is scarce. Geological 
mapping (e.g. Forsell, 1987) shows greenstone, 
conglomerate and syenite in the footwall, and 
quartz-bearing porphyry, sandstone and basalt 
in the hanging wall. The relatively simple 
geological setting makes both the regional-
residual field separation and the modelling less 
complicated. 

Figure 6.2 Densities.
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7. Summary of results

7.1 AMS data

12 outcrops and 34 sections of 3 long drillcores 
were sampled for the AMS study. The rocks in 
the outcrops are sandstones, conglomerates, 
porphyries, basic rocks and one site of 
mylonite. The rocks sampled in the drillcores 
are sandstone, siltstone, conglomerate and 
porphyritic rhyolite (All AMS data listed in 
Appendix A).

For the outcrops, the corrected degree of 
anisotropy (Pj) and the dip of the magnetic 
foliation plane were plotted as contour maps 
(Fig. 7.1). The maps show that the dip of the 
magnetic foliation plane decrease towards 
E-ESE, and this was confirmed by data from 
drillcores. The degree of anisotropy likewise 
decreases towards east, primarily a reflection of 
changing geology but also changes within the 
porphyritic rgyolite.
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Figure 7.1 Contour maps. (a) The corrected degree of anisotropy (Pj). (b) Dip of the 
magnetic foliation plane.
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The thin section analysis (Table 2.1) re-
classified the quartz-bearing porphyry as 
a porphyritic rhyolite. The analysis also 
concluded that the sampled rocks had all to a 
varying degree been affected by a metamorphic 
overprint, hydrothermal alterations and brittle 
deformation, some also by ductile deformation. 
The high degree of magnetic anisotropy (Pj) 
observed in the porphyries indicates that the 
rocks have indeed been metamorphosed to 
some degree. Most samples also show an oblate 
shaped susceptibility ellipsoid, indicating a 
magnetic foliation in the rocks. 

A strong correlation between Pj and the degreee 
of magnetic foliation (F) is observed in all three 
drillcores. The distribution of both Pj and F 
values follow the trend of geological structures 
(the rock contacts) of the area, and no trend of 

change is observed with depth. Likewise, the 
change in the shape parameter (T) values seems 
to reflect a change in rock type. 

A magneto mineralogical interpretation of 
the thermal susceptibility tests indicates that 
magnetite is the major contributor to the 
magnetic properties of the ferromagnetic 
porphyries, and that it also contributes to the 
magnetic properties of the sandstones and the 
siltstone (Fig. 7.2). A small and gradual decrease 
in susceptibility between 300°C-350°C was 
observed for all the ferromagnetic samples. This 
could indicate pyrrhotite as a minor contributor 
to the magnetic properties (AGICO; Hrouda at 
al., 1997). Pyrrhotite/pyrite was observed in 
some of the drillcores, occurring as grains up to 
3mm in length. 
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Figure 7.2 Thermal susceptibility curves: (a) Paramagnetic porphyry from drillcore KH1-62. (b) Ferromagnetic 
porphyry from drillcore KH2-118. (c) Hopkinson effect in siltstone from drillcore KH2. (d)  Paramagnetic 
sandstone with indication of magnetite, from drillcore KH2.
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modeling

Reflection seismic data was acquired along 
two profiles located within the town of Kiruna 
(Fig. 7.3). The aim of the survey was to locate 
geological boundaries, faults and deformation 
zones, in the hanging wall of the Kiirunavaara 
iron mineralization, and thus test the structural 
model presented by Magnor and Mattsson 
(2000). Not all features of the model would 
be detecable by the survey, since some strike 
directions are almost parallel to the profiles, 
while other structures are to steeply inclined 
to be located (lines 2 and 4 in figure 2.1) or 
the width of the fracture zone too thin to be 
detected. 

Five prominent features in the seismic images 
(L1-L5) are interpreted as lithological contacts 
based on their correlation with surface geology. 
The contact zones generally follow the 
orientation of the Kiruna orebody, while the dip 
of the reflectors decreases from West to East. 

The orientation of the reflectors (table in figure 
7.3) correlates to the orientation of feature 1 in 
Magnor and Mattssons (2000) overview of the 
tectonic lineament (Fig. 2.1). This means that 
the lithological contacts mapped in this survey 
are parallel to a zone of plastic deformation with 
possible brittle re-activation, striking parallel 
to the Kiirunavaara orebody and inclined 60° 
E. The inclination of the reflectors is 40°-50° 
and thus somewhat lower than that of feature 
1. Aside from reflectors in the hanging wall, a 
section of the orebody it self was mapped, to a 
depth of c. 1700 m below ground surface (L1 in 
figure 7.3). 

No horizontal or sub-horizontal reflections 
corresponding to weakness zones (fracture 
zones and/or shear zones) were observed in 
the seismic images of the hanging wall, which 
may be due to the minimum thickness criteria. 
The lower detection limit (minimum thickness 
of possible deformation zones) is generally 
regarded as being at 1/20-1/30 of the dominant 
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wavelength frequency. The frequency of the 
data after processing is 40-130 Hz, with a 
dominant frequency of ~90 Hz which gives a 
minimum detection thickness of 1.83-6.25m 
under favourable conditions.

Lithological contact zones may involve 
fracture or shear zones intercalating with 
different rock types. These zones of crushed 
rock in the near-surface environments act as 
potential weakness-zones, which in a seismic 
context are represented by low-velocity 
anomalies. Seismic tomography can detect 
lateral or vertical variations in seismic velocity 
that are not separated by sharp interfaces, 
or where there are no discontinuities. This 
makes refraction-tomography a very useful 
method for localizing near-surface variations in 
velocity and it was performed along the entire 
length of both profiles to provide an image of 
the velocity distribution down to 200m depth 
(Fig. 7.4). In general, the lowest velocities in 

the tomographic models are located near the 
surface at the western end of the profiles, and 
in the sedimentary rocks. The highest velocities 
are found in the porphyry, but a well-defined 
high-velocity anomaly (~6.0 km/s) is observed 
within the sedimentary group on both profiles. 

The low-velocities areas are observed from 
the surface down to ~50 m. For profile 2, this 
section of the profile is intersected by drillcores 
KH1 and KH2. Drillcore KH1 consists entirely 
of homogeneous porphyry, while only the upper 
12 meters (vertical depth) of KH2 is claystone 
and quartzite. Below 12 m the rock type 
changes abruptly to quartz-bearing porphyry. 
This means that geology alone cannot fully 
explain the near-surface low-velocity zones 
and the possibility of deformed/crushed rock to 
be the origin ofthe low velocity zones must be 
taken into consideration.   

The Kiirunavaara iron mineralization has 
average densities of 4.38-4.78 g/cm3 (LKAB, 

L2 L5L4L3

L2 L3 L4

L5

Figure 7.4 The seismic pro les overlain by the tomographic pro les and re ectors 1-5. (Top) pro le 1, (lower) 
pro le 2.
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1998), while the average density is 2656 ± 
31 kg/m3 for the quartz-bearing porphyry in 
the hanging wall. This difference in density 
should cause a significant acoustic impedance 
contrast between the mineralization and the 
host rock on the hanging wall-side of the 
mineralization. Both the high density contrast 
and the thickness make the mineralization a 
very suitable mapping target, which makes it 
a little surprising that the mineralization could 
only be traced down to approximately 1700 m.  
Previous seismic mapping (Juhlin et al., 2009) 
with the same VIBSIST source seem to indicate 
a maximum peneratration depth of 2-3 km of 

the source signal. However, it remains to be 
investigated if this apparent “penetration limit” 
is due to the geological nature of the reflecting 
boundaries or is a possible limitation of the 
source employed in these surveys.

7. 3 Gravity modeling

The Bouguer gravity field and the corresponding 
density model are shown in Figure 7.5. The dip 
of the rocks on the hanging wall was constrained 
to 50° E down to ~1.8km by the seismic data. 
The seismic data also set a limit to the thickness 
of the rock sections. On the footwall side of the 
Kiirunavaara mineralization, the profile crosses 
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the Kiruna greenstone (2860-2900 kg/m3), the 
Kurravaara conglomerate (2590 kg/m3) and the 
syenite/syenite-porphyry (2670-2780 kg/m3). In 
the model, the mineralization does not reach the 
surface, but begins at approximately 200 meter 
depth, corresponding to the mining depth at the 
time of the gravity data acquisition in 1965. 
The upper 200 m is modeled as gravel with a 
density of 2000 kg/m3, while the mineralization 
is modeled with a density of 4580 kg/m3. In 
the hanging wall, it was necessary to divide 
the quartz-bearing porphyry (the porphyritic 
meta-rhyolite!) between the mineralization 
and the Vakko sedimentary sequence into two 
sections. The western section was modeled 
with a density of 2490 kg/m3, while the eastern 
section was modeled with a density of 2650 kg/
m3. The eastern section is thus modeled with a 
density in the lower range of the average density 
calculated for the drillcore samples (2656 ± 31 
kg/m3). 

The Vakko sedimentary rocks are modeled with 
a density of 2560 kg/m3. The sedimentary rock 
sequence is followed by an interchanging series 
of porphyry (2600-2660 kg/m3) and basalt 
(2800-2850 kg/m3).  

7.4 Structural model and weaknesszones

The most recent structural model of the Kiruna 
area was presented by Magnor and Mattsson 
(2000). In the present study, AMS, gravity 
modeling and reflection seismology was used 
to test this model, and to add further detail on 
the subsurface structures in the Kiruna area.

In the reflection seismic data, five lithological 
contact zones were identified in the hanging 
wall, and their depth, strike and inclination 
determined. The orientation and the dip of the 
reflectors fit well into the model by Magnor 
and Mattsson, and no reflectors were identified 
besides the five lithological boundary zones. 
The location, depth, strike and dip of the five 
reflectors, the width of the rock sequences and 
density data from drillcores KH1, KH2 and 
KH3 were used to constrain the gravity model. 
The final gravity model reaches a depth of 3000 
m, and the dip of the lithological contact zones 
remain constant with depth. No “hidden” rock 

sequences were added in the model, but it was 
necessary to divide the meta-rhyolite (formerly 
“quartz-bearing porphyry”) in the hanging 
wall into two, N-S oriented blocks of different 
density (2490 kg/m3 and 2650 kg/m3). 

Low-velocity zones extending from the 
surface down to ~ 50 m were identified in the 
lithological contacts. These anomaly zones 
indicate fractured rock, constituting a weakness 
zone guiding potential future deformation. 
A correlation between RQD and F/m in the 
drillcores also indicates the presence of at least 
one broad zone of plastic deformation, which 
could be a potential weakness zones.

Joints can also act as weakness planes, which is 
why AMS data (The orientation of the minimum 
susceptibility axis, K3) from six outcrops 
within Kiruna town were correlated to the 
joint set orientations in the same rocks. A clear 
correlation was observed between the magnetic 
foliation planes and the joint set orientations, 
and it was thus concluded, that AMS can also 
be used to predict dominant joint orientation. 

7.5 Correlations between magnetic, seismic 
and mechanical data

Having confirmed a strong correlation between 
RQD and F/m, the two rock mechanical 
parameters were plotted against the corrected 
degree of anisotropy (Pj), the degree of 
magnetic foliation (F) and the shape parameter 
(T), respectively (Figs. 7.6 and 7.7). 

Based on the observed qualitative correlations 
in figures 7.6 and 7.7, cross plots of the magnetic 
parameters Pj, T, F and the rock-mechanical 
quality indicators RQD and F/m were produced 
for various sections of the drillcores, examples 
for which correlation coefficient (r) > 0.6 
are presented in figure 7.8. The qualitative 
correlation observed between F and RQD (Fig. 
7.6e) is here quantified for the sedimentary 
rocks (r = 0.6256) and the porphyritic rocks 
(r = 0.7557) separately (Fig. 7.8a and b). For 
the porphyritic rocks a correlation between 
RQD and Pj, and F/m and F is also observed 
(r = 0.6142 and r = 0.6381, respectively; Fig. 
7.8c and d). In general, a qualitative and a 
quantitative correlation was observed between 
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AMS and RQD and F/m, respectively.  A 
correlation between RQD and F/m further 
indicated the presence of a possible plastic 
deformation zone, which could be potential 
weakness zones.

In order to further test the relation between 
the magnetic and mechanical properties of 
the rocks, the rock strength and the P-wave 
velocity was measured on the drillcores. The 
measurements were performed in a diametrical 
direction (Fig. 7.9) and scatterplots and simple 
linear regression analysis were used to identify 
and quantify the relationships between AMS 

and the diametrical velocity (VDia) and the point 
load strength (PLDia), respectively.

The angle between the foliation plane and the 
measuring direction in the 11 samples used in 
the correlative study vary between 14°-65° and 
the PL strength increases with 56% when the 
angle of the measuring direction is increased 
from 14° (close to the foliation plane) to 65° 
(formula 7.9 in Table 7.1). Such a high change 
in rock strength with direction, in rocks with 
no macroscopic foliation, should have serious 
implication in rock mechanical modeling. 

Pj and F vs. RQD (drillcore KH1)

1

1.1

1.2

1.3

1.4

16
m
29

m
43

m
62

m
72

m
92

m
12

9m
13

7m
15

1m
16

1m
18

6m
55

2m
56

2m
56

3m
57

8m
58

3m
58

7m
59

2m

Depth (m)

Pj and F

0

20

40

60

80

100
RQD

Pj F RQD

(a)

Pj and F vs. RQD (drillcore KH2)

1

1.1

1.2

1.3

1.4

32
m

62
m

68
m

79
m

84
m

11
2m

11
8m

14
3m

17
9m

18
5m

19
3-Q

bp

19
3-M

qp

Depth (m)

Pj and F

0

20

40

60

80

100
RQD

Pj F RQD

(c)

T vs. RQD (drillcore KH2)

0

0.2

0.4

0.6

0.8

1

32
m

62
m

68
m

79
m

84
m

11
2m

11
8m

14
3m

17
9m

18
5m

19
3-Q

bp

19
3-M

qp

Depth (m)

T

0

20

40

60

80

100
RQDT RQD

(d)

T vs. RQD (drillcore KH1)

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

16
m
29

m
43

m

62
m

72
m

92
m
12

9m
13

7m
15

1m
16

1m
18

6m
55

2m
56

2m
56

3m

57
8m

58
3m

58
7m
59

2m

Depth (m)

T RQDT RQD

(b)

100

80

60

40

20

0

Depth (m)

15
0m

12
8m

13
4m

15
5m

16
1m

16
7m

87
m

11
0m

11
3m

14
3m25

m
71

m
0

20

40

60

80

100
RQD

T vs. RQD (drillcore KH3)
T RQD

-0.2

0

0.2

0.4

0.6

0.8

1
T

(f )

Pj and F vs. RQD (drillcore KH3)
Pj and F

1

1.1

1.2

1.3

1.4

15
0m

12
8m

13
4m

15
5m

16
1m

16
7m87

m
11

0m
11

3m
14

3m25
m

71
m

Depth (m)

0

20

40

60

80

100
RQDPj F RQD

(e)

Fig. 7.8 (a)

Fig. 7.8 (b+c)

Figure 7.6 RQD-data for the oriented sections of the drillcores, with graphs showing degree of magnetic 
anisotropy (Pj), shape parameter (T) and magnetic foliation (F). In drillcore KH3, the upper section (25-
113m) consists of sedimentary rocks and the lower section (128-167m) of crystalline rocks.
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Pj and F vs. F/m (drillcore KH1)
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Figure 7.7 Fracture frequencies (F/m) for the oriented sections of the drillcores, with graphs showing degree 
of anisotropy (Pj), shape parameter (T) and magnetic foliation (F).

P-wave velocity (V):
VDia = 1518.7 × Pj + 4024.2   (r = 0.8766)    [7.1]
VDia = 3632.2 × F + 1830.4   (r = 0.9011)    [7.2]
VDia = 2392.3 × L + 3239.9   (r = 0.7788)    [7.3]
VDia = -4.3078 × A + 0.3997   (r = 0.6322)    [7.4]
VAni = 0.0517 × A + 1.1772   (r = 0.8537)    [7.5]
VAni = -0.0292 × PLAni + 4.5315   (r = 0.7432)    [7.6]

Point Load (PL):
PLDia = -42.779 × Pj + 68.097   (r = 0.8256)    [7.7]
PLDia = -83.605 × L + 107.23    (r = 0.7491)    [7.8]
PLDia = 0.1767 × A + 13.578   (r = 0.7869)    [7.9]

Uniaxial Compressive strength (UCS):
VAni = 0.0139 × UCS + 0.7718   (r = 0.6982)    [7.10]

Table 7.1 Predictive equations with a correlation coef cient r > 0.6. L is magnetic lineation, F is magnetic foliation, 
Pj is the degree of magnetic anisotropy, PLDia is in kN, VDia in m/sec, VAni in %, UCS is in MPa and A is the angle 
between measuring direction and foliation plane.
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The relation between the angle to the  
foliation plane and velocity and rock strength, 
respectively, is illustrated in figure 7.10. The 
velocity is highest and the strength is lowest 
when measurements are made in or close to 
the foliation plane. This is expressed by the 
correlation found between the foliation angle 
and the rock strength (r = 0.7869), and the 
foliation angle and the degree of anisotropy in 
the seismic data (r = 0.8537).   

Figure 7.8 Scatterplots with correlation coef cients and 
the best- tting regression line. (a) RQD vs. F for the 
sedimentary rocks of drillcore KH3. (b) RQD vs. F for 
the crystalline rocks from drillcore KH3.  (c) RQD vs. 
Pj for the crystalline rocks from drillcore KH3. (d) F/m 
vs. T for drillcore KH2. (e) F/m vs. F for the crystalline 
rocks from drillcore KH3. 
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The rock strength (the point load index) was 
re-calculated to give the uniaxial compressive 
strength (UCS) of the rocks. The UCS-values 
indicate that the rhyolites have high to very 
high strength, the quartzites medium strength 
and the siltstone low strength (Table 4.1 and 
4.2). A correlation between UCS and P-wave 
velocity has been found in previous studies 
(e.g. Inoue and Ohomi, 1981), but the studies 
have mostly been limited to sedimentary rocks. 
In the present study of crystalline rocks, the 
strongest correlation was found to be between 
UCS and VAni, where the correlation coefficient 
reached 0.6982.

An alternative way of investigating the 
correlation between velocity and rock strength 
is shown in figure 7.11. The plot can be seen as 
a cross section of the drillcore with the velocity 
measured at every 30° around the core and at 
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the direction 90°-270° a minimum velocity 
is obtained. This direction corresponds to the 
direction of maximum point load strength 
observed in figure 7.11b. Such plots only give 
a qualitative image of the physical properties 
of the sample, but it does allow one to make a 
quick, visual interpretation of the direction of 
maximum and minimum strength and velocity, 
and weather these two properties can be expected 
to correlate. The direction of the maximum 
susceptibility axis (K1) is also plotted and is 
seen to coincide with a direction of maximum 
velocity and low point load strength.

8. Conclusions

Reflection seismic data was acquired along two 
profiles in the Kiirunavaara hanging wall, and 
reflectors corresponding to four lithological 
contacts were located. These lithological 
boundaries generally follow the orientation of 
the geological features of the area, while the dip 
of the reflectors decreases from West to East, 
following the pattern identified in the magnetic 
foliation planes. Tomographic modeling 
enabled the location of low-velocity, possible 
deformation zones in the lithological contact 
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Figure 7.11 Drillcore cross section showing the directions of maximum and minimum velocity and rock 
strength for sample KH3-155. (a) Velocity (m/sec). (b) Point load (kN). At this depth, the average degree of 
magnetic foliation (F) = 1.10 and magnetic lineation (L) = 1.11 (Appendix A1). 
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zones if both seismic profiles. No fracture zones 
wider more than six meters wide were observed. 
The final gravity model reaches a depth of 3000 
m, and the dip of the lithological contact zones 
remain constant with depth. No “hidden” rock 
sequences were added in the model, but it was 
necessary to divide the meta-rhyolite in the 
hanging wall into two, N-S oriented blocs.

The present study indicates that AMS may be 
used indicator of rock mechanical properties 
and prediction of fracturing and dominant joint 
orientations. 

The AMS study of the Kiirunavaara hanging 
wall shows that the magnetic fabric varies 
between rock types, and even within what has 
previously been thought of as homogeneous, 
unweathered rhyolite. Furthermore, 
the magnetic susceptibility seems to be 
predominantly carried by magnetite in most of 
the sampled rock types from the hanging wall. 
AMS-data from outcrops show a decrease in 
the dip of the magnetic foliation plane towards 
the east, and this was confirmed by data from 
drillcores.

For the rhyolites, a qualitative and a quantitative 
correlation was observed between AMS and 
RQD and F/m, respectively.  A correlation 
between RQD and F/m indicates the presence 
of a possible plastic deformation zone, which 
could be potential weakness zones. Good 
correlations (r > 0.6) were observed between the 
degree of magnetic anisotropy (Pj), the angle 
of the magnetic foliation plane, the P-wave 
velocity (VP) and the rock strength (PL), and 
a set of predictive equations are presented. 
Especially the dependence of the rocks strength 
on the angle to the foliation plane should have 
a significant implication in rock mechanical 
modeling. 
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ABSTRACT

The study of potential mining related fracture development under the town of Kiruna, 
Sweden, has been done by integration of seismic, gravity and petrophysical data. Reflection  
seismic data were acquired along two parallel profiles within the residential area of the town. 
The profiles, oriented approximately E-W, are 3750 m (profile 1) and 3400 m long (profile 2), 
respectively, and cross several contact zones between quartz-bearing porphyries, a sequence of 
interchanging sedimentary rocks (siltstone, sandstone, conglomerate and agglomerate) and meta-
basalt. The source used was a hydraulic hammer generating a signal with a maximum penetration 
depth of about 3 km. Data were recorded by about 300 active channels with single 28 Hz geophones 
spaced at by 5-10 m. The location and orientation of five major observed reflections agree well with 
surface geology and known contact zones between the different rock types. Our results indicate that 
the contact zones dip 40°-50° to the East down to at least 1.5 km depth. 

Tomographic inversion revealed a more detailed image of the velocity distribution in the upper 
150-300 m along both profiles, enabling us to identify near-surface low velocity zones which could 
be possible deformation zones.

Based on the results of the seismic survey, a 28 km long ENE-WSW oriented gravity profile was 
modelled. The resulting density model indicates that the quartz-bearing porphyry in the hanging 
wall of the Kiirunavaara mineralization can be separated into two blocks oriented parallel to the 
mineralization.    

Gravity modelling and interpretation of the seismic data was constrained and supported by 
petrophysical measurements (density and P-wave velocity) on rock samples from drill cores located 
adjacent to profile 2.

Keywords: Seismic reflection profile; crystalline rock; rock type contact-zones; tomography; 
gravity profiling. 
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1. Introduction

The Kiirunavaara iron deposit in northern 
Sweden was first discovered in 1696. The 
present mining company (LKAB) was founded 
in 1890 and in 1957 the Swedish state became 
the majority stock holder of the company. The 
ore was originally mined in an open pit, but in 
1962 mining activity began underground and 
the mining continues today at mining level 
1045 m with a new main haulage level being 
built at level 1365 m. The underground mining 
method used today is “Sublevel caving”. In 
sublevel caving, the overall mining progresses 
downward, while the ore between sublevels 
is broken overhead. The overlying waste rock 
then caves into the void created as the ore is 
extracted (Hartman and Mutmansky, 2002). 
The caving progresses upwards, eventually 
reaching the surface and causing large-scale 
deformation and fracturing of the hanging wall 
of the ore body (Fig. 1). 

Kiruna town is located on the hanging wall 
side of the Kiirunavaara iron mineralization, 
approximately 700 m east of the outcropping 
mineralization. As mining advances to greater 
depth the deformation caused by the ore 
extraction will include an increasing part of 
the hanging wall, potentially affecting the 
infrastructure and inhabited areas in the town. 
The fracturing and subsequent deformation of 
the hanging wall is concentrated to faults and 
weakness zones (e.g. rock contact zones) in the 
rocks of the hanging wall, and it will advance 
as long as mining continues downward and 
afterwards, until a state of equilibrium has 
been reached in the stress-field of the hanging 
wall (Peng, 1992). To understand and predict 
possible future deformation in the hanging 
wall caused by mining activity, an intimate 
knowledge of the location, depth and orientation 
of possible weakness zones in the hanging wall 
is required. In this article, we present data from 
two parallel seismic reflection profiles, from 
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Figure 1. Sublevel caving and surface deformation of the Kiirunavaara hangingwall 
(not to scale). 
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which we interpret the orientation, dip and 
depth of five reflectors in the hanging wall. The 
five reflectors correspond to five contact zones 
between a porphyry, a package of sedimentary 
rocks and meta-basalts. A detailed seismic 
image of the near-surface is obtained from 
tomographic inversion of first arrivals on both 
profiles. With the purpose of identifying zones 
of fractured rock, tomographic models are then 
correlated to three drillcores collected along 
profile 2. Based on these results, we were able 
to identify several near-surface low velocity 
(and possible deformation) zones, and at least 
one high-velocity zone, indicative of meta-
basalt, in the sedimentary lithology.

These observations will form a basis for rock-
mechanical modelling and a prognosis of 
fracturing and faulting in the town of Kiruna 
related to mining activity.

2. The geological and structural setting

The regional geology of Northern Sweden 
is characterized by an Archaean basement 
overlain by Proterozoic volcanic, volcanoclastic 
and sedimentary rocks (Romer et al., 1994) 
(Fig.  2). In the Kiruna area, the oldest rocks 
(the Kiruna greenstones) are found in the west 
and the youngest rocks (the Hauki quartzites) 
are found in the east (Parák, 1975). The Kiruna 
iron mineralizations occur as discontinuous 
bodies within a sequence of volcanic porphyries 
located between the greenstone and the Hauki 
rocks. The following description broadly 
follows the stratigraphic order suggested by 
Frietsch (1979), Geijer (1910), Offerberg 
(1967) and Parák (1975). The basement 
complex, known from the northern part of 
the Kiruna area, consists mostly of Archean 
granites and gneisses (Forsell, 1987), and 
the lowermost unit is the Kiruna Greenstone 
Group. The deposition of the Greenstone 
Group was followed by widespread quartz-
rich sedimentation and, in the Kiruna area, the 
greenstone group is overlain by the Kurravaara 
conglomerate (Parák, 1975). Overlying the 
Kurravaara conglomerate is a sequence of 
extrusive felsic porphyry flows known as the 
Kiruna porphyries. Stratigraphy within the 

porphyry group, based on field observations, 
indicates that mafic rock types (basalt and 
porphyry) are oldest, followed by intermediate-
composition alkaline rock types (syenite and 
syenite porphyry), with acid volcanic and meta-
rhyolites (quartz-bearing porphyry) at the top 
(Witschard, 1984).

The Kiirunavaara and Luossavaara iron 
mineralizations lie in a compositional break 
in the Porphyry Group, between the syenite 
porphyries of the footwall and the quartz-bearing 
porphyries of the hanging wall (Vollmer et al., 
1984). The Kiirunavaara mineralization is c. 5 
km long, up to 100 meters thick and extends 
at least 1 300 meters below the surface. The 
shape of the mineralization is sheet-like, and 
the orientation is NNE-SSW with a dip of 60°E 
(Bergman et al, 2001; Lupo, 1997).The mineral 
composition is magnetite with subordinate 
amounts of apatite and actinolite amphibole 
(Geijer & Ödman, 1974). The mineralization 
is divided into a low-phosphorous (<0.02%) 
B-type and a high-phosphorous (~1.5%) D-type 
ore. The average density is 4780 kg/m3 for the 
B-type ore and 4380 kg/m3 for the D-type ore 
(LKAB, 1998). 

The quartz-bearing porphyry forms the hanging 
wall side of the Kiirunavaara and Luossavaara 
mineralizations, but at places lies directly on 
the syenite-porphyry. Above lies the Vakko 
sedimentary Group (also known as the Hauki 
Quartzite group) which consist of volcanogenic 
conglomerates and graywackes, phyllites, and 
a thick quartzite unit with local conglomerates. 
The uppermost quartzite of this sedimentary 
group is fault-bounded against a thick section 
of felsic porphyries, thought to be equivalent 
to the main Kiruna porphyries (Vollmer et al., 
1984). 

The two stars indicate a sub-vertical inclination. 
Full lines represent brittle structures and dashed 
lines plastic structures. Structures that are both 
plastic and brittle are most often plastic zones 
with brittle re-activation.  
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2.2 Tectonic models

Two models for the tectonic evolution of the 
Kiirunavaara area have been published (Fig. 3). 

According to Wright (1988), the existence 
of thrust faults implies that the supracrustal 
sequence above the greenstone group is 
allocthonous. The author suggests that early 
thrust faulting along sub-horizontal surfaces 
was followed by ramping and subsequent 
folding of the supracrustal rocks. Later intrusion 
by the Lina granites isolated the supracrustal 
rocks from other rocks of similar affinity, but 
otherwise did not significantly affect the rocks 
(Fig. 3a). 

Forsell (1987) presented a stratigraphic order 
based on the inferred existence of overturned 
isoclinal folds, where the isoclinal folding 
is considered to be connected with the 
emplacement of the Lina granites (Fig. 3b). 

In a more recent review of the structural 
geology of the Kiirunavaara area, Magnor and 
Mattsson (2000) mapped the most prominent 
deformation zones in the Kiruna area (insert in 
Fig. 2). The most dominating orientation of the 
deformation zones (line 4) is NNE-SSW with 
a steep inclination towards the east (70 -90 ). 
Two more orientations are identified as plastic 
deformation zones (lines 1 and 2): both are 
oriented N-S, one is sub-vertical and the other 
is parallel to the iron ore, dipping ~60  towards 
the east. 

The most dominant brittle structures (line 6) 
strike WNW-ESE with a steep inclination 
towards the south. This orientation is also 
represented on a regional scale. Brittle faults 
with an E-W-orientation (line 5) are also 
present, inclined 40 -50  towards the south.

The above grouping of lineaments and 
structures is in good agreement with what has 
been presented by Parák (1975), who  sub-
divided the faults in the Kiruna area into 3 
groups: faults (and overthrusts) striking north, 
parallel to the strike of the ore bodies, faults 
striking NNW, and faults striking NE-SW. 

3. Seismic acquisition and processing

The reflection seismic data were acquired 
during two weeks of fieldwork in December 
2008. The objective of the survey was to locate 
reflectors related to potential fault zones, rock 
contacts and deformation zones present in the 
hanging wall between the mine and the town 
of Kiruna, and beneath the town. For security 
reasons (on-going deformation), the part of the 
hanging wall closest to the mine has been fenced 
off and was not accessible, which, together 
with location of a railway, put a limit on the 
western extension of the profiles. Profile 1 (P1, 
the northern profile, Fig. 4) is 3750 m long with 
a geophone spacing of 10 m and shot points 
every 5 m. A CDP spacing of 5 m was used for 
processing and the CDP numbering increases 
from west to east from 100 to 850. Profile 2 
(P2, the southern profile) is 3400 m long with a 
geophone spacing of 5 m and shot points every 
10 m. The CDP spacing used for processing 
was 2.5 m and the CDP numbering is 100-1450 

WNW ESE

W E

Vi

Lu, Ki PG

Tu
b)

Archaean basement
Kiruna greenstone
Basal porphyries
Middle porphyries
Kurravaara conglomerates

Rektor porphyry
Kiruna iron ores
Syenite + syenite porphyry
Porphyry dikes
Quartz-bearing porphyry
Vakko sedimentary GroupLina granite + related dikes

a)

Figure 3. (a) Reverse fault/ramping model (Wright, 
1988).  (b) Fold model (Forsell, 1987).

Vollmer et al. (1984) found bedding-cleavage 
relationships and fold symmetries throughout 
the area that show consistently that the entire 
sequence of rocks forms the western limb of a 
major synform (Fig. 3b). However, the authors 
point out that the regional extent of the folding 
is unknown; the other limbs of the adjacent 
regional anticline and syncline have not been 
located. 



7

(Table 1 and Fig. 4). The profiles are parallel 
and oriented approximately East-West. From 
the western end of the profiles to CDP 250 (P1) 
and CDP 350 (P2) the profiles cross the quartz-
bearing porphyry, followed by a section of 
interchanging quartzites and conglomerates up 
to CDP 460 (P1) and CDP 770 (P2). East of the 
sedimentary sequence, the profiles again cross 
the quartz-bearing porphyry, this time with 
sections of meta-basalt. The elevation along the 
profiles varies from 512 m (P1) and 500 m (P2) 
above sea level in the west to 444 m (P1) and 
446 m (P2) in the east. 

Both profiles are located, throughout their 
entire length, within the town, with the 
receivers placed in ditches along the roads and 
pedestrian pathways. The source signal was 
generated by a VIBSIST (Park et al. 1996; 
Cosma and Enescu 2001) controlled hydraulic 
hammer mounted on a tractor. The hammer 
hit the ground repeatedly at a decreasing rate 
and a hammer plate was used to ensure that as 
much energy as possible was transmitted into 

the ground. Five 24 seconds impact sequences 
were produced at each shot point. If the 
ambient noise level was high, the number of 
sweeps was increased to seven. Because of the 
proximity to housing areas and the location of 
water pipes in the ground, it was not possible 
to obtain “shooting” permission for all planned 
source points. This caused minor gaps in the 
source domain of the data, but did not affect 
much the overall interpretation of the data. The 
use of a hydraulic hammer as signal generator 
is especially convenient when shooting seismic 
profiles in an urban environment, where the use 
of traditional explosives is prohibited. Other 
advantages are the lower cost and the repeatable 
source signal.

The source (pilot) signal was recorded by 
a geophone mounted on the hammer plate. 
This pilot signal was transmitted by radio and 
recorded as an auxiliary channel in the same 
SEGD file as the data from the geophones along 
the profiles. The source pilot signal was then 
used for decoding the data. All sweeps from the 
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8

same source point were decoded together using 
a shift-and-stack algorithm, which converted 
five or seven records each of 24 seconds 
recording time with 1 ms sampling rate into 3 
second long conventional seismograms. This 
technique dramatically improves the signal-to-
noise and proved to be successful here in noisy 
urban conditions. 

Standard processing steps were applied to the 
data (Table 2) resulting in the stacked seismic 
profiles in Fig. 5. At most locations, energy from 

the source was enough to trace first arrivals as 
far as 1500-2400 m away from the source point. 
Amplitude decay analysis indicates that after 
about 0.5-0.8 seconds the amplitude flattens at 
ambient noise level. This suggests a penetration 
limit of about 1.5-2.5 km depending upon 
location along the profiles.

Straight processing lines were selected to 
pass approximately through the centres of the 
midpoint clouds. The azimuth of these lines 
was adjusted to be the same for both profiles 

Table 1. Acquisition parameters.

1 Decode VIBSIST data to 3 sec
2 Set up geometry
3 Pick first breaks
4 First breaks front mute
5 Elevation and refraction static corrections
6 Spectral balance (spectral whitening)

20-30-130-159 Hz
7 Bandpass filter

30-50-130-150 Hz, 0-300 ms
20-40-130-150 Hz, 300-500 ms
10-30-130-150 Hz, 500-1000 ms

8 Sort to CDP domain
9 Velocity analysis
10 NMO (Normal Move-Out corrections)
11 Residual static correction
12 Balance (spatial amplitude normalization)
13 AGC (Automatic Gain Control in 200 ms window)
14 Stack
15 FX Deconvolution

Filter length - 19 traces with 10 traces overlap
Sliding window - 100 ms with 20 ms overlap

16 Pad traces at ends of line
17 FDMIG (Finite difference time migration)
18 Time to depth conversion

Table 2. Processing parameters. and selected to be 84º from north. The CDP 
spacing was half of the nominal source spacing 
and the CDP numbers are used as reference 
positions along the stacked sections.  Seismic 
acquisition parameters are listed in Table 1 and 
the processing steps are listed in Table 2.

3.1 Stacked sections

Stacked sections from P1 and P2 are shown in 
Fig. 5. Image quality is poorer where the fold is 
lower (at the ends of the profiles and in the CDP 
interval 800-1000 on P2). Strong E-dipping 
reflectivity is observed along both profiles 
and three major features can be identified on 
both profiles: (1) a strong multiphase reflection 
extending from CDP 300 to CDP 500 and 
probably further till CDP 700 at ~100 ms to 
~600 ms two-way-traveltime (TWT) (P1); and 
from CDP 400 to CDP 800 and probably further 

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

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

Geophone type
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

Sample rate
Field low cut
Field high cut
Record length 3 sec/5x24 sec VIBSIST sequences                            

3 sec/7x24 sec VIBSIST sequences

Out
250 Hz

Min. 240/Max. 360

28 Hz single

SERCEL 408UL
1 ms
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3.2 Migrated and depth-converted sections

The images in Fig. 5 were converted from time 
to depth domain with the same velocity field as 
used for migration (Fig. 6). The velocity field 
smoothly changed laterally and vertically in the 
range of 5.0-5.5 km/s. These velocity values 
were initially obtained during normal move-

Figure 5. Stacked sections with the most prominent features marked by 
arrows. Elevation along the pro les is shown as the black line and CDP 
fold is shown as the grey area at the top of the images.

till CDP 1100 at ~50-500 ms TWT (P2). (2) A 
thick package of reflections imaged at CDP 
500-800 (P1) and CDP 950-1300 (P2), at 50-
500 ms TWT in both profiles. (3) A weaker 
and deeper reflection imaged at CDP 200-400 
(P1) and at CDP 300-600 (P2) at 600-800 ms 
TWT in both profiles. No reflected energy was 
identified at times greater than 800 ms TWT.
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out analysis and are consistent with reflection 
modelling and traveltime tomography results. 
The horizontal axes in the profiles were extended 
to the west in order to map reflections which 
migrate up-dip towards the west (reflections 3 in 
Fig. 5). The shallow reflections (features 1 and 
2 in Fig. 5) extend down to 1000-1200 m below 
the surface (500-700 m below sea level) in the 
depth converted profiles (Fig. 6). Migrated and 
depth converted energy corresponding to the 
deepest reflection (feature 3 in Fig. 5) is located 
at a depth 800-1800 m below surface in P1 and 

at a depth of 1200-1800 m below surface in P2 
(Fig. 6). The reference level for the top of the 
section (CDP floating datum) was set at 500 m 
above the sea level. This  implies that if this 
reflection lies within the plane of the section 
it is situated at 300-1300 m below sea level in 
P1 and at 700-1300 m below sea level in P2. 
Projections of different phases of this reflection 
to the surface are shown as grey lines in 
Fig. 6. These projections outcrop at CDP -250/-
150 along P1 and at CDP -750/-350 along P2.

Figure 6. Migrated and depth converted version of gure 5. (a) Pro le 1, (b) pro le 2.
Grey lines show possible projections of re ections in feature 3 to the surface.
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4. Observations and interpretations

Seismic reflections imaged as coherent 
events in the stacked sections are caused by 
impedance contrasts related to changes in 
the density of the rock and/or the velocity of 
seismic waves in the subsurface. These changes 
may be due to lithological contacts, fracture 
zones, metamorphic alteration, bedding or 
other unconformities. The seismic target in this 
survey was the lithological contacts in the area, 
and determination of any previously unknown 
reflectors, e.g. broad deformation zones and/or 
faults, exist within the different lithologies. 

In all, five reflections could be observed in this 
survey. The east-dipping reflection 1 in Fig. 5 
outcrops in P1 at ~ CDP 250 and in P2 at ~CDP 
350. When plotting these CDP points on the 
geological map (Fig. 4) this reflection is seen to 
correlate with the porphyry-quartzite contact. 
This reflection is named L1.

The group of east-dipping reflections that 
constitutes feature 2 can be projected to the 
surface at CDP point 500-700 on P1 and at CDP 
800-1300 on P2 (Fig. 5). On the geological map, 
these sections along the profiles correlate with 
a sequence of interchanging sedimentary and 
magmatic rocks, and the group of reflections, 
therefore, most likely originates from the 
lithological contact between these different 
rock types. Feature 2 can eventually be split into 
three reflections (named L2-L4), corresponding 
to the lithological contact between sediments 
and meta-basalt, meta-basalt and porphyry, and 
porphyry and meta-basalt, respectively. 

Reflection 3 is only observed below 0.8-1.0 km 
depth (because of survey geometry), but if the 
dip is projected upwards, the reflection reaches 
the surface to the west of both profiles (grey 
lines in Fig. 6). The projections onto the surface  
correspond to a broad zone (CDPs -250/-150 
along profile 1 and at CDPs -750/-350 along 
profile 2 in Fig. 4 and in Fig. 6) that includes 
the Kiirunavaara mineralization and the syenite 
porphyry (for profile 1), and the mineralization, 
the syenite porphyry and the syenite (for profile 
2), respectively. A massive mineralization such 
as the Kiirunavaara iron orebody (80-113 m 

thick) is expected to have a significant velocity 
and density contrast to the host rocks and is most 
probably the reason for the observed reflections. 
The mineralization has been confirmed down to 
mining level 1700 m, corresponding to a depth 
of 1470 m on the seismic profiles, but reflector 
3 can be followed to even greater depth, down 
to ~800 ms TWT, corresponding to a depth of 
1700 m from the surface (or 1930 m mining 
level). This depth estimation is valid in the case 
that the reflectivity is coming from within-the-
plane of the seismic profile. If the reflector lies 
out-of-the-plane, the energy at these TWT must 
come from shallower depth. The reason for the 
lack of reflections below this depth could be 
that the deeper part of reflector 3 is at or close 
to the penetration limit of the seismic signal. 
Also, the position of the profiles relative to the 
mineralization was sub-optimal. The geometry 
of the profiles was designed to give optimal 
reflections from the lithological boundaries in 
the hanging wall and the mineralization was 
not the main target. The reflection from the 
mineralization is named L5.

In all, five reflectors (L1-L5) could be identified 
and correlated between the two profiles (Figs. 
7 and 8). Ray tracing and traveltime modelling 
was then done in order to estimate the position, 
strike azimuth and dip angle of these five 
reflectors (e.g. Ayarza et al., 2000; Kashubin 
and Juhlin, 2010). The geological contacts 
were assumed to be planar reflectors and 
their approximate strike was estimated from 
the geological map (Fig. 4) and then adjusted 
during the modelling. First arrivals and velocity 
analysis show that reasonable modelling 
velocities for the bedrock are in the range of 
5000-5500 m/s. Similar values of acoustic 
velocities were obtained on the rock samples 
by measurements in the laboratory (Table 3). 
A number of overburden velocities and dip 
angles were tested for each reflector during ray 
tracing and reflection TWT modelling (Fig. 7). 
Synthetic gathers for all source points with the 
original acquisition geometry were calculated 
and processed in the same way as the real field 
data. Some of the resulting images for reflectors 
L1, L2, L3, L4 (modelled with 5000 m/s 
velocity) are plotted on top of the stacked data 
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from P1 and P2 are shown in Fig. 7. Reflector 
L1 fits the westernmost shallow reflection 
(reflection 1 in Fig. 5) in both profiles when 
modelled with 40º dip. Reflectors L2, L3, and 
L4 best fit the angle of individual reflections in 

the thick package (reflections 2 in Fig. 5) in P1 
when modelled with 40-50º dip and in P2 - with 
40º dip. Optimal modelled reflector parameters, 
which were found by comparing the synthetic 
data with the observed data, are listed in Table 4.
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Figure 8. Stacked sections of pro le 1 (top) and pro le 2 (bottom) overlain 
by synthetic re ections from L5 (see table 3) modelled with different dip 
angles (50º-70º) and different overburden velocities (4500-6500 m/s).
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The modelling results for reflector L5 are 
presented in Fig. 8. Synthetic reflections were 
picked from the stacked images obtained for 
the L5-reflector with different parameters and 
plotted over the seismic images. Reflection 
geometry corresponding to a dip of 60º and 
overburden velocity of 5500 m/s best matches 
the stacked images.

5. Tomographic inversion

5.1 Method description: principles, 
capabilities, and limitations

Seismic energy from the surface source returns 
to the surface as reflected and refracted waves. 
First arrival seismic tomography inversion 
reconstructs the velocity structure of the portion 
of the media sampled by the refracted seismic 
waves (diving or head waves). It is generally 
easy to identify these waves in seismic records, 
because they arrive earlier than other seismic 
waves. First break times corresponding to the 
arrival of these waves were picked and used for 
reconstruction of a simplified 2-layered velocity 
model for calculation of refraction static shifts 
and correction of the reflection data. The 
same picks were then used for a more detailed 
reconstruction of the shallow subsurface using 
a tomographic method.

Table 3. Average P-wave velocities for samples from drillcores KH1, KH2 and KH3.
The depth of the samples along the drillcore is given after the drillcore name. The velocity (m/s) 
was measured diametrically at 30°-intervals, and the values listed in the table are mean velocities 
for each sample. The velocity was also measured axially on plane parallel end surfaces 
(1 measurement for each sample). Measurements were performed on water-saturated samples at 
atmospheric  pressure and room temperature.

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

Table 4. Optimal parameters for the modelled re ectors.

KH1-16 Quartz-bearing porphyry 5687 40 4800
KH1-29 Quartz-bearing porphyry 5563 61 5684
KH1-62 Quartz-bearing porphyry 5763 82 5790
KH1-137 Quartz-bearing porphyry 5531 59 5654
KH1-198 Quartz-bearing porphyry 5756 75 5800
KH1-578 Quartz-bearing porphyry 5641 63 5500
KH1-587 Quartz-bearing porphyry 5550 91 5517
KH2-32 Quartz-bearing porphyry 6008 60 5774
KH2-68 Quartz-bearing porphyry 5756 55 5610
KH2-112 Quartz-bearing porphyry 5557 92 5542
KH2-143 Quartz-bearing porphyry 5818 64 5674
KH2-179 Quartz-bearing porphyry 5805 56 5567
KH2-185 Quartz-bearing porphyry 5730 115 5648
KH2-193 Quartz-bearing porphyry 5743 81 5030
KH3-25 Quartzite 5092 93 4847
KH3-78 Quartzite 4881 119 4653
KH3-110 Tuff 6064 276 4607
KH3-128 Quartz-bearing porphyry 5770 75 5505
KH3-134 Agglomerate 5971 55 5726
KH3-150 Quartz-bearing porphyry 5883 52 5804
KH3-155 Quartz-bearing porphyry 5861 39 5668
KH3-161 Quartz-bearing porphyry 5847 44 5479
KH3-167 Quartz-bearing porphyry 5883 37 5755

Stdev         
(Dia. vel.)

P-wave velocity    
Axial (m/s)Sample Rock type

P-wave velocity      
Diametrical (m/s) 
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In the tomographic method employed a velocity 
model is formed by a grid of parallelepiped 
blocks, in which the velocity is constant. The 
final velocity model is constructed in an iterative 
manner with steps of small changes applied to 
the initial model to find the minimum root-mean-
square (RMS) misfit between the observed 
first arrivals and the first arrivals calculated 
from the obtained model. Velocity updates are 
found as solutions of a system of linearized 
traveltime equations and additional equations 
for smoothing and residuals (Tryggvason et al., 
2002; Bergman et al., 2004). The former contain 
residual times and ray path lengths within the 
constant velocity blocks and are considered to 
be linear for the small velocity and ray path 
variations with respect to the current model. 
Since source-receiver ray paths are dependent 
on velocity structure the linearization approach 
is more stable for transient waves in cross-hole 
or mine-surface tomography set-ups, where ray 
paths have better constrained geometry. 

In the case of a 2D survey with sources and 
receivers located at the surface, the geometry 
of the diving waves is less constrained and 
even minor local velocity changes will result 
in a significant accumulated difference in ray 
length and traveltime at the final point. In this 
respect, while the traveltime equations for each 
independent iteration can be considered linear, 
the problem itself is highly non-linear and the 
final model depends on a number of factors 
including the initial model, grid size, smoothing 
constrains and observed data.

The depth extent of the recovered model 
depends on the volume sampled by the ray 
paths, which in turn depends on the velocity 
structure. The depth penetration of diving 
waves is typically expected (depending on 
vertical gradient) to be 5-10 times less than 
the data offsets (Levander et al., 2007; Zelt et 
al., 2006). The ray-tracing algorithm employed 
cannot handle strong velocity heterogeneities; 
therefore the velocity field of the tomographic 
models is forced to be smooth and cannot 
include sharp local anomalies even if they are 
demanded by the data. The resolution of the 
models and actual size of the anomalies, as 
well as the robustness of the final result, may 

be estimated by testing various grid sizes and 
initial models with various velocity structures. 

5.2 Data description

For profile 1 a total of 32 403 picks from 309 
source gathers were used (Figs. 9a and 9b) 
while for profile 2 41 530 picks from 207 source 
gathers were used in this study (Figs. 10a and 
10b). The first arrivals were picked manually 
with a precision of 1-2 ms in the offset range 
of 1-2400 m for profile 1 and of 1-1500 m 
for profile 2. Figure 9a shows all travel time 
curves picked from profile 1 plotted in time-
offset axes. The origin of the horizontal axis 
was chosen to be a few meters to the west of 
the first receiver position. The data points are 
coloured with respect to their apparent velocity 
(a ratio of source-receiver offset to the observed 
arrival time: Vapparent = Xoffset/Tarrival); areas of 
the same velocity are outlined with 1 km/s 
isolines. A general tendency of an increase in 
apparent velocities with offset is observed (i.e. 
with depth of penetration), although the rate of 
increase changes along the profile. 

To better emphasize the spatial characteristics of 
the observed arrivals the same data are plotted 
in offset-distance axes (Figs. 9b and 10b) using 
the same colour scale. The traveltime data here 
are coded to the x-coordinate of the mid-point 
between the corresponding source and receiver. 
In this way, each mid-point along the profile 
is covered by a range of offsets with specific 
apparent velocities at that location. 

Arrivals were picked only along the areas with 
good signal to noise ratio, which resulted in some 
gaps in the data. Furthermore, two intervals on 
profile 1, where source locations were skipped 
due to logistics (700-1000 m,1600-2500 m and 
2850-3000 m), are lacking short offsets in the 
data coverage (Figs. 9a and 9b). On profile 2 
(Figs. 10a and 10b) the short offsets are lacking 
in the intervals 900-1150 m, 2350-2500 m 
and 2600-3100 m. As a result of the absence 
of short offset observations in these intervals, 
the shallow most parts of the models are poorly 
constrained at these locations.
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Figure 9. Traveltime data and one of the reconstructed models for pro le 1. (a) Traveltime curves 
plotted along time-offset axes and coloured with respect to their apparent velocity. (b) Travel time 
curves plotted along offset-x axes. (c) Velocity model. (d) Cumulative ray coverage.
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Figure 10. Traveltime data and one of the reconstructed models for pro le 2. (a) Traveltime curves 
plotted along time-offset axes and coloured with respect to their apparent velocity. (b) Travel time 
curves plotted along offset-x axes. (c) Velocity model. (d) Cumulative ray coverage.
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5.3 Choice of parameters and starting models

Velocity models for the two profiles were 
obtained independently. The orientation of the 
coordinate systems of the models coincide with 
the geographical system as both profiles have 
a general west-east orientation: X-axis directed 
from west to east, Y-axis directed from south 
to north and Z-axis directed downwards. The 
beginning and end of the models were selected 
to encompass all source and receiver positions 
and to be deep enough for rays to return to the 
surface. Each model extended for 4000 m in the 
west-east direction (X-axis), for 600 m in the 
south-north direction (Y-axis) and for 900 m 
vertically. Elevations along the profiles varied 
from ~510 m to ~440 m above sea level and 
the vertical dimension of the models extended 
from 600 m above sea level to 300 m below 
sea level. Due to the downward direction of the 
Z-axis, this translates to -600 m for the top of 
the models and 300 m for the bottom. 

The volume of the models was subdivided 
into parallelepipedal cells. Cell size plays an 

important role in inversion speed, accuracy 
and resolution. A finer grid may provide better 
spatial resolution, but a larger numbers of 
blocks with the same amount of rays (data) 
make the problem less well-determined. Fewer 
rays are crossing each block and more of them 
(especially with depth) became unsampled. 
Larger blocks make the problem better 
determined, but result in coarser resolution. 

Since the profiles are approximately parallel to 
the X-axis, and the strike of the surface geology 
is perpendicular to the profiles (Fig. 4), the 
inverse problem was solved in 2.5D, implying 
that cells in the Y-dimension were significantly 
elongated compared to the X-dimension, 
consistent with no changes being expected 
along the strike of the geological structures. 
Cells were also longer in the X-dimension 
compared to the Z-dimension, since it is 
common to assume quasi-horizontally layered 
structures with smoother lateral variations of 
the physical properties compared to the vertical 
variations.

Figure 11. The tomographic models plotted along with the upper section of the re ection images of pro le 1 (top) 
and pro le 2 (bottom). CDP numbers of the re ection seismic sections corresponding to locations in Fig. 4 are 
plotted in red; acquisition station numbers along the pro les and along the models are plotted in black.
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Different grids were tested in order to estimate 
the optimal resolution and ray hit. Very close 
RMS fits and similar velocity structures, but 
with different degrees of detail were obtained. 
The models presented in Figs. 9c and 10c were 
recovered with blocks of 40 m by 200 m by 20 m 
in the X-, Y- and Z-dimensions, respectively. 
The models show velocity patterns representing 
all characteristic features of the data (Figs. 9b 
and 10b). Only those cells which were sampled 
by the rays are plotted. Cumulative ray coverage 
(Figs. 9d and 10d) illustrates how many rays 
passed through each cell and makes it possible 
to judge on the confidence of the obtained 
velocities at specific locations.

The distribution of the rays in the final velocity 
model may depend upon the initial model, if 
the obtained solution is not a global minimum 
(at least in some parts of the model space). To 
investigate if this is the case, different starting 
models were tested. All starting models have 
a combination of different laterally constant 
surface velocities (2 km/s, 4 km/s, 5 km/s and 
6 km/s) and different smooth positive vertical 
velocity gradients (1 km/s per 1 km depth, 
2.25 km/s per 1 km depth and 4.0 km/s per 
1 km depth), encompassing quite a broad range 

of probable and less probable geophysical 
situations. The final velocity structures obtained 
from the various starting models are similar in 
the general pattern of the shallow anomalies, 
but their shape and depth extent vary (Fig. 11). 
Therefore, the models in Figs. 9c and 10c are 
considered to be representative, and might be 
confidently interpreted in the shallow most 
parts. The depth extent and shape of the features 
below 100 m, however, must be regarded with 
caution. 

6. Gravity model

Reflections on the two seismic profiles, 
interpreted to represent contact zones between 
different rock types, can be traced down to 
depths of approximately 1800 meters. To 
confirm these observations and to create an even 
deeper geological model, the Bouguer gravity 
field was interpreted along a 28 km long and 
ENE-WSW oriented gravity profile (Fig. 12). 
Gravity and density data were supplied by the 
Geological Survey of Sweden (SGU) and the 
LKAB mining company. Additional data were 
collected by Luleå University of Technology 
(LTU). 

Figure 12. Bouguer anomaly map over the Kiruna area. The gravity pro le is indicated with dashed black line.  
CDP numbers from pro le 1 and pro le 2 are indicated with white letters.
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The data were subsequently compiled into 
a single data file and a map of the Bouguer 
gravity anomaly field was produced (Fig. 12). 
The map is based on 14892 data points. The 
point density is generally highest closes to the 
LKAB mine and the town of Kiruna (50 m and 
200 m line spacing with 40 m station spacing), 
and decreases towards the edges of the map.

Regional-residual separation and density 
modelling was performed using ModelVision 
by Encom. Because of the proximity to the 
Swedish Caledonian Mountains, the regional-
residual separation was not straight forward. The 
regional field was first estimated automatically 
by the modelling software, and then manually 
adjusted based on the knowledge of the density 
of the rocks. Apart from the Kiirunavaara 
mineralization and the quartz-bearing porphyry, 
whose densities are quite well constrained, 
density data is scarce, especially from rocks 
in the hanging wall. Geological mapping (e.g. 
Forsell, 1987) shows greenstone, conglomerate 
and syenite in the footwall, and quartz-bearing 
porphyry, sandstone and basalt in the hanging 
wall. The relatively simple geological setting 
makes the regional-residual field separation 
less complicated.  

Geological and structural-geological data 
from three drillcores located along and at 
the westernmost part of profile 2 have been 
used in conjunction with this study (Fig. 4). 
The drillcores are named (from west to East) 
Kiruna Hanging wall 1 (KH1), Kiruna Hanging 
wall 2 (KH2), and Kiruna Hanging wall 3 
(KH3). Drillcores KH1 and KH2 were drilled 
at a 45° angle and are 597 m and 602 m long, 
respectively. KH3 was drilled at an angle of 
41° and is 172 m long. The upper parts of the 
drillcores consist of unconsolidated sediments, 
giving a vertical soil thickness of 3-4.7 m. 

Drillcore KH1 consists of homogeneous quartz-
bearing porphyry with open and closed calcite-
filled fractures (2-4 mm) occurring throughout 
the core. In drillcore KH2 the top soil is followed 
by 1.3 m of meta-siltstone and quartzite. At 
16.75 m the rock type changes abruptly from 
quartzite to quartz-bearing porphyry, the latter 
being observed throughout the remainder 

Table 5. Average density for the samples from drillcores 
KH1, KH2 and KH3 that were used for the P-wave 
measurements. The depth of the samples along the 
drillcore is given after the drillcore name. N (density) is 
number of samples for density measurements. 

of the core. Several zones of clay alteration 
are observed in the drillcore. Drillcore KH3 
contains several rock-types. Below the top soil, 
weathered quartzite with intervals of siltstone 
is observed down to 62 m. From 62 m to 101 m 
the drillcore contains a mixture of quartzite and 
conglomerate, followed by a fine-grained tuff 
down to 123 m, where the rock type changes 
again, this time to agglomerate. The deepest 
part of the drillcore, from 137 m down to 
172 m is quartz-bearing porphyry. All depths 
are measured along drillcore, not vertically.

The density of the dominating rock of drillcores 
KH1, KH2 and KH3 (the quartz-bearing 
porphyry) is 2656 kg/m3 with a standard 
deviation of ± 31 kg/m3 (averaged from 157 
samples). Density data for the drillcore samples 
used for measuring the P-wave velocities in 
Table 3 are shown in Table 5. 

KH1-16 Quartz-bearing porphyry 5 2644 7
KH1-29 Quartz-bearing porphyry 4 2645 14
KH1-62 Quartz-bearing porphyry 4 2613 42
KH1-137 Quartz-bearing porphyry 6 2640 4
KH1-198 Quartz-bearing porphyry 4 2660 8
KH1-578 Quartz-bearing porphyry 6 2632 4
KH1-587 Quartz-bearing porphyry 6 2642 3
KH2-32 Quartz-bearing porphyry 2 2643 18
KH2-68 Quartz-bearing porphyry 3 2633 10
KH2-112 Quartz-bearing porphyry 4 2680 12
KH2-143 Quartz-bearing porphyry 5 2650 8
KH2-179 Quartz-bearing porphyry 5 2700 27
KH2-185 Quartz-bearing porphyry 4 2703 6
KH2-193 Quartz-bearing porphyry 2 2645 19
KH3-25 Quartzite 8 2539 24
KH3-78 Quartzite 1 2571 -
KH3-110 Tuff 12 2845 19
KH3-128 Quartz-bearing porphyry 6 2674 5
KH3-134 Agglomerate 4 2691 8
KH3-150 Quartz-bearing porphyry 6 2664 19
KH3-155 Quartz-bearing porphyry 4 2677 11
KH3-161 Quartz-bearing porphyry 6 2683 13
KH3-167 Quartz-bearing porphyry 6 2680 9

Sample Rock type
N       

(Density)
Density 
(kg/m3) 

Stdev    
Density  
(kg/m3)
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Figure 13. (a) Bouguer pro le. 
Observed data is shown with dotted 
line and the model response with a 
solid black line. The regional eld 
is indicated by the dashed line.  (b) 
Density model. CDPs from pro le 
2 (in italic) have been projected 
onto the pro le. The legend is the 
same as in gs. 2 and 4, but has 
been expanded with the extra rock 
types necessary to compute the 
gravity model.

The Bouguer field and the corresponding 
density model are shown in Fig. 13. The dip of 
the rocks on the hanging wall was constrained 
to 50° down to ~1.8km by the seismic data. The 
seismic data also set a limit to the thickness of 
the rock sections. On the footwall side of the 
Kiirunavaara mineralization, the profile crosses 
the Kiruna greenstone (2860-2900 kg/m3), the 
Kurravaara conglomerate (2590 kg/m3) and the 
syenite/syenite-porphyry (2670-2780 kg/m3). In 
the model, the mineralization does not reach the 
surface, but begins at approximately 300 meter 
depth, corresponding to the mining depth at the 
time of the gravity data acquisition in 1965. 
The upper 300 m is modelled as gravel with a 
density of 2000 kg/m3, while the mineralization 

is modelled with a density of 4580 kg/m3. In 
the hanging wall, it was necessary to divide 
the quartz-bearing porphyry between the 
mineralization and the Vakko sedimentary 
sequence into two sections. The western section 
was modelled with a density of 2490 kg/m3, 
while the eastern section was modelled with a 
density of 2650 kg/m3. The eastern section is 
thus modelled with a density within the range of 
the density calculated for the drillcore samples 
(2656 ± 31 kg/m3). The Vakko sedimentary 
rocks are modelled with a density of 2560 kg/
m3, also within the density range given in Table 
5. The sedimentary rock sequence is followed 
by an interchanging series of porphyry (2600-
2660 kg/m3) and basalt (2800-2855 kg/m3).  



22

7. Discussion

The most prominent features in the seismic 
images (L1-L5) are interpreted as lithological 
contacts based on their correlation with surface 
geology. The lithological contact signature for 
L1 can be traced down to T = 0.55-0.6s (~1400-
1600 m), with a modelled dip of 40° to the East. 
The reflection package observed in the transition 
zone between quartz-bearing porphyry, meta-
basalt and the Vakko sedimentary group (L2-
L4) can generally be followed down to T = 
0.4s corresponding to a depth of 1000-1100 m. 
The best fitting, modelled dip for the contacts 
generating these reflections is a 40°-50° 
eastward dip. 

Based on core drilling, the dip of the Kiirunavaara 
mineralization (the ore body) is ~60°. This is 
consistent with the modelled dip for reflection 
L5, where a dip of 60° east is a best-fit along 
the entire length of the reflection. Generally, a 
decrease in dip is observed from West to East, 
which is consistent with earlier observations by 
e.g. Parák (1975). The lithological contacts may 
involve fracture or shear zones intercalating 
with different rock types. The complex pattern 
of feature 2 supports this suggestion (Fig. 5). 

7.2 Acquisition considerations

The same VIBSIST source was used for 
mapping the post-glacial Pärvie fault system to 
the southwest of Kiruna (Juhlin et al., 2009). 
Source signals generated there penetrated a 
distance of 5-6 km.  However, the imaged 
faults in that survey could only be mapped 
down to a depth of approximately 2-3 km.  
This is somewhat deeper than what the dipping 
reflections in the present survey can be traced. 
It remains to be investigated if this apparent 
“penetration limit” of 2-3 km is due to the 
geological nature of the reflecting boundaries 
or whether it is due to the limitations of the 
source employed in these surveys.

In this project, the source signature is complex 
and possibly not very stable (due to the 
unrepeatable multi-hit nature of the individual 
sweep) and all observed reflections show a 

complex multiphase form. No horizontal or 
sub-horizontal reflections corresponding to 
weakness zones (fracture zones and/or shear 
zones) were observed in the seismic images 
of the hangingwall, which may be due to the 
minimum thickness criteria. A given source will 
image a geological feature whose thickness is a 
portion of the observed dominant wavelength in 
the data, so resolution is defined as a function of 
the frequency content of the signals generated 
by the source. The lower detection limit 
(minimum thickness of possible deformation 
zones) is generally regarded as being at 1/20-
1/30 of the dominant wavelength frequency. 
The frequency of our data after processing is 
40-130 Hz, with a dominant frequency of ~90 
Hz which gives a minimum detection limit of 
1.83-6.25m under favourable conditions.

The data from the two profiles were acquired 
with the same instrumentation, but with different 
source/receiver spacing (Table 1). Comparing 
the source gathers from different profiles, it 
appears that the traces from far offsets (more 
than 1500 m) do not contribute much to the 
signal. Therefore, the acquisition parameters 
of P2, where a shorter spread and denser 
geophone spacing was used, are advantageous. 
Reflections in the final image along P2 appear 
to be somewhat sharper and better defined 
compared to the background signal.

The VIBSIST technique, which utilises 
multiple hits from the same location, proved to 
be very effective at the sites with strong random 
noise (e.g. city conditions). A higher number of 
source sequences (sweeps) at the same point 
improves the signal to noise ratio, but reduces 
production speed (number of source points 
per day). In the noisiest conditions during this 
project the number of sweeps was increased to 
seven, which improved originally poor source 
gathers. A higher number of sweeps (and a 
more powerful source) should also increase the 
quality of the signal at far offsets and greater 
depth, which might be important if a zone of 
interest lies deeper than 1-1.5 km depth.

Shooting gaps due to infrastructure restrictions 
resulted in the absence of near-surface 
information at CDPs 400-600 on P1 and poor 
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image quality at CDPs 800-1100 on P2. This 
complicates correlation of the reflections 
between the profiles. 

The straight CDP lines of azimuth 84º from 
north were used for the data processing. These 
lines are optimal for imaging structures with 
strike 354º/174º, which is also the dominant 
trend of the geological structures. Reflectors 
with other strikes are also observable in the final 
images because of residual static corrections 
and stacking velocity adjustments, but their 
configuration, extent and amplitudes are most 
likely distorted. 

7.3 First-arrival tomography

Zones of crushed rock in the near-surface are 
potential weakness-zones, which in a seismic 
context are represented by low-velocity 
anomalies in the rock. Seismic tomography can 
detect lateral or vertical variations in seismic 
velocity, even if the variations are not separated 
by sharp interfaces and, therefore, are not seen 
by the reflection seismic method. This makes 
refraction-tomography a very useful method for 
localizing near-surface variations in velocity. 

Refraction tomography was preformed along the 
entire length of both profiles to provide an image 
of the velocity distribution down to 200 m depth 
(Fig. 11). In general, the lowest velocities are 
observed near the surface at the western end of 
the profiles, and in the sedimentary rocks, while 
the highest velocities are found in the porphyry. 
In both profiles, the Vakko Sedimentary Group 
is mainly characterized by velocities of ~2.0-
4.0 km/s. This group consists of conglomerates, 
greywackes, phyllites and a quartzite unit with 
local conglomerates, suggesting the modelled 
velocities are reasonable. A well-defined high-
velocity anomaly (~6.0 km/s) is observed within 
the sedimentary group on both profiles (stations 
1500-1700 on P1 and stations 220-240 on P2, 
Fig. 11). This anomaly may be explained as a 
wedge of meta-argillite or porphyritic meta-
rhyolite inside the sedimentary group. For the 
quartz-bearing porphyry the velocity increases 
to ~ 3.8-5.2 km/s (westwards from station 800 
on P1 and station 120 on P2 and eastwards from 
station 2000 on P1 and station 360 in P2). 

Three boreholes are located at the western 
end of profile 2 (Fig. 4). Drillcores KH1 and 
KH2 reached a vertical depth of 424 m and 
KH3 a vertical depth of 120 m. Drillcore 
KH1 is drilled entirely through the quartz-
bearing porphyry, but the transition from meta-
sediment (quartzite) to porphyry is observed in 
KH2, and it correlates well with the increase in 
velocity in the tomographic model (station 120 
on P2). Zones with velocities of ~5.5-6.6 km/s 
are observed within the porphyry and seem to 
correlate well to a meta-basalt on P1 (stations 
2000-2300 and stations 2700-3000). On P2 this 
correlation is not that obvious, probably due 
to a lack of near offsets in the data Figs. 10a 
and b). 

In P2, two areas of low velocity (~1.6-3.0 km/s) 
are observed in the contact zones between the 
Vakko Sedimentary Group and the porphyry 
and they can be traced from the surface down 
to 40-50 meters depth (stations 900-1000 on P1 
and stations 120-180 on P2). These low-velocity 
zones in the contact between the rock types are 
not as prominent in P1, but have similar lateral 
location delimiting the sedimentary group 
(Fig. 11). Drillcore KH3 crosscuts the western 
contact zone between the porphyry and the 
sedimentary rocks. Of the sedimentary rocks 
present in the drillcore, especially the quartzite 
shows a significant degree of weathering. The 
weathered quartzite is mapped to a vertical 
depth of ~ 66 m and could explain the low-
velocity anomaly at the western boundary of the 
Vakko Sedimentary Group (stations 900-1000 
on P1 and stations 120-180 on P2). It is also 
a probable cause for the low velocity zone at 
the eastern boundary of the Vakko Sedimentary 
Group (in vicinity of station 1800 on P1 and 
station 360 in P2). 

Thin near-surface low-velocity areas are also 
observed at the western end of both profiles 
(westwards from station 400 on P1 and from 
station 80 on P2). For P2, this section of the 
profile is intersected by drillcores KH1 and 
KH2. KH1 consists entirely of homogeneous 
porphyry, while only the upper 12 meters 
(vertical depth 8.5 m) of KH2 is siltstone and 
quartzite. Below 12 m the rock type changes 
abruptly to quartz-bearing porphyry. This 
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means that these near-surface low-velocity 
zones are caused by a thin unconsolidated cover 
of weathered (and also possibly deformed) 
quartz-bearing porphyry rock or by thin cover 
of loose sediments.

The absence of prominent low velocity 
anomalies in the eastern half of the area 
(eastwards from station 2000 on P1 and station 
400 on P2) suggests that there are no significant 
weakened or fractured zones there and the 
reflectivity (feature 2 in Fig. 5) is mainly 
controlled by intercalating bodies of meta-
mafic and meta-felsic rocks.

In general, different velocity domains in the 
models roughly correlate with geological units, 
although their limits do not coincide exactly. 
The meta-sediments in the recovered models 
are associated with velocities of 2-4.0 km; 
the meta-rhyolites – with velocities of 4.0-5.0 
km/s or even up to 5.5 km/s; and the meta-
basalts – with velocities of 4.5-5.5 km/s. These 
observations fit well with earlier measurements 
of refracted P-waves generated from production 
blasting in the Kiirunavaara quarry (at that 
time). Those first measurements were made 
by Båth and Tryggvason (1962), who reported 
velocities of 5.65±0.13 km/s for the porphyritic 
rocks (the meta-rhyolites) in the hangingwall 
area. The laboratory measurements of the 
acoustic velocities on the core samples show 
comparable, although, slightly greater values 
(table 3).

7.3 The structural-geological model and the 
gravity model 

The orientation of the reflectors (the contact 
zones) listed in table 3 correlates to the 
orientation of feature 1 in Magnor and Mattsson 
(2000) overview of the tectonic lineament 
(insert in Fig. 2). This means that the lithological 
contacts mapped in the present survey are 
parallel to a zone of plastic deformation, with 
possible brittle re-activation, striking parallel 
to the Kiirunavaara mineralization and inclined 
60° E. However, the dip of the reflectors is 
40°-50° and thus somewhat lower than that of 
feature 1 of Magnor and Mattsson (2000).   

In general, there is a good match between the 
seismic data and the model response of the 
gravity model. The seismic data provided the 
exact location of rock type boundaries and thus 
helped set a limit on the horizontal thickness 
of the rock sections. Outside the limit of the 
seismic data, it was necessary to divide the 
quartz-bearing porphyry between the Vakko 
Sedimentary Group and the Kiirunavaara 
mineralization into an eastern and western 
block, in order to model the correct gravity 
response. The western block was modelled 
with a density of 2490 kg/m3, whereas the 
eastern block has a density of 2650kg/m3, 
which is close to the average for the quartz-
bearing porphyry of drillcores KH1, KH2 and 
KH3 (2656 kg/m3 ± 31). The low density of the 
western block indicates either a change in rock 
type or a change in the physical properties of the 
porphyry, e.g. an increase in porosity. Another 
possibility is that the western low-density block 
consists of a mixture of rock types.   

8. Conclusions

Reflection seismic data were acquired along 
the two profiles located within the town of 
Kiruna in northern Sweden. The aim of the 
survey was to locate faults and deformation 
zones in the hangingwall of the Kiirunavaara 
iron mineralization. Prominent east-dipping 
reflectivity subdivides sections into blocks 
that correlate well with surface geology 
and tomography structure. Strong reflectors 
corresponding to five lithological contacts were 
located. These lithological features generally 
follow the orientation of the mineralization, 
while the dip of the reflectors decreases from 
west to east. Aside from reflectors in the 
hangingwall, a reflection from what appears to 
be the Kiirunavaara mineralization was imaged 
down to a depth of c. 1800 m. 

The shallow velocity structures derived from 
the first arrival traveltime tomography provide 
a link between the deeper structures obtained by 
the reflection seismics and the surface geology. 
The east-dipping structures in reflection seismic 
images, the areas of differing reflectivity and 
the contrasting velocities characterize the 
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different units within the sections. The sharpest 
low velocity anomalies revealed in the models 
are most probably associated with zones of 
weakness or altered rocks along the faults 
or lithological contacts limiting the Vakko 
Sedimentary Group. The velocity values are 
found to be lower in the west (mainly meta-
felsic rocks) and higher in the east of the area 
(meta-felsic and meta-mafic rocks). The lowest 
bulk velocities are found close to the centres 
of the profiles, where they correspond to the 
meta-sediments. The area in the east of the 
interchanging meta-mafic and meta-felsic units, 
a part of higher velocities, is also characterized 
by stronger reflectivity.

The gravity model constrained by the seismic 
data and density measurements indicate that a 
section of the quartz-bearing porphyry closest 
to the mineralization is of lower density than 
the porphyry in general. The model also 
shows that the rocks on the footwall side of 
the mineralization are inclined towards west, 
whereas the rocks in the hangingwall are 
inclined towards east.  

Acknowledgements  

The seismic survey was carried out in 
December 2008 by the geophysics group at 
Uppsala University on behalf of LKAB. LKAB 
also very kindly allowed publication of the 
data. The authors thank Christina Dahnér and 
Kirsten Holme at LKAB for their support in 
the planning of the work. Gravity data was 
supplied by the Geological Survey of Sweden 
(SGU) and by LKAB through GeoVista AB. 
This study was financially supported by the 
Hjalmar Lundbohm Research Centre (HLRC).

References

Ayarza P., Juhlin C., Brown D., Beckholmen 
M., Kimbell G., Pechning, R., Pevzner, 
L., Pevzner, R., Ayala C., Bliznetsov, M., 
Glushkov A. and Rybalka A., 2000. Integrated 
geological and geophysical studies in the SG4 
borehole area, Tagil Volcanic Arc, Middle 
Urals: Location of seismic re ectors and 
source of the re ectivity, J. Geophys. Res. 105, 
21333-21352.

Bergman, S., Kübler, L., and Martinsson, 
O., 2001. Description of regional geological 
and geophysical maps of northern Norrbotten 
county (east of the Caledonian orogen). 
Sveriges Geologiska Undersökning, Serie Ba, 
Nr. 56.

Bergman, B., Tryggvason, A., and Juhlin, 
C., 2004. High-resolution seismic traveltime 
tomography incorporating static corrections 
applied to a till-covered bedrock environment. 
Geophysics 69,  1082-1090. 

Båth, M., Tryggvason, E. 1962. Deep 
seismic re ection experiments at Kiruna. Pure 
and Applied Geophysics 51, 79-90.

Cosma, C. and Enescu, N., 2001. 
Characterization of fractured rock in the 
vicinity of tunnels by the swept impact seismic 
technique. Int. J. Rock Mech & Min. Sci. 38, 
815–821.

Forsell, P. 1987. The stratigraphy of the 
Precambrian rocks of the Kiruna district 
northern Sweden. Sveriges Geologiska 
Undersökning, Serie C, Nr. 812.

Frietsch, R. (1979): Petrology of the 
Kuuravaara area northeast of Kiruna northern 
Sweden. Sveriges Geologiska Undersökning, 
Serie C, Nr 760.

Geijer, P. (1910): Igneous rocks and iron ores 
of Kiirunavaara, Luossavaara and Tuollavaara 
– Scienti c and practical researches in Lapland 
arranged by Luossavaara and Tuollavaara 
Aktiebolag. Stockholm.



26

Geijer, P. and Ödman, O. H., 1974. The 
emplacement of the Kiruna iron ores and 
related deposits. Sveriges Geologiska 
Undersökning, Serie C, Nr. 700.

Hartman, H. L. and Mutmansky, J. M. 
(2002): Introductory Mining Engineering. 2nd 
ed. John Wiley and sons Inc.

Juhlin, C., Dehghannejad, M., Lund, B., 
Malehmir, A. And Pratt, G., 2009. Re ection 
seismic imaging of the end-glacial Pärvie Fault 
system, northern Sweden. J. Appl. Geophys. 
70, 307-316.

Kashubin, A. and Juhlin, C., 2010. Mapping 
of crustal scale tectonic boundaries in the Ossa 
Morena Zone using reprocessed IBERSEIS 
re ection seismic data. Tectonophysics 489, 
139-158. doi:10.1016/j.tecto.2010.04.010

Levander, A., Zelt, C., and Symes, W., 2007. 
Crust and Lithospheric Structure - Active 
Source Studies of Crust and Lithospheric 
Structure, in: Schubert, G., (Ed.), Treatise on 
Geophysics, vol. 1. Elsevier, pp. 247-288. 

LKAB, 1998: Densitet i Kiirunavaara. 
Internal LKAB report KG 98-181 (in 
Swedish).

Lupo, J.F., 1997. Progressive failure of 
hangingwall and footwall Kiirunavaara mine, 
Sweden. Int. J. Rock Mech. & Min. Sci. 34, 
paper No. 184.

Magnor, B. and Mattsson, H., 2000: 
Strukturgeologisk model over Kirunavaara, 
CTMG Report 00001. Center for applied 
ore studies (CTMG), Luleå University of 
Technology, 2000 (in Swedish).

Offerberg, J. 1967. Berggrundsgeologiska 
och ymagnetiska kartbladen: Kiruna NV, NO, 
SV, SO. Sveriges Geologiske undersökning, 
Serie Af (in Swedish).

Parák, T., 1975: The origin of the Kiruna 
iron ores. Sveriges Geologiska Undersökning, 
Serie C, Nr. 709. 

Park, C.B., Miller, R.D., Steeples, D.W. 
and Black, R.A., 1996. Swept impact seismic 
technique (SIST). Geophysics 61, 1789–1803.

Peng, S. S., 1992. Surface Subsidence 
Engineering. Society of Mining, Metallurgy 
and Exploration, Inc., Littleton, Colorado.

Romer, R. L., Martinsson, O. and Perdahl, J. 
A., 1994: Geochronology of the Kiruna iron 
ores and hydrothermal alterations. Economic 
geology and the bulletin of the society of 
economic geologists 89, 1249-1261.

Tryggvason, A., Rögnvaldsson, S. Th. And 
Flóvenz, Ö. G., 2002: Three-dimensional 
imaging of the P- and S-wave velocity 
structure and earth-quake locations beneath 
Southwest Iceland. Geophys. J. Int. 151, 848-
866.

Vollmer, F. W., Wright, S. F. and Hudleston, 
P. J., 1984. Early deformation in the 
Svecokarelian greenstone belt of the Kiruna 
iron district, northern Sweden. Geologiska 
Föreningens I Stockholm Förhandlingar 106, 
109-118.

Witschard, F. (1980): Stratigraphy and 
geotectonic evolution of northern Norrbotten 
Sweden. Geologiska Föreningens I Stockholm 
Förhandlingar 102, 188-190.

Wright, S., 1988: Early Proterozoic 
deformation history of the Kiruna district, 
northern Sweden. Unpublished Ph.D. thesis, 
University of Minnesota.

Zelt, C. A., Azaria. A. and Levander, A., 
2006: 3D seismic refraction traveltime 
tomography at a groundwater contamination 
site. Geophysics 71, H67-H78.



II

A geophysical approach to lineament mapping and joint-set analysis

Mai-Britt Jensen1, Håkan Mattsson2, Tomas Villegas3,4, Sten-Åke Elming1

1Division of Geosciences and Environmental Engineering,
Luleå University of Technology, Sweden

2GeoVista AB, Luleå, Sweden.
3Division of Mining and Geotechnical Engineering,

Luleå University of Technology, Sweden





1

A geophysical approach to lineament mapping and joint-set analysis

Mai-Britt Jensen1, Håkan Mattsson2, Tomas Villegas3,4, Sten-Åke Elming1

1Division of Geosciences and Environmental Engineering,
Luleå University of Technology, Sweden

2GeoVista AB, Luleå, Sweden.
3Division of Mining and Geotechnical Engineering,

Luleå University of Technology, Sweden
In preparation

ABSTRACT

Several systematic lineament orientations were identified in the study area. The interpreted magnetic 
lineament matches the joint set orientations observed in outcrops, and the joint set orientation could 
be correlated to the orientation of the magnetic foliation plane in the outcrops. The outcrops consist 
of sandstone, conglomerate and meta-rhyolites, so the correlation can be traced across a range of 
rock types. The results also show that (AMS) can be used to infer the direction of joint features. 

Keywords: Lineament mapping, Joint set orientation, Anisotropy of Magnetic Susceptibility (AMS).
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1. Introduction

Extensive deformation of the rocks in mining 
areas can greatly influence excavation processes 
and infrastructures, as well as complicate 
the planning of future mining activities. It is 
therefore vital to understand and, if possible, 
predict deformation. Deformation of the 
bedrocks in a mining environment is guided 
not only the mining method and the geometry 
of ore bodies, but also by the composition 
and structural features of the host rock. The 
geological setting in areas of extensive mining 
activity has often been mapped with a high 
degree of detail as part of the exploration 
process, but what is also needed for a successful 
analysis of stability is a detailed knowledge of 
the structural features, e.g. faults, joints and 
deformation zones. However, ground mapping 
of such features can be extremely difficult due 
to poorly exposed bedrock. 

The use of airborne geophysics, combined with 
digital terrain data, to map structural trends in 
crystalline rock environments have been tested 
successfully in Finland, where Lipponen and 
Airo (2006) related magnetic and topographic 
lows to brittle deformation along fracture zones, 
and Airo and Wennerström (2010) detected a 
correlation between trends in aeromagnetic data 
and the orientation of joint sets. The method 
has also been applied in Norway (Olesen et al., 
2007) and Sweden (e.g. Mattsson and Triumf, 
2007; Wahlgren et al., 2008).  

Such anomalous low intensities in the magnetic 
field may be caused by alteration of magnetite 
to hematite and iron-hydroxides at the same 
time as silicate minerals are converted to clay 
minerals (Henkel and Guzmán, 1977; Grant, 
1984). Subsequent weathering and erosion of 
the weakened rock creates valleys in the terrain, 
which can be identified in the topographic data. 
Linear features of lows in both magnetic data 
and elevation are here thus used as indicators of 
weakened rock and fault zones. 

The magnetic susceptibility of a material is 
a measure of the materials ability to carry 
an induced magnetization. Anisotropy of 
magnetic susceptibility (AMS) is the variation 

of susceptibility with direction and it reflects 
the texture of the rock in a 3D image. AMS 
can be visualized by plotting the direction of 
the minimum, intermediate and maximum 
susceptibility axis on a stereogram, making 
the data directly comparable to e.g. joint set 
orientations, which are normally plotted in a 
similar manner. If a correlation can be found 
between the orientation of magnetic texture 
and joint set orientations, AMS may serve as an 
indicator tool for structural features.

The objectives of the paper are; (1) To test if 
results from trend analysis of magnetic and 
topographic data can be correlated to joint 
set orientations in outcrops, (2) To test if the 
joint set orientations can be correlated to the 
orientation of the magnetic foliation plane in 
rock samples.

To achieve these objectives, a map of the linear 
structures in the Kiruna area was created by 
analysing airborne magnetic and topographic 
data. The orientation of the dominant lineaments 
was then correlated to the orientation of joint 
sets mapped at six outcrops within Kiruna city. 
Lineament and joint set orientations were then 
compared to the magnetic susceptibility and 
direction of magnetic anisotropy measured in 
rock samples from the same outcrops. 

2. Geological and structural setting 

2.1 Geological setting

The regional geology of Northern Sweden 
is characterized by an Archaean basement 
overlain by Proterozoic volcanic, volcanoclastic 
and sedimentary rocks (Romer et al., 1994). 
The oldest rocks in the Kiruna area (Fig. 2.1) 
(the Kiruna greenstones) are found in the 
west and the youngest rocks (belonging to 
the Hauki complex) in the east (Parák, 1975). 
The Kiruna and Luossavaara iron deposits 
consist predominantly of magnetite and occur 
as discontinuous bodies within a sequence 
of volcanic porphyries located between the 
greenstone and rocks of the Hauki complex. A 
stratigraphy within the porphyry group, based 
on field observations, indicates that mafic 
rock types (basalt and porphyry) are oldest, 
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followed by intermediate-composition alkaline 
rock types (syenite and syenite porphyry), 
with acid volcanic rocks and meta-rhyolites 
(quartz-bearing porphyry) at the top. The 

Vakko sedimentary rocks rest on the Lower 
Hauki rocks partly concordantly and partly 
with tectonic boundaries (Parák, 1975). The 
group consists of volcanogenic conglomerates 

Figure 2.1. Bedrock map of the study area. Outcrops are numbered 1-6. Insert: The direction of the main 
tectonic lineament in the Kiruna area (modi ed from Magnor and Mattsson, 2000). Intact lines denote brittle 
fault planes; dashed lines denote plastic deformation zones. The numbers refer to dip and the two stars at one 
plane indicate a vertical dip.
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and greywackes, phyllites, and a thick quartzite 
unit with local conglomerates. On its upper 
side, the quartzite is fault-bounded against a 
thick section of felsic porphyries, thought to 
be equivalent to the main Kiruna porphyries 
(Vollmer et al., 1984).

According to Geijer and Ödman (1974) there 
are no traces of textural metamorphism in the 
whole rock sequence, however, Jensen and 
Elming (2011?) found indicators of low grade 
metamorphism in the quartz-bearing porphyries 
in the hanging wall. 

2.2 Structural frame

In the most recent review of the structural 
geology of the Kiirunavaara area a good 
correlation between lineaments and structures 
interpreted from gravity and magnetic data, 
and field observations was found and the 
tectonic lineament were divided into two types 
of structures: plastic deformation zones and 
brittle fault zones (insert in fig. 2.1) (Magnor 
and Mattsson, 2000). The most dominating 
orientation of the deformation zones (line 
4 in fig. 2.1) is NNE-SSW-trending plastic 
deformation with a steep dip towards the east 
(70 -90 ). Two more orientations of plastic 
deformation zones are identified (lines 1 and 
2 in fig. 2.1): both are oriented approximately 
N-S, one is subvertical and the other coincides 
with the Kiirunavaara iron ore, and dips ~60  
towards the east. The latter zone varies in 
degree of plastic deformation. 

The most dominant brittle fault zones (line 6 
in fig. 2.1) are orientated WNW-ESE with a 
60-70° dip towards the south. This orientation 
is also found on a regional scale. Brittle faults 
with an E-W-orientation (line 5 in fig. 2.1) are 
also present, dipping 40 -50  towards the south. 
Line 3 in figure 2.1 represents NE-SW striking 
fault zones with a dip of 18°-36° SE, and line 
7 represents a NW-SE orientation, dipping 30°-
40° NE.

3. Geophysical methods

3.1 Magnetic data

Weathering and deformation affects the 
magneto-mineralogy by altering magnetite to 
iron oxides or hydroxides, thereby lowering 
the magnetic susceptibility. These changes 
in magnetic susceptibility of the rocks means 
that weathered rock (weakness zones) and 
deformation zones can be identified as low 
intensity zones on the magnetic data, zones 
which can be enhanced by gridding and filtering 
the magnetic data. 

The magnetic dataset used in this study 
includes ca. 47 000 data points collected along 
lines with an average spacing of ca. 100 meters 
and a point density between 10 m and 40 m. 
The data points are not evenly distributed; 
the highest density is generally found closest 
to the Kiirunavaara iron ore. The dataset is a 
compilation of data from different ground 
surveys in the Kiruna area in the 1960’es, most 
of them for exploration purposes. The data sets 
were compiled and coordinate transformed by 
GeoVista AB for LKAB in 2008 (Lindberg, 
2008). A general description of how to identify 
and link method-specific lineaments can be 
found in e.g. Mattsson and Triumf (2008). 

An example of a filtered magnetic map is seen in 
fig. 3.1, where the magnetic lineament has been 
interpreted from low-magnetic linear features 
(typical of deformation zones) or from where 
positive magnetic anomalies are displaced in 
such a way that it could indicate a fault. Most of 
the anomalies show a N-S trend in the southern 
and central part of the area, changing to a more 
NE-SW oriented direction in the northern part 
of the area. The orientation coincides with 
the distribution of rock units in the area, e.g. 
the very low-magnetic sedimentary rocks 
belonging to the Vakko Sedimentary unit are 
seen as a magnetic low area at Y-coordinate 
1687000 m. 

The N-S pattern is crosscut by linear features 
oriented primarily NE-SW and NW-SE. In the 
magnetic data there are indications of fault 
movements along some of these NE-SW and 
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NW-SE lineaments, indicating that they really 
are deformation zones (e.g. figure 3.1, southern 
part of Kiirunavaara).

In the area east of Kiirunavaara orebody three 
main lineament orientations are observed: a 
N-S trend related to the geometry and extent of 
the rock types, and a NE-SW and WNW-ESE 
orientation that breaks the N-S pattern. The 
NE-SE oriented anomalies could generally be 

traced for a longer distance than the WNW-
ESE trending structures.

3.2 Geodetic data

Topographic data was also interpreted with the 
aim of identifying linear structures (Fig. 3.2). 
Data represent an interpolated grid with cell size 
50 × 50 m2. In deformation zones, especially 
brittle zones, the rock is more easily altered 

Figure 3.1 Magnetic map of the Kiruna area based on eld data. Tilt derivative (TDR) of vertical magnetic eld, 
red = positive, blue = negative (Verduzco et al., 2004). Black lines indicate the interpreted magnetic lineament. 
Red colours indicate positive magnetic anomalies and blue colours indicate negative anomalies. Outcrops are 
numbered 1-6. 
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than in intact rock. This creates valleys in the 
terrain, which can be identified in the elevation 
data. Considering the northern location of the 
study area, it should be kept in mind that if the 
area in question is covered by a thick layer of 
un-consolidated sediment, the inland-ice may 
have created topographic anomalies not directly 
linked to structures in the bedrock. 

The structural pattern in the topographic data is 
quite similar to the pattern in the magnetic data 
with the three main orientations N-S, NE-SW 
and NW-SE. It should be noted that large piles 
of waste-rock from the Kiirunavaara mine, the 
city of Kiruna and various infrastructure makes 
interpretations at and around the Kiirunavaara 
iron ore difficult, however, there are clear 
indicators of NW-SE oriented structures at the 
southern part of Kiirunavaara, on both sides 
of the ore body. A group of NE-SW oriented 
lineaments are identified around Luossavaara, 
continuing towards SW on the right side of the 
ore body. NW of lake Luossajärvi is a larger 
swarm of NE-SW oriented lineaments, which 
are also expressed clearly in the magnetic 
data (Figs. 3.1 and 3.2). These anomalies can 
be connected to a NE-SW striking belt of 
greenstone.

3.3 Anisotropy of Magnetic Susceptibility, 
sampling and laboratory measurements

Magnetic susceptibility is a measure of 
the ability of a rock to become magnetized 
but it is also a measure of the amount of 
magnetic material in the rock. Anisotropy 
of the magnetic susceptibility (AMS) is the 
directional variability in the magnetization of 
a rock. AMS is very sensitive to all changes in 
the magnetic fabric and can therefore be used as 
a tool of structural analysis (Reference, 19xx; 
Mattsson and Elming, 2001). The maximum 
(K1), intermediate (K2) and minimum (K3) 
susceptibility axes are traditionally plotted on 
a stereogram, with the magnetic foliation plane 
oriented perpendicular to the direction of K3. 
The corrected degree of magnetic anisotropy 
(Pj) is defined as 

                                 (1)

where 1 = lnK1, 2 = lnK2, 3 = lnK3 and m = 
( 1 + 2 + 3)/3 (Jelinik, 1981)  .

AMS is measured on rock samples cut to 
a standard cylinder size of a diameter of 
25mm and a length of maximum 22mm. The 
AMS measurements were performed using 
the KLY-3 Kappabridge (AGICO) and the 
CS-2 temperature control unit. The statistical 
analysis of the AMS data was performed 
using a technique by Jelínik (1978). The 
anisotropy of magnetic susceptibility (AMS) 
is usually determined from measurements of 
susceptibility in a weak (low) field (  1mT) and 
at room temperature, unless specifically stated 
otherwise (Tarling and Hrouda, 1993). 

Rock samples were collected at 6 outcrops, all 
located within the town of Kiruna (Fig. 1). The 
outcrops consist of quartzite (site 1), siltstone/
mylonite (site 2), porphyritic meta-rhyolites 
(sites 3, 4 and 5), and quartzite and porphyritic 
basalt (site 6). The outcrops were chosen 
because of their accessibility and variety in 
rock type. 

The AMS data from the outcrops is presented 
in table 3.1. Site mean bulk susceptibility (Km) 
for the sedimentary rocks at sites 1, 2 and 6 is 
generally low and varies from 47.4 SI to 644.4 

SI. The porphyritic basalts have higher bulk 
susceptibilities varying between 6 700 SI to 54 
900 SI. The degree of magnetic anisotropy (Pj) 
for sites 1 and 6 (1.035-1.043) fall well within 
the range of expected Pj-values for sedimentary 
rocks. For sites 2-5, representing primarily 
porphyritic basalts, the Pj values (1.140-1.213) 
are in the range of metamorphic rocks (Hrouda, 
1982).

Stereographic plots of the orientation of the 
magnetic susceptibility axis are presented 
in figure 3.3, where the mean direction of 
the K1, K2 and K3 axes are indicated by 
squares, triangles and circles, respectively. The 
confidence regions for the 95% significance 
levels around the principal directions are also 
calculated. 

For the quartzite at site 1 (Fig. 2.1), the magnetic 
foliation plane defined from the K3 pole of the 
plane, is oriented N-S, dipping ~54° E. The 

}2{exp 2
3

2
2

2
1 mmmjP
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Figure 3.2 Topographic map of the Kiruna area. Vertical derivative of 50*50 m2 elevation grid, red = high and 
blue = lows. Red colour indicates peaks and blue colour indicates valleys. The magnetic lineament is indicated 
with black lines and the outcrops are numbered 1-6.

Table 3.1. AMS data (Kmean, Pj, orientation of K3, 95 for K3, strike and dip of foliation plane) and rock type for 
the sampled outcrops.

1 10 47.4 ± 33.5 1.043 270/36 10.6/5.4 360/44 E Quartzite
2 4 644.4 ± 556 1.150 ---- ---- ---- Sericitic meta-siltstone (silty wacke)
3 5 42000 ± 10600 1.114 118/1 8.5/1.6 208/89 WNW Porphyritic basalt
4 10 54900 ± 7620 1.213 297/13 5.4/3.2 27/77 ESE Porphyritic basalt
5 7 6700 ± 5330 1.140 270/36 26.1/7.0 360/54°E Porphyritic basalt
6 5 98.5 ± 46.6 1.035 264/23 20.7/6.7  354/67°E Meta-sst. + porph. basalt

Site N Km ± st. dev.     
( SI)

Pj Rock typeK3 - D/I 95 (°)        
(D/I)

Strike/Dip     
(F-plane)



9

rocks from sites 2 and 6, siltstone/mylonite 
and quartzite/porphyry, show a similar pattern 
in orientation of the susceptibility axes. There 
were not enough samples from site 2 to make a 
statistical analysis and calculate the orientation 
of the mean K3, but the foliation plane seems to 
strike ca. 15°E with a vertical dip. For site 6 the 
plane was observed to strike 354°N with a dip 
of 67°E. However, the confidence angles for 
the mean K3 tensor ( 95 = 20.7/6.7) are higher 
at this site than at site 1. 

The porphyritic basalts at sites 3 and 4 
have tightly clustered orientations of the 
susceptibility axis and thus well-defined 
orientations of the mean K3 axis ( 95 = 8.5/3.2 
for site 3 and 5.4/3.2 for site 4). The orientation 
of the magnetic foliation plane is 208°/89° NW 
and 27°/77° ESE, respectively. 

 For site 5, also a porphyritic basalt, the 
magnetic foliation plane strikes N-S and dips 
54°E, similar to the orientations measured at 

(a) Site 1 Site 2

(d) Site 4(c) Site 3

(e) Site 5 (f) Site 6

Figure 3.3 (a-f) Stereographic plot of the orientation of the magnetic susceptibility 
axis at sites 1-6. K3, triangles: K2, squares: K1. The mean susceptibility for each 
direction is indicated with a larger circle/triangle/square.
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sites 1 and 6, and just like at site 6, there is 
considerably spread in the orientation of the 
individual components of the mean K3 tensor 
( 95 = 26.1/7.0).

4. Ground mapping of joint sets 

Independent of the AMS-study, joint set 
orientations were measured in Kiruna at the six 
sites used for the AMS-study. A contour pole 
plot for each outcrop was produced (Fig. 4.1).

The joint sets predominantly strike N-S or 
NE-SW and dip ~60°E, the only difference 
in this pattern is observed at site 3, where the 

dominant direction of the joints is SW-NE. 
For the quartzite at site 1, the joint orientations 
cluster in 4 groups with the most dominant 
orientation striking N-S and dipping ~34°E. 
The sedimentary rocks at sites 2 and 6 show 
a similar pattern in joint orientation (N-S) and 
dip (~60°E), however, for site 2, an additional 
dominant direction is observed, striking 110° E 
with a dip of ~70° S. For the porphyritic basalts, 
the joint set strikes 25°NNE with a dip of 
67°ESE at site 4, while at site 5, the data cluster 
in three groups with orientations 355°N/60°E, 
12°N/45°E and 40°NE/67°SE. 

(d) Site 4

(e) Site 5 (f) Site 6

(a) Site 1 (b) Site 2

(c) Site 3

Figure 4.1 (a-f) Contour pole plots of joint set directions at sites 1-6.
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5. Comparison of geophysical and 
structural data

Three main orientations are well-defined in 
both the magnetic and the topographic dataset:  
N-S, NW-SE and NE-SW (Fig. 5.1a and b). A 
significantly larger amount of N-S lineaments 
are mapped in the magnetic data than in the 
topographic data (Fig. 5.1a and b). The NE-SW 
orientation dominates in the topographic data, 
most likely because of the group of lineaments 
of this orientation located in the greenstones 
north of Luossajärvi.  

The most common joint set orientations, based 
on a total of 332 measurements from the six 
outcrops, are N-S, NE-SW and E-W (Fig. 5.1c), 
the two former correlating well with what was 
observed locally over the same area as the 
outcrops in the magnetic and topographic data. 
The E-W oriented joint sets could correspond 
to the NW-SE oriented lineaments in figure 
5.1a and b, but the correlation is not strong.

For the sedimentary rocks at sites 1, 2 and 6 
there seems to be a rather good correlation 
between the K3 tensor and the orientation 
of the joint sets. At site 1, the strike direction 
for K3 and the joint set coincide exactly, but 
there is a rather large (20°) difference in the dip 
between the two sites. However, at site 6, both 
strike and dip of the two datasets correlate. For 
the crystalline rocks at sites 3, 4 and 5, there is 
also a good correlation between both the strikes 
and the dips, with a general strike direction of 

N-S or SSW-NNE with a dip of 60°-67°E. The 
direction of the individual K3 axes at site 5 are 
quite scattered. This is also true for the joint set 
data from the site, where at least three clusters 
can be identified, one of which (strike, dip) 
correlates well with the mean direction of the 
K3 susceptibility axis (Figs. 3.1e and 4.1e). 

The orientations observed in both the joint set 
data and the AMS data correlates well with what 
has previously been observed in the lineament 
by Magnor and Mattsson (2000) (Fig. 2.1).

In general, the main orientations identified in 
the magnetic and the topographic dataset (N-
S, NW-SE and NE-SW) correlate well with the 
strike of the magnetic foliation planes in samples 
from the outcrops (table 1 and  fig. 5.1 d). This 
correlation between the magnetic lineament 
and the magnetic foliation obtained from the 
AMS data could suggest a genetic relationship 
between these two magnetic features across the 
difference in scale.

6. Summary and conclusion

A good correlation was observed between 
field data, observations from outcrops and 
measurements of the magnetic properties of 
rock samples.  

Generally, the orientation of linear structures 
interpreted from magnetic and topographic 
data could be correlated to joint orientations in 
outcrops. The poles to the joint set directions 
follow the magnetic minimum susceptibility 

(a) Magnetic lineament (b) Topographic lineament (c) Joint sets (d) Foliation planes

N

Figure 5.1 Rose diagrams. Regional trends are seen in (a) + (b), while local trends are plotted n(c) + (d).
(a) Preferred orientation of the magnetic lineament. (b) Preferred orientation of the topographic lineament.
(c) Joint set orientations (332 measurements). (d) Magnetic foliation planes (40 samples from outcrops).
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axis, indicating that the joint sets are mostly 
parallel to the magnetic foliation planes. This 
trend is observed for all sampled outcrops, across 
rock types, and indicates that the orientation of 
the magnetic foliation plane can be used as an 
indicator tool for joint set orientation. 
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ABSTRACT

A study of the magnetic fabric and rock quality has been performed on crystalline and sedimentary 
rocks from the hanging wall of the Kiirunavaara iron ore deposit, northern Sweden. The rock 
samples were taken from 12 outcrops and three oriented drillcores. The drillcores are 171m-595 
m long and the sampled rock types are quartzite, siltstone, conglomerate, porphyritic basalts, 
porphyritic meta-rhyolites and mylonite. 

Anisotropy of magnetic susceptibility (AMS) was used to determine the texture of the rocks by 
defining the shape and the orientation of the magnetic susceptibility ellipsoids and the degree of 
anisotropy. Data from the outcrops as well as data from the uppermost part of two of the drillcores 
were projected onto the ground surface. The contour maps show that the dip of the magnetic 
foliation plane decreases towards the east, while data from the deep part of the drillcores indicate 
that the dip increases slightly with depth. There are weak indications that the degree of anisotropy 
follows the same pattern. The strike of the magnetic foliation plane and the degree of anisotropy 
generally follows the major structural features of the region. 

Susceptibility-temperature data show that in a majority of the meta-rhyolites magnetite is the main 
carrier of the magnetic susceptibility. 

A qualitative and quantitative correlation could be observed. A correlation (r = 0.6142-0.7557) was 
observed, but the correlation was limited to just one of the drillcores however it could be traced 
across rock type boundaries.  

The fracture frequency (F/m) and the rock quality (RQD) was correlated with the degree of magnetic 
anisotropy (Pj), the magnetic foliation (F) and the shape parameter (T). For F/m a correlation was 
observed to F (r = 0.64) and T (r = 0.65), while for RQD, a correlation could be observed to Pj (r = 
0.61) and F (r = 0.63 and 0.76). The correlation is most pronounced in the meta-rhyolites in one of 
the drillcores, and can also be traced across rock type boundaries.

 

Key words: Anisotropy of magnetic susceptibility (AMS), magneto-mineralogy, rock quality 
designation (RQD), fracture frequency (F/m).    
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1. Introduction 

The Kiirunavaara iron deposit near the town 
of Kiruna was first discovered in 1696. Since 
mining began in 1898, the mining level has 
been lowered six times and in 1962 mining 
activity started underground. Today, mining 
continues at 1045 m below the top of mount 
Kiirunavaara, with a new main level being 
constructed at 1275 m. 

The mining method used today is “Sublevel 
caving”. In sublevel caving, overall mining 
progresses downward, while the ore between 
sublevels is mined, the overlying waste rock 
caves into the void created as the ore is drawn 
off (Hartman and Mutmansky, 2002). The 
caving progresses upwards (eventually reaching 
the surface) and causes large-scale deformation 
and fracturing. 

Large-scale surface fractures and deformation 
of the bedrock in proximity to residential 
areas, such as in Kiruna, has a significant 
negative impact on infrastructure. As long as 
mining activity continues to deeper levels, the 
deformation will continue and, under some 
circumstances, accelerate. Even after a mine has 
been abandoned, the deformation will continue 
until a state of equilibrium of the stresses in the 
rock has been reached (Peng, 1992). 

Large-scale deformation and brittle fracturing 
may be guided by weakness zones, such as 
the contact between rock types, and fault- and 
deformation zones in the rock. With this study 
we want to test the use of anisotropy of magnetic 
susceptibility (AMS) for identifying possible 
“signatures” in the magnetic fabric, and thus the 
texture of the rocks, that could help in locating 
these potential fracture zones. This may serve 
as an important input in rock mechanical 
modelling and help in understanding and 
foreseeing fracturing and deformation pattern 
in the Kiruna hanging wall. 

Rock quality designation (RQD) and fracture 
frequency (F/m) are methods widely used 
in rock mechanical studies for quantifying 
discontinuities in a rock. RQD records only 
brittle fractures, while the F/m includes both 

brittle and plastic discontinuities. By correlating 
RQD and F/m with AMS data we aim to test the 
relation between indicated discontinuities and 
changes in the magnetic fabric. To achieve this 
aim, different rock types as well as transition 
zones between rock types were sampled. 
Oriented samples were collected from 12 
outcrops in and around Kiruna town and from 
three deep drillcores located in the outskirts of 
Kiruna.   

2. Geological setting

The regional geology of Northern Sweden is 
characterized by an Archaean basement overlain 
by Proterozoic volcanic, volcanoclastic and 
sedimentary rocks (Romer et al., 1994). The 
oldest rocks in the Kiruna area (Fig. 1) (the 
Kiruna greenstones) are found in the west and 
the youngest rocks (belonging to the Hauki 
complex) in the east (Parák, 1975). The Kiruna 
iron deposits occur as discontinuous bodies 
within a sequence of volcanic porphyries located 
between the greenstone and rocks of the Hauki 
complex. A stratigraphy within the porphyry 
group, based on field observations, indicates 
that mafic rock types (basalt and porphyrite) are 
oldest, followed by intermediate-composition 
alkaline rock types (syenite and syenite 
porphyry), with acid volcanics and rhyolites 
(quartz-bearing porphyry) at the top.

The quartz-bearing porphyry forms the hanging 
wall side of the Kiirunavaara and Luossavaara 
ore bodies and lies directly on the syenite-
porphyry in the central part of the 

area. The rock presents a wide range of colours, 
with shades of red dominating but fading into 
grey/greyish near the contact with the Lower 
Hauki rocks (Parák, 1975). The ore bodies 
at Kiirunavaara and Luossavaara consist 
predominantly of magnetite and are oriented 
NNE with a dip of 50°-60° towards the east.  

According to Geijer and Ödman (1974) there 
are no traces of textural metamorphism in 
the whole rock sequence. The only change 
from original characters that can be discerned 
is the devitrification of the groundmass of 
the quartz-bearing porphyry. Folding is also 
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seldom observed, and then only on a small 
scale. Faulting is however, wide-spread and has 
especially affected the Hauki complex (Geijer 
& Ödman, 1974).

3. Tectonic models

Two tectonic models exist for the Kiirunavaara 
area (Fig. 2). The first model uses folding to 

explain the tectonic evolution (e.g. Parák, 1975; 
Vollmer et al., 1984; Witschard, 1980), while 
the later model is based on reverse faulting and 
subsequent ramping (Wright, 1988). 

Vollmer et al. (1984) found bedding-cleavage 
relationships and fold symmetries throughout 
the area, suggesting that the entire sequence 
of rocks forms the western limb of a major 

Archaean basement
Tjårro quartzites
Kiruna greenstone

Kurravaara + Haukivaara conglomerates
Gabbro
Lu, Ki, PG iron ores
Kiruna syenite + syenite porphyry
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Upper Hauki quartzite

Lina granite + related dikes
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Figure 1. (a) The geology of the Kiruna area (modi ed from Forsell and Parák, 
1972). (b) The direction of the main tectonic lineament in the Kiruna area (modi ed 
from Magnor and Mattsson, 2000). Intact lines denote brittle fault planes; dashed 
lines denote plastic deformation zones. The numbers refer to the dip and the two 
stars at one plane indicate a vertical dip. 
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synform. The regional extent of the folding is 
not known; the other limbs of the suggested 
adjacent anticline and syncline have not been 
located. 

In a more recent review of the structural 
geology of the Kiirunavaara area a good 
correlation between lineaments and structures 
interpreted from gravity and magnetic data, 
and field observations was found and the 
tectonic lineament were divided into two types 
of structures: plastic deformation zones and 
brittle fault zones (insert in fig. 1) (Magnor and 
Mattsson, 2000). 

The plastic zones are sometimes seen as sources 
of weakness zones due to re-crystallization 
of the bedrock, i.e. hydrothermal activity 
will cause clay alteration, especially where 
different zones cross-cut each other. The most 
dominating orientation of deformation zones 
(line 4 in fig. 1) is NNE-SSW-trending plastic 
deformation with a steep dip towards the east 
(70 -90 ). Two more orientations are identified 
for plastic deformation zones (lines 1 and 2 in 
fig. 1): both are oriented N-S, one is subvertical 
and the other is parallel to the iron ore, and dips 
~60  towards the east. This last mentioned zone 
varies in degree of plastic deformation. 

The most dominant brittle fault zones (line 6 
in fig. 1) are orientated WNW-ESE with a 60-
70° dip towards the south. This orientation is 
also found on a regional scale. Brittle faults 
with an E-W-orientation (line 5 in fig. 1) are 
also present, dipping 40 -50  towards the south. 
Line 3 in figure 1 represents NE-SW striking 
fault zones with a dip of 18°-36° SE, and line 
7 represents a NW-SE orientation, dipping 30°-
40° NE.

Magnor and Mattsson (2000) conclude that the 
deformation of Kiirunavaara is predominantly 
brittle with elements of plastic deformation. 
The authors identified the location of larger 
deformation zones but underline that this is 
not the complete picture. However, the above 
grouping of lineaments and structures is in 
good correlation with what has been defined by 
Parák (1975). 

4. Sampling and laboratory technique

Samples were collected at 12 outcrops and 
from different depths of 3 deep drillcores 
(Fig. 2). The outcrops are all located within 
and adjacent to the town of Kiruna and were 
sampled with a handheld portable drill. The 
samples were oriented with both a sun compass 
and a magnetic compass. 
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The rocks sampled at outcrops include porphyric 
basalt (sites 1, 7-12), sandstone (site 2 and 
3), a transition zone between sandstone and 
conglomerate (site 4), mylonite/quartzite (site 
5), and mylonite (site 6). There are very few 
accessible outcrops within the town of Kiruna, 
which limited the sampling. The number of 
samples from each site varies from 5 to 10, and 
only for one site (6) there were too few samples 
to admit statistical analysis. 

The three drillcores (KH1, KH2 and KH3) are 
located on the southern outskirt of Kiruna town 
(Fig. 1 and table 1). The length of the cores is 
595 m (KH1), 597 m (KH2) and 171 m (KH3). 
Parts of the drillcores have been oriented (Table 
1) using the “spring loaded pins” method (e.g. 
Marjoribanks, 1997). After geological mapping 
of the drillcores, samples for the AMS study 
were collected to represent different rock 
types, transition zones between rock types, 
and possible deformation and fault zones. On 
this basis, samples of 0.4-0.8  m in length were 
collected from 18 sections (or depth levels) 
from drillcore KH1 along with 12 sections from 
drillcore KH2 and 12 sections from drillcore 
KH3. To obtain statistical confidence, at least 
5 specimens for each depth level is needed and 
from most sections 7-8 specimens were taken. 

In total, 76 samples from 12 outcrops and 
295 samples from the 3 drillcores have been 
included in this study.

KLY-3 Kappabridge (AGICO) and the CS-3 
temperature control unit. The statistical 
analysis of the AMS data was preformed using 
a technique by Jelínik (1978).

5. Anisotropy of Magnetic Susceptibility 
(AMS)

The anisotropy of magnetic susceptibility 
(AMS) is very sensitive to the mineral 
fabric of the rocks and can therefore be used 
successfully as a tool of structural analysis 
(e.g. Skyttä et al., 2010). The AMS reflects the 
preferred orientation of magnetic grains and 
crystals in a rock. In supposed homogeneous 
magmatic rocks (e.g. the Kiruna porphyries) 
such mineral orientations may seem non-
existing, however, in most rocks there is a 
preferred orientation of the grains caused by 
e.g. flow directions of the magma and stress 
at the time of intrusion (Elming and Mattsson, 
2001; Mattsson and Elming 2001a; Eriksson et 
al, 2011). The minerals may also be orientated 
due to deformation of the rock and AMS is a 
very good tool for defining width and type of 
plastic deformation (e.g. Mattsson and Elming, 
2001b).

Basically, the second rank tensor that describes 
the AMS of a rock can be shown graphically 
by the susceptibility ellipsoid, where the three 
principal axes are represented by Kmax (the 
maximum susceptibility axis, K1), Kint (the 
intermediate susceptibility axis, K2), and Kmin 
(the minimum susceptibility axis, K3). The 
ellipsoid is constructed in the same way as the 
strain ellipsoid in structural geology and the 
shape of the ellipsoid depends on the length of 
the axes: if Kmax > Kint then the ellipsoid will have 
the shape of a rugby ball (prolate), but if Kmax = 
Kint > Kmin the shape of the ellipsoid will be that 
of a disc (oblate). Mathematically, the shape 
of the anisotropy ellipsoid can be expressed in 
several ways, mainly in terms of ratios of the 
axial values, e.g. magnetic lineation (L) and 
foliation (F). For most rocks, the direction of 
the magnetic lineation is identical with that 
of the maximum susceptibility Kmax and the 
magnetic foliation is perpendicular to the 
minimum susceptibility direction Kmin (Tarling 

Table 1. Drillcore data.

All samples for the AMS measurements were 
cut to a standard cylinder size with a diameter 
of 25mm and a length of 21mm. Temperature-
susceptibility measurements were performed 
on one sample from each section. Each sample 
was grinded into a powder with a volume of 
~0.25 cm3 and the measuring temperature 
interval was set to 40°-800°C. 

The AMS and temperature-susceptibility 
measurements were performed using the 

Drillcore Dip Length (m) Oriented sections Sampled sections

KH1 45° 595 0-200m + 558-595m 11 + 7

KH2 45° 597 0-200m 11

KH3 41° 171 0-171m 13
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and Hrouda, 1993). The degree of anisotropy (P) 
is a parameter for the magnitude of anisotropy, 
and it is based on the ratio of the maximum and 
the minimum susceptibilities. It is expressed by 
P = Kmax/Kmin (Nagata, 1961), however, in this 
study the corrected anisotropy degree is used 
(Jelinik, 1981), which is expressed as 

              [1]

where 1 = lnKmax, 2 = lnKint, 3 = lnKmin and 
m = ( 1 + 2 + 3)/3. The parameter Pj is based 

on logarithmic values of susceptibility, which 
are more appropriate in view of the lognormal 
distribution of this property. More importantly, 
it incorporates both the intermediate and mean 
susceptibility rather than just the maximum 
and minimum values and it is thus a more 
informative parameter than P alone (Tarling 
and Hrouda, 1993).

The shape of the ellipsoid is defined by the 
shape parameter T. This parameter includes all 
three principal susceptibilities and combines 
both lineation and foliation parameters to 
provide a single measure of both properties.

               [2]

For 0 < T  1 the ellipsoid is oblate and for 
-1  T < 0 the ellipsoid is prolate. For T = 1 
pure foliation is observed, and for T = -1 pure 
lineation is observed. For T = 0 the ellipsoid is 
neutral in shape (Tarling and Hrouda, 1993). 

6. Rock quality designation (RQD) and 
fracture frequency (F/m)

Rock quality designation (RQD) is a method 
for quantifying discontinuity spacing in 
drillcores. Discontinuities may be caused by 
faults, deformation zones or rock contacts and 
if a correlation between AMS and RQD can 
be found, it would further advance AMS as a 
method for locating zones of brittle deformation. 
The RQD is calculated from the formula 

               [3]

where xi is the length of individual pieces of 
drillcore in a drill run (3 m) having lengths  
0.1m, and L is the total length of the drill run. 
The RQD quotient is multiplied by 100, giving 
RQD in percentage. Low RQD-values indicate 
a much fractured rock, whereas high values 
indicate a strong, competent rock (Table 2). The 
index was first proposed by Deere et al. (1967) 
and is widely used in mining engineering as an 
index of in situ rock quality. 

RQD is here complemented by the fracture 
frequency, given as the number of fractures per 
meter (F/m). F/m includes all open and closed 
fractures and discontinuities (brittle and plastic) 
in sections along the core, and therefore gives 
a more complete picture of the condition of the 
rock than the RQD-index.
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7. Geological description of the drillcores

The 595 m long drillcore KH1 consists of 
homogeneous quartz-bearing porphyry (Qbp), 
in some places partly metamorphosed. Open 
and closed calcite-filled fractures (2-4 mm) 
occur throughout the core.

The uppermost part of the 597 m long drillcore 
KH2 consists of siltstone and quartzite. The 
quartzite is, in places, very weathered and 
porous and contains fine-grained magnetite. At 
16.75 m the rock type changes abruptly to Qbp, 
which is observed throughout the remainder 
of the core. Between 50-85 m a section of 
Qbp, interchanging with tuff with fine-grained 
magnetite, is observed. At 109 m there is a 
discordance, possibly indicating a change in 
lava-flow. At 193 m an abrupt change in rock 
type is observed, from red Qbp overlying a 
chlorite-rich metamorphosed porphyry (Mqp), 
containing fragments of the red porphyry. The 
fragments are of varying size, and near the 

Table 2. RQD and rock mass quality.
RQD (%) Rock quality

0-25 Very poor
25-50 Poor
50-75 Fair
75-90 Good

90-100 Very good
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contact they occur as 4-7 mm elongated shear-
bounded grains. In the contact between the two 
types of porphyry there is a well-defined ca. 
0.01 m wide plastically deformed contact zone. 
Several zones of clay alteration are observed in 
intervals between 30.04-43.79 m and 174.50-
178.09 m, and at 181.4 m and 214.90 m depth.  

The upper part of the 171 m long drillcore KH3 
is yellow quartzite with intervals of siltstone 
down to 64 m. The siltstone contains fine-
grained magnetite. From 64 m to 101 m the rock 
is a conglomerate, followed by a fine-grained 
siltstone down to 123 m, where the rock type 
changes again, this time to agglomerate. The 
deepest part of the drillcore, from 140 m down 
to 171 m is Qbp. 

8. Results of the AMS study

8.1 Outcrops

The AMS data from the outcrops is presented 
in table 3. The degree of anisotropy (Fig. 2a) 
for sites 2, 3 and 4 fall well within the range 
of expected Pj-values for sedimentary rocks 
(Pj = 1.041-1.045) (Hrouda, 1982), and the 
anisotropy degree for site 5, in which both 
mylonite and quartzite have been sampled, 
also falls within this range, though mylonite 
should, technically speaking, be categorized as 
a metamorphic rock. For site 6 (mylonite) and 
the remaining outcrops of porphyritic basalt the 
Pj values are in the range of metamorphic rocks 
(Pj= 1.114-1.280) (Hrouda, 1982). 

Site mean bulk susceptibility (Km) for the 
sedimentary rocks at sites 2, 3, 4 and 5 is 
generally low and varies from 15.9 SI  to 98.5 

SI. The mylonite at site 6 has a Km value of 
644.4 SI. The porphyritic basalts have high 
bulk susceptibilities varying between 6 700 SI 
to 54 900 SI (Table 3 and fig. 2b). Temperature-
susceptibility tests were carried out on four 
samples with high mean bulk susceptibility 
(sites 7, 8, 9 and 12), and show that magnetite is 
the main carrier of the magnetic susceptibility 
(Fig. 2c).

The shape of the AMS ellipsoid was derived 
by plotting the Pj and the T parameters (Jelínik, 
1981). The plot (Fig. 2a) shows the rock at all 
sites to be predominantly magnetically foliated. 
The direction of Kmax, Kint and Kmin can generally 
be divided into two groups as shown in the 
stereographic plots (Fig. 3). For sites 3 and 7 
the direction of the Kint and Kmax axis forms a 
girdle distribution whereas the Kmin axes are 
clustered and the means are well defined (Fig. 
3a and b). Tightly clustered susceptibility axis at 
sites 8 and 9 indicated a triaxial ellipsoid shape, 
while the T-Pj plot shows an oblate anisotropy 
ellipsoid. Both sites have very high Km values 
(54 900 SI and 42 000 SI, respectively). 

The Pj values from the uppermost porphyritic 
samples from drillcores KH1 and KH2, at 11.3 
m and 22.6 m vertical depth, respectively, were 
extrapolated to the surface and plotted together 
with the Pj data from the outcrops in a contour 
map (Fig. 4a). The map shows how Pj decreases 

Table 3. AMS-data from outcrops. n is number of samples; Km is mean susceptibility (10-6 SI); D/I is 
Declination/Inclination of the minimum susceptibility axis (K3); Strike, Dip is strike and dip of the foliation 
plane. Km, L, F, Pj and T are averages for each outcrop.

1 7 22400 ± 34800 1.094 1.164 1.280 0.315 269/6 24/8 359/84
2 5 78.9 ± 5.37 1.011 1.029 1.041 0.451 263/35 4/3 353/55
3 5 15.9 ± 4.32 1.016 1.028 1.045 0.270 277/36 10/5 7/54
4 10 176 ± 85.6 1.015 1.025 1.041 0.173 281/25 14/6 11/65
5 5 98.5 ± 46.6 1.012 1.022 1.035 0.324 264/23 21/7 354/67
6 4 644.4 ± 556 1.057 1.081 1.150 0.308 ---- ---- ----
7 7 6700 ± 5330 1.036 1.095 1.140 0.427 270/36 26/7 360/54
8 8 45700 ± 29800 1.039 1.101 1.149 0.411 293/6 7/6 23/84
9 10 54900 ± 7620 1.050 1.147 1.213 0.488 297/13 5/3 27/77
10 5 42000 ± 10600 1.031 1.077 1.114 0.424 118/1 9/2 208/89
11 5 8350 ± 10900 1.059 1.111 1.181 0.355 283/18 11/3 13/72
12 5 26700 ± 21200 1.058 1.144 1.217 0.402 273/19 16/3 3/71

Site N Km ± st. dev. ( SI) L 95 (°) 
(D/I)

Strike,Dip       
(F-plane)F Pj T K3 - D/I
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towards East, and the contour-lines roughly 
follow the local geology. 

The average dip of the foliation plane from 
each site is also plotted as a contour map 
(Fig. 4b) along with dip values from the 
uppermost samples of drillcores KH1 and 
KH2. At the most western sites (1, 8 and 10) the 
foliation plane is almost vertical and the pattern 
from the outcrops shows a trend of decreasing 

dip towards E-ENE. The data extrapolated 
from the drillcores support this trend. AMS-
data from the uppermost porphyritic sample 
from drillcore KH3 is at drillcore depth 128 m, 
and was therefore not included in the iso-maps.

The foliation planes generally trend N-S or 
NNE-SSW, except at site 10, were the direction 
is SE-NW. 

(a) Site 3 

(d) Site 9 (c) Site 8 

(b) Site 7 

Figure 3. Mean directions of the susceptibility axes together with con dence ellipsoids for sites 3, 7, 8 and 9.
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8.2 Drillcore KH1

Drillcore KH1 was drilled at a 45º angle 
towards west-north west, with a length of 595m 
corresponding to a vertical depth of 421 m. The 
upper (0-200 m) and the lower (552-592 m) part 
of the core was oriented (all depths given are 
in length along the drillcores, unless specified 
otherwise). All samples collected are quartz-
bearing porphyries/meta-rhyolites. 

Throughout the core, the corrected degree 
of anisotropy (Pj), calculated as the mean of 
samples from different depth sections, ranges 
between 1.025 and 1.094 (Table 4 and figs. 
5c and 6c). According to Hrouda (1982) this 
is in the lower range for metamorphic rocks 
but in the higher range for volcanic rocks. The 
anisotropy degree decreases from the surface 
down to approximately 60 meters depth, from 
where it increases, only to decrease again from 
92 m towards the end of the upper oriented 
section (186 m) (Fig. 5c). The average Pj value 
in the lower oriented section is in the same 
range as the in upper section, except at depths 
563 m and 583 m (Fig. 6c), where it is 1.125 
and 1.258, respectively. 

When plotting T-Pj-values the shape of the 
anisotropy ellipsoid is seen to be oblate 
(magnetically foliated) throughout most of 
the length of the drillcore (Figs. 5a and 6a), 
however, at three depths (43 m, 62 m and 578 
m) the shape is prolate, indicating magnetic 
lineation. For the majority of the sampled 
sections, the directions of Kint and Kmax axes 
fall on a girdle distribution whereas the Kmin 
axes are clustered in a direction perpendicular 
to the foliation plane. At 563 m and 583 m 
depth the Pj-T values are very scattered and 
the stereographic plot of the susceptibility axes 
show a great scatter of directions. 

The shape parameter (T) varies considerably 
between specimens in both the upper and the 
lower part of the drillcore (compare figs. 5b 
and 6b). One noticeable feature in the scatter 
of T-values is the lack of low T-values in the 
60-160 m interval. There is a similar pattern in 
the distribution of Pj and K in the upper 200 m 
of the core, with a significant increase in the 
values between 60 m and 160 m (Fig. 5b-d).

The susceptibility (Km) can be divided in two 
groups; a lower interval of 213-9610 SI and 

Table 4. AMS-data from drillcore KH1. n is number of samples; Km is mean susceptibility (10-6 SI); D/I is 
Declination/Inclination of the minimum susceptibility axis (K3); Strike, Dip is strike and dip of the foliation 
plane. Km, L, F, Pj and T are averages for each sampling depth.

16 7 9610 ± 1980 1.012 1.066 1.085 0.686 326/25 6.5/1.8 56/65

29 7 23300 ± 8490 1.019 1.034 1.055 0.254 317/7 11.8/3.9 47/83

43 9 18300 ± 2920 1.033 1.034 1.069 0.039 332/31 44.1/6.0 62/59

62 8 213 ± 73.5 1.016 1.009 1.025 -0.239 181/1 16.6/7.7 271/89

72 9 250 ± 60.4 1.004 1.028 1.035 0.666 159/16 9.8/8.3 248/74

92 7 21800 ± 5710 1.008 1.063 1.080 0.782 231/26 8.2/3.9 321/64

129 9 23700 ± 4280 1.015 1.049 1.067 0.506 98/13 26.6/2.8 188/77

137 9 30100 ± 8590 1.015 1.041 1.059 0.471 116/22 8.3/3.1 206/68

151 9 3810 ± 1480 1.008 1.027 1.038 0.559 130/17 9.4/6.6 220/73

161 7 22300 ± 5790 1.016 1.026 1.044 0.224 299/1 8.2/5.9 29/89

186 8 4430 ± 4300 1.010 1.023 1.035 0.404 131/21 13.4/7.2 22/69

552 8 24400 ± 18600 1.022 1.041 1.065 0.322 250/21 12.4/5.1 340/69

562 8 26100 ± 8010 1.019 1.065 1.090 0.596 287/5 20.6/9.0 13/85

563 8 33100 ± 14800 1.048 1.071 1.125 0.266 288/35 53.0/8.4 18/55

578 7 26100 ± 5480 1.054 1.038 1.094 -0.163 322/7 5.2/3.4 52/83

583 9 37700 ± 21900 1.088 1.144 1.258 0.255 98/14 20.5/10.9 188/76

587 7 23200 ± 3380 1.030 1.033 1.065 0.086 280/1 5.9/5.5 10/89

592 8 20700 ± 4420 1.017 1.054 1.075 0.535 102/13 8.3/4.9 192/77

KH1    
Depth (m) N Km ± st. dev.    ( SI) L 95 (°) 

(D/I)
Strike, Dip      
(F-plane)F Pj T K3 - D/I
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a higher interval of 18 300-37 700 SI (Table 
4). Temperature-susceptibility measurements 
indicate that magnetite is the main carrier of the 
susceptibility.

The majority of the magnetic foliation planes 
defined for drillcore KH1 trends NNE-SSW, 
NE-SW and NW-SE. The foliation plane dip 
to the east and it is either subvertical or in 
the range 55°-74°E. There is a weak trend of 
increasing dip of the foliation plane with depth 
(Table 4). 
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8.3 Drillcore KH2

Drillcore KH2 was drilled at a 45º angle with a 
length of 597, corresponding to a vertical depth 
of 422 m. The upper 200 meters of the drillcore 
was oriented. The samples taken from the core 
were all quartz-bearing porphyries (Qbp)/
meta-rhyolite. The only apparent difference 
between the porphyries was the colour of the 
matrix, ranging from grey/blue to pink/beige, 
dark purple and red. At 112m the rock carries 
un-identified dark minerals located in micro-
veins and at 179m the rock shows a greenish 
alteration. One section is believed to represent 
a metamorphosed chlorite-rich type of quartz-
bearing porphyry (193 m-Mqp). 

The shape of the anisotropy ellipsoids is 
predominantly oblate, indicating a magnetic 
foliation in the rock (Fig. 7a). The shape 
parameter (T) does not seem to fluctuate in any 
systematic way with depth, but in the depth 
interval 80-143 m an increase in T is observed, 
followed by a decrease from 143 m to 193 m 
(Fig. 7b). 

The corrected degree of anisotropy (Pj) does 
not change in any specific trend with depth 
(Fig. 7c and table 5) and the Pj values (1.079-
1.346) fall within the range of metamorphic 
rocks (Hrouda, 1982), except at 68 m and 179 
m, where the degree of anisotropy is so low 
(1.051 and 1.041) and indicates an unaltered 
volcanic rock. What is most notable is the way 
the Pj-values cluster at some depths, but are 
more scattered at other depths.

The bulk susceptibility (Km) varies considerably 
with depth, from a mean of 336 SI at the depth 
of 62 m to a maximum of 54 700 SI at the 
depth of 84 m, however, it is very scattered 
(Fig. 7d). Susceptibility-temperature data 
indicate that magnetite is the main carrier of the 
susceptibility. 

In the upper part of the drillcore the directions 
of Kmin, Kint and Kmax are clustered in a neutral, 
weakly oblate anisotropy ellipsoid. In the deeper 
part of the drillcore the directions of the Kint and 
Kmax axes are distributed in a girdle, whereas 
the Kmin axes are clustered and well defined, 
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demonstrating a more clearly oblate shape of 
the anisotropy ellipsoid. The samples with the 
highest bulk susceptibility (79 m, 84 m and 
193 m) also have the highest degrees of F and 
Pj, and samples  with the lowest susceptibility 
values (32 m, 68m, 112m and 179 m) also have 
the lowest degrees of F and Pj.

The orientation of the magnetic foliation plane 
is N-S and NNE-SSW. At most sampled depths 
the dip of the foliation plane is 48°-68°E, but 
at three depths (143 m, 185 m and 193 m) the 
foliation plane is subvertical, while at 62m it is 
shallow-dipping at 28°E. 

At depth 193m a sharp change in rock type 
occurs, from red quartz-bearing porphyry (193 
m-Qbp) to a chlorite-rich metamorphosed 
porphyry (193 m-Mqp), containing fragments 
of the red porphyry. The fragments are of 
varying size, and near the contact they form 
4-7 mm elongated shear-bounded grains. The 
contact between the two rock types is a well 
defined plastically deformed contact zone, ca. 
0.01 m wide. The direction of the susceptibility 
axes are well clustered in the red porphyry, 
but slightly dispersed in the metamorphosed 
porphyry, indicating a minor change in ellipsoid 
shape from neutral to more oblate across the 
rock boundary. A sharp rise in the degree of 
anisotropy from 1.086 (0.07 m from the contact) 
to 1.324 (0.04 m from the contact) is observed 
in the red porphyry. The specimen of the 
metamorphosed porphyry closest to the contact 

(0.025 m away from contact) has a similar high 
Pj value of 1.355, which drops sharply to 1.118 
0.06 m away from the contact. Four specimens 
from each rock type were analysed, and 
showed that the average Pj-values are different 
for the red porphyry and the metamorphosed 
porphyry. The red porphyry has a degree of 
anisotropy of 1.15, which is quite high for a 
volcanic rock, while an anisotropy degree of 
1.22 for the metamorphosed porphyry is well 
within the general range for metamorphosed 
rock (Hrouda, 1982). F values also increase 
sharply in both rock types from one specimen 
to the next towards the contact, from 1.066 
(0.07 m from the contact) to 1.212 at 0.04 m 
from the contact in the red porphyry, and from 
1.055 at 0.06 m from the contact to 1.291 at 
0.025 m from the contact in the metamorphosed 
porphyry. For the red porphyry, lineation also 
increases from specimen to specimen towards 
the contact, but it decreases towards the 
contact in the metamorphosed porphyry. Bulk 
susceptibility increases, from 4 010 SI to 18 
500 SI across the rock type boundary, making 
the metamorphosed porphyry almost five times 
as magnetic as the unaltered porphyry. The 
thermal susceptibility curves for the two rock 
types are very similar and indicate that the main 
carrier of the magnetization for both rocks is 
magnetite. The heating and cooling curves for 
both rocks are almost reversible, indicating no 
or very minor magneto mineralogical changes 
during measurements. 

Table 5. AMS-data from drillcore KH2. n is number of samples; Km is mean susceptibility (10-6 SI); D/I is 
Declination/Inclination of the minimum susceptibility axis (K3); Strike, Dip is strike and dip of the foliation 
plane. Kmean, L, F, Pj and T are averages for each sampling depth.

32 4 357 ± 28 1.042 1.056 1.101 0.144 283/32 ---- 13/58

62 4 2450 ± 492 1.061 1.091 1.159 0.201 298/62 ---- 28/28

68 6 336 ± 61.8 1.009 1.039 1.051 0.621 131/25 8.7/6.1 221/65

79 8 17400 ± 11500 1.093 1.138 1.246 0.176 271/22 6.9/3.7 1/68

84 4 54700 ± 10400 1.119 1.199 1.346 0.243 292/40 ---- 22/50

112 5 503 ± 63 1.009 1.063 1.079 0.751 286/24 21.8/7.1 16/66

118 6 4100 ± 961 1.040 1.096 1.143 0.392 271/16 5.4/1.1 1/74

143 9 3810 ± 488 1.013 1.078 1.100 0.703 271/3 4.2/2.9 1/87

179 6 249 ± 32 1.012 1.027 1.041 0.399 324/42 6.6/3.7 54/48

185 7 2490 ± 364 1.052 1.086 1.147 0.313 249/14 18.5/4.1 339/76

193Qbp 4 4010 ± 2660 1.038 1.101 1.149 0.474 107/12 ---- 197/78

193Mqp 4 18500 ± 17800 1.045 1.156 1.222 0.427 280/18 ---- 10/72

KH2    
Depth (m) N Km ± st. dev.    ( SI) L 95 (°) 

(D/I)
Strike, Dip     
(F-plane)F Pj T K3 - D/I
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The orientation of the magnetic foliation planes 
also differ between the two rock types, the 
foliation plane in the unaltered porphyry (Qbp) 
trends 197° and dip 78°NW, while the foliation 
plane in the metamorphosed porphyry (Mqp) 
has a trend of 10° and dip 72°E. 

The upper part of drillcore KH2 consists of 
siltstone and quartzite. No oriented samples 
were available from these rock types, but 
temperature-susceptibility curves indicate 
that magnetite is also the main carrier of 
magnetization in these rocks. 

8.4 Drillcore KH3

Core KH3 was drilled at an angle of 41º and 
it is oriented along its entire length of 171 
m (vertical depth 112 m). 12 sections of the 
drillcore were sampled (table 1): one quartzite 
(25 m), two conglomerates (71 m and 87 
m), two siltstones (110 m and 113 m), three 
transitional porphyritic rock types (128 m, 
134 m and 143 m) and four sections of quartz-
bearing porphyries (150 m, 155 m, 161 m and 
167 m). 

T-Pj data was plotted separately for the 
sedimentary and the crystalline rocks (Figs. 
8a and b). For the sedimentary rocks, a sub-
division can be made between the quartzite and 
conglomerates, with low degrees of anisotropy 
and oblate to prolate shape ellipsoids, and 

the siltstones, which have higher degrees 
of anisotropy and a neutral to prolate shape 
ellipsoid (Fig. 8a).  For the crystalline rocks, an 
increase in degree of anisotropy with depth is 
observed in figure 8b, while the shape ellipsoid 
changing from oblate to more neutral.

The highest degree of anisotropy (1.28-
1.36) is found in the siltstone, which also by 
far has the highest mean susceptibility.  Pj is 
1.09-1.22 in the transition rock types at 128 
m, 134 m and 143m., which is quite high for 
a volcanic rock, and for the quartz-bearing 
porphyries the anisotropy degree increases to 
1.20-1.23, indicating that the rocks have been 
metamorphosed (Fig. 8d)  (Hrouda, 1982). 
The bulk susceptibility (Km) also increases 
dramatically from the transition type rocks 
(average 1917 SI) to the quartz-bearing 
porphyries (average 24 175 SI) (Fig. 8e). The 
temperature-susceptibility data (Fig. 9a and b) 
indicate that, even though the transition rocks 
are predominantly paramagnetic, magnetite 
is present in the rock. In the quartz-bearing 
porphyry the temperature-susceptibility curve 
clearly indicates that magnetite is the main 
carrier of the susceptibility (Fig. 9b).

The orientation of the magnetic foliation 
planes trend N-S and NNE-SSW, and the dip 
of the planes vary between 45°-74°E, and this 
variation cannot be correlated to rock type 
(Table 6).

Table 6. AMS-data from drillcore KH3. n is number of samples; Km is mean susceptibility (10-6 SI); D/I is 
Declination/Inclination of the minimum susceptibility axis (K3); Strike, Dip is strike and dip of the foliation 
plane. Kmean, L, F, Pj and T are averages for each sampling depth.

25 7 41 26 1.014 1.015 1.030 0.083 274/40 15.4/4.4 4/50

71 8 141 45 1.012 1.011 1.023 -0.071 290/23 19/11 20/67

87 8 140 94.3 1.022 1.017 1.040 -0.136 277/26 16.0/3.5 7/64

110 8 52000 14700 1.187 1.142 1.363 -0.184 264/27 14.0/7.6 354/63

113 4 45200 13800 1.137 1.125 1.280 -0.062 ---- ---- ----

128 8 691 ± 145 1.048 1.084 1.138 0.272 270/28 3.9/1.4 360/62

134 7 501 ± 172 1.032 1.053 1.088 0.244 298/37 5.4/4.7 28/53
143 5 4560 2610 1.075 1.128 1.216 0.237 277/25 4.5/2.0 7/65

150 8 27500 ± 6670 1.093 1.124 1.230 0.138 286/27 2.9/2.3 14/63

155 7 16600 ± 2290 1.105 1.103 1.219 -0.016 277/23 3.3/1.3 7/67

161 7 23700 ± 8900 1.097 1.097 1.204 -0.015 285/28 8.9/1.7 15/62
167 7 28900  5710 1.103 1.117 1.233 0.067 280/20 5.5/2.0 10/70

KH3   
Depth (m) N Km ± st. dev.    ( SI) L 95 (°) 

(D/I)
Strike, Dip      
(F-plane)F Pj T K3 - D/I
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Figure 9. Normalized temperature-susceptibility curves for samples from drillcore KH3. (a) Agglomerate 
(128m), (b) quartz-bearing porphyry (155m). Mean susceptibility (10-6 SI) is indicated on the right hand side 
x-axis as 100%, 50% and 1%, respectively. 

0
0

100 200 400300 500

0.2

0.4

0.6

0.8

1.0

1.2

1.4

600

Heating curve 
Cooling curve 

691

346

6.91

K
/K

0

K
/K

0

C
0

0

Heating curve 
Cooling curve 

100 200 400300 500

0.2

0.4

0.6

0.8

1.0

1.2

1.4

600

14500

7250

145

C

Mean sus.  
    (μSI)

Mean sus. 
    (μSI)

(a) (b)



17

9. Relations between RQD, F/m and 
magnetic parameters

RQD and F/m was recorded for drillcores KH1, 
KH2 and KH3 by Shirzadegan (2009). RQD 
was calculated for sections of 3 m length (one 
drillcore run) along the entire length of the 
three drillcores. F/m was likewise calculated 
along the entire length of the drillcores. 

There are four main limitations to the RQD-
method. First, RQD is a directionally dependent 
parameter, so changing the drill direction could 
potentially change the RQD value. Secondly, 
one must be careful to avoid counting fractures 
caused by drilling or handling, and thirdly, 

only fragments of core longer than 10cm is 
counted. Theoretically, a core consisting of 
pieces less than 10 cm in length will yield 
the same (high) RQD-value as an intact 
drillcore. Fourthly, since the method is based 
on discontinuities, plastic zones of deformation 
will not feature on a RQD plot, since they do 
not cause a break in the rock. This is reflected 
in the fact that a change in F/m, which includes 
all brittle and plastic discontinuities, does 
not necessary correlate to a change in RQD 
(Fig. 10 and table 7). If RQD increases, it 
would, conventionally, indicate an increase 
in the quality of the rock because of fewer 
discontinuities. However, if F/m also increases, 
meaning that the total amount of discontinuities 
increases, it would indicate the presence of 
plastic discontinuities, which could act as 
potential weakness zones. An overall decrease 
in rock quality should be indicated by a decrease 
in RQD and an increase in F/m.

To test the correlation between the two rock 
quality parameters in drillcores KH1, KH2 and 
KH3, the RQD was plotted against F/m (Fig. 
10a). The RQD and F/m are plotted in the true 
position of the drillcores from west to east, 
meaning that depth increases from right to left 
for each drillcore. The grey-shaded intervals in 
figure 10a are zones where RQD and F/m do 
not indicate the same change in the quality of 
the rock, meaning these are zones of an increase 
or a decrease in plastic deformation.   

No inconsistencies between RQD and F/m are 
observed in drillcore KH1, but in drillcore KH2 
opposing quality indicators are observed at the 
top of the drillcore from 32 m down to 62 m, and 
in a broad zone from 84 m down to 179 m. In 
the shallow zone the RQD-F/m pattern indicates 
an increase in plastic discontinuities. In the 
zone between 84-179 m, RQD generally goes 
from “good” to “poor” and shows a downward 
increase in the number of brittle discontinuities, 
while the total number of discontinuities (F/m) 

Table 7. AMS and RQD-data. Fracture frequencies and 
RQD-data are from Shirzadegan (2009).

KH1-16m 68 17 1.085 0.686 1.066
KH1-29m 99 7 1.055 0.254 1.034
KH1-43m 61 11 1.069 0.039 1.034
KH1-62m 17 30 1.025 -0.239 1.009
KH1-72m 58 15 1.035 0.666 1.028
KH1-92m 46 17 1.080 0.782 1.063

KH1-129m 86 5 1.067 0.506 1.049
KH1-137m 80 7 1.059 0.471 1.041
KH1-151m 79 11 1.038 0.559 1.027
KH1-161m 70 14 1.044 0.224 1.026
KH1-186m 72 13 1.035 0.404 1.023
KH1-552m 85 14 1.065 0.322 1.041
KH1-562m 72 15 1.090 0.596 1.065
KH1-563m 90 11 1.125 0.266 1.071
KH1-578m 62 15 1.094 -0.163 1.038
KH1-583m 85 11 1.258 0.255 1.144
KH1-587m 87 6 1.065 0.086 1.033
KH1-592m 73 12 1.075 0.535 1.054
KH2-32m 81 8 1.101 0.144 1.056
KH2-62m 82 9 1.159 0.201 1.091
KH2-68m 75 19 1.051 0.621 1.039
KH2-79m 84 14 1.246 0.176 1.138
KH2-84m 83 19 1.346 0.243 1.199
KH2-112m 89 21 1.079 0.751 1.063
KH2-118m 71 13 1.143 0.392 1.096
KH2-143m 79 15 1.100 0.703 1.078
KH2-179m 48 11 1.041 0.399 1.027
KH2-185m 83 9 1.147 0.313 1.086

KH2-193Qbp 100 7 1.149 0.474 1.101
KH2-193Mqp 88 12 1.222 0.427 1.156

KH3-25m 73 10 1.030 0.083 1.015
KH3-71m 92 8 1.023 -0.071 1.011
KH3-87m 81 17 1.040 -0.136 1.017
KH3-110m 79 11 1.363 -0.184 1.142
KH3-113m 50 16 1.280 -0.062 1.125
KH3-128m 89 9 1.138 0.272 1.084
KH3-134m 99 5 1.088 0.244 1.053
KH3-143m 83 9 1.216 0.237 1.128
KH3-150m 78 11 1.230 0.138 1.124
KH3-155m 95 6 1.219 -0.016 1.103
KH3-161m 85 7 1.204 -0.015 1.097
KH3-167m 90 7 1.233 0.067 1.117

FRQD    
(%)

Fracture 
frequency Pj T



18

actually decreases. Overall, for the whole zone, 
this indicates a decrease in the number of plastic 
discontinuities with depth. Looking at the data 
points for each specific depth, what stands 
out is the large qualitative difference between 
RQD and F/m at 112 m depth, which could be 

interpreted to indicate a zone of predominantly 
plastic deformation. In drillcore KH3, the 
grey zone marks a change in rock type, from 
conglomerate to siltstone, which most likely is 
the cause of the inconsistency in the RQD and 
F/m data.
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If data from the grey zones are rejected, and 
the remaining data organized in a scatterplot, 
a linear relationship between RQD and F/m 
can be observed (Fig. 10b). Quantifying this 
relationship yields correlation coefficients (R2) 
of 0.7239 for the crystalline rocks and 0.9497 
for the sedimentary rocks, meaning that 72.39 
% and 94,97 % of the variation in the F/m 
data can be explained by variation in the RQD 
data, i.e. brittle deformation. However, the 
correlation for the sedimentary rocks is based 
on only three data points. 

Having confirmed a strong correlation between 
the two quality parameters (RQD and F/m), 
RQD and F/m from each drillcore were plotted 
against the corrected degree of anisotropy 
(Pj), the degree of magnetic foliation (F) and 
the shape parameter (T), respectively (Figs. 
11 and 13). A rock with a high RQD and low 
F/m is a very homogeneous rock, and is here 
hypothesised to have a low degree of magnetic 
anisotropy, no or little magnetic foliation and a 
neutral shape ellipsoid (T  0). 

Pj and F vs. RQD (drillcore KH1)

1

1.1

1.2

1.3

1.4

16
m
29

m
43

m
62

m
72

m
92

m
12

9m
13

7m
15

1m
16

1m
18

6m
55

2m
56

2m
56

3m
57

8m
58

3m
58

7m
59

2m

Depth (m)

Pj and F

0

20

40

60

80

100
RQD

Pj F RQD

(a)

Pj and F vs. RQD (drillcore KH2)

1

1.1

1.2

1.3

1.4

32
m

62
m

68
m

79
m

84
m

11
2m

11
8m

14
3m

17
9m

18
5m

19
3-Q

bp

19
3-M

qp

Depth (m)

Pj and F

0

20

40

60

80

100
RQD

Pj F RQD

(c)

T vs. RQD (drillcore KH2)

0

0.2

0.4

0.6

0.8

1

32
m

62
m

68
m

79
m

84
m

11
2m

11
8m

14
3m

17
9m

18
5m

19
3-Q

bp

19
3-M

qp

Depth (m)

T

0

20

40

60

80

100
RQDT RQD

(d)

T vs. RQD (drillcore KH1)

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

16
m
29

m
43

m
62

m
72

m
92

m
12

9m
13

7m
15

1m
16

1m
18

6m
55

2m
56

2m
56

3m

57
8m

58
3m

58
7m
59

2m

Depth (m)

T RQDT RQD

(b)

100

80

60

40

20

0

Depth (m)

15
0m

12
8m

13
4m

15
5m

16
1m

16
7m

87
m

11
0m

11
3m

14
3m25

m
71

m
0

20

40

60

80

100
RQD

T vs. RQD (drillcore KH3)
T RQD

-0.2

0

0.2

0.4

0.6

0.8

1
T

(f )

Pj and F vs. RQD (drillcore KH3)
Pj and F

1

1.1

1.2

1.3

1.4

15
0m

12
8m

13
4m

15
5m

16
1m

16
7m87

m
11

0m
11

3m
14

3m25
m

71
m

Depth (m)

0

20

40

60

80

100
RQDPj F RQD

(e)

Fig. 14(a) Fig. 14(b+c)

Figure 11. RQD-data for the oriented sections of the drillcores, with graphs showing degree of magnetic 
anisotropy (Pj), magnetic foliation (F) and shape parameter (T). In drillcore KH3, the upper section (25-
113m) consists of sedimentary rocks and the lower section (128-167m) of crystalline rocks.
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Since F/m gives a more complete image of the 
discontinuities (e.g. the quality) in the rocks, 
the magnetic parameters were plotted against 
F/m for all three drillcores (Fig. 12). 

For drillcore KH1, which consists entirely of 
quartz-bearing porphyry, there seems to be a 
correlation between Pj, F and F/m in the deep 
section of the drillcore, between 552-592 m, but 
otherwise no correlation is observed between 
Pj, F, T and the F/m (Fig. 12a-b). 

For drillcore KH2, only a weak correlation 
between Pj, F and F/m is observed (Fig. 12c), 
while the correlation between T and F/m seems 
to be stronger (Fig. 12d).

 In drillcore KH3 a correlation between Pj, F 
and the F/m is observed, only the siltstone (at 
110m and 113m depth) does not follow this 
pattern, otherwise the correlation can be traced 
across the rock type boundaries (Fig. 12e). No 
correlation is observed between T and F/m 
(Fig. 12f).  
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Figure 12. Fracture frequency (F/m) for the oriented sections of the drillcores, with graphs showing degree of 
anisotropy (Pj), magnetic foliation (F) and shape parameter (T).
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Based on the observed qualitative correlations 
in figures 11 and 12, cross plots of the magnetic 
parameters Pj, T, F and the rock-mechanical 
quality indicators RQD and F/m were 
produced for various sections of the drillcores, 
examples with correlation coefficient (r) > 
0.6 are presented in figure 13. The qualitative 
correlation observed between F and RQD (Fig. 
11e) is here quantified for the sedimentary 
rocks (r = 0.6256) and the porphyritic rocks (r 
= 0.7557) separately (Fig. 13a and b). 

For the porphyritic rocks a “fair” correlation 
between RQD and Pj, and F/m and F is 
also observed (r = 0.6142 and r = 0.6381, 
respectively; Fig. 13c and d).  A fair correlation 
between F/m and T was only observed for the 
porphyritic rock in drillcore KH2 (r = 0.6461; 
Fig. 13e).   

10. Discussion

10.1 The AMS fabric

A weak trend of Pj increasing with depth was 
observed in drillcore KH1. The corrected 
degree of anisotropy generally follows the 
change in mean susceptibility so that low 
degrees of anisotropy correlate to a low mean 
susceptibility and vice versa. According to 
Hrouda (1982) such Pj-values indicate plutonic 
or metamorphic rock. Since porphyries are 
volcanic, the Pj-values could indicate that the 
porphyries have undergone some degree of 
metamorphosis. Sections of metamorphosed 
Qbp were recorded in the drillcores, the 
clearest example being 193-Mqp, but Pj-values 
indicating metamorphosis are also found 
in what otherwise appears to be unaltered 
porphyries. This indication of (low degree) 
metamorphism contradicts Geijer and Ödman 
(1974) who found no indicators of (textural) 
metamorphism.  
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Figure 13. Cross-plots of AMS and rock mechanical 
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tting regression line , for selected intervals of the 
drillcores. (a) RQD vs. F for the sedimentary rocks of 
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KH2. (e) F/m vs. F for the crystalline rocks from 
drillcore KH3. 
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The significant differences in bulk (mean) 
susceptibility or anisotropy between the 
outcrops depends much on rock type. The 
highest susceptibility values are obtained at 
sites 8, 9 and 10, where the rock is more basaltic 
and the lowest susceptibility are found for 
sandstones and conglomerates at sites 2,3 and 
4. The low susceptibilities most likely indicate a 
very low content of ferromagnetic (s.l.) material 
in both the sandstone and the conglomerate. In 
the long drillcores, the mean susceptibility in 
the core KH3 also marks a change in rock type, 
from very low-magnetic agglomerate to highly-
magnetic Qbp. However, the porphyries show a 
wide variation in mean susceptibility, from 213 

SI to 37 700 SI. 

Most samples show an oblate shape ellipsoid 
and quite high T values pointing towards a 
magnetic foliation of the rocks. According to 
figure 5, the distribution of both Pj and F values 
follow the trend of the geological structures 
(the rock contacts) in the area and the trend of 
neither one of these parameters change with 
depth (Fig. 7c and table 5). 

For drillcores KH1 and KH2, high T-values 
were observed in an interval between 80-180 
m and 75-150 m, respectively.  At similar depth 
intervals in drillcore KH1, differences in the Pj 
and Kmean were observed. For the drillcore KH2 
there is also a jump in these values between 
68 m and 79 m, but no lower boundary could 
be defined. This pattern could indicate two 
horizontal sections with distinct magnetic 
fabric, one from the surface down to ~75 m, 
and a second one from 75 m down to ~180 m. 

In drillcore KH3, the T-Pj plot indicates that 
the change in the shape of the susceptibility 
ellipsoid and the degree of anisotropy can be 
directly related to a change in rock type, from 
sedimentary to porphyritic rocks (Fig. 9a and 
b). Furthermore, a trend of decreasing degree 
of anisotropy with depth is observed within the 
porphyries. 

10.2 Temperature-susceptibility

A mineralogical interpretation of the 
susceptibility-temperature curves indicates that 
magnetite is the major contributor to the magnetic 
properties of the quartz-bearing porphyries, 
and the siltstone. A small and gradual decrease 
in susceptibility between 300°C-350°C was 
observed for all the ferromagnetic samples. This 
could indicate pyrrhotite as a minor contributor 
to the magnetic properties (AGICO; Hrouda at 
al., 1997). Pyrrhotite has a Curie temperature of 
320°C, which is almost the same temperature 
as where pyrrhotite decomposes to magnetite 
during laboratory heating (Tarling and Hrouda, 
1993). Pyrrhotite/pyrite was observed in some 
of the drillcores, occurring as grains up to 
3mm in length. Alternatively, the decrease in 
susceptibility could be caused by maghemite 
converting to hematite, which occurs at about 
300°C (Tarling and Hrouda, 1993). However, 
in the thermal data, there is no indication of 
hematite being present. 

The presence of magnetite is also indicated in 
the predominantly paramagnetic samples from 
the quartzites and the transition zone rocks 
(Fig. 9). 

10.3 AMS fabric and the tectonic model

In general, the foliation planes in the porphyries 
strike from NNW to SSE, and thus follow the 
local and regional structural trends. 

According to Wright (1988) a NNW-NNE 
strike and subvertical dip was characteristic of 
much of the foliation in the Kiruna area, which 
is in agreement with the strike and dip defined 
for the porphyries in the Kiirunavaara Hanging 
wall (table 3-6). 

The dip of the magnetic foliation planes of the 
porphyries defined in the outcrops decrease 
towards the east, from 89° at L10 to 54° at L7, 
representing a distance of ~1 km. The lowest 
dips are observed in the sandstone (L3 and L4). 
In drillcore KH1an indication of an increase 
in dip of the magnetic foliation plane with 
depth is observed (table 4). However, the trend 
is weak and difficult to confirm as a general 
trend since there are no oriented samples at 
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equivalent depths from the other two drillcores. 
Keeping in mind that the drillcores were drilled 
at a 41º-45º degree angle and towards WNW, 
an increase in dip with drillcore depth actually 
means an increase in dip towards WNW, and 
a decrease in dip towards the East. This is the 
same trend as was observed in the results from 
the outcrops.

10.4 A correlation between AMS, RQD and 
F/m 

When comparing RQD and F/m data, three 
zones have been identified where the data do 
not correlate (e.g. indicate the same change 
in quality, Fig. 10a). There are two possible 
explanations for this lack of correlation: 1) an 
inverse fluctuation of the plastic discontinuities 
relative the brittle discontinuities or 2) poor 
data. Two of these zones were identified in 
KH2 and they could not be correlated with 
any visible change in geology. However, the 
wide zone from 84-179 m does correlate nicely 
to an interval of high T values (Fig. 7b). A 
similar interval of high T is observed in KH1 
(Fig. 5b) but this is not reflected in the RQD-
F/m plot (Fig. 10a). The RQD-F/m-anomaly 
in KH3 is located in the transition zone from 
conglomerate to siltstone. 

It was not possible to identify any consistent 
correlation between the magnetic and the 
rock mechanical parameters in general, but 
correlations with r > 0.6 do exist for the 
sedimentary rocks and the crystalline rocks in 
drillcore KH3 (Fig. 13). 

11. Conclusions  

The present AMS study of the Kiirunavaara 
Hanging wall shows that magnetite controls the 
magnetic susceptibility of most of the quartz-
bearing porphyry and the siltstone, while in other 
sedimentary rocks and crystalline transition 
type rocks the influence of paramagnetic 
minerals is significant.

The magnetic fabric varies very much between 
rock types, and even within what has previously 
been thought of as homogeneous quartz-
bearing porphyry. A plastic deformation zone 

was characterized by a sharp rise in both Pj 
and F values from both rock types towards the 
contact, a signature (most probably) significant 
for defining tectonic contacts.

The high degree of anisotropy observed in the 
porphyries indicates that the rocks have been 
metamorphosed to some degree. Most samples 
show an oblate shape ellipsoid (the Jelínik 
diagrams) and quite high T values indicating a 
magnetic foliation in the rocks. 

A strong correlation between Pj and F is 
observed in all three drillcores. The correlation 
is even strong across the change in rock type 
as observed in drillcore KH3. The distribution 
of both Pj and F values follow the trend of 
geological structures (the rock contacts) of the 
area, and no trend of change is observed with 
depth. Likewise, the change in the T values 
seems to reflect a change in rock type. Data 
from outcrops show a decrease in the dip of 
the magnetic foliation plane towards the east, 
and this was confirmed by data from drillcores. 
The degree of anisotropy likewise decreases 
towards east, primarily a reflection of changing 
geology but also changes within the same rock 
type (the porphyry).

A good correlation between Pj, and F and RQD, 
and F and F/m was observed in drillcore KH3; 
and between T and F/m in drillcore KH2, i.e. 
a high degree of anisotropy and magnetic 
foliation can be correlated with a high degree 
of fracturing and/or plastic deformation. This 
suggests the AMS parameter may be used as 
an indicator of rock mechanical properties, and 
thus the location of potential fracture zones. 
However, more tests are needed to confirm the 
correlation, and why the correlation was mostly 
restricted to just one of the three drillcores. 
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Abstract

Seismic velocity and rock strength in drillcores has previously been shown to vary depending 
on the angle between the measuring direction and the macroscopic foliation plane, but very little 
research has been performed on samples with a microscopic foliation. In this study, we use the 
anisotropy of magnetic susceptibility to identify a foliation in what has been assumed to be isotropic 
rhyolites. We then use scatterplots and simple linear regression analysis to identify and quantify 
the relationships between AMS, diametrical P-wave velocity and point load (PL) strength in the 
ferromagnetic samples. Our study suggests that the PL strength increases with 56% when the angle 
between the foliation plane and the measuring direction is increased from 14° (close to the foliation 
plane) to 65°. Such a high change in rock strength with direction, in rocks with no macroscopic 
foliation, could have serious implication e.g in rock mechanical modeling, and AMS can thus be 
used as a tool to predict fracturing.

Keywords: Anisotropy of magnetic susceptibility (AMS), P-wave velocity, Point load index, 
Uniaxial Compressive Strength (UCS), porphyritic meta-rhyolites. 
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1. Introduction

Magnetic anisotropy is a measure of the 
magnetic fabric, which mimics the texture of 
the rock, and can therefore be used successfully 
as a tool of structural analysis. The anisotropy 
of magnetic susceptibility (AMS) reflects the 
preferred orientation of magnetic grains and 
crystals in a rock. In homogeneous magmatic 
rocks such mineral orientations may seem 
non-existing, however, in most rocks there 
is a preferred orientation of the grains caused 
by e.g. flow directions of the magma and the 
stress at the time of intrusion. These magmatic 
structures are often difficult to observe, but this 
can be done using AMS (Elming and Mattsson, 
2001; Mattsson and Elming, 2001). One could 
argue that the same information could be 
gained by thins section analysis, but to get a 
3-dimensional image of the texture requires thin 
sections cut at different orientations, thus a time 
consuming and expensive method. Using AMS 
such textural images can be obtained within 
minutes in the laboratory, once the sample has 
been cut to an appropriate size.

AMS is not a tool normally used in rock 
mechanical studies and there is a lack of 
studies that tries to correlate AMS with other 
physical rock properties. One study by Vishnu 
et al. (2010) presented a positive correlation 
between the degree of magnetic anisotropy 
and magnetic foliation to P-wave velocity 
anisotropy as well as rock strength anisotropy, 
but for metamorphosed quartzites.  Seismic 
velocities and rock strength has been tested 
with reference to the texture of rocks with 
macroscopically observable foliation planes 
(Duellmann and Heitfield, 1978; Tzidzi, 
1997), however, only a few studies, mostly on 
granites, have tested these properties in rocks 
without any macroscopic foliation (Rodrigues, 
1966; Douglass and Voight, 1969; Takemura et 
al, 2003). 

The aim of the present study is to look for 
possible relations between the texture of 
macroscopically homogeneous rhyolites and 
their rock mechanical properties. To do that 
we use anisotropy of magnetic susceptibility 
(AMS) to determine the texture, and seismic 

P-wave velocity and point load strength to 
determine the mechanical properties. The 
advantage of using AMS is that it is possible 
to quantify the degree of preferred orientation 
of the grains. For the analyses scatterplots and 
simple linear regression analysis were used to 
identify and quantify the relationships between 
AMS and the diametrical velocity (VDia) and 
the point load strength (PL), respectively. The 
point load strength is also used to calculate the 
uniaxial compressive strength (UCS).

The results of this study indicate that there is a 
strong correlation between the AMS parameters 
foliation, lineation and degree of anisotropy, and 
the PL and VDia, respectively. We also present a 
correlation between both PL and VDia and the 
angle to the foliation plane. Furthermore, a 
correlation was observed between UCS and the 
degree of anisotropy in the seismic data.

2. Rock samples and mineralogy

Samples have been collected from deep drill 
cores in the Kiruna area (Fig. 2.1). The long 
drillcores were oriented using a spring-loaded-
pins-system (e.g Marjoribanks, 1997) and 
seventeen sections have been chosen from 
which samples were drilled and re-orientated 
(see Fig. 2.2). The target was collection of 9 
samples from each section, but this was not 
always possible due to the sometimes poor 
quality of the rock, which caused the samples 
to break during cutting, or local mineralizations 
which caused too high a magnetization for the 
susceptibility to be measured.  In total 118 
samples are included in the study. Samples 
from eight of the sections (KH1-16*, 129*; 
KH2-32*, 68, 112*, 193; KH3-155*, 167) were 
also analyzed by thin-sections.  Five of these 
sections (marked with *) were further analyzed 
with a scanning electron microscope (SEM). 

All the rock samples are characterized as 
porphyritic rhyolites to meta-rhyolites with 
a glomeroporphyritic texture, even though 
many of the porphyroclasts are single crystals. 
Up to ~50% of the samples are made up of 
porphyroclasts, virtually all of them are alkali 
feldspar (albite and microcline). Un-deformed 
and free from low-temperature alterations and 
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fractures, the rhyolites show a fairly simple 
mineralogy, with a matrix entirely dominated 
either by quartz and albite, or a mixture of 
quartz, albite and K-feldspar. The matrix is 
normally aphanitic, with a grain size up to ca. 
100 m and generally < 50 m.

The red color of many of the meta-rhyolites 
appears to be caused by a sub-microscopic 
hematite and/or limonite staining along grain 
boundaries and along internal crystallographic 
planes. Later alterations seem to have turned 
the meta-rhyolite into a more greyish rock.

In many samples magnetite or titano-magnetite 
is the major opaque phase. To some extent 
this is a function of replacement of magnetite 
by hematite, which is seen in various scales. 
Locally ilmenite is found within the magnetite 
grains. Magnetite normally occurs as euhedral 
to subhedral crystals, locally as platy crystals, 
but normally as octahedral crystals, ranging 
from ca. 10 to 200 m in size. These either 
occur as disseminated grains or in larger 
aggregates. Rock samples with a distinct shape 
preferred orientation (SPO) normally also have 
such aggregates lying with a common preferred 
orientation.

In several samples brittle or brittle-ductile 
deformation has affected the rock after 
crystallization. These fractures are often very 
rich in magnetite or hematite. In some samples 
the opaque localized in fractures makes up a 
large portion of all opaque in that sample. In 
the fractures the opaque phases are associated 
with carbonate, quartz, chlorite and sericite, 
i.e. the mineral phases that also are common in 
fractures.

There is a ductile deformation that has affected 
some of the rock samples, much of which can 
be interpreted as caused by post-magmatic, 
metamorphic deformation. Probable flow 
foliation was also recognized. 

3. Magnetic properties

3.1 Anisotropy of magnetic susceptibility (AMS)

The anisotropy of magnetic susceptibility 
(AMS) is very sensitive to the mineral fabric of 
the rocks and can therefore be used successfully 
as a tool of structural analysis. The AMS 
reflects the preferred orientation of magnetic 
grains and crystals in a rock. In supposed 
homogeneous magmatic rocks (e.g. the Kiruna 
porphyries) such mineral orientations may seem 
non-existing, however, in most rocks there is a 
preferred orientation of the grains.  

Basically, the second rank tensor that describes 
the AMS of a rock can be shown graphically 
by the susceptibility ellipsoid, where the three 
principal axes are represented by Kmax (the 
maximum susceptibility axis, K1), Kint (the 
intermediate susceptibility axis, K2), and Kmin 
(the minimum susceptibility axis, K3). The 
ellipsoid is constructed in the same way as the 
strain ellipsoid in structural geology and the 
shape of the ellipsoid depends on the length of 
the axes: if K1 > K2 = K3 then the ellipsoid will 
have the shape of a rugby ball (prolate), but if 
K1 = K2 > K3 the shape of the ellipsoid will be 
that of a disc (oblate). 

Figure 3.1 The anisotropy ellipsoid (Tarling and 
Hrouda, 1993). 

Mathematically, the shape of the anisotropy 
ellipsoid can be expressed in several ways, 
mainly in terms of ratios of the axial values, 
e.g. magnetic lineation (L) and foliation (F). 
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For most rocks, the direction of the magnetic 
lineation is identical with that of the maximum 
susceptibility K1 and the magnetic foliation is 
perpendicular to the minimum susceptibility 
direction K3 (Tarling and Hrouda, 1993). 

Magnetic lineation (L) (Balsley and Buddington, 
1960):

                                 [1]

 
Magnetic foliation (F) (Stacey et al., 1960):   
                 

     [2]

The degree of anisotropy (P) is a parameter for 
the magnitude of anisotropy, and is based on 
the ratio of the maximum and the minimum 
susceptibilities. It is expressed by P = K1/K3 
(Nagata, 1961), however, what is used in this 
study is the corrected anisotropy degree by 
Jelinik (1981) which is expressed as 

                                  [3]

where 1 = lnK1, 2 = lnK2, 3 = lnK3 and m 
= ( 1 + 2 + 3)/3. The parameter Pj is based 
on logarithmic values of susceptibility, which 
are more appropriate in view of the lognormal 
distribution of this property. More importantly, 
it incorporates both the intermediate and mean 
susceptibility rather than just the maximum and 
minimum values and is thus a more informative 
parameter than P alone (Tarling and Hrouda, 
1993).

3.2 Laboratory technique

A standard rock specimen for measuring 
AMS is a cylinder with a diameter of 25 mm 
and a length of maximum 21 mm. Precise 
orientation of a sample in the field, usually to 
± 1°, is a prerequisite for any study related to 
directional properties. Once a sample has been 
properly oriented it is possible to determine the 
orientations of the axes of the susceptibility 

ellipsoid relative to the original position of the 
sample in the rock. 

AMS and the variation of susceptibility with 
temperature were measured using the KLY-3 
Kappabridge and the CS-3 temperature control 
unit respectively, both manufactures by Agico. 
To determine the anisotropy of a sample the 
magnitude of susceptibility is measured along 
at least six independent directions, enabling the 
anisotropy ellipsoid to be calculated 

Besides the orientations of the susceptibility 
axis, the degree of anisotropy (Pj), lineation 
(L), foliation (F) and the total susceptibility (K) 
is also determined.

The measurements of magnetic susceptibility 
during heating were made using samples that 
were grinded into a powder with a volume 
of ~0.25 cm3. The samples were heated up to 
650 C. The total number of measurements 
(heating plus cooling) varies between 402-446 
measurements for each sample. The result of 
the measurements is a thermomagnetic curve 
composed of many discrete susceptibility and 
temperature determinations. 

4. Seismic properties

4.1 P-wave velocity and anisotropy in 
drillcores

A seismic anisotropy in directions perpendicular 
to the axis of a core is indicated by a change 
in velocity with different diametrical angle 
and with difference to the axial measurements. 
The potential causes of anisotropy are many, 
e.g. micro-cracks, jointing, faulting, foliation 
or layering. The presence of cracks, joints or 
faults influences not only the velocity in the 
rock but also the strength of the rock, and 
previous studies have shown that there is a 
strong correlation between P-wave velocity 
and fracturing in unweathered igneous and 
metamorphic rocks (Sjøgren et al., 1979). 

Intact, unweathered specimens of rocks with 
clear anisotropic properties (e.g. slate, gneiss) 
show a significant difference in velocity when 
measured parallel and perpendicular to the 
macroscopic foliation. Duellmann and Heitfield 
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(1978) have shown that this anisotropy varies 
smoothly as the angel of incidence to the 
foliation is varied from 0° to 90° in slate. Tsidzi 
(1997) has likewise showed a clear effect 
on seismic velocities when measuring with 
different angles to the foliation plane (0°, 45° 
or 90°) in gneiss, phyllites, schist and slate. 

4.2 Laboratory technique

With reference to the earlier studies the highest 
velocity may be expected parallel to foliation, 
and the lowest velocity at a 90° angle to foliation. 
A combination of axial and diametrical velocity 
measurements should thus enable identification 
of anisotropy regardless of how the sample is 
oriented in relation to the foliation, however; it 
will not be comparable to a full 3-dimensional 
AMS ellipsoid.

Identification of anisotropy in seismic velocity 
by axial and diametrical measurements is a non-
destructive, quick and relatively cheap method. 
The International Society for Rock Mechanics 
(ISRM) has recommended three different 
test methods to determine the propagation 
of seismic P-waves in rock samples in the 
laboratory. The method used in this study is the 
“High frequency ultrasonic pulse technique” 
(Brown, 1981). 

The instrument set-up consists of an 
oscilloscope, a pulse generator unit (OLYMPUS, 
with a frequency range of 100 kHz – 2 MHz, 
generating 10 pulses per second), and 2 
cylindrical P-wave transducers that can operate 
as both transmitter and receiver. The P-wave 
transducers have a center frequency of 1.13-
1.14 MHz and a diameter of 13 mm. A rig was 
used to fixate the sample and the transducers 
during measurement. The oscilloscope-
reading was accurate within ± 0.1 s and ± 1 

s for the diametrical and axial measurements, 
respectively. The instrument set-up was first 
calibrated on solid metal cylinders.

The measurements were performed in two 
directions, axially and diametrically. 

For the axial measurements the transmitter 
and the receiver are placed on each of the end 
surfaces of the sample. For the diametrical 

measurements the transmitter and the receiver 
are placed opposite to each other at every 30° 
(moving clockwise), so that 12 measurements 
are made for each sample (Fig. 4.1). 

0° 

180° 

First measuring point 

0° 

180° 

Second measuring point 

30° 

210° 

Figure 4.1 Rotation of drillcore for diametrical 
measurements. 

When making diametrical measurements on 
a cylindrical sample the transmitter and the 
receiver are placed on a curved surface, making 
a linear contact area between the sample and 
the transducers. This dampens the transmitted 
signal and makes the measurements incorrect. 
To avoid this, waveguides were placed between 
the sample and the transmitter and receiver, 
respectively. The waveguides are made of 
steel and has one plane surface and one curved 
surface. The curved surface is shaped to fit the 
curvature of the sample and the plane surface 
is shaped to fit the contact to the transducers. 
To maximize the acoustic contact between 
transducers, waveguides and sample, a couplant 
(in this case water) was used.

Since the transmitted wave has to travel 
through two steel wave-guides as well as the 
rock sample, the immediate reading will not 
represent the true velocity of the sample, but 
the velocity of the sample plus the two guides, 
so the effect of the guides has to be subtracted 
from the reading. This effect was determined 
by measuring the time it took the P-wave to 
travel through two steel cylinders of the same 
thickness as the waveguides.

 Axial (VAxi) and diametrical (VDia) P-wave 
velocity was measured on samples from all 
sections. The samples are cylindrical in shape 
with near parallel end surfaces. All samples were 
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water-saturated and the measurements were 
done in room temperature and at atmospheric 
pressure. Knowing the total travel time and 
diameter (40 mm) and length of the samples, the 
velocity VP was then calculated. The determined 
diametrical velocity is an average value of the 
12 measurements made at an angular difference 
of 30 . The degree of anisotropy (VAni) for the 
diametrical measurements is calculated by  

     [4.1]

5. Mechanical properties

5.1 Diametrical Point Load test and Uniaxial 
Compressive Strength

The point load strength test (PLT) is used as 
an index test for the strength classification of 
rock materials. The test is a quick and easy, and 
therefore a cheap method which can be applied 
both in situ and in the laboratory, on drill cores 
as well as on samples of irregular shape. The 
testing procedure and equipment used in the 
present study are those recommended by the 
International Society for Rock Mechanics 
(ISRM, 1985). 

The test involves the compression of a rock 
sample between two uniaxial, conical platens 
until failure occurs. The testing equipment 
consists of a rigid frame, two point load platens, 
a hydraulically activated ram with a pressure 
gauge and a device for measuring the applied 
pressure. The instrument is accurate down to 
< 0.2% and has a measuring range of 0-50 kN 
(HMA Geotechnical, 2011). 

The test measures the failure load (PMax), which 
is used to calculate the point load index Is. Is is 
then converted to the size corrected Point Load 
Strength Index Is(50) for a standard core diameter 
of 50 mm. The Is(50) can then be used to predict 
other strength parameters with which it is 
correlated, such as the uniaxial compressive 
strength (UCS) of the rock (ISRM, 1985). Is is 
determined from:  

     [5.1]

where D is the diameter of sample (mm). The 
size corrected Point Load index Is(50), is then 
calculated as (e.g. Brook, 1985):

                                                     [5.2]

where F (size correction factor) =                  ,

and De = D for cores tested diametrically 
(Brook, 1985). 

Early studies on hard, strong rocks (Broch and 
Franklin, 1972), found that the relationship 
between UCS and the point load strength index 
can be expressed as: 

     [5.3]

- where K is the index-to-strength “conversion 
factor”.  According to the ISRM (1985) uniaxial 
compressive strength is on average 20-25 times 
point load strength, but the ratio can vary 
between 15 and 50, especially for anisotropic 
rocks. A list of 33 different equations correlating 
the UCS to the (size corrected) point load index 
Is(50) can be found in Kahraman and Gunaydin 
(2009). This rather large scatter in predictive 
equations seems to be caused primarily by 
a variation in rock type and test conditions, 
something that needs to be kept in mind when 
working with the data.

5.2 Laboratory technique

In this study, six tests were made on rocks from 
each of the seventeen sections, meaning a total 
of 102 drill core samples were used for the point 
load tests. All tests were diametrical and made 
on cores with a 40 mm. The measurements were 
conducted at 30° intervals, up to 180° from the 
orientation mark. A similar measuring scheme 
was used for measuring the compressional 
wave velocities of the drillcores (Fig. 4.1a) 
which may enable a direct correlation between 
the diametrical patterns in strength and velocity.

Samples suitable for point load testing should 
ideally be free of open and closed fractures and 
the distance L between the contact points and 
the nearest free end of the sample should be > 
0.5D, where D is the diameter of the sample 
(ISRM, 1985). These two criteria seriously 

   

 

 

 

 



9

limited the number of samples available at each 
depth interval. Since the test is destructive and 
a sample can only be used once, a neighboring 
sample was used when testing the following 
diametrical angle, assuming that the texture of 
the rock did not change significantly and no 
visible fractures were observed in the specimen. 

For the test, the rock sample (core) was fixated 
between two hardened steel cones and pressure 
was applied until breakage. The force of failure, 
and the diameter of the sample were recorded 
and the Point Load index Is and UCS was then 
calculated. The degree of anisotropy (PLAni) for 
the point load measurements were calculated 
following the same formula as for VAni [4.1].

6. Results

The AMS analyses show that the samples are 
primarily magnetically foliated (Table 6.1 and 
fig. 6.1a), and that the mean susceptibility (Km) 
varies from 213 to 33 100 SI. A mineralogical 
interpretation of the susceptibility-temperature 
curves indicates that magnetite, with a Curie 
temperature of 580°C, is the major contributor 
to the magnetic properties in of the samples 
(Fig. 6.1b). 

For the ferromagnetic samples, there is a strong 
correlation (r= 0.9311) between the magnetic 
foliation (F) and the degree of anisotropy (Pj), 

Sample N Km ± st. dev.    
( SI) 

Mag.   
min. L F Pj T I (K3)   

KH1-16  7 9 610 ± 1 980 Fe 1.012 1.066 1.085 0.686 15 
KH1-29  7 23 300 ± 8 490 Fe 1.019 1.034 1.055 0.254 34 
KH1-129  9 23 700 ± 4 280 Fe 1.015 1.049 1.067 0.506 50 
KH1-137  9 30 100 ± 8 590 Fe 1.015 1.041 1.059 0.471 65 
KH1-563  8 33 100 ± 14 800 Fe 1.048 1.071 1.125 0.266 33 
KH2-143  9 3 810 ± 488 Fe 1.013 1.078 1.100 0.703 42 
KH2-193  4 4 010 ± 2 660 Fe 1.038 1.101 1 149 0.474 55 
KH3-150  8 27 500 ± 6 670 Fe 1.093 1.124 1.230 0.138 14 
KH3-155  7 16 600 ± 2 290 Fe 1.105 1 103 1.219 -0.016 17 
KH3-161  7 23 700 ± 8 900 Fe 1.097 1.097 1.204 -0.015 15 
KH3-167  7 28 900  5 710 Fe 1.103 1.117 1.233 0.067 21 
 

Table 6.1 AMS data for all 11 sampled sections. Km = mean susceptibility, L, F, Pj and T are all average 
values for each sampled section.  I (K3) is the angle between the test direction (VDia and PLDia) and the 
foliation plane (Fig. 6.2). 

Figure 6.1 (a) F-L plot. (b) Normalized temperature-susceptibility heating curve for sample KH1-29.
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and the degree of anisotropy (1.025-1.233) is in 
the range of volcanic and metamorphosed rock 
(Hrouda, 1982). The dip of the foliation plane 
versus the diametrical plane of the long cores 
varies between 14°-65°. 

The average diametrical seismic velocity 
(Table 6.2) varies between 5531-5883 m/sec, 
while the axial velocity is in the range 4800-
5804 m/sec, which is in the range of velocities 
expected for crystalline rocks. The variation in 
standard deviation (37-110 m/sec) and degree 
of anisotropy (1.42-4.37 %) of the diametrical 
velocities may be related to the orientation of 
the foliation plane, though the influence of 
hidden fractures cannot be excluded.

6.1 AMS and VP

An attempt to correlate measurement direction 
in relation to the foliation (0°, 45° or 90°) was 
presented by Tsidzi (1997), who used ultrasonic 
pulse transmission technique to derive VP data 
for intact samples of amphibolite, gneiss, 
hornfels, phyllites, schist, slate and quartzite. 
Based on these tests, Tsidzi suggested that 
“strongly”, “moderately” and “weakly” 
foliated rocks could be expected to show 
velocity anisotropies of 40-20%, 20-6% 
and 6-2%, respectively. On basis of that, the 
seismic anisotropy of the rhyolites (VAni = 1.42-
5.70%) indicates a weak foliation of the rocks. 
However the degree of foliation estimated by 
Tzidzi (1997) is not based on AMS data, but on 
thin sections analysis. 

A good correlation is observed between 
VDia and degree of magnetic anisotropy (r = 
0.8766), magnetic foliation (r = 0.9011) and the 
magnetic lineation (r = 0.7788) (Fig. 6.3a-c). 
The degree of anisotropy, the foliation and the 
lineation all increases with increasing velocity, 
but those correlations are only observed for the 
diametrical, not the axial velocities, which are 
more scattered, however, the trend is similar if 
outliers are excluded (Fig. 6.3a-c). 

Figure 6.2 Angle between measuring direction and 
foliation plane.

Point load test direction 
VP  test direction

Orientation of drillcore
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Angle between test direction
and foliation plane

Table 6.2 P-wave velocities (m/sec).

Based on the point load index and the UCS 
(Table 6.3), 10 of the 11 tested rhyolites can 
be classified as having very high strength 
(Bieniawski, 1975; table 6.4), while one sample 
has high strength. 

Table 6.3 Force of failure (kN), Point load index (Is), 
size-corrected Point Load index (Is(50)) and Uniaxial 
Compressive Strength (UCS).

Table 6.4 UCS and Point load Index (Bieniawski, 1975).

N PLDia St.dev. PLAni(%)
KH1-16 6 20.76 4.99 62 12.98 11.74 281.65
KH1-29 6 17.37 4.18 62 10.86 9.82 235.66
KH1-129 6 24.95 2.65 29 15.59 14.10 338.49
KH1-137 6 24.54 1.62 13 15.34 13.87 332.93
KH1-563 6 20.18 5.13 75 12.61 11.41 273.78
KH2-143 6 23.24 5.5 55 14.53 13.14 315.30
KH2-193 6 21.19 4.56 56 13.24 11.98 287.48
KH3-150 6 15.54 2.7 50 9.71 8.78 210.83
KH3-155 6 12.30 4.25 100 7.69 6.95 166.87
KH3-161 6 15.22 6.74 99 9.51 8.60 206.49
KH3-167 6 17.92 1.56 24 11.20 10.13 243.12

Sample
Point Load (kN) Is      

MPa
Is(50)   
MPa

UCS    
MPa

UCS (MPa) Point load index (Mpa) Description
> 200 > 8 Very high strength

100 - 200 4-8 High strength
50 - 100 2-4 Medium strength
25 - 50 1-2 Low strength
 < 25 < 1 Very low strength

Sample VDia St. dev. VAni (%) VAxi 

P-wave velocity (m/s)

KH1-16 5687 40 1.42 4800
KH1-29 5563 61 2.77 5684
KH1-129 5689 110 4.37 5747
KH1-137 5531 59 4.13 5654
KH1-563 5784 70 2.91 5660
KH2-143 5818 64 2.89 5674
KH2-193 5743 81 4.33 5030
KH3-150 5883 52 2.94 5804
KH3-155 5861 39 1.45 5668
KH3-161 5847 44 1.46 5479
KH3-167 5883 37 2.94 5755
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The VDia is most often higher than VAxi  (Fig. 
6.3d).The relationship between the VDia and the 
angle to the foliation plane  (r = 0.6322; Fig. 
6.3e) explains why the VDia is higher than VAxi 
, i.e. VDia generally decreases with an increased 
angle to the foliation plane, which means the 
velocity is highest in the foliation plane. The 

correlation between angle to foliation plane and 
the degree of anisotropy in the seismic data (Fig. 
6.3e) is also quite good (r = 0.8537), with the 
degree of anisotropy increasing with increasing 
angle, also supporting the interpretation of 
influence of orientation of the foliation plane 
on the seismic velocity. 
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6.2 AMS and Point load

The point load strength increases with 
decreasing degree of magnetic anisotropy (r 
= 0.7491), lineation (r = 0.8256) and foliation 
(r = 0.5851), however, the last correlation is 
weak (Fig. 6.4a-b). As for the seismic velocity 
the point load strength varies with the angle to 
the foliation plane, i.e. the strength increases 
with increasing angle from the plane. However, 
contrary to the seismic velocity there is a 
weak trend of decreasing anisotropy with 
an increasing angle to the plane (Fig. 6.4c), 

however, the data are quite scattered. The point 
load strength is thus lowest when the direction 
of load coincides with the foliation plane, and 
highest when perpendicular to the plane. 

6.3 VP, Point load and UCS

The correlation coefficient for VDia and PL 
is 0.5533, indicating a weak correlation 
between seismic velocity and rock strength 
of the rhyolites. The correlation between the 
anisotropy in the two dataset is better (r = 
0.7432, Fig. 6.5a) with a decreasing degree 
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of seismic anisotropy with increasing degree 
of PLAni, which means the seismic anisotropy 
is low in the foliation plane, while the PLAni 
may be high here. The relationship between 
the orientation of the foliation plane, VDia and 
PL is seen in figure 6.5b, where the correlation 
coefficient is 0.6322 and 0.7869 for VDia and 
PL, respectively, indicating that the PL data 
is more dependent on the orientation of the 
foliation plane than the VDia is. This correlation 
changes when the degrees of anisotropy in the 
datasets are plotted with reference to the angle 
of the foliation plane (Fig. 6.3c). Here 85.37% 
of the variation in VAni can be explained by 
variation in foliation, while the number for 
the VAni data, which is more scattered and only 
57.19% can be explained by the foliation angle. 
The slight trend of PLAni generally decreasing 
with increasing PL and angle to the foliation 
plane, suggests that PLAni is at a maximum in 
the foliation plane.  VAni generally increases with 
increasing angle to the foliation plane, meaning 
that VAni is at a maximum perpendicular to the 
foliation plane. This means that the foliation 
plane can be characterized by low PL strength, 
high PLAni, high VDia but low VAni.

Correlation between uniaxial compressive 
strength (UCS) and P-wave velocity has earlier 
been studied (e.g. Inoue and Ohomi, 1981), 
but again, those studies are mostly limited 
to sedimentary rocks. In the present study, 
no strong correlation between UCS (derived 
from the PL) and VDia (r = 0.5533) could be 
demonstrated, however, the correlation to VAni 
was somewhat stronger (r = 0.6982, fig. 6.6).

When plotting velocity and point load 
data against the calculated anisotropy in 
the two datasets, the degree of correlation 
observed between PL and PLAni, (r = 0.6865) 
is significantly higher than the correlation 
between VDia and VAni.  (r = 0.3970). (Fig. 6.7)
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7. Summary

Using AMS, a microscopic foliation is 
observed in the rhyolite, a rock that has 
previously been regarded as an isotropic rock. 
The rocks are magnetically foliated and the 
degree of magnetic anisotropy (Pj) indicates 
that the rocks are weakly metamorphosed. 
Temperature-susceptibility measurements 
show that magnetite is the dominant magnetic 
mineral in the ferromagnetic samples. This was 
all confirmed by thin section analysis, in which 
preferred orientations of the magnetite grains 
were also observed

There is a strong correlation between the 
diametrical velocity and the degree of magnetic 
anisotropy (r = 0.8766) and the magnetic 
foliation (r = 0.9011), i.e., the higher the degree 
of foliation, the higher the diametrical velocity 
will be. For the angle to the foliation plane, the 
best correlation is to the seismic anisotropy data 
(r = 0.8537). As expected, the data indicates that 
the velocity increases the closer the measuring 
direction is to the foliation plane, and the degree 
of seismic anisotropy increases the further away 
the measuring direction is from the foliation 

Figure 6.7 PL-PLAni. The best tting regression line 
is shown along with the correlation coef cient (r).
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plane. Another way of interpreting this is that 
samples with low velocity have a high degree 
of seismic anisotropy, while high velocities 
have low degree of anisotropy, however, the 
correlation coefficient for VDia-VAni is weak (r 
= 0.3970).  

For the point load data, the best correlation to the 
AMS parameters is to the magnetic lineation (r 
= 0.8256) and orientation to the foliation plane. 
The point load strength is lowest when the load 
is in a direction coinciding with the foliation 
plane and it increases the further away from the 
foliation plane the measuring direction is. This 
is what might be expected, since the foliation 
plane may act as a weakness plane. 

Both the PL data and the degrees of anisotropy 
in the data from velocity and point load were 
correlated to the angle of the foliation plane. In 
the seismic data, it is the anisotropy in the data 
that correlates best (r = 0.8537) to the angle of 
the foliation plane, whereas in the point load 
data, it is the PL that that obtains the highest 
correlation coefficient (r = 0.7869).   

The point load data was used to calculate the 
uniaxial compressive strength (UCS) of the 
rocks. Generally, the rocks have very high 
strength, and it was only possible to find a 
moderate correlation between VAni and UCS 
(r = 0.6982). Again, the best correlation to the 
seismic data was to the degree of anisotropy in 
the data, not to the diametrical velocities.

The angle of the foliation planes in the 
ferromagnetic samples used in this study vary 
between 14°-65°. Using formula [6.9] in Table 
6.5, it can be show that the PL strength increases 
with 56% when the angle of the measuring 
direction is increased from 14° (close to the 
foliation plane) to 65°. Such a high change 
in rock strength with direction in rocks with 
no macroscopic foliation should have serious 
implication in rock mechanical modeling. 

Regarding the seismic properties of the rocks, 
it is the degree of anisotropy in the data that has 
the highest degree of correlation to the foliation 
angle. For the rock strength, it is the strength 
values that correlate best, suggesting that point 
load data is more dependent on the orientation 
of the foliation plane than the P-wave velocity.

P-wave velocity (V):
VDia = 1518.7 × Pj + 4024.2   (r = 0.8766)    [6.1]
VDia = 3632.2 × F + 1830.4   (r = 0.9011)    [6.2]
VDia = 2392.3 × L + 3239.9   (r = 0.7788)    [6.3]
VDia = -4.3078 × A + 0.3997   (r = 0.6322)    [6.4]
VAni = 0.0517 × A + 1.1772   (r = 0.8537)    [6.5]
VAni = -0.0292 × PLAni + 4.5315   (r = 0.7432)    [6.6]

Point Load (PL):
PLDia = -42.779 × Pj + 68.097   (r = 0.8256)    [6.7]
PLDia = -83.605 × L + 107.23    (r = 0.7491)    [6.8]
PLDia = 0.1767 × A + 13.578   (r = 0.7869)    [6.9]

Uniaxial Compressive strength (UCS):
VAni = 0.0139 × UCS + 0.7718   (r = 0.6982)    [6.10]

Table 6.5 Equations expressing variation relations for correlation coef cient r > 0.6.  L is magnetic lineation, F is 
magnetic foliation, Pj is the degree of magnetic anisotropy, PLDia is in kN, VDia in m/sec, VAni in %, UCS is in MPa 
and A is the angle between the measuring direction and the foliation plane.
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8. Conclusion

Macroscopically homogenous rhyolites are here 
demonstrated to be magnetically anisotropic 
and foliated. The anisotropy reflects the texture 
of the rock, which again affects the rock 
mechanical strength in such a way, that the rock 
is more easily fractured (i.e. is weaker) parallel 
to the foliation planes. Our study shows that 
the PL strength decreases with an increasing 
degree of anisotropy. Furthermore, the PL 
increases with 56% when the angle between the 
foliation plane and the measuring direction is 
increased from 14° (close to the foliation plane) 
to 65°. Such a high change in rock strength, in 
rocks with no macroscopic foliation, should 
have serious implication in rock mechanical 
modeling. This means that AMS may be used 
as a tool for prediction of rock strength. 

The study further indicates that point load data 
is more dependent on the orientation of the 
foliation plane than the P-wave velocity.
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Introduction 

The Kiirunavaara iron ore in northern Sweden has been mined since 1898. Originally mined from an 
open pit, extraction of the ore today continues underground with the “sublevel caving” method. In this 
method the ore between sublevels is broken above and the overlying waste rock caves into the void 
created as the ore is extracted [1]. The overall mining progresses downwards while the caving 
progresses upwards, eventually reaching the surface and causing large-scale deformation. This surface 
deformation has an obvious negative impact on the surrounding infrastructure of the town of Kiruna, 
which is partly located above the mine and lies less than 1 km from where the east-dipping orebody 
was originally outcropping. This proximity to a residential area makes it absolutely necessary for the 
mining company to acquire as much knowledge as possible the about current near-surface geology and 
potential future deformation patterns.  
 
Reflection seismic data were acquired in Kiruna town in December 2008 along two sub parallel 
profiles in order to image the subsurface and to detect faults and potential deformation or fracture 
zones. The profiles were each ~3.5 km long and were oriented approximately E-W, nearly 
perpendicular to the general strike of the local geology and to the Kiirunavaara ore body (Fig. 1). The 
seismic source was a tractor mounted hydraulic hammer with a 1 m2 base plate. Single 28 Hz 
geophones were planted in the ice or heavily compacted snow. Source and geophone spacing were 5 m 
and 10 m, respectively, on profile 1 and 10 m and 5 m on profile 2. 
 

 
Fig. 1 Geological map of the area with the contours of Kiruna town. The two seismic profiles are 
shown as crooked black lines. Locations and strike of interpreted seismic reflectors are shown as 
straight blue lines (L1-L5). Rock samples were obtained from three boreholes: KH1, KH2 and KH3. 

 
Reflection seismic processing was done with the conventional common-depth-point method. Both 
sections reveal a strong east-dipping reflectivity that is imaged down to at least 1.5 km. 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 in Fig. 1). The seismic images and traveltime 



modeling of the geological interfaces suggest their dip to be 40°-50° from horizontal. Location and dip 
of the interfaces is consistent between two profiles, confirming the extension of the essentially 2D 
geology with depth. Structural interpretation of the seismic data has been complemented by 
tomographic modeling of the near-surface and petrophysical measurements of P-wave velocities in 
rock samples from local boreholes. Comparison of petrophysical and tomographis 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 the zones of weathered or crushed rocks 
located within the contact zones between different geological units. 
 

Tomography models 

 
First arrivals were picked from reflection the seismic records and used in the tomographic inversion 
for reconstruction of near-surface velocity models with the PStomo_eq package [2]. The first arrivals 
were picked only in areas with good signal-to-noise ratio in the offset range of 0-2400 m. Velocity 
models for the two profiles were obtained independently, but with the assumption of a general 2D 
geology, so the cells of recovered models were significantly elongated in the S-N direction (direction 
of geological strike).  
 
Tomography inversion of the same traveltime data was performed many times for a number of initial 
models, which varied broadly in their velocity gradients and surface velocities, resulting in a range of 
final models. The mean velocity models and standard deviations were calculated from the multitude of 
the final models for each of the two profiles. The final models (Fig. 2) 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. 
 

 
Fig. 2 Tomographic models. 

 
From the surface geology (Fig. 1), the sections may be subdivided into the following geological units: 
A1-A2-A3 - quartz-bearing porphyry; B - meta-sediments including conglomerates; C – other types of 
meta-sedimentary rocks; D1 and D2 - meta-basalts. The recovered tomography models (Fig. 2) show 
that: the meta-sediments are characterized by velocities of 3-4.5 km/s (unit B) and even up to 5.5 km/s 
(unit C); velocities of the meta-rhyolites (units A1, A2, A3) are in the range of 4.0-5.5 km/s; and 
velocities of the meta-basalts (units D1 and D2) are generally in the range of 4.5-5.5 km/s. Near-
surface low velocity anomalies are found within units A1, B, D1 and A3. 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. Observations from petrophysical measurements on core 
samples justify this interpretation of the tomography. 
 

Petrophysical measurements 

 
Oriented drillcores from three boreholes (KH1, KH2 and KH3) were available for the petrophysical 
study (Fig. 1). The cores were 4 cm in diameter and their orientations were obtained using spring-
loaded pins. The boreholes are located at the western end of profile 2, approximately parallel to the 
profile, and cut through meta-sediments (of unit B) and quartz-bearing porphyry (of unit A1). Samples 
for the laboratory tests were taken at representative intervals along all three cores (Table 1). P-wave 
velocity was measured both radially and axially on water-saturated samples. The radial measurements 
were made at 30°-intervals, the axial measurements were made on parallel end-face surfaces. Results 
show the 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 (Table 1). The radial velocities are slightly higher than the axial velocities, which can 
indicate a previously unknown foliation of the rock. P-wave velocities are generally assumed to be 
highest parallel to and lowest perpendicular to foliation, a phenomenon usually observed in 
sedimentary rocks [3]. 
 
From 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. The difference is even more pronounced in the 
siltstone, indicating that the drillcore is oriented nearly perpendicular to the foliation/layering of the 
rock. 
 
Table 1. Petrophysical data for samples from the drillcores. Radial velocities are averages based on 
12 measurements for each sample. 

Drillcore,    
depth (m) Rock type 

N       
(density) 

Density 
(kg/m3)  

Stdev 
(kg/m3)  

Radial  
P-wave     
velocity 

(m/s)       

Radial 
Stdev 
(m/s) 

Axial  
P-wave    
velocity 

(m/s)      

KH1 (16) 
Quartz-bearing 

porphyry 5 2644 7 5687 40 4800 
KH1 (137) --’’-- 6 2640 4 5531 59 5654 
KH1 (578) --’’-- 6 2632 4 5641 63 5500 
KH2 (32) --’’-- 2 2643 18 6008 60 5774 
KH2 (112) --’’-- 4 2680 12 5557 92 5542 
KH2 (185) --’’-- 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) --’’-- 6 2680 9 5883 37 5755 
 
 
 
 



Conclusions 

The blocky 2D character of the local geology is consistently observed in the reflection seismic 
sections, the surface geology and the tomographic models. The tomographic modeling 
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.  
 
The most pronounced low velocity anomalies identified in the models correspond to contact 
zones between meta-sediments and quartz-bearing porphyry units and between meta-sediments 
and meta-basalts. These 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. 
 
The bulk tomographic velocities outside of the low-velocity zones in different geological 
units are comparable to laboratory measurements on drillcore samples. However, slightly 
higher velocities are measured on the drillcore. Furthermore, a small difference between 
radial 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. 
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A1

Appendix A1

AMS data from drillcores





Sample Depth (m) Kmean L F Pj T 
 
 
KH1-16-a 16 8,18E-03 1,012 1,05 1,066 0,607 
KH1-16-b 16 1,32E-02 1,01 1,062 1,079 0,707 
KH1-16-c 16 9,23E-03 1,01 1,064 1,081 0,735 
KH1-16-d 16 1,05E-02 1,006 1,072 1,088 0,829 
KH1-16-e 16 1,06E-02 1,016 1,073 1,096 0,642 
KH1-16-f 16 7,22E-03 1,01 1,065 1,083 0,717 
KH1-16-g 16 8,44E-03 1,02 1,074 1,101 0,563 
Mean tensor 16 9,61E-03 1,012 1,066 1,085 0,686 
K1 16 Dec 76,1 Inc 37 Confidence angle: 18,4/4 
K2 16 Dec 210,1 Inc 42,6 Confidence angle: 18,5/4,7 
K3 16 Dec 325,5 Inc 25,0 Confidence angle: 6,5/1,8 

KH1-29-a 29 3,47E-02 1,033 1,011 1,046 -0,491 
KH1-29-b 29 3,49E-02 1,01 1,045 1,059 0,64 
KH1-29-c 29 1,39E-02 1,019 1,03 1,05 0,225 
KH1-29-d 29 1,62E-02 1,022 1,03 1,053 0,161 
KH1-29-e 29 2,25E-02 1,017 1,031 1,049 0,3 
KH1-29-f 29 2,34E-02 1,011 1,031 1,044 0,476 
KH1-29-g 29 1,78E-02 1,022 1,06 1,086 0,464 
Mean tensor 29 2,33E-02 1,019 1,034 1,055 0,254 
K1 29 Dec 64,3 Inc 68,3 Confidence angle: 9,7/2,5 
K2 29 Dec 224,4 Inc 20,5 Confidence angle: 12,8/5,9 
K3 29 Dec 316,9 Inc 6,8 Confidence angle: 11,8/3,9 

KH1-43-a 43 2,36E-02 1,019 1,031 1,051 0,229 
KH1-43-b 43 2,05E-02 1,013 1,029 1,044 0,365 
KH1-43-c 43 1,85E-02 1,015 1,027 1,043 0,305 
KH1-43-d 43 1,94E-02 1,017 1,024 1,042 0,176 
KH1-43-e 43 1,61E-02 1,019 1,043 1,065 0,38 
KH1-43-f 43 1,37E-02 1,046 1,016 1,065 -0,477 
KH1-43-g 43 1,95E-02 1,068 1,087 1,162 0,119 
KH1-43-h 43 1,73E-02 1,053 1,031 1,087 -0,252 
KH1-43-i 43 1,60E-02 1,046 1,015 1,064 -0,494 
Mean tensor 43 1,83E-02 1,033 1,034 1,069 0,039 
K1 43 Dec 71,0 Inc 14,1 Confidence angle: 15,8/5,8 
K2 43 Dec 182,6 Inc 55,7 Confidence angle: 45,2/4,3 
K3 43 Dec 332,4 Inc 30,6 Confidence angle: 44,1/6,0 

 

 



Sample Depth (m) Kmean L F Pj T 
 

KH1-62-a 62 1,24E-04 1,028 1,012 1,041 -0,403 
KH1-62-b 62 1,35E-04 1,017 1,011 1,029 -0,218 
KH1-62-c 62 2,33E-04 1,025 1,008 1,036 -0,497 
KH1-62-d 62 2,69E-04 1,021 1,005 1,028 -0,586 
KH1-62-e 62 2,43E-04 1,007 1,011 1,018 0,199 
KH1-62-f 62 3,42E-04 1,008 1,007 1,015 -0,09 
KH1-62-g 62 1,75E-04 1,007 1,006 1,013 -0,091 
KH1-62-h 62 1,79E-04 1,014 1,009 1,023 -0,228 
Mean tensor 62 2,13E-04 1,016 1,009 1,025 -0,239 
K1 62 Dec 271,2 Inc 16,0 Confidence angle: 12,3/8,9 
K2 62 Dec 85,9 Inc 74,0 Confidence angle: 18,4/7,9 
K3 62 Dec 180,8 Inc 1,4 Confidence angle: 16,6/7,7 

KH1-72-a 72 3,65E-04 1,005 1,026 1,033 0,696 
KH1-72-b 72 1,77E-04 1,004 1,02 1,026 0,632 
KH1-72-c 72 2,83E-04 1,001 1,04 1,047 0,939 
KH1-72-d 72 1,77E-04 1,005 1,016 1,022 0,541 
KH1-72-e 72 2,43E-04 1,006 1,037 1,047 0,719 
KH1-72-f 72 2,54E-04 1,005 1,046 1,056 0,787 
KH1-72-g 72 2,55E-04 1,004 1,037 1,045 0,81 
KH1-72-h 72 2,04E-04 1,005 1,009 1,014 0,252 
KH1-72-i 72 2,96E-04 1,004 1,018 1,024 0,618 
Mean tensor 72 2,50E-04 1,004 1,028 1,035 0,666 
K1 72 Dec 64,4 Inc 15,5 Confidence angle: 50,4/8,5 
K2 72 Dec 292,7 Inc 67,3 Confidence angle: 50,5/9,3 
K3 72 Dec 159,0 Inc 16,1 Confidence angle: 9,8/8,3 

KH1-92-a 92 2,40E-02 1,002 1,059 1,07 0,943 
KH1-92-b 92 2,79E-02 1,001 1,059 1,07 0,955 
KH1-92-c 92 2,51E-02 1,009 1,067 1,083 0,759 
KH1-92-d 92 2,60E-02 1,021 1,071 1,098 0,531 
KH1-92-e 92 1,75E-02 1,01 1,053 1,068 0,687 
KH1-92-f 92 1,15E-02 1,003 1,056 1,067 0,907 
KH1-92-g 92 2,07E-02 1,014 1,079 1,102 0,692 
Mean tensor 92 2,18E-02 1,008 1,063 1,08 0,782 
K1 92 Dec 105,7 Inc 49,9 Confidence angle: 19,0/7,2 
K2 92 Dec 336,4 Inc 28,0 Confidence angle: 19,1/3,1 
K3 92 Dec 231,3 Inc 26,1 Confidence angle: 8,2/3,9 

 

 



Sample Depth (m) Kmean L F Pj T 
 

KH1-129-a 129 2,59E-02 1,017 1,044 1,064 0,429 
KH1-129-b 129 2,05E-02 1,014 1,037 1,053 0,449 
KH1-129-c 129 2,24E-02 1,011 1,044 1,058 0,596 
KH1-129-d 129 3,05E-02 1,017 1,043 1,063 0,415 
KH1-129-e 129 2,08E-02 1,017 1,039 1,058 0,375 
KH1-129-f 129 1,95E-02 1,011 1,043 1,057 0,59 
KH1-129-g 129 1,97E-02 1,012 1,044 1,06 0,575 
KH1-129-h 129 2,38E-02 1,016 1,045 1,064 0,47 
KH1-129-i 129 3,01E-02 1,02 1,099 1,13 0,654 
Mean tensor 129 2,37E-02 1,015 1,049 1,067 0,506 
K1 129 Dec 222,5 Inc 67,4 Confidence angle: 33,5/4,5 
K2 129 Dec 3,7 Inc 18,0 Confidence angle: 37,9/4,2 
K3 129 Dec 98,1 Inc 13,2 Confidence angle: 26,6/2,8 

KH1-137-a 137 1,99E-02 1,016 1,034 1,051 0,352 
KH1-137-b 137 3,27E-02 1,012 1,04 1,054 0,532 
KH1-137-c 137 4,30E-02 1,01 1,055 1,071 0,685 
KH1-137-d 137 3,78E-02 1,012 1,046 1,062 0,597 
KH1-137-e 137 2,90E-02 1,035 1,02 1,056 -0,271 
KH1-137-f 137 3,28E-02 1,019 1,044 1,065 0,396 
KH1-137-g 137 3,36E-02 1,009 1,049 1,063 0,674 
KH1-137-h 137 2,68E-02 1,011 1,048 1,063 0,618 
KH1-137-i 137 1,53E-02 1,007 1,036 1,047 0,658 
Mean tensor 137 3,01E-02 1,015 1,041 1,059 0,471 
K1 137 Dec 260,6 Inc 63,7 Confidence angle: 16,8/3,2 
K2 137 Dec 20,3 Inc 13,7 Confidence angle: 17,3/6,8 
K3 137 Dec 115,9 Inc 22,0 Confidence angle: 8,3/3,1 

 

 

 

 

 

 

 

 

 



Sample Depth (m) Kmean L F Pj T 
 

KH1-151-a 151 4,02E-03 1,001 1,033 1,039 0,924 
KH1-151-b 151 2,64E-03 1,009 1,021 1,031 0,385 
KH1-151-c 151 2,75E-03 1,008 1,019 1,027 0,405 
KH1-151-d 151 2,24E-03 1,003 1,018 1,022 0,752 
KH1-151-e 151 3,37E-03 1,016 1,024 1,041 0,194 
KH1-151-f 151 4,85E-03 1,008 1,026 1,036 0,537 
KH1-151-g 151 2,75E-03 1,002 1,034 1,04 0,908 
KH1-151-h 151 4,87E-03 1,008 1,036 1,047 0,643 
KH1-151-i 151 6,79E-03 1,019 1,034 1,055 0,282 
Mean tensor 151 3,81E-03 1,008 1,027 1,038 0,559 
K1 151 Dec 332,4 Inc 71,6 Confidence angle: 53,8/9,2 
K2 151 Dec 221,7 Inc 6,7 Confidence angle: 53,9/3,4 
K3 151 Dec 129,6 Inc 17,1 Confidence angle: 9,4/6,6 

KH1-161-a 161 2,15E-02 1,015 1,028 1,044 0,314 
KH1-161-b 161 2,13E-02 1,019 1,023 1,043 0,081 
KH1-161-d 161 2,60E-02 1,01 1,037 1,05 0,555 
KH1-161-f 161 3,26E-02 1,01 1,033 1,05 0,341 
KH1-161-g 161 1,58E-02 1,007 1,029 1,039 0,59 
KH1-161-h 161 2,26E-02 1,032 1,01 1,044 -0,505 
KH1-161-i 161 1,61E-02 1,015 1,023 1,038 0,189 
Mean tensor 161 2,23E-02 1,016 1,026 1,044 0,224 
K1 161 Dec 28,9 Inc 18,8 Confidence angle: 63,8/5,9 
K2 161 Dec 207,0 Inc 71,2 Confidence angle: 63,8/7,2 
K3 161 Dec 298,7 Inc 0,6 Confidence angle: 8,2/5,9 

KH1-186-a 186 6,61E-04 1,009 1,035 1,048 0,572 
KH1-186-b 186 4,54E-04 1,013 1,018 1,031 0,144 
KH1-186-c 186 8,81E-04 1,003 1,022 1,027 0,779 
KH1-186-d 186 2,24E-03 1,003 1,02 1,025 0,78 
KH1-186-e 186 3,03E-03 1,014 1,023 1,038 0,229 
KH1-186-f 186 1,04E-02 1,016 1,022 1,038 0,159 
KH1-186-g 186 7,47E-03 1,01 1,022 1,033 0,4 
KH1-186-h 186 1,03E-02 1,016 1,023 1,039 0,167 
Mean tensor 186 4,43E-03 1,01 1,023 1,035 0,404 
K1 186 Dec 11,7 Inc 51,7 Confidence angle: 28,1/9,2 
K2 186 Dec 234,4 Inc 30,1 Confidence angle: 28,1/11,6 
K3 186 Dec 131,3 Inc 21,3 Confidence angle: 13,4/7,2 

 

 



Sample Depth (m) Kmean L F Pj T 
 

KH1-552-a 552 2,86E-02 1,015 1,025 1,041 0,262 
KH1-552-b 552 2,92E-02 1,014 1,035 1,05 0,426 
KH1-552-c 552 2,03E-02 1,006 1,052 1,064 0,801 
KH1-552-d 552 3,24E-03 1,044 1,066 1,114 0,188 
KH1-552-f 552 6,09E-02 1,054 1,058 1,115 0,035 
KH1-552-h 552 3,33E-02 1,011 1,048 1,064 0,627 
KH1-552-i 552 1,69E-02 1,021 1,021 1,042 0,008 
KH1-552-j 552 2,96E-03 1,012 1,02 1,033 0,231 
Mean tensor 552 2,44E-02 1,022 1,041 1,065 0,322 
K1 552 Dec 155,7 Inc 10,4 Confidence angle: 39,8/8,2 
K2 552 Dec 41,0 Inc 66,3 Confidence angle: 39,8/10,4 
K3 552 Dec 249,8 Inc 21,0 Confidence angle: 12,4/5,1 

KH1-562-a 562 2,04E-02 1,013 1,056 1,074 0,623 
KH1-562-b 562 1,86E-02 1,002 1,048 1,057 0,93 
KH1-562-c 562 2,12E-02 1,006 1,066 1,081 0,826 
KH1-562-e 562 3,37E-02 1,061 1,095 1,163 0,213 
KH1-562-f 562 2,81E-02 1,014 1,068 1,088 0,658 
KH1-562-g 562 3,66E-02 1,023 1,073 1,101 0,518 
KH1-562-h 562 3,43E-02 1,017 1,069 1,092 0,592 
KH1-562-i 562 1,63E-02 1,017 1,042 1,062 0,412 
Mean tensor 562 2,61E-02 1,019 1,065 1,09 0,596 
K1 562 Dec 194,9 Inc 16,4 Confidence angle: 12,4/8,5 
K2 562 Dec 34,2 Inc 72,6 Confidence angle: 21,0/10,9 
K3 562 Dec 286,5 Inc 5,4 Confidence angle: 20,6/9,0 

KH1-563-a 563 2,91E-02 1,025 1,056 1,084 0,383 
KH1-563-b 563 3,25E-02 1,025 1,058 1,086 0,396 
KH1-563-c 563 2,42E-02 1,023 1,084 1,115 0,566 
KH1-563-d 563 2,66E-02 1,014 1,044 1,061 0,501 
KH1-563-e 563 2,96E-02 1,04 1,076 1,121 0,298 
KH1-563-f 563 2,68E-02 1,042 1,081 1,128 0,311 
KH1-563-g 563 6,92E-02 1,118 1,043 1,172 -0,454 
KH1-563-h 563 2,70E-02 1,094 1,124 1,23 0,129 
Mean tensor 563 3,31E-02 1,048 1,071 1,125 0,266 
K1 563 Dec 191,5 Inc 9,2 Confidence angle: 21,1/5,8 
K2 563 Dec 88,7 Inc 53,8 Confidence angle: 53,5/12,3 
K3 563 Dec 287,9 Inc 34,6 Confidence angle: 53,0/8,4 

 

 



Sample Depth (m) Kmean L F Pj T 
 

KH1-578-a 578 3,75E-02 1,069 1,036 1,109 -0,311 
KH1-578-b 578 2,50E-02 1,067 1,041 1,111 -0,239 
KH1-578-c 578 2,40E-02 1,051 1,034 1,087 -0,196 
KH1-578-d 578 2,52E-02 1,04 1,032 1,074 -0,109 
KH1-578-e 578 2,71E-02 1,058 1,043 1,104 -0,141 
KH1-578-f 578 2,00E-02 1,051 1,038 1,091 -0,151 
KH1-578-g 578 2,39E-02 1,04 1,041 1,083 0,006 
Mean tensor 578 2,61E-02 1,054 1,038 1,094 -0,163 
K1 578 Dec 56,6 Inc 30,5 Confidence angle: 8,4/4,3 
K2 578 Dec 220,8 Inc 58,6 Confidence angle: 8,4/4,4 
K3 578 Dec 322,0 Inc 6,8 Confidence angle: 5,2/3,4 

KH1-583-a 583 1,53E-02 1,031 1,055 1,089 0,268 
KH1-583-b 583 3,14E-02 1,016 1,146 1,182 0,786 
KH1-583-c 583 2,97E-02 1,071 1,057 1,133 -0,108 
KH1-583-d 583 2,52E-02 1,036 1,074 1,115 0,338 
KH1-583-e 583 7,20E-02 1,312 1,074 1,436 -0,582 
KH1-583-f 583 5,64E-02 1,093 1,175 1,29 0,288 
KH1-583-g 583 6,59E-02 1,135 1,516 1,764 0,534 
KH1-583-i 583 3,18E-02 1,074 1,13 1,216 0,263 
KH1-583-j 583 1,12E-02 1,022 1,068 1,095 0,509 
Mean tensor 583 3,77E-02 1,088 1,114 1,258 0,255 
K1 583 Dec 190,3 Inc 9,0 Confidence angle: 32,1/10,8 
K2 583 Dec 312,2 Inc 73,2 Confidence angle: 32,7/18,9 
K3 583 Dec 98,0 Inc 14,0 Confidence angle: 20,5/10,9 

KH1-587-a 587 2,43E-02 1,038 1,027 1,066 -0,165 
KH1-587-b 587 2,39E-02 1,038 1,03 1,07 -0,115 
KH1-587-c 587 2,22E-02 1,021 1,032 1,055 0,196 
KH1-587-d 587 2,64E-02 1,019 1,043 1,065 0,383 
KH1-587-e 587 2,72E-02 1,028 1,04 1,069 0,174 
KH1-587-f 587 1,72E-02 1,01 1,04 1,053 0,578 
KH1-587-g 587 2,13E-02 1,052 1,019 1,075 -0,451 
Mean tensor 587 2,32E-02 1,03 1,033 1,065 0,086 
K1 587 Dec 9,7 Inc 10,9 Confidence angle: 8,3/5,4 
K2 587 Dec 186,9 Inc 79,1 Confidence angle: 8,1/5,8 
K3 587 Dec 279,6 Inc 0,5 Confidence angle: 5,9/5,5 

 

 



Sample Depth (m) Kmean L F Pj T 
 

KH1-592-a 592 1,59E-02 1,013 1,055 1,073 0,611 
KH1-592-b 592 1,42E-02 1,018 1,054 1,076 0,49 
KH1-592-c 592 2,26E-02 1,023 1,054 1,08 0,4 
KH1-592-d 592 1,98E-02 1,029 1,047 1,078 0,238 
KH1-592-e 592 2,17E-02 1,015 1,065 1,087 0,609 
KH1-592-f 592 2,01E-02 1,014 1,056 1,075 0,595 
KH1-592-g 592 2,30E-02 1,004 1,049 1,059 0,849 
KH1-592-h 592 2,85E-02 1,018 1,054 1,076 0,486 
Mean tensor 592 2,07E-02 1,017 1,054 1,075 0,535 
K1 592 Dec 11,0 Inc 3,5 Confidence angle: 38,8/8,1 
K2 592 Dec 266,6 Inc 76,3 Confidence angle: 38,9/4,4 
K3 592 Dec 101,9 Inc 13,2 Confidence angle: 8,3/4,9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Sample Depth (m) Kmean L F Pj T 
 
 

KH2-31-a 31 4,12E-04 1,042 1,089 1,135 0,351 
KH2-31-b 31 4,52E-04 1,028 1,109 1,148 0,577 
KH2-31-c 31 2,91E-04 1,037 1,095 1,139 0,43 
KH2-31-d 31 3,31E-04 1,034 1,086 1,126 0,424 
Mean tensor 31 3,71E-04 1,035 1,095 1,138 0,446 

KH2-32-a 32 3,32E-04 1,045 1,054 1,101 0,093 
KH2-32-b 32 3,71E-04 1,049 1,065 1,118 0,137 
KH2-32-c 32 3,89E-04 1,033 1,049 1,084 0,199 
KH2-32-d 32 3,36E-04 1,041 1,056 1,1 0,147 
Mean tensor 32 3,57E-04 1,042 1,056 1,101 0,144 

KH2-62-a 62 2,73E-03 1,044 1,084 1,134 0,305 
KH2-62-b 62 1,91E-03 1,079 1,092 1,178 0,07 
KH2-62-c 62 2,99E-03 1,062 1,092 1,161 0,188 
KH2-62-d 62 2,17E-03 1,058 1,097 1,162 0,24 
Mean tensor 62 2,45E-03 1,061 1,091 1,159 0,201 

KH2-68-a 68 3,52E-04 1,017 1,025 1,043 0,186 
KH2-68-b 68 3,94E-04 1,009 1,035 1,046 0,597 
KH2-68-c 68 3,71E-04 1,009 1,045 1,058 0,669 
KH2-68-d 68 2,17E-04 1,006 1,033 1,043 0,702 
KH2-68-e 68 3,49E-04 1,005 1,004 1,054 0,808 
KH2-68-f 68 3,35E-04 1,006 1,05 1,062 0,766 
Mean tensor 68 3,36E-04 1,009 1,039 1,051 0,621 
K1 68 Dec 221,0 Inc 1,0 Confidence angle: 24,7/8,6 
K2 68 Dec 313,2 Inc 65,4 Confidence angle: 24,7/6,2 
K3 68 Dec 130,5 Inc 24,6 Confidence angle: 8,7/6,1 

KH2-79-a 79 1,25E-02 1,082 1,112 1,204 0,149 
KH2-79-b 79 8,68E-03 1,067 1,111 1,187 0,234 
KH2-79-c 79 2,05E-02 1,094 1,148 1,258 0,209 
KH2-79-d 79 2,47E-02 1,089 1,165 1,272 0,283 
KH2-79-e 79 4,21E-02 1,123 1,09 1,225 -0,145 
KH2-79-f 79 1,15E-02 1,108 1,119 1,24 0,048 
KH2-79-g 79 1,06E-02 1,095 1,184 1,302 0,301 
KH2-79-h 79 8,98E-03 1,085 1,177 1,283 0,333 
Mean tensor 79 1,74E-02 1,093 1,138 1,246 0,176 
K1 79 Dec 146,9 Inc 54,4 Confidence angle: 7,3/5,3 
K2 79 Dec 12,8 Inc 26,5 Confidence angle: 7,5/5,6 
K3 79 Dec 271,2 Inc 22,0 Confidence angle: 6,9/3,7 



Sample Depth (m) Kmean L F Pj T 
 

KH2-84-a 84 5,65E-02 1,093 1,172 1,286 0,28 
KH2-84-b 84 4,38E-02 1,108 1,174 1,303 0,217 
KH2-84-c 84 5,02E-02 1,102 1,19 1,315 0,285 
KH2-84-d 84 6,83E-02 1,171 1,261 1,48 0,19 
Mean tensor 84 5,47E-02 1,119 1,199 1,346 0,243 

KH2-112-a 112 4,85E-04 1,006 1,066 1,081 0,823 
KH2-112-b 112 5,19E-04 1,009 1,062 1,078 0,735 
KH2-112-c 112 5,30E-04 1,008 1,062 1,078 0,757 
KH2-112-d 112 5,77E-04 1,015 1,07 1,092 0,643 
KH2-112-e 112 4,07E-04 1,006 1,054 1,066 0,799 
Mean tensor 112 5,03E-04 1,009 1,063 1,079 0,751 
K1 112 Dec 113,6 Inc 66,2 Confidence angle: 15,0/7,2 
K2 112 Dec 17,4 Inc 2,8 Confidence angle: 22,0/14,3 
K3 112 Dec 286,1 Inc 23,6 Confidence angle: 21,8/7,1 

KH2-118-a 118 3,40E-03 1,044 1,08 1,13 0,278 
KH2-118-b 118 4,62E-03 1,034 1,066 1,104 0,313 
KH2-118-c 118 4,05E-03 1,031 1,075 1,112 0,408 
KH2-118-d 118 5,77E-03 1,046 1,095 1,148 0,342 
KH2-118-e 118 3,19E-03 1,03 1,125 1,169 0,595 
KH2-118-f 118 3,61E-03 1,053 1,132 1,198 0,415 
Mean tensor 118 4,10E-03 1,04 1,096 1,143 0,392 
K1 118 Dec 95,2 Inc 73,8 Confidence angle: 5,3/3,1 
K2 118 Dec 1,7 Inc 1,0 Confidence angle: 5,4/4,4 
K3 118 Dec 271,4 Inc 16,2 Confidence angle: 5,4/1,1 

KH2-143-a 143 3,70E-03 1,023 1,086 1,117 0,564 
KH2-143-b 143 3,47E-03 1,013 1,087 1,109 0,739 
KH2-143-c 143 3,56E-03 1,009 1,079 1,098 0,791 
KH2-143-d 143 3,95E-03 1,004 1,097 1,115 0,921 
KH2-143-e 143 3,56E-03 1,018 1,069 1,093 0,581 
KH2-143-f 143 3,13E-03 1,01 1,066 1,084 0,731 
KH2-143-g 143 4,04E-03 1,014 1,072 1,093 0,667 
KH2-143-h 143 4,84E-03 1,014 1,076 1,099 0,681 
KH2-143-i 143 4,04E-03 1,015 1,072 1,095 0,654 
Mean tensor 143 3,81E-03 1,013 1,078 1,1 0,703 
K1 143 Dec 177,5 Inc 48,9 Confidence angle: 25,1/3,8 
K2 143 Dec 4,2 Inc 40,9 Confidence angle: 25,2/1,9 
K3 143 Dec 271,3 Inc 3,3 Confidence angle: 4,2/2,9 

 



Sample Depth (m) Kmean L F Pj T 
 

KH2-179-a 179 2,23E-04 1,008 1,022 1,031 0,462 
KH2-179-b 179 2,86E-04 1,019 1,025 1,044 0,148 
KH2-179-c 179 2,55E-04 1,021 1,029 1,051 0,158 
KH2-179-d 179 2,00E-04 1,007 1,023 1,031 0,534 
KH2-179-e 179 2,62E-04 1,012 1,027 1,041 0,368 
KH2-179-f 179 2,71E-04 1,006 1,036 1,045 0,725 
Mean tensor 179 2,49E-04 1,012 1,027 1,041 0,399 
K1 179 Dec 185,0 Inc 39,9 Confidence angle: 11,7/5,9 
K2 179 Dec 75,2 Inc 22,1 Confidence angle: 11,6/4,1 
K3 179 Dec 323,8 Inc 41,9 Confidence angle: 6,6/3,7 

KH2-185-a 185 3,16E-04 1,019 1,052 1,075 0,448 
KH2-185-b 185 3,25E-04 1,039 1,074 1,118 0,297 
KH2-185-c 185 3,66E-04 1,029 1,063 1,096 0,356 
KH2-185-d 185 6,22E-04 1,021 1,122 1,158 0,698 
KH2-185-e 185 5,54E-03 1,131 1,116 1,262 -0,059 
KH2-185-f 185 9,53E-03 1,101 1,122 1,236 0,088 
KH2-185-g 185 7,20E-04 1,026 1,056 1,085 0,365 
Mean tensor 185 2,49E-03 1,052 1,086 1,147 0,313 
K1 185 Dec 40,7 Inc 74,4 Confidence angle: 13,7/3,2 
K2 185 Dec 157,1 Inc 7,1 Confidence angle: 14,2/4,0 
K3 185 Dec 248,8 Inc 13,8 Confidence angle: 18,5/4,1 

KH2-193a 193 2,02E-03 1,034 1,062 1,1 0,28 
KH2-193b 193 3,95E-03 1,19 1,064 1,088 0,528 
KH2-193c 193 2,28E-03 1,012 1,066 1,086 0,68 
KH2-193d 193 7,80E-03 1,084 1,212 1,324 0,409 
Mean tensor 193 4,01E-03 1,038 1,101 1,149 0,474 

KH2-193e 193 7,71E-03 1,016 1,291 1,355 0,885 
KH2-193f 193 1,09E-02 1,06 1,055 1,118 -0,049 
KH2-193g 193 1,01E-02 1,036 1,096 1,138 0,442 
KH2_193h 193 4,52E-02 1,07 1,185 1,277 0,429 
Mean tensor 193 1,85E-02 1,045 1,156 1,222 0,427 

 

 

 

 

 



Sample Depth (m) Kmean L F Pj T 
 
 
KH3-25-a 25 1,63E-05 1,015 1,014 1,029 -0,036 
KH3-25-c 25 1,25E-05 1,026 1,026 1,053 -0,003 
KH3-25-d 25 3,05E-05 1,01 1,012 1,022 0,075 
KH3-25-e 25 5,98E-05 1,003 1,016 1,02 0,73 
KH3-25-f 25 7,01E-05 1,016 1,009 1,026 -0,284 
KH3-25-g 25 7,52E-05 1,014 1,015 1,03 0,018 
Mean tensor 25 4,41E-05 1,014 1,015 1,03 0,083 
K1 25 Dec 181,3 Inc 2,8 Confidence angle: 25,1/3,7 
K2 25 Dec 88,0 Inc 49,6 Confidence angle: 25,0/15,4 
K3 25 Dec 273,7 Inc 40,3 Confidence angle: 15,4/4,4 

 

KH3-71-a 71 1,50E-04 1,01 1,006 1,017 -0,286 
KH3-71-b 71 9,95E-05 1,005 1,007 1,012 0,098 
KH3-71-c 71 7,75E-05 1,005 1,015 1,021 0,499 
KH3-71-d 71 1,93E-04 1,017 1,026 1,043 0,21 
KH3-71-e 71 1,39E-04 1,016 1,009 1,025 -0,315 
KH3-71-f 71 1,36E-04 1,012 1,006 1,019 -0,299 
KH3-71-g 71 2,12E-04 1,014 1,013 1,027 -0,043 
KH3-71-h 71 1,22E-04 1,014 1,005 1,02 -0,435 
Mean tensor 71 1,41E-04 1,012 1,011 1,023 -0,071 
K1 71 Dec 36,8 Inc 35,1 Confidence angle: 20,6/9,3 
K2 71 Dec 173,7 Inc 46,1 Confidence angle: 23,7/12,9 
K3 71 Dec 289,6 Inc 22,8 Confidence angle: 18,7/10,5 

 

KH3-87-a 87 2,97E-04 1,014 1,016 1,031 0,066 
KH3-87-b 87 6,05E-05 1,028 1,009 1,039 -0,489 
KH3-87-c 87 9,71E-05 1,027 1,023 1,051 -0,074 
KH3-87-d 87 7,07E-05 1,017 1,011 1,029 -0,233 
KH3-87-e 87 6,35E-05 1,014 1,01 1,025 -0,143 
KH3-87-f 87 1,82E-04 1,028 1,02 1,048 -0,168 
KH3-87-g 87 2,60E-04 1,033 1,032 1,066 -0,02 
KH3-87-h 87 8,79E-05 1,017 1,016 1,033 -0,047 
Mean tensor 87 1,40E-04 1,022 1,017 1,04 -0,136 
K1 87 Dec 11,4 Inc 9,1 Confidence angle: 5,3/3,9 
K2 87 Dec 119,4 Inc 62,5 Confidence angle: 15,8/4,4 
K3 87 Dec 277,0 Inc 25,7 Confidence angle: 16,0/3,5 

 

 



Sample Depth (m) Kmean L F Pj T 
 

KH3-110-a 110 5,47E-02 1,139 1,096 1,249 -0,173 
KH3-110-b 110 4,58E-02 1,237 1,082 1,352 -0,46 
KH3-110-c 110 4,88E-02 1,174 1,337 1,58 0,288 
KH3-110-d 110 3,69E-02 1,242 1,132 1,412 -0,274 
KH3-110-e 110 6,65E-02 1,16 1,055 1,233 -0,467 
KH3-110-f 110 5,99E-02 1,265 1,059 1,363 -0,609 
KH3-110-g 110 7,38E-02 1,109 1,116 1,238 0,032 
KH3-110-h 110 3,00E-02 1,169 1,258 1,475 0,191 
Mean tensor 110 5,20E-02 1,187 1,142 1,363 -0,184 
K1 110 Dec 83,7 Inc 62,9 Confidence angle: 11,1/6,7 
K2 110 Dec 173,9 Inc 0,1 Confidence angle: 14,1/10,3 
K3 110 Dec 263,9 Inc 27,1 Confidence angle: 14,0/7,6 

 

KH3-113-a 113 2,63E-02 1,1 1,1 1,21 0,003 
KH3-113-c 113 4,45E-02 1,174 1,194 1,402 0,048 
KH3-113-d 113 5,86E-02 1,128 1,136 1,281 0,026 
KH3-113-e 113 5,14E-02 1,144 1,071 1,23 -0,369 
Mean tensor 113 4,52E-02 1,137 1,125 1,281 -0,062 
 
 
KH3-128-a 128 7,23E-04 1,06 1,104 1,172 0,257 
KH3-128-b 128 5,26E-04 1,033 1,103 1,145 0,501 
KH3-128-c 128 9,77E-04 1,062 1,109 1,18 0,263 
KH3-128-d 128 5,51E-04 1,046 1,066 1,116 0,177 
KH3-128-e 128 6,22E-04 1,025 1,056 1,084 0,373 
KH3-128-f 128 6,24E-04 1,059 1,08 1,144 0,148 
KH3-128-g 128 7,46E-04 1,043 1,075 1,122 0,263 
KH3-128-h 128 7,59E-04 1,055 1,082 1,143 0,196 
Mean tensor 128 6,91E-04 1,048 1,084 1,138 0,272 
K1 128 Dec 116,3 Inc 59,6 Confidence angle: 9,2/1,2 
K2 128 Dec 6,4 Inc 11,3 Confidence angle: 9,2/3,8 
K3 128 Dec 270,4 Inc 27,8 Confidence angle: 3,9/1,4 

 

 

 

 

 

 



Sample Depth (m) Kmean L F Pj T 
 

KH3-134-a 134 2,67E-04 1,039 1,052 1,093 0,133 
KH3-134-b 134 6,64E-04 1,03 1,055 1,088 0,288 
KH3-134-c 134 7,80E-04 1,028 1,071 1,104 0,431 
KH3-134-e 134 4,40E-04 1,037 1,045 1,083 0,094 
KH3-134-f 134 3,89E-04 1,036 1,052 1,09 0,177 
KH3-134-g 134 4,60E-04 1,033 1,038 1,073 0,076 
KH3-134-h 134 5,04E-04 1,019 1,059 1,083 0,506 
Mean tensor 134 5,01E-04 1,032 1,053 1,088 0,244 
K1 134 Dec 191,6 Inc 20,9 Confidence angle: 7,9/4,7 
K2 134 Dec 78,3 Inc 45,9 Confidence angle: 8,6/3,8 
K3 134 Dec 298,1 Inc 36,6 Confidence angle: 5,4/4,7 

KH3-143-a 143 9,03E-03 1,087 1,185 1,294 0,341 
KH3-143-b 143 4,05E-03 1,073 1,14 1,226 0,302 
KH3-143-c 143 4,05E-03 1,068 1,103 1,179 0,199 
KH3-143-d 143 2,25E-03 1,061 1,101 1,17 0,236 
KH3-143-e 143 3,40E-03 1,088 1,111 1,21 0,108 
Mean tensor 143 4,56E-03 1,075 1,128 1,216 0,237 
K1 143 Dec 136,3 Inc 58,9 Confidence angle: 5,7/1,3 
K2 143 Dec 15,2 Inc 17,3 Confidence angle: 5,9/2,1 
K3 143 Dec 276,9 Inc 25,0 Confidence angle: 4,5/2,0 

KH3-150-a 150 1,49E-02 1,084 1,123 1,219 0,178 
KH3-150-b 150 2,10E-02 1,073 1,117 1,2 0,226 
KH3-150-c 150 3,48E-02 1,067 1,088 1,162 0,128 
KH3-150-d 150 2,59E-02 1,104 1,134 1,253 0,118 
KH3-150-e 150 2,92E-02 1,083 1,104 1,196 0,111 
KH3-150-f 150 3,12E-02 1,108 1,121 1,242 0,057 
KH3-150-g 150 3,28E-02 1,106 1,157 1,281 0,183 
KH3-150-h 150 3,06E-02 1,119 1,149 1,286 0,104 
Mean tensor 150 2,75E-02 1,093 1,124 1,23 0,138 
K1 150 Dec 168,1 Inc 42,5 Confidence angle: 5,1/1,6 
K2 150 Dec 37,2 Inc 35,6 Confidence angle: 4,7/2,4 
K3 150 Dec 285,9 Inc 27,0 Confidence angle: 2,9/2,3 

 

 

 

 

 



Sample Depth (m) Kmean L F Pj T 
 

KH3-155-a 155 1,82E-02 1,1 1,081 1,19 -0,101 
KH3-155-b 155 1,89E-02 1,113 1,112 1,238 -0,003 
KH3-155-c 155 1,76E-02 1,109 1,099 1,219 -0,044 
KH3-155-d 155 1,42E-02 1,104 1,088 1,201 -0,08 
KH3-155-e 155 1,83E-02 1,108 1,107 1,227 -0,004 
KH3-155-f 155 1,59E-02 1,098 1,117 1,227 0,083 
KH3-155-g 155 1,30E-02 1,104 1,113 1,228 0,04 
Mean tensor 155 1,66E-02 1,105 1,103 1,219 -0,016 
K1 155 Dec 108,2 Inc 66,3 Confidence angle: 2,8/1,8 
K2 155 Dec 9,0 Inc 4,0 Confidence angle: 3,5/1,6 
K3 155 Dec 277,3 Inc 23,4 Confidence angle: 3,3/1,3 

KH3-161-b 161 2,45E-02 1,09 1,072 1,169 -0,106 
KH3-161-c 161 1,69E-02 1,113 1,118 1,245 0,021 
KH3-161-d 161 3,04E-02 1,119 1,151 1,288 0,112 
KH3-161-e 161 3,70E-02 1,076 1,07 1,151 -0,039 
KH3-161-f 161 2,88E-02 1,078 1,064 1,148 -0,098 
KH3-161-g 161 1,30E-02 1,09 1,092 1,19 0,015 
KH3-161-h 161 1,55E-02 1,114 1,112 1,239 -0,011 
Mean tensor 161 2,37E-02 1,097 1,097 1,204 -0,015 
K1 161 Dec 147,1 Inc 54,7 Confidence angle: 18,2/1,6 
K2 161 Dec 25,7 Inc 20,2 Confidence angle: 19,5/4,4 
K3 161 Dec 284,6 Inc 27,6 Confidence angle: 8,9/1,7 

KH3-167-a 167 2,69E-02 1,112 1,118 1,244 0,022 
KH3-167-b 167 3,01E-02 1,117 1,099 1,228 -0,08 
KH3-167-c 167 3,44E-02 1,111 1,127 1,251 0,063 
KH3-167-d 167 2,45E-02 1,066 1,141 1,221 0,345 
KH3-167-e 167 1,93E-02 1,067 1,078 1,151 0,07 
KH3-167-g 167 3,26E-02 1,121 1,128 1,265 0,027 
KH3-167-h 167 3,47E-02 1,123 1,13 1,269 0,023 
Mean tensor 167 2,89E-02 1,103 1,117 1,233 0,067 
K1 167 Dec 138,1 Inc 65,0 Confidence angle: 7,5/4,0 
K2 167 Dec 15,4 Inc 14,1 Confidence angle: 7,2/3,6 
K3 167 Dec 280,1 Inc 20,2 Confidence angle: 5,5/2,0 
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Appendix A2

AMS data from outcrops





Location Sample Kmean L F Pj T 
 
 

Si
te

 1
:  

   
   

   
   

   
X

16
86

15
0 

   
   

   
   

 
Y

75
36

45
7 

K01.06 4,37E-03 1,121 1,187 1,333 0,202 
K02.06 1,06E-02 1,024 1,067 1,096 0,469 
K03.06 5,09E-02 1,081 1,177 1,279 0,352 
K04.06 8,97E-02 1,229 1,195 1,47 -0,072 
K05.06 5,49E-04 1,045 1,152 1,214 0,522 
K06.06 3,03E-04 1,107 1,132 1,254 0,102 
K07.06 5,15E-04 1,049 1,235 1,318 0,629 

Mean tensor 2,24E-02 1,094 1,164 1,28 0,315 
K1 Dec 167,7 Inc 61,5   Confidence angle: 26,6/41 
K2 Dec 2,3 Inc 27,7 Confidence angle: 29,7/18,2 
K3 Dec 269,1 Inc 6,1   Confidence angle: 23,9/7,6 

 
 

Si
te

 2
:  

   
   

   
X

16
87

30
0 

   
   

 
Y

75
36

25
0 

K09.06 7,56E-05 1,005 1,034 1,042 0,754 
K10.06 8,72E-05 1,007 1,016 1,024 0,369 
K11.06 8,14E-05 1,013 1,04 1,056 0,505 
K12.06 7,47E-05 1,015 1,024 1,039 0,232 
K13.06 7,55E-05 1,013 1,03 1,045 0,396 

Mean tensor 7,89E-05 1,011 1,029 1,041 0,451 
K1 Dec 97,1 Inc 53,7   Confidence angle: 19,4/3,2 
K2 Dec 357,5 Inc 7,0 Confidence angle: 19,5/2,7 
K3 Dec 262,6 Inc 35,4   Confidence angle: 4,1/3,1 

 
 

Si
te

 3
:  

   
   

   
X

16
87

25
0 

   
   

 
Y

75
36

50
0 

K14.06 1,85E-05 1,029 1,053 1,085 0,291 
K15.06 2,05E-05 1,011 1,016 1,026 0,194 
K16.06 1,36E-05 1,01 1,035 1,048 0,562 
K17.06 1,73E-05 1,006 1,019 1,027 0,502 
K18.06 9,61E-06 1,024 1,016 1,04 -0,201 

Mean tensor 1,59E-05 1,016 1,028 1,045 0,27 
K1 Dec 143,3 Inc 43,5   Confidence angle: 65,9/10,0 
K2 Dec 26,8 Inc 25,2 Confidence angle: 66,0/1,7 
K3 Dec 276,9 Inc 36,0   Confidence angle: 10,3/4,6 

 

 

 

 

 



Location Sample Kmean L F Pj T 
 

Si
te

 4
:  

   
   

   
   

   
   

   
  

X
16

87
50

0 
   

   
   

   
   

   
   

Y
75

36
10

0 
K19.06 1,96E-04 1,019 1,026 1,045 0,142 
K20.06 9,91E-05 1,011 1,011 1,023 0,004 
K21.06 6,96E-05 1,006 1,002 1,008 -0,478 
K22.06 2,44E-04 1,021 1,05 1,074 0,395 
K23.06 2,00E-04 1,01 1,033 1,046 0,519 
K24.06 2,51E-04 1,019 1,046 1,068 0,403 
K26.06 1,75E-04 1,026 1,02 1,047 -0,131 
K28.06 3,27E-04 1,009 1,023 1,033 0,418 
K29.06 1,39E-04 1,024 1,027 1,052 0,071 
K30.06 6,01E-05 1,004 1,01 1,014 0,388 

Mean tensor 1,76E-04 1,015 1,025 1,041 0,173 
K1 Dec 93,8 Inc 64,8   Confidence angle: 28,4/6,4 
K2 Dec 189,7 Inc 2,8 Confidence angle: 30,0/7,7 
K3 Dec 281,1 Inc 25,1   Confidence angle: 14,1/6,1 

       

Si
te

 5
:  

   
   

   
X

16
87

35
5 

   
   

 
Y

75
34

63
5 

K35.06 1,73E-04 1,012 1,023 1,036 0,297 
K04.09 7,77E-05 1,002 1,022 1,027 0,835 
K05.09 6,21E-05 1,007 1,01 1,017 0,172 
K06.09 1,15E-04 1,025 1,041 1,068 0,248 
K07.09 6,52E-05 1,012 1,014 1,026 0,067 

Mean tensor 9,85E-05 1,012 1,022 1,035 0,324 
K1 Dec 126,6 Inc 59,3   Confidence angle: 37,6/9,7 
K2 Dec 1,9 Inc 18,7 Confidence angle: 38,2/12,6 
K3 Dec 263,5 Inc 23,4   Confidence angle: 20,7/6,7 

       

Si
te

 6
:  

   
   

 
X

16
86

15
0 

   
  

Y
75

36
49

7 

K41.06 2,31E-04 1,016 1,181 1,224 0,827 
K42.06 1,53E-04 1,004 1,012 1,017 0,469 
K08.09 8,68E-04 1,184 1,095 1,301 -0,301 
K09.09 1,33E-03 1,022 1,036 1,059 0,238 

Mean tensor 6,44E-04 1,057 1,081 1,15 0,308 
 

 

 

 

 

 



Location Sample Kmean L F Pj T 
 

Si
te

 7
:  

   
   

   
   

   
X

16
86

74
0 

   
   

   
   

 
Y

75
35

86
5 

K46.06 1,31E-02 1,038 1,101 1,147 0,422 
K47.06 1,56E-02 1,051 1,14 1,206 0,449 

K48-1.06 3,51E-03 1,041 1,061 1,105 0,198 
K48-2.06 3,10E-03 1,038 1,056 1,096 0,182 
K50.06 2,22E-03 1,042 1,083 1,131 0,32 

K51-1.06 4,82E-03 1,025 1,115 1,152 0,636 
K51-2.06 4,61E-03 1,015 1,112 1,14 0,76 

Mean tensor 6,70E-03 1,036 1,095 1,14 0,427 
K1 Dec 146,0 Inc 37,1   Confidence angle: 45,5/25,6 
K2 Dec 27,5 Inc 32,2 Confidence angle: 45,5/7,4 
K3 Dec 269,8 Inc 36,4   Confidence angle: 26,1/7,0 
 
 

Si
te

 8
:  

   
   

   
   

   
  

X
16

86
11

0 
   

   
   

   
   

Y
75

35
01

0 

K01-1.08 5,55E-02 1,043 1,094 1,145 0,36 
K01-2.08 5,49E-02 1,051 1,09 1,147 0,271 
K02-1.08 5,32E-02 1,031 1,131 1,176 0,604 
K02-2.08 8,76E-02 1,08 1,119 1,209 0,186 
K02-3.08 6,59E-02 1,039 1,131 1,183 0,527 
K03.08 4,42E-02 1,023 1,155 1,198 0,731 

K04-1.08 1,81E-03 1,027 1,037 1,065 0,146 
K04-2.08 2,24E-03 1,018 1,05 1,071 0,464 

Mean tensor 4,57E-02 1,039 1,101 1,149 0,411 
K1 Dec 202,7 Inc 6,4   Confidence angle: 16,2/4,1 
K2 Dec 68,0 Inc 81,0 Confidence angle: 15,8/6,5 
K3 Dec 293,4 Inc 6,4   Confidence angle: 6,6/5,6 
 
 

Si
te

 9
:  

   
   

   
   

   
   

   
  

X
16

86
31

0 
   

   
   

   
   

   
   

Y
75

35
62

0 

K05-1-08 6,03E-02 1,06 1,195 1,28 0,506 
K05-2.08 6,22E-02 1,065 1,182 1,269 0,453 
K05-3.08 6,03E-02 1,068 1,183 1,273 0,441 
K06-1.08 6,14E-02 1,057 1,199 1,281 0,53 
K06-2.08 4,43E-02 1,061 1,127 1,2 0,335 
K07.08 4,97E-02 1,062 1,125 1,198 0,324 
K08.08 4,68E-02 1,037 1,146 1,199 0,581 

K09-1.08 6,52E-02 1,024 1,079 1,109 0,527 
K09-2.08 4,88E-02 1,014 1,074 1,096 0,684 
K09-3.08 5,05E-02 1,051 1,162 1,231 0,5 

Mean tensor 5,49E-02 1,05 1,147 1,213 0,488 
K1 Dec 195,9 Inc 40,2   Confidence angle: 9,3/3,9 
K2 Dec 41,5 Inc 46,8 Confidence angle: 8,9/4,1 
K3 Dec 297,2 Inc 13,0   Confidence angle: 5,4/3,2 



Location Sample Kmean L F Pj T 
 

Si
te

 1
0:

   
   

   
 

X
16

85
71

5 
   

   
 

Y
75

35
80

0 
K11.08 2,84E-02 1,016 1,048 1,068 0,496 

K12-1.08 4,35E-02 1,02 1,076 1,103 0,566 
K12-2.08 3,67E-02 1,036 1,056 1,095 0,219 
K14.08 5,73E-02 1,053 1,114 1,176 0,353 
K15.08 4,42E-02 1,03 1,09 1,128 0,485 

Mean tensor 4,20E-02 1,031 1,077 1,114 0,424 
K1 Dec 209,1 Inc 46,2   Confidence angle: 8,3/2,4 
K2 Dec 27,1 Inc 43,8 Confidence angle: 9,6/5,1 
K3 Dec 118,1 Inc 1,0   Confidence angle: 8,5/1,6 
 
 

Si
te

 1
1:

   
   

   
 

X
16

86
43

0 
   

   
 

Y
75

35
62

0 

K16-1.08 1,78E-03 1,021 1,079 1,108 0,566 
K16-2.08 1,03E-03 1,02 1,06 1,085 0,496 
K17.08 4,68E-03 1,07 1,122 1,203 0,263 

K19-1.08 2,74E-02 1,113 1,164 1,298 0,172 
K19-2.08 6,85E-03 1,072 1,13 1,214 0,279 

Mean tensor 8,35E-03 1,059 1,111 1,181 0,355 
K1 Dec 121,6 Inc 70,9   Confidence angle: 23,3/4,1 
K2 Dec 15,2 Inc 5,6 Confidence angle: 23,2/5,1 
K3 Dec 283,4 Inc 18,2   Confidence angle: 11,3/2,6 
 
 

Si
te

 1
2:

   
   

   
 

X
16

86
42

0 
   

   
 

Y
75

35
76

0 

K22.08 1,06E-02 1,044 1,176 1,242 0,578 
K23.08 2,64E-02 1,067 1,14 1,22 0,339 
K01.09 5,26E-02 1,08 1,215 1,323 0,432 
K02.09 1,69E-03 1,028 1,072 1,105 0,434 
K03.09 4,22E-02 1,071 1,115 1,196 0,225 

Mean tensor 2,67E-02 1,058 1,114 1,217 0,402 
K1 Dec 97,2 Inc 70,6   Confidence angle: 11,8/70,6 
K2 Dec 3,7 Inc 1,2 Confidence angle: 12,2/7,2 
K3 Dec 273,3 Inc 19,4   Confidence angle: 15,5/2,8 

 

 

 

 

 







KH1-16 
Angle kN Is Is(50) UCS 

360°/0° 16,27 10,17 9,20 220,73 
30° 22,67 14,17 12,82 307,56 
60° 13,09 8,18 7,40 177,59 
90° 22,45 14,03 12,69 304,58 
120° 26,04 16,28 14,72 353,28 
150° 24,06 15,04 13,60 326,42 

KH1-29 
Angle kN Is Is(50) UCS 

360°/0° 19,81 12,38 11,20 268,76 
30° 15,45 9,66 8,73 209,61 
60° 19,07 11,92 10,78 258,72 
90° 20,55 12,84 11,62 278,80 
120° 19,69 12,31 11,13 267,13 
150° 9,67 6,04 5,47 131,19 

KH1-43 
Angle kN Is Is(50) UCS 

360°/0° 19,56 12,23 11,06 265,37 
30° 21,09 13,18 11,92 286,13 
60° 22,75 14,22 12,86 308,65 
90° 24,29 15,18 13,73 329,54 
120° 28,77 17,98 16,26 390,32 
150° 4,70 2,94 2,66 63,76 

KH1-62 
Angle kN Is Is(50) UCS 

360°/0° 17,12 10,70 9,68 232,27 
30° 21,99 13,74 12,43 298,34 
60° 15,36 9,60 8,68 208,39 
90° 6,51 4,07 3,68 88,32 
120° 15,99 9,99 9,04 216,94 
150° 16,53 10,33 9,34 224,26 

 

 

 

KH1-129 
Angle kN Is Is(50) UCS 

360°/0° 25,34 15,84 14,32 343,79 
30° 25,79 16,12 14,58 349,89 
60° 21,20 13,25 11,98 287,62 
90° 26,40 16,50 14,92 358,17 
120° 28,45 17,78 16,08 385,98 
150° 22,51 14,07 12,72 305,39 

KH1-137 
Angle kN Is Is(50) UCS 

360°/0° 22,08 13,80 12,48 299,56 
30° 25,89 16,18 14,64 351,25 
60° 25,17 15,73 14,23 341,48 
90° 23,10 14,44 13,06 313,40 
120° 26,18 16,36 14,80 355,18 
150° 24,80 15,50 14,02 336,46 

KH1-161 
Angle kN Is Is(50) UCS 

360°/0° 17,80 11,13 10,06 241,49 
30° 6,11 3,82 3,45 82,89 
60° 19,21 12,01 10,86 260,62 
90° 10,79 6,74 6,10 146,39 
120° 6,15 3,84 3,48 83,44 
150° 20,81 13,01 11,76 282,33 

KH1-198 
Angle kN Is Is(50) UCS 

360°/0° 25,55 15,97 14,44 346,64 
30° 26,07 16,29 14,74 353,69 
60° 26,66 16,66 15,07 361,69 
90° 25,48 15,93 14,40 345,69 
120° 20,81 13,01 11,76 282,33 
150° 22,17 13,86 12,53 300,78 

 

 

 



KH1-563 
Angle kN Is Is(50) UCS 

360°/0° 17,94 11,21 10,14 243,39 
30° 20,92 13,08 11,83 283,82 
60° 23,18 14,49 13,10 314,48 
90° 26,69 16,68 15,09 362,10 
120° 20,77 12,98 11,74 281,79 
150° 11,55 7,22 6,53 156,70 

KH1-572 
Angle kN Is Is(50) UCS 

360°/0° 9,24 5,78 5,22 125,36 
30° 14,64 9,15 8,28 198,62 
60° 11,97 7,48 6,77 162,40 
90° 4,24 2,65 2,40 57,52 
120° 2,64 1,65 1,49 35,82 
150° 17,38 10,86 9,82 235,79 

KH1-583 
Angle kN Is Is(50) UCS 

360°/0° 4,55 2,84 2,57 61,73 
30° 0,07 0,04 0,04 0,95 
60° 8,01 5,01 4,53 108,67 
90° 15,25 9,53 8,62 206,90 
120° 13,23 8,27 7,48 179,49 
150° 9,68 6,05 5,47 131,33 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



KH2-32 
Angle kN Is Is(50) UCS 

360°/0° 7,04 4,40 3,98 95,51 
30° 9,73 6,08 5,50 132,01 
60° 8,75 5,47 4,95 118,71 
90° 6,46 4,04 3,65 87,64 
120° 17,88 11,18 10,11 242,58 
150° 17,77 11,11 10,05 241,08 

KH2-60 
Angle kN Is Is(50) UCS 

360°/0° 8,35 5,22 4,72 113,28 
30° 8,79 5,49 4,97 119,25 
60° 12,90 8,06 7,29 175,01 
90° 19,24 12,03 10,88 261,03 
120° 17,03 10,64 9,63 231,04 
150° 9,53 5,96 5,39 129,29 

KH2-68 
Angle kN Is Is(50) UCS 

360°/0° 8,67 5,42 4,90 117,63 
30° 4,48 2,80 2,53 60,78 
60° 17,58 10,99 9,94 238,51 
90° 9,76 6,10 5,52 132,41 
120° 11,54 7,21 6,52 156,56 
150° 8,24 5,15 4,66 111,79 

KH2-112 
Angle kN Is Is(50) UCS 

360°/0° 18,31 11,44 10,35 248,41 
30° 14,09 8,81 7,96 191,16 
60° 23,47 14,67 13,27 318,42 
90° 17,40 10,88 9,84 236,06 
120° 28,63 17,89 16,18 388,42 
150° 20,83 13,02 11,77 282,60 

 

 

 

KH2-143 
Angle kN Is Is(50) UCS 

360°/0° 29,55 18,47 16,70 400,90 
30° 17,18 10,74 9,71 233,08 
60° 23,80 14,88 13,45 322,89 
90° 19,48 12,18 11,01 264,28 
120° 30,00 18,75 16,96 407,01 
150° 19,41 12,13 10,97 263,33 

KH2-179 
Angle kN Is Is(50) UCS 

360°/0° 14,76 9,23 8,34 200,25 
30° 9,31 5,82 5,26 126,31 
60° 19,79 12,37 11,19 268,49 
90° 6,42 4,01 3,63 87,10 
120° 22,03 13,77 12,45 298,88 
150° 16,24 10,15 9,18 220,33 

KH2-185 
Angle kN Is Is(50) UCS 

360°/0° 30,60 19,13 17,30 415,15 
30° 7,82 4,89 4,42 106,09 
60° 19,53 12,21 11,04 264,96 
90° 18,96 11,85 10,72 257,23 
120° 15,84 9,90 8,95 214,90 
150° 11,39 7,12 6,44 154,53 

KH2-193 
Angle kN Is Is(50) UCS 

360°/0° 21,85 13,66 12,35 296,44 
30° 18,02 11,26 10,19 244,48 
60° 24,09 15,06 13,62 326,83 
90° 24,11 15,07 13,63 327,10 
120° 25,50 15,94 14,41 345,96 
150° 13,58 8,49 7,68 184,24 

 

 

 



KH3-110 (Siltstone) 
Angle kN Is Is(50) UCS 

360°/0° 6,71 4,19 3,79 55,76 
30° 6,08 3,80 3,44 50,52 
60° 5,72 3,58 3,23 47,53 
90° 2,25 1,41 1,27 18,70 
120° 4,61 2,88 2,61 38,31 
150° 5,29 3,31 2,99 43,96 

KH3-128 
Angle kN Is Is(50) UCS 

360°/0° 3,82 2,39 2,16 51,83 
30° 8,36 5,23 4,73 113,42 
60° 12,44 7,78 7,03 168,77 
90° 11,05 6,91 6,25 149,91 
120° 6,91 4,32 3,91 93,75 
150° 12,61 7,88 7,13 171,08 

KH3-134 
Angle kN Is Is(50) UCS 

360°/0° 10,37 6,48 5,86 140,69 
30° 8,01 5,01 4,53 108,67 
60° 10,22 6,39 5,78 138,65 
90° 9,42 5,89 5,33 127,80 
120° 8,98 5,61 5,08 121,83 
150° 7,64 4,78 4,32 103,65 

KH3-150 
Angle kN Is Is(50) UCS 

360°/0° 19,79 12,37 11,19 268,49 
30° 16,41 10,26 9,28 222,63 
60° 12,06 7,54 6,82 163,62 
90° 14,42 9,01 8,15 195,64 
120° 13,83 8,64 7,82 187,63 
150° 16,70 10,44 9,44 226,57 

 

 

 

KH3-155 
Angle kN Is Is(50) UCS 

360°/0° 12,52 7,83 7,08 169,86 
30° 9,61 6,01 5,43 130,38 
60° 12,08 7,55 6,83 163,89 
90° 18,48 11,55 10,45 250,72 
120° 14,96 9,35 8,46 202,96 
150° 6,15 3,84 3,48 83,44 

KH3-161 
Angle kN Is Is(50) UCS 

360°/0° 9,44 5,90 5,34 128,07 
30° 9,61 6,01 5,43 130,38 
60° 23,97 14,98 13,55 325,20 
90° 8,96 5,60 5,06 121,56 
120° 17,80 11,13 10,06 241,49 
150° 21,51 13,44 12,16 291,82 

KH3-167 
Angle kN Is Is(50) UCS 

360°/0° 17,91 11,19 10,12 242,98 
30° 18,80 11,75 10,63 255,06 
60° 19,19 11,99 10,85 260,35 
90° 18,15 11,34 10,26 246,24 
120° 14,88 9,30 8,41 201,88 
150° 18,59 11,62 10,51 252,21 

 

 

 

 

 

 

 

 

 



KH3 (Sandstone, 97-98m) 
Sample kN Is Is(50) UCS 

1 9,84 6,15 5,56 132,94 
2 8,49 5,31 4,80 114,70 
3 4,27 2,67 2,41 57,69 
4 2,96 1,85 1,67 39,99 
5 2,73 1,71 1,54 36,88 
6 7,01 4,38 3,96 94,71 
7 5,69 3,56 3,22 76,87 
8 3,63 2,27 2,05 49,04 

KH3 (Siltstone, 115,5-117,5m) 
Sample kN Is Is(50) UCS 

1 7,38 4,61 4,17 61,33 
2 6,15 3,84 3,48 51,10 
3 6,2 3,88 3,50 51,52 
4 3,75 2,34 2,12 31,16 
5 4,42 2,76 2,50 36,73 
6 4,84 3,03 2,74 40,22 
7 7,96 4,98 4,50 66,15 
8 7,76 4,85 4,39 64,48 
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Appendix C
 

P-wave velocities in drillcores
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D

Appendix D

Density and porosity

* Sedimentary rocks (sandstone, conglomerate and siltstone)
** Rocks from transition zone between sedimentary and crystalline sequence

 – Remaining rock samples are all porphyritic rhyolites
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