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ABSTRACT 

A major, polyphase NNW-SSE-striking deformation zone in central Sweden, 15-30 km 

wide and >200 km long, apparently separates two major Proterozoic provinces. Four 

main phases of deformation have been recognized along the deformation zone; 

associated mylonites are characterized by their mineralogy, microstructures, kinematic 

patterns, magnetic signatures and relative ages. 

Locally, metamorphic patterns developed during regional Svecofennian deformation 

and early shearing were significantly disturbed by later movements on mostly steep, 

greeenschist facies deformation zones. As a result, previously unknown intermediate

high-pressure rocks were juxtaposed against low-pressure rocks more typical for the 

region. Also the geometry of the major, early Svecofennian Ljusdal Batholith, appears 

to be controlled by the shear zone and a previously unknown splay. 

Rotation of planar structures indicates > 10-20 km dextral displacement along plastic 

mylonites. Stress- and strain analysis of mesoscopic shear zone populations of different 

generations suggests that most displacements are compatible with N-S to NE-SW

oriented bulk regional shortening. 

Most deformation occurred before intrusion of c. 1.2 Ga mafic dykes and sills. The 

existence of this deformation zone, however, significantly affected the depositional, 

metamorphic and structural evolution of the Caledonian orogen in this region. 

INTRODUCTION 

The understanding of how deformation zones (shear zones, faults and fracture zones) 

form and evolve has increased much during the last decades. The great attention paid to 

such structures is e.g. because they may control the formation and geometry of 

economic mineral deposits and that they are important elements during the formation 

and deformation of lithospheric rocks. 

Integration of different geoscientific disciplines is necessary for the study of different 

aspects of deformation zones on various scales. The interpretation of geophysical data 

complements geological mapping in defining the location, geometry and size of the 

zones. It may also give some information about kinematics and structural evolution. 

Theoretical and experimental work on deformation processes continue to 

increase our knowledge of rock deformation. The recent development of methods for 

determining the sense of movement of sheared rocks in the field or under the micro

scope has considerably increased the potential of shear zone studies in order to make 
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refined tectonic models of orogens. Such methods have now become standard tools in 

structural studies. 

The tectonic evolution of a rock volume is not only a function of the variation of 

the regional stress orientation and magnitude with time, but also of the heat flow 

history. Pressure-temperature-time studies are therefore important complements to 

structural analyis. Application of recent developments of methods and analytical 

techniques in metamoiphic petrology and isotope geology has had a large impact on the 

understanding of tectonic processes. 

A major deformation zone in the Paleoproterozoic Svecofennian rocks of the Baltic 

Shield - here referred to as the Storsjon-Edsbyn Deformation Zone (SEDZ) - extends 

from Lake Storsjon to Edsbyn in central Sweden (Figs. 1 & 2). The magnetic signature 

is very conspicuous on the aeromagnetic map (Fig. 3). It is made up by a NNW-SSE 

oriented complex belt with banded and lenticular patterns discordantly cutting and in 

strong contrast to the magnetic pattern in surrounding areas. An east-west striking linear 

magnetic pattern to the east rotates clockwize approaching the deformation zone, 

indicating an apparent dextral plastic strike-slip shear component. Several narrow, very 

persistent low-magnetic lineaments truncate the plastic structures indicating a prolonged 

history of deformation at different crustal levels. A comparison with the geological map 

shows that the deformation zone broadly coincides with the boundary between the c. 1.7 

Ga old Dala-Ratan volcanic rocks and granitoids to the west and the older Svecofennian 

rocks (c.1.8-1.9 Ga) to the east. However, most deformation in the zone occurred east of 

the lithologic province boundary at the present level of exposure. 

This report presents the results of a research project entitled "The tectonometamoiphic 

history of a major shear zone in central Sweden - integrated geological-geophysical 

study". The aim of this project, which was initiated in 1991, was to 1) define the 

length/width and thickness of the zone, 2) establish its relation to the regional tectonic 

framework, 3) study the kinematic evolution and quantify displacements, 4) make 

stress- and strain analyses with respect to various deformation episodes, 5) determine P

T-conditions during active periods and 6) determine relative and absolute ages of 

movement. Results of work in progress have been presented at seminars and scientific 

meetings (Sjostrom & Bergman 1993, Bergman & Sjostrom 1993, 1994). 
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Figure 1. Geological sketch map of Norway, Sweden and Finland modified from Gorbatschev & Bogdanova (1994). 
Most of the major deformation zones are from Karki et al. (1994) and Stephens et al. (1994). 
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PART I: STRUCTURE 

PREVIOUS WORK 

Regional geological framework· 

The most recent maps covering the deformation zone and its surroundings are the 

1 :250 OOO maps of the counties of Gavleborg, Jamtland and Vastemorrland 

(LundegArdh 1967, LundegArdh et al. 1984, Lundqvist et al. 1987) and the 1:50 OOO map 

sheets Ljusdal and KAroole (Delin 1989a, b, Delin & Aaro 1992). A compilation of 

these maps with the addition of interpretations of major lineaments is shown in 

simplified form in Figure 2. Previous detailed work in the region include petrological 

studies of the Los area (Lundqvist 1968) and the Bodsjo area, north ofHavero (Ginet 

1980). The EnAsen gold deposit has been studied with respect to its mineralogy (Nysten 

& Annersten 1984) and geochemistry, isotope geology and genesis (Hallberg 1989, 

1994, Hallberg & Fallick 1994). The deformation zone has also been investigated by 

prospecting companies. 

The geological evolution of central Sweden started with deposition of sediments and 

volcanic rocks on still unknown crust and coeval mafic-felsic plutonism. The oldest 

dated rock in the area (Fig. 4) is a c. 1.87 Ga old metarhyolite (Welin 1987). 

The early Svecofennian stratigraphy of central Sweden was summarized by 

Lundqvist (1987). In the Los area argillites dominate the lower stratigraphic levels, 

overlain by quartzite, metarhyolite, metabasalt and skam-bearing metasedimentary 

rocks at the top (Lundqvist 1968). A similar stratigraphy has been recognized at 

HamrAnge (S. Sukotjo pers.comm. 1993) where argillites pass into felsic, intermediate 

and finally mafic metavolcanic rocks overlain by quartzite. The oldest dated gneissose 

granitoids (Ljusdal-type) are 1.86-1.84 Ga old, in the younger end of the range of early 

Svecofennian granitoids. These ages in fact overlap with the oldest "post-orogenic" 

granitoids of the Transscandinavian Igneous Belt further south (Persson & Wikstrom 

1993). It is possible to correlate the Ljusdal granitoids with the 500x100 km wide Late 

Svecofennian granite-migmatite zone in southern Finland where subhorizontal shearing, 

high-grade metamorphism, migmatite formation and intrusion of K-feldspar rich granite 

sheets took place at 1.83-1.84 Ga ago (Suominen 1991, Ehlers et al. 1993). This 

Fig. 3. Aeromagnetic map (residual field) of the deformation zone from Lake Storsjon in the northwest to 
Lake Stor-Ojungen near Edsbyn in the south. Note how the east-west grain in the south-eastern part 
rotates dextrally into the north-northeast striking deformation zone near the edge of the magnetic Riitan 
granitoid batholith in the west. Note also dextral offset of the magnetic volcanic rocks near Los (15F). 
The short edge of the map is 100 km long. 
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Figure 4. Diagram showing results ofU-Pb zircon age detenninations (monazite for the Hiimo granite) of rocks in the region. 
Data sources: Wilson et al. 1985, Patchett et al. 1987, Welin 1987, Claesson & Lundqvist 1990, Delin & Aaro 1992, in prep., 
Delin 1993 and Welin 1993. 



·evolution is in agreement with the minimum age of 1.82 Ga (Harno granite) for 

Svecofennian deformation and metamorphism in central Sweden (Claesson & 

Lundqvist 1990). 

The voluminous Revsund-type granitoid batholith extends from the north into 

the area of Figure 2. These coarsely porphyritic 1.77-1.80 Ga (Claesson & Lundqvist 

1990) old rocks are generally isotropic. In the SEDZ however, they have been 

plastically deformed. This is also the case for the c. 1 Ga younger Ratan granitoids. 

Plastic deformation in the SEDZ thus clearly post-dates the main pervasive Sveco

fennian deformation. 

Post-Jotnian dolerite dykes are present near Edsbyn and in large volumes as 

dykes and sills in the northern part of the area. They cross-cut most structures and 

metamorphic patterns. A sample collected close to Revsund gave an Rb-Sr age of c. 1.2 

Ga (Patchett 1978), An U-Pb zircon dating at Market west of Aland gave an age of 

1265±6 Ma (Suominen 1991). 

Regional deformation 

A tectonic model based on work in the eastern parts of south-central Sweden, but also 

applied for central Sweden, was presented by Stfilhos (1984, 1991). In that model, early 

vertical movements resulting from diapiric rise of the oldest plutonic rocks (1.9 Ga) was 

followed by the main regional deformation and metamorphism (l.85-1.84 Ga). Syn

peakmetamorphic west-verging isoclinal recumbent folds with gently north-south 

plunging fold axes were synchronously cross-folded along variable, generally steeply 

east-west oriented axial planes. This cross-folding was attributed to secondary forces 

exerted by irregularly distributed competent plutonic bodies. 

Similar models were put forward by LundegArdh (1967) and Lundqvist (1990). 

The latter described an evolution where early east-west shortening resulting in steep 

isoclinal folds with gently north-south plunging axes, was followed by north-south 

shortening and overturning leading to moderately to gently eastwards dipping layers. 

The migmatization was described as a three-stage process: a pre- or syntectonic veining 

was followed by intense migmatization post-dating most deformation and finally 

infiltration of melts forming granites and pegmatites. 

Some major deformation zones in the Baltic Shield are indicated in Figure 1. 

The map is modified from Gorbatschev & Bogdanova (1994). Most shear zones in 

Sweden are from Stephens et al. (1994), and the zones in Finland are from Karki et al. 

(1994). 

Deformation zones in central Sweden 

Major deformation zones in central Sweden have been ascribed regional importance but 

very different hypotheses have been presented regarding their location, kinematics and 
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·age. Magnusson et al. (1957, p. 72) suggested an important southwards dipping thrust 

extending from south of Sundsvall through Havero to Lake Storsjon, emplacing higher 

grade rocks to the south on top of better preserved rocks to the north. Stromberg (1974, 

1976, 1978) drew attention to northwest-southeast lineaments truncating both Sveco-

f ennian and Caledonian rocks. He discussed stratigraphic- and age contrasts and 

suggested dominant vertical and minor horizontal movements along the lineaments. In 

contrast, Sturkell et al. (1994) suggested strike-slip movements resulting in offset of the 

Caledonian front The concept of a "Ljusnan thrust zone" was introduced by Lunde

gArdh (1960, 1967). It was inferred to accomodate steeply reverse SW-directed 

movements, and to make up the northern boundary of felsic volcanic rocks in central 

Sweden. Lundqvist (1968) decribed several tectonic zones from the Los area. 

Later interpretations were based on the reports of LundegArdh (1960, 1967), 

generally without additional field investigations. In regional syntheses, the zone was 

characterized as a large-scale low-angle thrust and infracrustal suture formed by tectonic 

underplating or related to crustal peeling accompanied by ductile thickening of the 

lower lithosphere (Berthelsen 1987). It has also been interpreted as a province boundary 

separating the southern and central Svecofennian Provinces where the structural 

evolution and magmatism were controlled by early ductile and later brittle dextral 

strike-slip movements (Gaal & Gorbatschev 1987). During reconnaisance work, Beunk 

& Valbracht (1991) observed a complex polyphase deformation history of the "Ljusnan 

zone", with important strike-slip movements and suggested a deformation age of 1.85 

Ga. The SEDZ coincides partly with the Storsjon-Bothnian Sea zone (Gorbatschev 

1993). This name is not preferred here because the zone appears to terminate against a 

younger fault zone in the Edsbyn area. 

Ginet (1980) recognized the presence of a shear belt in the Bodsjo area (NNW of 

Havero) and found minor structures indicating steep movements. He proposed a model 

with continuous deformation within a shear zone at progressively higher tectonic levels. 

METHODS AND RESULTS OF STRUCTURAL STUDIES 

Methods 

Aeromagnetic maps at the scales of 1 :250 OOO and 1 :50 OOO, geological maps and 

unpublished field data were used to select critical areas for field mapping in the zone 

and to guide reconnaisance work in adjacent areas. The aeromagnetic maps were also 

used to extrapolate field data in poorly exposed areas. The magnetic susceptibility of 

rocks was measured in the field with a ffi-8 susceptibility meter (ABEM Geoscience, 

MalA) to facilitate aeromagnetic interpretation. 

Detailed studies of fabrics and kinematics of mylonites were made in the field 

and in thin sections. The kinematic indicators observed include er- and &-porphyroclasts, 
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s-c fabrics, shear bands, rotated planar structures, domino structures, asymmetric shear 

folds, displaced markers, tension gashes and Riedel shear surf aces. Fabrics were 

measured and plotted on equal area lower hemisphere stereographic projections for 

further analysis. 

Aeromagnetic interpretation 

On aeromagnetic maps the SEDZ is obvious as a 10-20 km wide zone with a pro

nounced banded or lenticular pattern of straight or slightly curved positive and negative 

anomalies, commonly 5-10 km long (Fig. 3). The zone strikes north-northwest-south

southeast in the northern and central parts and bends to a north-south orientation 

towards the south. The anomaly pattern indicates a widening of the zone in the southern 

and northenmost parts. This banded pattern is truncated by narrow and straight negative 

anomalies, usually exceeding 100 km in length. Awest-northwest-east-southeast 

oriented lineament terminates the banded pattern of the SEDZ in the Edsbyn area. To 

the north, the aeromagnetic signature of the SEDZ can be traced to Lake Storsjon, 

where it dissapears below the Caledonian front. 

To the west of the SEDZ/he magnetic Ratan granitoids show a relatively 

smooth magnetic pattern interrupted by low magnetic fault- or fracture zones. South of 

the Ratan granitoids the magnetic volcanic rocks in the Los area are surrounded by less 

magnetic metasedimentary rocks, gneisses and granitoids. 

A southern domain east of the SEDZ is dominated by variably magnetic 

gneissose granitoids with minor supracrustal rocks. An E-W striking banding and tight

isoclinal folds are visible over large areas. This banding swings towards NW as the 

SEDZ is approached, which suggests that dextral shearing is superimposed on the 

banding. Low magnetic fault- or fracture zones are visible where background 

magnetization is sufficiently high. 

The southern domain has a very sharp boundary to the northern domain located 

to the east of the SEDZ. There;the magnetic pattern is smooth due to the presence of 

magnetic dolerite sills at or near the surface. The sills efficiently mask any underlying 

magnetic structures. 

The magnetic susceptibility of individual rock types was measured in the field. 

Ranges of values for are presented in Figure 5. 

Regional deformation features and strike-slip zones outside the SEDZ 

Before discussing the structure of the SEDZ, the regional deformation and some im

portant strike-slip shear zones in the region will be described. Several areas in the 

vincinity of, or to the east of the SEDZ have been investigated. Fabrics measured in the 

field are plotted on the stereograms shown in Figure 6. 
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Figure 5. Ranges of magnetic susceptibility values for different rock types measured in outcrop. 
Many group II mylonites are magnetic while group III mylonites have low susceptibilities. 



Naggen-Ostavall area: A 50 km long and 7 km wide belt of relatively well preserved 

(low-medium grade) metasedimentary rocks strikes NW-SE in this area. 

Metagreywacke in the northwestern part is overlain by metaarenite in the southeast, 

including the well known Naggen arkose (LundegArdh 1960). At one locality near the 

contact there is a strongly sheared garnet-amphibole-bearing "pseudoconglomerate" 

with an s-c fabric indicating that the metaarenite has moved down to the southwest 

relative to the metagreywacke. Near Naggen there is a tectonic contact between the 

metaarenite and the orthogneiss to the northeast. In the down-dip lineated, steeply 

southwest-dipping mylonite, shear bands show both eastern arid western side up 

movement in different parts of the same outcrop. The southwestern margin of the 

metaarenite is partly defined by a prominent topographic lineament. Shear bands and s,c 

fabrics in the steeply southwest dipping mylonites along this lineament record dextral 

movement. Some mylonites have a well developed gently plunging stretching lineation, 

but a few only have a weak, steep biotite lineation. Within the metagreywacke, bedding 

and an early cleavage are folded by open to tight folds. The folds have steep long limbs, 

gently plunging short limbs, gently southeast plunging fold axes and a steep northwest

southeast striking spaced cleavage along the axial surface. Slip along this cleavage has 

locally occurred. 

This fold geometry is similar in the higher grade area WNW of Ostavall, where 

gently east-plunging lineations are parallell with axes to folds with steeply dipping axial 

surfaces. These asymmetric folds have steep long limbs, in places strongly sheared, 

short limbs are gently dipping. A gneissosity, pegmatite veins and early rootless 

isoclinal folds are found within the folded layers. The regional folding was probably the 

consequence of east-west to northwest-southeast shearing. 

The Ljusdal Batholith: The c. 130 (N-S) x 100 (E-W) km Ljusdal Batholith is a major 

element of the Svecofennian domain in central Sweden (Fig. 2). It is made up by early 

Svecofenniam granitoids (Ljusdal-type 1,84-1,86 Ga) with remnants of slightly older 

supracrustal rocks. 

To the north the batholith borders the Bothnian Basin, dominated by meta

sediments in the Ostavall-Naggen-Hassela area, but also containing lenses of 

granitoids interpreted as pre- to synkinematic intrusions and late kinematic intrusions, 

respectively (Delin 1989a, b, Delin and Aaro 1992). All these units are truncated by 

Post-Jotnian dolerites, which appear to be lacking within the batholith. To the south 

Fig. 6. Stereograms of regional fabric elements away from mylonite zones. Foliation attitudes vary much 
within and between domains but are generally moderately to steeply dipping. Most mineral lineations are 
gently to moderately plunging. 
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· the margin of the batholith is less well defined by supracrustal rocks in the Edsbyn

Gavle belt. 

Our results show that post-solidification deformation zones have modified the 

original shape of the batholith considerably, most obviously by the SEDZ (described 

separately below) affecting the western margin. Important deformation zones have 

however been recorded also along the northern margin (Hassela-Hennan), within the 

batholith (Ljusne-TonnAnger) and along the southern margin (Hagsta-Lindon). 

The northern margin of the batholith (Hassela-Hennan): At least three generations of 

shear zones have been recorded in the batholith and in the metasediments to the north. 

(Fig. 7). The kinematics of the first generation is not well defined by field obser

vations. A dextral component on horizontal surf ace is dominating but a vertical 

component appears to be common too, indicating oblique shear. 

The second (and third?) generation is dominated by dextral strike slip; sinistral 

movements were localized to certain zones. Locally intense mylonitization has 

occurred resulting in the formation of diagnostic kinematic indicators (Figs. 20b, c ). 

Overprinting criteria indicate that plastic, sinistral mylonites are relatively 

younger than dextral mylonites. Some dextral zones rotate approaching sinistral zones 

and are also truncated by the latter (Fig. 7, cf Fig 20c ). With a few exceptions 

however (Fig. 8) the map pattern is consistent with conjugate systems. Therefore a 

progressive evolution is indicated where sinistral zones formed due to the back (anti

clockwise) rotation of tectonic units during bulk dextral shear along the margin of the 

batholith. Such rotation is supported by the variations of structural patterns in the 

stereograms, for example the larger scatter of dextral shearzones/shear bands 

compared to corresponding sinistral structures (Figs. 8d, e).These effects on a local 

scale suggest the possibility that the entire batholith has been rotated. 

Locally quartz filled tension gashes link brittle-plastic deformation zones (Fig. 

9). They are most common along sinistral zones (No III in Fig. 7). Microstructures 

indicate that the quartz in the tension gashes (local ZY planes) was released by 

pressure solution along the shear zones. 

A possible fourth deformation episode is indicated by a low magnetic 

lineament in the Hennan area (No IV in Fig. 7), which appears to truncate all 

deformation zones described above. This lineament is very persistent and can be 

traced to the NW past Ramsjo-EnAsen where it joins a major lineament extending to 

the Vikbacksviken Fault Zone east of Lake Storsjon (Figs. 2, 23) and possibly into the 

Caledonian units. To the SE it is linked (geophysically) to several low-grade defor

mation zones. The total length of linked lineaments in this zone is c. 200 km from the 

Caledonian front to the area SSW of Sooerhamn. 
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Figure 7. Schematic summary of kinematic episodes along the northern margin of the Ljusdal Batholith. 
The mylonites investigated indicate dominantly strike-slip. The kinematics of the Hennan deformation 
zone (IV) is inferred from aeromagnetic maps. II, III and IV refer to the types of mylonites described in 
table 1. The area of the picture slightly exceeds that between f and g in Fig. 8, NE of Hennan. 
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Northern margin of the Ljusdal Batholith 
Figure 8 
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Fig. 8. Fabrics along the northern margin 
of the Ljusdal Batholith. Figs. a - d re
present summaries of the entire area. 
a) Poles to foliation. Note the tendency 
of a broad girdle of the poles indicating 
ESE folding on a shallow plunging axis 
coinciding with the stretching lineation. 
b) Stretching lineations. The scatter is 
large because both dextral and sinistral 
shear zones are included (cfFigs. d 
and e). c) NW-up dip-slip shear zone 
close to Gnarp. Symbols as in a and b. 
d) Dextral, ductile shearzones and shear 
bands. e) Sinistral ductile shear zones 
and shear bands. 
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Brittle-plastic shear zones and tension gashes 
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Figure 9. Relationships between brittle-plastic shear zones and tension gashes in a major sinistral shear zone (No III 
in Fig. 7) along the northern margin of the Ljusdal Batholith. a). Note the difference in orientation between shear zones 
and tension gashes demonstrated by the "sinistral" pair. The orientation of the structures indicates Z (short axis of the 
strain ellipsoid) c. 350°, Y (intermediate axis) c. vertical and X (long axis) c. 260°. 
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b).Schematic picture of a horizontal surface showing a sinistral shear zone linking en echelon tension gashes. Broken 
lines are traces of steep foliation. Quartz (grey) within the tension gashes have been released by pressure solution in 
the shear zone. 



In this area conditions are favourable for a structural interpretation of the 

1:50 OOO aeromagnetic maps (16G NV and NO) because: a) the rocks have distinct 

and different magnetic properties, and b) the maps represent suitable sections for 

kinematic analysis in beeing more or less parallel to stretching lineations and per

pendicular to foliations and shear zones (cf. Fig. 8). 

This interpretation emphasizes both the plastic structures between tectonic 

zones and the tectonic zones, while published geological maps generally show only 

the latter. Linear magnetic anomalies (banded patterns) are paid particular attention to 

and reveal a pattern indicating strong deformation within the batholith and in the 

metasediments along the margin (Fig. 10). There is a conspicuous pattern indicating 

large-scale shear band asymmetry in the the metasediments to the north and along 

most parts of the boundary of the batholith, which is in good agreement with the 

mesoscale structures summarized in in the stereograms (Fig. 8). This shear band 

assymetry is consistent with bulk dextral shear. Tectonic zones (SW-NE) with 

apparent sinistral sense of shear are common within the batholith. Together with the 

dextral zones they locally define a conjugate system. 

Also the distribution of metamorphic domains on the 1 :50 OOO map 160 NV 

(Delin 1989b) indicates high strains within the para-gneisses north of the Ljusdal 

Batholith. Generally the metamorphic grade appears to be lower (veined gneisses) 

along the contact to the batholith, than in the metasediments to the north (migmatites), 

i e there is a tendency towards "reverse" metamorphic zoning. A possible explanation 

to this condition is that high strains in the metasediments along the margin of the 

competent granitoid have modified the migmatites to more plane parallel veined 

gneisses. This is consistent with the appearance of metamorphic domains in the fonn 

of elongate (in E-W) areas on published maps. 

The shape of isolated bodies of pre- to synkinematic granitiods in the meta

sediments to the north of the batholith can not be determined accurately enough by 

mapping (lack of exposures) or by aeromagnetic interpretation (lack of magnetic 

signature), to be used for strain estimates. A dominance of elongate shape is however 

well constrained and mylonites along the margins of the lenses appear to be common 

(Delin 1989a, band this study), both patterns in accordance with their appearance in 

an area characterized by high strain. We therefore suggest that these bodies are 

tectonic lenses rather than small intrusives and that they are located in an area of 

distributed shear affecting the northern part of the Ljusdal Batholith and the southern 

margin of the Bothnian Basin. The deformation resulted in a less conspicuous 

magnetic pattern than the SEDZ because it is a result of plastic deformation 

modifying pre-existing boundaries concordantly, rather than truncating them, and 

syn-metamorphic reactions did not produce magnetite. 
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Figure 10 

Banded magnetic pattern 160 NV, NO 

16G LJUSDAL NV 16G LJUSDAL NO 

I 
/,/ Inferred shear zone 
I 

Fig. 10. Thin lines represent the interpreted banded magnetic pattern from the aeromagnetic maps 16G NV and 
NO. The thick black line is the boundary separating the batholith (to the south) from the metasediments of 
the Bothnian Basin (to the north). Dolerites are shown in black. H = Hassela 
A large-scale shear band asymmetry consistent with the dominantely dextral strike slip recorded in the field is 
indicated in the metasediments and along the margin of the batolith. Conjugate systems are indicated locally. 
Inferred and/or determined sense of shear is shown by arrows. Geological boundaries are after Delin 1989a, b. 
The size of the interpreted area is 50x25 km. 



East of Hassela the contact separating the Ljusdal Batholith and the supracrustal rocks 

· of the Bothnian Basin is less well defined: geophysical maps are lacking and geo

logical information is only on a regional scale (county map). Some important features 

have however been reeorded during reconnaissance studies: 

1) Westnorthwest of Gnarp there is a plastic. at least 30 m thick shear zone dipping 

approximately 70° SSE. Sense of shear is normal dip slip with northwest-up (Fig. 8c). 

Protomylonitic, garnet-bearing, latekinematic granite deformed together with the the 

metasediments in the shear zone is characterized by a widely spaced, somewhat 

anastomosing cleavage, dominated by sillimanite and locally with minor amounts of 

biotite. S-C fabrics and shearbands are developed in the sillimanite aggregates in

dicating high-temperature shear. Locally however, retrogression of the aggregates to 

white mica (and some chlorite) is intense and has also affected the rims of garnets. 

This zone coincides approximately with a NNE- to ENE fault indicated on the 

county map (LundegArdh 1967), on which it appears to control the eastern margin of a 

large body of post-Jotnian dolerite.With respect to the (progressive and retrogressive) 

textures along cleavage planes it appears unlikely that the garnet-sillimanite grade 

should be related to Jotnian (or post-Jotnian) shearing truncating the dolerite. It is 

therefore suggested that the shape of the intrusion is either controlled by a pre

existing deformation zone developed during high-grade conditions, or by later post

Jotnian reactivation of the zone 

2) East of Bergsjo along the coast (Mellanfjarden) intensely deformed gneiss zones 

have been recorded. In shallow dipping gneiss (c 20° E) there is a west-up sense of 

shear, with minor dextral strike-slip component. Movement direction indicated by 

stretching lineations is c 110°. This is in accordance with the information on the 

county map exhibiting intensely lineated, shallow dipping para-gneisses. 

In summary there is a change from mainly strike-slip on steep shear zones along the 

western part of the northern margin of the Ljusdal Batholith to shallow dipping shear 

surfaces in the east. Locally (Gnarp) a steep normal dip-slip shear zone truncate the 

regional structure. 

Internal structures in the southern part (Ljusne, Tonnanger): Fold trains are visible 

on the aeromagnetic difference and total field maps (Fig. 11 line drawing). A 

pervasive axial surface cleavage is related to these folds. At least locally (Ljusne area) 

this cleavage is the dominating foliation recorded in the field while the bedding or 

compositional banding defining the folds, dominate the aeromagnetic pattern (W of 

Ljusne in Fig . .11). The cleavage has been recorded also in late-kinematic 
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("Serorogenic") granitoids suggesting a syn- or late metamorphic origin, which is in 

accordance with the high -T character of the foliation. Fold axes are subparallel to the 

stretching lineations (rodding and mineral lineation) dipping to the east or eastsouth

east (Fig. 11 b ). 

Steep plastic shear zones generally with a substantial dextral strike-slip 

component are common within the batholith; conjugate sinistral shear zones are 

comparatively rare. In the TonnAnger area, clockwise rotation of stretching lineations 

and magnetic anomaly patterns is obvious towards a major shear zone, which appears 

to be the southern boundary of a c. 25x7 ,5 km sigmoidal lens (Fig. 11 c, d). The 

internal structures in the lens are not s-surfaces developed during shearing but limbs 

of rotated, large-scale folds having their axes parallel to the stretching lineation. The 

folded foliation is a pronounced grain-shape fabric defined by plagioclase and 

hornblende. If this foliation is denoted S 1, the folds are consequently of generation 

F2-or younger. The recognition of earlier, isoclinal (F1 ?) folds in the aeromagnetic 

pattern and in the field supports such an interpretation. The first folds are truncated by 

pegmatites exhibiting internal shear fabrics (Fig. 1 ld). The evolution based on the 

conditions in the TonnAnger area is therefore: 1) folding accompanied by the 

development of a grain-shape foliation, 2) cylindrical folding and 3) intrusion of 

pegmatite during dextral shear. This is also a model for the regional evolution. 

Whether the folds developed during the second stage entirely predate shearing, 

mature to shear zones or are entirely a result of shearing is not known with certainty, 

but with respect to the metamorphic fabrics developed during folding and shearing, 

they appear to be closely related. 

Coarse, steep dipping pegmatites with internal shear fabric have also been 

recorded along road E4 close to Lake Norrbranningen (Nb, Fig. 11.) The S-fabric 

within the pegmatites is continuous with the fabric of the surrounding Ljusdal 

Fig. 11. Fabrics within the southern part of the Ljusdal Batholith. The line drawing in the central part is 
based on 1:250 OOO aeromagnetic maps (Magnetic Difference and Magnetic Residual, respectively). Lj 
= Ljusne, Nb = Norrbranningen, T = TonnAnger, He= HamrAnge, Ha= Hagsta, 0 = Ockelbo, HGZ = 
Hagsta Gneiss Zone, LSZ = Lindon Shear Zone. 
a) Norrbranningen area containing syntectonic pegmatites (cfFig. 14b ). Grey squares are poles to 
pegmatites; open squares are measured and constructed (intersecting surfaces) lineations. b) Ljusne 
area showing steep foliations (small black dots), dextral shear bands/-zones (open dots) and sinistral 
shear bands/-zones (large black dots). The kinematic picture is dominantly dextral, somewhat oblique 
strike-slip. A conjugate pair of high-temperature zones are shown in Fig. 13 b. Figs. c and d) show the 
difference in fabric in the internal parts of the TonnAnger lens (c) compared to the fabric at the base of 
the lens (d), which is a major plastic shear zone: the approximately E or ENE-plunging stretching 
lineation in c rotates to NNW trend in ( d) where a NE-SW girdle of poles to the foliation have formed, 
indicating cylindrical folding on an axis parallel to the stretching direction. Grey dots represent the 
internal foliation in pegmatites. e) Hagsta Gneiss Zone. The fabric indicates dextral strike-slip on NE
dipping surfaces, i e there is no indication of a thrust as suggested previously (Berthelsen 1987). f) 
Lindon Shear Zone. Left: Fabric of the sinistral strike-slip deformation. Right: Orientation of principal 
strain axes based on conjugate shear zones indicate approximately E-W extension (X), N-S shortening 
(Z) and sub-vertical intermediate axis (Y). 
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Figure 11 

Southern part of the Ljusdal Batholith 
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· granitoid (Fig. 14b). In horizontal sections a dextral sense of shear is obvious; in 

vertical sections a south-up (?) pattern is less obvious. The continuity of structures 

witin the pegmatites with those of the host rock suggests that the pegmatites were 

formed synkinematically with the dextral, oblique strike-slip deformation. Fig. 11 (a, 

c-d) shows stereograms from both Norrbranningen and TonnAnger areas. Possibly the 

pegmatites intruded along local YZ-planes during the shearing, comparable to 

relationship between tensional quartz veins and shearzones along the northern margin 

of the Ljusdal Batholit ( cf Fig. 9). 

The southern margin (Hagsta-LindOn): This boundary of the Ljusdal Batholith is so 

far less well defined. Maps in press considerably modify previous interpretations 

(S.Sukotjo pers comm 1994). West of Hamrange a set of deformation zones represen

ting at least two episodes of plastic deformation have been recorded during regular 

mapping (S. Sukotjo, pers. comm 1992, 1993) and during this investigation: 

a) shallow dipping high-magnetic gneiss-zones showing a completely recrystallized 

fabric locally containing porphyroblasts of magnetite and b) steep zones charaterized 

by plastic but lower grade mylonites. Although comparable deformation zones are 

typical along the SEDZ, these zones are not continuous with the main zone due to the 

break caused by a major mylonite-ultramylonite zone described below (Klon). 

The Hagsta Gneiss Zone (HGZ) exhibits a consistent WNW-ESE, c 5 km wide 

pattern of banded magnetic anomalies between south of HamrAngefjarden and north 

of Ockelbo (Fig. 11). Foliations dip moderately NNE in the western part and are 

subhorizontal in the eastern part, immediately south of map sheet 14H. Kinematic 

indicators are less well developed, but those recorded indicate dextral strike slip: east 

to eastsoutheast plunging stretching lineations, "top-to-east" shear band asymmetry in 

migmatite gneisses in the footwall (Figs. 1 le, 13c) and rotation of magnetic 

anomalies on geophysical maps. 

The Lindon Shear Zone (LSZ) c. 10 km east of HamrAnge is a c. 500m+ wide, 

steep, approximately E-W striking, plastic mylonite zone affecting metavolcanics and 

metasediments (Fig. 11). Porphyroclast, rotation of units and partly excised lithology 

in addition to shallow plunging stretching lineation define sinistral strike-slip 

kinematics during the formation of the mylonites (Fig. l lf, left). C. 4 km south of 

HamrAnge principal strain axes derived from the orientation of conjugate shear zones 

in veined gneiss indicate east-west extension and north-south shortening during 

sinistral shear (Fig. l lf, right). The LSZ is most likely younger than the HGZ 

although their relationship has not been studied in the field. 

An important conclusion of the results presented here is that there are no 

indications of a major thrust in this region as suggested previously (Berthelsen 1987). 
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Our data only confirm strike slip movements during repeated shearing; dip-slip 

components are subordinate and - with respect to the gneiss zone - extensional as well 

as compressional. 

Kdrbole-Edsbyn area: The oldest structure recognized is a compositional layering or 

gneissosity which together with early quartz veins were folded by tight to isoclinal folds 

(cf. Fig. 13a). In places an early cleavage subparallell with or at a small angle to the 

banding can be found. These structures and early quartzofeldspathic veins were folded 

by folds with axes subparallell to gently southeast plunging mineral aggregate 

lineations. More open asymmetric folds have steep long limbs and gently dipping short 

limbs, Pegmatite was generated during and after regional plastic deformation. Some 

shear zones contain early deformed pegmatite and are cross-cut by late pegmatite veins 

(Fig. 14a). 

Mesoscale, generally 5-20 cm wide, plastic shear zones are very common in this 

area as well as in the region. Their deformation products (the material within the shear 

zones) include weakly foliated to isotropic, totally recrystallized material, variable 

amounts of melt in addition to plastic mylonite. The stretching lineation is defined by 

elongate minerals and aggregates. In some cases however, there is no linear fabric on 

the shear plane. The sense of movement is indicated by passively rotated planar 

markers, s-c relations and more rarely, shear band-like minor internal shear zones. The 

shear zones displace both gneiss banding and locally an overprinted grain shape fabric. 

The orientations and kinematics of plastic shear zones is remarkably consistent in this 

area and in the whole the region, except for the KclrbOle-Hennan area (see below). Most 

shear zones have a dominant strike-slip component with dextral displacement on NW

SE zones (parallell to long limbs of folds), and sinistral movement on NE-SW-zones 

(Fig. 12). This indicates a regional strain with north-south shortening and east-west 

extension. 

Strike-slip zones in the Karbole-Hennan area: Several strike-slip mylonite zones have 

orientations and kinematics which differ from the regional pattern (Fig. 12). The zone of 

sinistral mylonites which truncates the northern margin of the Ljusdal Batholith, 

continues towards the southwest past Hennan where is is overprinted by northeast to 

north-northeast striking dextral mylonites. At one locality the gneissose foliation in the 

country-rock does not rotate continuously into the dextral mylonite but is crenulated in 

narrow zones separated by dextral slip zones adjacent to the dextral mylonite. This 

suggests that mylonitization was accompanied by shortening. East of KclrbOle 

(Sorkullen) a several hundreds of metres wide dextral mylonite-ultramylonite strikes 

east-northeast, and north west of KllrbOle (Ojeforsen) a sinistral zone striking west

northwest cuts the 1. 7 Ga old Ratan granite. If these zones were formed con tern-
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Figure 12. Stereograms of plastic strike-slip shear zones. In most parts of the region dextral and sinistral zones 
separate into quadrants indicating approximately east-west extension. In the KArbOie-Hennan area, however, 
there is a different pattern recording a possibly later phase of east-west shortening. 



· poraneously they may reflect a late event of shortening in an approximate east-west 

direction. 

Character, orientation and kinematics of mylonites within the SEDZ 

At an early stage in the project four characteristic groups of mylonites along the shear 

zone were distinguished (Table 1). Subsequent work and reconnaissance has shown that 

all these are not unique to the main shear zone but were also developed regionally. The 

two intermediate mylonite types are most characteristic for the SEDZ compared to the 

entire region, whereas the formation of high-grade mylonites and cataclasites are not 

obviously linked to the zone. 
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Table 1. Generalized summary of characteristic features of the different mylonites: 

Temperature I 
metamorphic 

grade 

Deformation 

mechanisms, 

textures 

Magnetic 

susceptibility 

Common 

minerals 

Kinematic 

indicators 

Estimated age 

Relevant figs. 

Plastic, syn- Mostly plastic, Brittle-plastic Brittle 

metamorphic retrograde 

regionally typical of SEDZ typical of SEDZ regionally 

distributed distributed 

high, syn-peak medium-low, low very low 

metamorphism, post-peak 

pegmatites metamorphism 

crystal plastic, plastic quartz, plastic quartz, cataclastic 

polygonal mica and locally pressure solution, 

texture feldspar pseudotachylite 

commonly high commonly high low low 

magnetite in chlorite, epidote, chlorite locally 

leucosome magnetite laumontite 

rotated folia- rotated folia- rotated folia- displaced 

tions, porphyro- tions, porphyro- tions, s-c markers, Riedel 

clast wings clast wings, s-c fabrics, quartz fractures 

fabrics, shear fibers, Riedel 

bands fractures 

1.85-1.8 Ga 1.7-1.6 Ga? <1.6 Ga? <1.2 Ga? 

13, 14,20a 15, 16a, 17b, 16b,20c,22 21a,c 

20b-c, 21 a-b 
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Captions to photognwhic figures on the following pages 
· Fig. 13 a) Banded amphibolite with strongly extended and isoclilially folded plagioclase-rich veins. East 
is to the left. North of Madker, 14 km SSE of SMerhamn, 14H NV. The coin is 20 mm in diameter. 
b) Banded felsic gneiss with amphibolite layers. The banding is extended by conjugate plastic shear zones 
which formed during bulk east-west extension. The sinistral shear zone is slightly younger that the dextral 
shear zone. View looking towards the north. North ofMadker, 15 km SSE of SOderhamn, 14H NV. The 
lens cap is 55 mm in diameter. 
c) High-temperature, recrystallized shear zones on a vertical W (left) E (right) surface of migmatized 
early Svecofennian granite within the Hagsta Gneiss Zone (HGZ) between Hamrange and Ockelbo (cf 
Fig. 11). "Top-east" ( i e dextral strike-slip) is indicated by the shear zone asymmetry. Size of lens cap is 
60mm. 

Fig. 14 a) Pegmatite formation during shearing is shown in this protomylonitic orthogneiss. Small light 
spots are K-feldspar, larger light spots are aggregates of coarse K-feldspar and quartz which lie in zones 
defining early disrupted pegmatite veins. The late cross-cutting pegmatite is only slightly deformed by 
pinch and swell. View towards the northeast Vllstersjoberget, 14 km SE Los, 15F NO. 
b) Syntectonic pegmatite in gneissose Ljusdal granite. The S-fabric defined by large K-feldspar 
crystals within the pegmatite, indicates dextral shear in accordance with shear bands in the surrounding 
granite. Horizontal surface: NNW (left)-SSE (right).Norrbriinningen (cfFig. 11). 
c).Banded, early Svecofennian gneiss affected by high-temperature deformation along a zone 
associated with a positive, linear magnetic anomaly. The sheared, felsic dyke in the central part of the 
picture truncates the banding of the gneiss at a low angle. A thin dyke of pegmatite in the lower left 
part of the picture postdate the pronounced shear fabric. North of Lill-Handsjon 14 km ENE of Hackfu; 
(18ENO). 

Fig. 15 a) Felsic mylonite gneiss with grey plagioclase porphyroclast cores and white recrystallized 
plagioclase rims and tails. The asymmetry of the wings and shear bands demonstrates dextral shear sense. 
East-southeast is to the right Mansjoberget, 27 km SE Los, 15F NO. The coin is 20 mm in diameter. 
b) Protomylonitic augen gneiss developed in sheared Ljusdal granite. A sinistral sense of shear is 
indicated on the W (left) - E (right), horizontal surface. The coin is 20 mm. Close to sinistral shear zone 
within the Ljusdal Batholith SE of Sorsjon, 20 km W of Hassela (16GNO). 

Fig. 16 a) Plastic s-c fabric in Revsund granite. A SW (left side)-up sense of shear is indicated on the 
steep WSW (left) - ENE (right) surface. Size of lens cap: 60 mm. Lerno, 8 km E of Hackfu; (18E NO). 
b).Incipient brittle-plastic (or plastic?) deformation in Revsund granite. The two surfaces running across 
the picture are the result of intense grain-size reduction, and correspond to D-Riedels in Fig. 25a. 
Together with the grain-shape fabric (lower left to upper right) defined by the feldspar phenocrysts, they 
make up an S-C fabric indicating a dextral strike-slip component. Llngviken, 6,7 km E of Hackfu; (18E 
NO). 

Fig. 17 a) Weakly foliated, K-feldspar porphyritic ruitan granite. 8 km E of Svenstavik. The coin is 20 
mm in diameter. 
b) Same granite as in a) but with a strong mylonitic fabric. Porphyroclasts ofK-feldspar are still visible. 
View towards the north on a steep surface. Bingsta, 7 km E Svenstavik. The coin is 20 mm in diameter. 

Fig. 18 a) A post-Jotnian c 0,5 m thick dolerite sill (D) truncates the plastic fabric of the SEDZ, (steep 
broken lines) demonstrating that the plastic deformation here predates c. 1,25 Ga Road cut along Road 
E-14, 4 km south of Hackfu; (18E NO). 
b). Microphoto showing the dolerite (black) truncating the subvertical plastic SEDZ-fabric defined by 
grain shapes and biotite. In the sill, feldspar phenocrysts (white) define a magmatic flow foliation along 
the contact. The horizontal size of the picture corresponds to 5,8 mm. 

Fig. 19 a) Several quartz veins and one pegmatite dyke (lower left to upper right in the central part) in 
quartz diorite 6,4 km northeast of Svenstavik. Note the systematic orientation and consistent sense of 
shear indicated along veins, and that extension is indicated across the outcrop (i e transtension) in contrast 
to the general picture in the area (cf Fig. 26). NW (left) - SE (right) horizontal exposure SE of 
Skuckuviken, 6 km NE of Svenstavik (18E SO). 
b ). Brittle-plastic deformation in amfibolite along the Vikbiicksviken Fault Zone (VFZ). Dextral strike
slip is indicated in the horizontal WNW (left) - ENE (right) exposure. Lens cap is 60mm. Western shore 
of Lake Nakten, 0,5 km N of Tjamberget, 8,6 km NE of Svenstavik (18E SO). 
c). Epidotized, intensely deformed early Svecofennian- or Revsund granite along the VFZ. A SW (left)
up component is indicated by the clockwise rotation of fabrics into the almost brittle shear zones parallel 
to the pen. 0,5 km W ofUng-tjarnen, 9 km NNE of Svenstavik (18E SO). 

18 



. Fig. 20 a) Microphotograph of equilibrated texture in the high grade amphibolite in Figure 13 a). A 
foliation is defined by elongate hornblende and plagioclase grains. The horizontal size of the picture 
corresponds to 5,8 mm. Skallabergs-Stonnyran, 24 km SE Los, 15F NO. 
b). cr- (central left) and&. (central right) porphyroclasts in plastic mylonite developed along a dextral 
shear zone truncating a lens of Ljusdal granite north of the Ljusdal Batholith" Shear bands at a low angle 
to the WNW (left) - ENE (right) mylonite fabric running horizontally across the picture are developed in 
the lower part of the picture. The horizontal size of the picture corresponds to 5,8 mm. HAngelAn, 20 km 
N of Hennan (16G NV). 
c).A plastic, W (left) - E (right), pervasive, mylonitic fabric in Ljusdal granite is truncated by thin, 
sinistral shear zones (ENE- WNW) indicating that the sinistral zones are relatively younger. Compare the 
large-scale conditions in Fig. 7. The horizontal size of the picture corresponds to 5,8 mm. ENE, sinistral 
shear zone 1,3 km E of Karringberget, 29 km W of Hassela (16G NO). 

Fig. 21 a) Sinistral s-c-mylonite cut by cataclasite, in turn cut by discrete contractional microfault. The 
protolith is a metaarenite. Shore of lake Havem at LOten, 17 km SSE Haverfi, 17F SV. The long 
dimension of the photograph is 18 mm. 
b) Close view of central part of a). Light bands consist of ribbon quartz and the asymmetric plagioclase 
porphyroclasts are postkinematically sericitized. A magnetite grain in the upper left comer has a 
sigmoidal shape corroborating the sinistral movement. Late oxide filled fractures cut the mylonitic 
foliation at a high angle. 
c) Close view of cataclasite in a). Rotated angular to slightly rounded mylonite fragments lie in a fine 
grained matrix of recrystallized fault gouge. 

Fig. 22a) Pseudotachylite vein in amphibolite along the VFZ. Lens cap is 60mm. Location as in Fig. 19c. 
b) Recrystallized pseudotachylite with fragments and a faint flow banding in an apophyse intruding across 
the mylonitic foliation of the host rock. Shore of Lake Havem at the county border, Rlisbacken, 15 km 
SSE Haverli, 17F SV. The long dimension of the photograph is 5 mm. 
c) Recrystallized pseudotachylite with fragments and carbonate filled amygdules indicating formation at a 
high crustal level. Same sample as in b).The long dimension of the photograph is 1.4 mm 

Northern part (Svenstavik -Hackds): The distribution of rocks within the SEDZ in the 

Svenstavik-Hacki!.s area (Fig. 2) is essentially controlled by deformation. According 

to the county map (Lundegfildh et al. 1984) thin slices of NNW-SSE, steep-dipping 

(this study) Svecofennian gneissose granitoids and amphibolites, with interleaved 

minor occurrences of supracrustal rocks, characterize a c. 10 km wide zone between 

Lakes Storsjon and Nakten. The geometry of a strike-slip duplex or the deeper levels 

of a flower structure is indicated.The county map also indicates that rocks in a c. 

60km wide belt (Svenstavik- Lake Ismunden) have been affected by NNW-SSE 

deformation zones. If this is the case, the magnetic signature of that deformation is 

obscured by the post-Jotnian sills to the east of the SEDZ. 

The few contacts recorded between various rock types in tne Svenstavik

Hacki!.s area, are often tectonized and probably tectonic in most cases. Internally 

however, all units are not pervasively affected by deformation; well preserved meta

cumulate (?) rocks, minor occurrences of metasediments and, in particular, various 

granitoids have also been recorded. Some coarse grained feldspar porphyritic granites 

are very similar to parts of the Revsund Granite to the east of the SEDZ, although 

they are referred to as Early Svecofennian Granitoids probably because they are more 
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. or less deformed (LundegArdh et al. 1984). The traditional differentiation between 

granitoids in this (and other areas) is based on the assumption that the postkinematic 

(with respect to regional deformation) Revsund (and Ratan) granitoids are isotropic. 

This study demonstrates however, that such a premise is not valid along the SEDZ 

because plastic and brittle-plastic deformation have affected all generations of 

granitiods. Consequently larger volumes of Revsund granite may occur within this 

part of the SEDZ than shown on the the published map. 

The magnetic signature of the SEDZ on regional maps is charaterized by SSE

wards converging bands of positive magnetic anomalies (Fig. 3). The pattern 

indicates high strain, but generally lacks the indications of apparent sense of shear 

which are typical further to the south. On the detailed 1 :50 OOO aeromagnetic maps 

(18E NO and SO), the SEDZ is well defined by a banded magnetic pattern including 

the presence of isoclinal folds. To the west of the deformation zone, a few, some 

kilometres long NE-SW and N-S striking shear zones (apparent dextral) are indicated 

within the Ratan granitiods. In the Revsund granitiods, an in included older 

Svecofennian rocks, the banded magnetic pattern indicates more pervasive 

deformation (Fig. 23). 

High-temperature gneiss zones (the first type I in table 1) appear to be rare in the area 

between Lakes Storsjon and Nakten, where the most obvious expression of the SEDZ 

is localized with respect to the aeromagnetic signature and studies in the field. Com

posite microstructures in mylonitized rocks indicate that intense overprinting by later 

deformation has obscured the early pattern. In such mylonites strain-free high

temperature domains with triple points developed between crystals, exist together 

with lower temperature structures like ribbon- and dynamically recrystallized quartz 

and cataclastically deformed feldspars. The low-temperature fabrics are often 

accompanied by the formation of epidote and/or white mica and/or chlorite, and 

locally pseudotachylite. 

To the east of that zone however, in the area dominated by Revsund granite , 

high-temperature deformation zones are defined by linear positive magnetic 

anomalies. The gneissose fabric in these zones is completely recrystallized and 

therefore lacks microstrutural indications of strain. Porphyroblasts of magnetite are 

visible in some outcrops along such anomalies. 

Felsic, partly pegmatitic dykes truncate this generation of deformation zones. 

(Fig. 14c). A 0,5m thick sill ofpost-jotnian dolerite south of HackAs truncates the 

plastic pattern charaterized by the second group of mylonites within the SEDZ (Fig. 

18a, b) ; consequently these dolerites also truncate the gneiss zones. 

The kinematics of plastic mylonites within the deformation zone show no 

consistent pattern. Both normal and reverse dip-slip components are indicated, 
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Figure 23. Banded magnetic pattern (thin lines) interpreted from the 1:50 OOO aeromagnetic map 18E 
Riltan SO covering the northernmost parts of the SEDZ. Only the distributions of Ratan and Revsund 
granitoids are shown in the Precambrian parts (modified after LundegArdh et al. 1984). Some shear 
zones apparent in the aeromagnetic pattern are indicated with inferred senseof shear (arrows). 
Note that major shear zones are indicated also within the Ratan granite (e. g. south of Svenstavik) 
and that the most pervasive deformation is indicated within the Revsund granite and older Svekofennian 
units. S= Svenstavik, Ss= Storsjan, N=Nakten, VFZ=Vikbacksviken Fault Zone (cfFig. 2). The inter
preted area is 25x25 km. 



possibly with a dominance of the former (Fig 24c). Stretching and mineral lineations 

vary along the strike of the deformation zone, from shallow plunge (large strike slip 

component) to steep plunge (large dip-slip component) (Fig. 24b). The overall picture 

indicates a large dip-slip component which is similar to conditions further to the south 

(cf Fig. 28). 

A confusing pattern with respect to the plastic deformation is that many early 

Svecofennian rocks appear to be L-tectonites rather than S-L tectonites, in cross

sections parallel to the stretching lineations. Kinematic indicators are often con

tradictory, showing west-up and east up in the same section. In horizontal sections 

however the kinematic pattern is often simple, although the sections are more or less 

perpendicular to the supposed direction of transport (if defined by the stretching 

lineation) and therefore should be unsuitable for kinematic analysis. This may suggest 

that a pure shear component is important in some "vertical sections" which is 

supported by the recognition of symmetric boudinage structures. Such domains may 

either represent Svecofennian, pre-SEDZ deformation or that there was a large 

component of pure shear contemporaneously with shearing (i e transpression), in 

agreement with a recently presented theoretical strain model concerning 

transpressional orogens (Tikoff & Teyssier 1994). In the younger rocks (Revsund and 

in particular Ratan granitoids) the fabrics are generally simpler to interpret. 

Brittle-plastic deformation zones show a relatively simple pattern, although 

some problems to collect and interpret data are discussed below: Pre-existing 

foliations in the various Early Svecofennian rocks rotate clockwise into dextral, 

generally steep-dipping NNW-SSE shear zones (Fig. 24a, d). Slip-lineations on 

movement surfaces are shallow plunging, indicating dominantly strikeslip. Measured 

and constructed (on stereogrammes) intersection lineations generally have a steep 

plunge consistent with strike-slip (Fig, 24f, cf Fig. 25 and below). 

Although the frequency of outcrops is comparatively high in the area, many 

are made up by flat two-dimensional surf aces not appropriate for structural analysis. 

By careful examination of incipient deformation in such outcrops however, kinematic 

indications were studied as follows: 

The incipient brittle-plastic deformation in coarse granitoid is characterized by the 

development of thin (mm-cm) surfaces exhibiting intense (mainly) brittle grain size 

reduction off eldspar and plastic deformation of quartz (Fig. 16b ). The apparent sense 

of shear along such zones and their orientation define a Riedel system (Fig. 25a ). If 

these zones intersect along steep lineations this is taken to indicate strike-slip, while 

the over all sense of shear is determined by the configuration and sense of shear along 

individual Riedel surf aces. 

The principal axes of the strain ellipsoid derived from conjugate dextral and 

sinistral shear zones (Fig. 25b) recorded in eight outcrops indicate NE-trending short 
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Figure 25 

Conjugate Riedel shears 
in brittle-plastic deformation zones 
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Figure 25. Conjugate Riedel shears in brittle plastic shear zones. a). The major surfaces developed at incipient 

deformation are D. P, Rand R'. All but R'have the same sense of shear (dextral) in the system. 

b ). Determination of principle stresses based on the orientations of the conjugate surfaces R and R 'and the sense 

of shear along both surfaces. 



axes (Z), vertical intermediate axes (Y) and NW-trending long axes (X). If the 

orientation of the strain axes are considered to approximately correspond to the 
orientation of principal stresses, compression (CJl) at a high angle across the SEDZ is 

indicated contemporaneously with dextral shear, i e transpression (Figs. 26a,b). Local 

transtension is indicated by the systematic orientation and kinematics along a system 

of quartz filled fractures in the Bingsta area (Fig. 19). These structures however are 

developed in an anomalous structural domain; the pressure shadow NW of a c 2x6km 

competent lens of Ratan granite. 
A very important feature, not shown in the figures, is that O'l (maximum 

compression) bisects the obtuse angle, and 03 (maximum tension) the acute angle 

between conjugate shear zones. This demonstrates that the overall character of the 

deformation is plastic and that the brittle contribution may have been overestimated. 

This is easily done when incipient deformation is focussed and in particular when 

large feldspar phenocrysts have been studied. 

A major deformation zone in the area showing plastic mylonites 

overprinted by brittle plastic, pseudotachylite- and epidote-bearing mylonites, is the 

Vikbacksviken Fault Zone (VFZ) (Figs. 2, 23) which appears to be linked to the 

Hennan zone to the south. Possibly laumontite has been recorded as fracture fillings 

in the VFZ indicating 200-300C I <300MPa ("very low grade", Winkler 1979). 

Central and southern part: Dominantly plastic mylonites within the SEDZ exhibit a 

pronounced schistosity defined by quartz plates, preferred orientation of recrystallized 

grains and aggregates of quartz and mica and flattened feldspar aggregates. The 

foliation is locally folded due to progressive shearing. Fold axes and stretching 

lineations commonly trend close to the dip direction of the foliation. The stretching 

lineation varies from weakly to very strongly developed and is defined by the 

elongation of aggregates and individual grains of quartz, feldspar and mica. 

Both western side up and eastern side up movement has been recorded in 

mylonites (Figs. 27, 28). In the Havero area (Fig. 28 c) most mylonites show movement 

up the dip, i.e. western side up or eastern side up reverse movement. In other areas this 

pattern is not as clear but there is a slight dominance for western side up reverse 

Fig. 27. Results of kinematic analysis of plastic shear zones plotted a map with mylonite-related linear 
positive magnetic anomalies and boundaries of the Revsund and Riitan granitoids. Circles denote 
dominantly dip-slip movement and arrows show dominantly strike-slip movement Steep motion is 
clearly more common within the zone while strike-slip motion dominates outside the zone. 

Fig. 28. Stereograms of plastic dip-slip mylonites within the SEDZ. Note that the strike of measured shear 
zones deviates from the strike of the SEDZ. Their orientation appears to be controlled by the strike slip 
component of dextral transpression while their finite slip direction results from the shortening component 
across the SEDZ. In the northern part (b-d) stretching lineations vary in trend across the zone while in the 
south (e-f) they vary in plunge along the zone. 
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Figure 26 

Brittle-plastic shear zones Storsjon-Nakten 
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Figure 26. a). Orientation of principal stresses crl, cr2 and cr3 based on the assumption that they are approximately 
parallel to principal strain axes derived from conjugate shear zones. The result indicates contraction at a high angle 
to the SEDZ (schematically outlined in b), and extension at a low angle to the zone. Such conditions are typical for 
transpression. b) Some characteristic structures related to dextral transpression: C=direction of contraction with 
related reverse faults: E=extension with related extensional faults indicated. 



yl 

• 

Figure 27 

Kinematics 
of plastic 

shear zones 

+ 

cHennan 

cLjusdal 

o Eastern side up 
• W estem side up 
' Dextral 
r Sinistral 



Plastic dip-slip 
shear zones 

·; . 
\•' ·~~ 
q~ 

• 
o Eastern side up 
• Western side up 

aa 
r:.f!la 

ea a a-
.- CIJ'i..a'!:! 

a a 

• Unspecified shear sense 
a Mineral- and stretching lineation 
• Shear band - · 

= 

Figure 28 

a 

CCI 

• ••• • • • . , . • • "I 
•• • oJ a d 

a • 
a 

a 

a a a 
'"' J.'l • at'a'::I 
'Dg, a • a -
ea 

gr· .... 
00 •• 

o • a • 
o" • 

a 
D.J Cl .. 



. movement in the data set. The mylonitic foliation generally strikes oblique to the main 

shear zone as demonstrated both in the orientations of magnetic lineaments and on the 

stereograms of Figure 28. As the main shear zone bends from north-northwest-south

southeast to north-south near KAroole the mylonitic foliation also rotates (compare for 

exampie Figures 28 c and f). The orientation pattern of the generally steep stretching 

lineations also changes along this bend. North of it the plunge of the stretching lineation 

varies most across the general shear zone direction, south of it the plunges vary along 

the shear zone and most plot in the northwest quadrant. 

Outside the shear zone in the Havern area, foliations vary in orientation but often 

dip moderately. In the vicinity of shear zones the foliations steepen and moderate dips 

are rare. A minor splay of the main shear zone is indicated in the eastern part where 

foliations steepen. This is confirmed by the aeromagnetic map, where there are narrow 

northeast-striking linear anomalies typical of mylonites in the area. This illustrates that 

unexposed shear zones can be identified and localized by analyzing foliation orientation 

variations on maps. 

The textures and mineral assemblages suggest that these mylonites formed under 

greenschist fades conditions. In thin section quartz grains show undulose extinction and 

feldspars are fractured and sericitized or more rarely have recrystallized mantles and 

asymmetric wings. Posttectonic pinitization of cordierite and sericitization of feldspar 

porphyroclasts is common in mylonites in the Havero area. Posttectonic growth of white 

mica is also common. Biotite is either recrystallized or more or less replaced by chlorite. 

Secondary magnetite and/or sphene have been observed as products of 

chloritization. They appear as well-shaped posttectonic porphyroblasts or as por

phyroclasts in sheared chlorite. In extreme cases, up to 1 cm thick magnetite 

(+hematite) veins formed. The recognition of chloritization and formation of secondary 

magnetite in mylonites has very important implications for the interpretation of 

aeromagnetic maps. The banded pattern on these maps is due to this neomagnetization 

associated with mylonitization, but stretching of already magnetic bodies is probably 

also significant. 

Brittle-plastic mylonites are associated with persistent low magnetic lineaments. 

The magnetic susceptibility is low in almost every measured outcrop. A type locality for 

brittle-plastic mylonites is found 6 km NW of Havero (Morthfilet). Characteristic 

epidotization gives these rocks a greenish colour. Quartz veins and pods are common 

along a more or less well developed anastomosing cleavage or at a small angle to it. The 

cleavage (pressure solution and/or fracture cleavage?) is heterogeneously developed and 

variable curved or offset markers across it suggests mixed brittle and plastic defor

mation. A gently plunging stretching lineation is only locally visible but steep 

intersections of Riedel fractures and shears suggest dominantly strike-slip movement. 

Dextral serise of shear is most commonly found in this type of mylonite. 
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Another well exposed locality of this type of mylonite is found in a gravel pit 5 

km southeast ofEdsbyn (Klon). There a more than 10 metres wide banded mylonite

ultramylonite cuts a felsic gneiss. S-c fabrics show oblique sinistral-southwestern side 

up movement. This zone strikes west-northwest and is related to a regional low 

magnetic lineament which coincides with the southern termination of the banded 

magnetic pattern of the SEDZ. 

In thin section quartz shows undulose extinction and recrystallization and a well 

developed s-c fabric is common, whereas feldspar deforms in a brittle way. Micro

fractures are ubiquitous. Biotite and feldspar are retrogressed to a chlorite-epidote

carbonate assemblage. 

Pseudotachylite is often associated with this type of mylonite. Their textures 

include amygdules (up to 5 mm in size), microlites, included fragments of wall rock, 

flow banding and intrusive apophyses (Fig. 22). The pseudotachylite veins rarely 

exceed 3 cm in thickness. 

Poorly exposed cataclasites are confined to topographic and low magnetic 

lineaments. These non-foliated rocks contain angular fragments of various sizes in a fine 

grained matrix. 

Analysis of strain and displacement (plastic deformation) 

Displacement from rotated foliations. In order to constrain the orientations of the 

principal strain axes and the displacement along deformation zones at various times we 

have applied several different techniques. Ramsay & Graham (1970) showed how the 

minimum amount of displacement of a ductile deformation zone on any scale could be 

quantified. The rotation of planar markers through a shear zone formed by 

heterogeneous simple shear is analyzed according to: 'Y = cot a - cot a', where "{is the 

shear strain, a is the orientation of a planar marker outside the shear zone and a' is the 

orientation of the rotated marker. From such data a shear strain vs. distance plot is 

constructed from which the displacement can be obtained. From the foliation data on 

published maps (Delin & Aaro 1992) and own measurements collected in the KA.roole 

area we made three profiles across the deformation zone (Fig. 29). From an 

approximately east-west orientation outside the shear zone, foliations rotate clockwize 

up to 65-75° to the centre of the zone. Conservative estimates of displacement (the areas 

under the curves) are between 15.5 and 16.9 km in the three profiles. The data implies 

shear zone thicknesses of 10-20 km. The lower values are obtained where the western 

margin of the shear zone is truncated by a later fault or where the Ratan granite is 

entered before the shear strain approaches zero. Obviously it is critical to define the 

margins of the zone, i.e. where the foliations are unrotated. Since country-rock 

foliations are somewhat variable this margin can not be very accurately defined. Even 

more conservative estimates based on the assumption that the more or less pronounced 
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Figure 29. Strike line map of the KArbOle area showing the shear zone boundaries with grey lines and the centre of 
the shear zone with a dotted line. The sections A, B and C are shown with corresponding plots of shear strain versus 
distance and minimum displacement (D) estimates according to Ramsay & Graham (1970). 



plateaux in the diagrams represent unstrained orientations, yield displacements of 6.9-

11.4 km. On the map in Fig. 29, traces of the shear zone boundaries and maximum shear 

strain are indicated. The shift of the latter towards the west possibly indicates that the 

shearing was influenced (or even caused) by the intrusion of the 1.7 Ga old Ratan 

granitoid batholith. A few observations of sheared Ratan granitoid at the batholith 

margin or in satellite massifs further north support this interpretation. 

Dimensions and displacement. The displacement-thickness data obtained from the 

analysis above is plotted in Fig. 30 A (squares) together with an analysis from an 

outcrop-scale one metre thick shear zone in weakly foliated granite with a displacement 

of 0.4 m. The diagram includes data from mylonite zones in several other orogens 

(circles, compiled by Hull 1988). Plastic mylonites have been recorded along the SEDZ 

for c. 150 km. This minimum figure is taken as the width of the zone, combined with 

the displacement data above and plotted (squares, Fig. 30 B) together with data 

compiled by Watterson (1986, circles). 

Net slip from offset markers. It is rarely possible to be able to determine the net slip on a 

large deformation zone using displaced linear markers. However, this is possible in the 

Los area where a gently plunging isoclinal fold with a steep axial surface in a well 

characterized volcano-sedimentary sequence is displaced . From the map pattern and 

with stratigraphic considerations, Lundqvist (1968) suggested a dextral separation of 9 

km with a minor vertical component. The mylonites exposed in the area are dip-lineated 

so the observed separation is obviously the sum of different movements, of which the 

most important remains to be found in outcrop. 

Shape and orientation of strain ellipsoid. A qualitative strain analysis in the Havero area 

was made by comparing the orientations and kinematics of mesoscale shear zones with 

the results of Gapais & Cobbold (1987). They presented a model involving slip along 

inextensible fibres and sheets. Preferred orientations of slip surfaces track surfaces of no 

finite extension and slip directions track directions of large shear in the bulk strain 

ellipsoid. Predictive diagrams were presented for given k- and r-values. The analysis of 

the Havem data indicates that the shear zones accomodated a bulk non-coaxial 

deformation of flattening type (O<k<0.4) with a subvertical X-axis and a northwest

southeast striking XY-plane of the strain ellipsoid. The data is asymmetric, indicating 

southwestern-side-up during bulk transpressive shear. 

Stress orientations from brittle-plastic mylonites. In low-grade brittle-plastic mylonite 

zones minor conjugate strike-slip shear zones or shear fractures are common. Their 

widths and separations are in the order of millimetres or centimetres. A few well 
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Figure 30. Displacement estimates versus dimensions in this study (filled squares) compared to other work (open circles): 
A) displacement-thickness plot with data from Hull (1988), and 
B) displacement-width plot with data from Watterson (1986). 



exposed outcrops or small outcrop areas were selected for detailed orientation 

measurements of different sets of these small strike-slip movement zones. As for higher

grade zones there is a systematic distribution of these zones on stereograms and it is 

commonly straightforward to make an approximate determination of the orientations of 

the principal planes that separate the dextral and sinistral groups. 

At one locality 6 km NW of Havero (Morthfilet) the distribution of dextral and 

sinistral zones constrain a north-south to northeast-southwest directed shortening 

direction (Fig. 31). Considering the distribution of quartz veins a north-south oriented 

shortening is indicated. The field relations of these veins and parallell epidote-filled 

veins corroborate their intimate relation with the brittle-plastic deformation. The angle 

between the average sinistral and dextral zones is close to 90°. 

Analysis of an area northwest of HamrAnge (M6rtsj6n, Fig. 31) near a prominent 

regional northwest striking low magnetic lineament gave a slightly different result. The 

maximum shortening direction is gently plunging and has a trend of c. 220°. This is the 

bisector to the obtuse angle between the average sinistral and dextral groups. The angle 

is 110°, indicating more ductile conditions here than in the former locality. This appears 

to be in conflict with the impression from lineament interpretation that the west

northwest zone is younger than north-south zones near Edsbyn. The east-west oriented 

quartz veins (a regional phenomena in this area) do not match the kinematic pattern. The 

presence of cavities in some of them suggests that they may be related to a younger 

event of north-south extension. 

AGE OF DEFORMATION 

Deformation ages relative to known geological events 

The oldest group of mylonites are recognized by their intimate relation to regional folds, 

their synmetamorphic textures and the fact that they are older than or synchronous with 

pegmatites. Protolith ages and the age of the postmetamorphic Harno granite brackets 

these mylonites to the time interval c 1.85-1.82 Ga. 

The dominantly plastic mylonites within the SEDZ deform the 1.7 Ga Ratan 

granite and they are older than crosscutting 1.2 Ga dolerites (Fig. 18). The brittle-plastic 

mylonites probably formed soon after the plastic mylonites within the SEDZ, but their 

pre-1.2 Ga age can only be inferred. The fact that topographic lineaments continue into 

the Caledonides show that brittle reactivation of the SEDZ occurred in the Phanerozoic. 

Possibilities of absolute age determination 

The high-temperature mylonites provide the best opportunity for radiometric age 

determination. In rocks with suitable compositions and fabrics (Fig. 20a) metamorphic 

sphene, monazite or zircon can be extracted and dated. A project to achieve this has 
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been initiated together with S. Claesson and K. Hogdahl at the Museum of Natural 

History in Stockholm. 

In some retrograde plastic mylonites, sphene formed during syntectonic 

chloritization. The same method could be applied to these rocks. A cooling age after this 

defonnation could be obtained by applying the 40 Ar-39 Ar method to posttectonic white 

mica. 

In mylonites which are dominated by brittle deformation mechanisms, 

ultramylonitic layers can be dated using the Rb-Sr thin slab technique. Samples for such 

analysis have been collected in the above mentioned project. 

DISCUSSION 

One of the main enigmas with the SEDZ is the swing of foliation in adjacent rocks, 

which indicate dextral strike slip, but the overwhelming dominace of plastic dip slip 

mylonites. The dextral brittle-plastic mylonites are unlikely to have caused the dextral 

foliation swing so other possibilities must be explored. Either the dextral swing and dip

slip mylonites were formed at different times (with little mesoscopic record of the 

former) or they are the expressions, on different scales, of bulk transpressional 

defonnation. This kind of deformation was suggested by the Gapais & Cobbold (1987) 

analysis above and the interpretation of the SEDZ as a transpression zone is supported 

by the results of Tikoff & Teyssier (1994). The oblique strike of individual dip-lineated 

mylonite zones with respect to the main direction of the SEDZ may indicate that the 

strike is controlled by dextral simple shear but the slip reflects pure shear across the 

zones. The change in the pattern of stretching lineation plunges on either side of the 

bend near KA.roole, could reflect a change in the relative importance of simple shear 

versus pure shear due to the change in orientation of the SEDZ. 

The fact that the SEDZ broadly follows the boundary of the Ratan granitoid 

batholith suggests some causal relationship between the two. It was shown above that 

the maximum shear strain in the SEDZ is shifted towards the batholith. This effect may 

be caused by the batholith margin acting as a rigid boundary during shearing, or that the 

intrusion occurred simultaneously with the shearing, thereby also affected it. Both 

possibilities are consistent with observations of mylonitized Ratan granitoid. The latter 

alternative is favoured because it provides a heat source which facilitates strain 

localization, and also opens the possibility of ballooning as a mechanism for shortening 

across the zone. 

The relationship between the dextral strike slip zone along the northern margin 

of the Ljusdal Batholith and the SEDZ is not obvious. Kinematically, it is possible that 

both formed due to approximately north-south bulk regional shortening. The similarity 

in mylonite textures also allow this possibility. On the other hand the strike slip zone 

swings towards northwest approaching the SEDZ, in the same manner as the foliation 
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further south, which could suggest that is is older. In both cases the difference in 

· kinematics of the plastic deformation is very significant; a dominance of dip-slip in the 

SEDZ and strike-slip along the northern margin of the Ljusdal Batholith. This 

difference may reflect that transpression dominated along the SEDZ contemporaneously 

with or after strike slip (wrench conditions) along the northern margin of the Ljusdal 

Batholith. In both cases the likely cause of the difference is the Ratan granitoid. This is 

further supported by the fact that most plastic shear zones investigated here, that are 

remote from the Ratan granitoid (Mellanfjarden, Ljusne, TonnAnger, Hagsta) appear to 

be dominated by strike slip. We aim at constrainig the timing of deformation in various 

zones by direct or indirect dating within the project carried out in collaboration with 

Claesson/Hogdahl. 

By integration of the observed mylonite fabrics we have established a regional 

kinematic pattern. This deviates[~¥'fonsiderably from previous suggestions. Most 

obviously because the occurrenc~ or'~ajor reverse faults (or thrusts) to the north or to 

the south of the Ljusdal Batholith has not been verified. In addition, the dip-slip 

kinematic conditions recorded along the SEDZ is much more complex than the dextral 

strike-slip pattern apparent on aeromagnetic maps. 

Some of the results obtained and the methods applied are easily put into practice 

during prospecting or regular mapping. Mineral explorers need to identify shear zones 

as potential conduits and traps of metal-rich fluids. By defining the kinematic pattern 

locally and regionally, it is possible to predict the orientation and character of potential 

conduits and traps, e. g. tensile quartz veins or tensile areas. We have also shown how 

analysis of changes in orientation of foliation and interpretation of linear magnetic 

anomalies can be used to identify and localize shear zones. To make it possible follow a 

particular rock unit across a shear zone, determination of shear sense and amount of 

displacement is important. If e.g. the Al-rich gneisses of the EnAsen gold deposit extend 

along strike, their continuation west of the SEDZ should be sought for as far north as in 

the area east or northeast of Ratan. 

We have also emphasized the possibility to interpret aeromagnetic patterns in 

more detail when conditionfre favourable , i. e when magnetic signatures of various 

rocks are distinct and map views represent appropriate cross-sections. Our experience is 

that much information can be gained by a close comparison of the attitude and structural 

style of mesoscopic folds and shear zones with the expression on aeromagnetic maps of 

the large-scale structures which they are part of. 
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PART II: METAMORPHISM 

The main purpose of metamorphic studies was to investigate if metamorphic breaks 

were caused by the deformation zone. The quantification of postmetamorphic 

movements is a valuable complement to other methods of determination of 

displacement. In order to make such a study there must be rocks with a suitable bulk 

composition for growth of indicative metamorphic minerals, exposed across the 

deformation zone. 

Previous work on metamorphic conditions 

The temperature-pressure conditions in the Bodsjo area (NNW ofHavero) were 

estimated to 650-700°C/300-450 MPa in the assemblage cordierite-sillimanite-biotite

K-feldspar-quartz in migmatized paragneiss (Ginet 1980). Garnet-biotite Ko-values of 

0.21-0.33 (corresponding to temperatures above 600°C) were presented from the 

northern parts of the county of Hfilsingland (i.e. between Ramsjo and Gnarp ). From 

EnAsen, gamet-biotite temperatures of 600-650°C have been reported (Nysten & 

Annersten 1984) and quartz-magnetite oxygen isotope thermometry yielded 640°C 

(Hallberg 1993b). The presence of orthopyroxene indicates high-grade conditions. Two 

orthopyroxene localities reported in Lundeglirdh (1967) and Lundqvist (1990) are 

indicated with stars in Figure 2 together with some new localities (both in metapelitic 

and mafic rocks) found during this work. 

Sampling and analytical procedure 

Two areas were selected for sampling, the Los-Edsbyn and Havero-Ramsjo areas (Fig. 

32). Sample spacing was mainly governed by the presence of appropriate exposures but 

the general aim was a spacing of 1-2 km. Thermobarometers are calibrated almost 

exclusively for garnet-bearing assemblages and these were sampled mostly in 

migmatized pelitic gneisses but also in granitoids. For reference, mafic rocks (without 

garnet) were also sampled, mainly in the Los-Edsbyn area where they are abundant. 

All samples were examined in thin section, but only samples with equilibrium 

textures and lack of extensive retrogression were chosen for microprobe analysis. 

Emphasis was also put on assemblages suitable for as many different thermobarometers 

as possible (low variance assemblages). Mineral compositions were determined on 

carbon-coated thin sections with a CAMECA SX 50 electron microprobe at the Institute 

of Earth Sciences, Uppsala University, Sweden, with an accelerating voltage of 15 kV 

and a beam current of 12 nA, using synthetic standards. 
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Figure 32 

,. 

Figure 32. Geological map with locations of samples used for pressure-temperature analysis. 



Assemblages and textures 

The analyzed samples contain garnet-plagioclase-biotite-quartz ±K-feldspar ±sillimanite 

±cordierite. In the Los-Edsbyn area a few samples also carry hornblende and one 

metapelitic sample near Ramsjo contains ferrohypersthene. Kyanite has not been 

observed. 

Garnets can be several centimetres in diameter and are anhedral. Some have 

embayed boundaries and inclusions are common. Quartz is the most common inclusion 

phase but also biotite, oxides, cordierite, sillimanite and plagioclase have been recorded. 

Inclusions are concentrated in zones in some samples, usually in the core. Where 

inclusion trails are developed they are commonly parallell and continuous with the 

external gneissic foliation indicating post-tectonic growth. The latter also applies to 

elongate crystals which have grown along the foliation. In some samples the inclusions 

are smaller than the matrix phases indicating a late matrix coarsening which could be 

due to continued heat supply after porphyroblast growth. Cordierite-quartz symplectites 

have been observed. Perchuk et al. (1985) interpreted such symplectites together with 

the appearance of orthopyroxene and K-feldspar as representing a prograde stage in the 

metamorphic evolution. 

In some samples cordierite forms coronas around garnet. Experimental and 

thermodynamic investigations of the reaction: garnet + sillimanite + quartz = cordierite 

show that cordierite forms due to release in pressure (Holdaway & Lee 1977, 

Martignole & Sisi 1981). 

Mineral compositions and garnet zoning patterns 

To obtain the mineral compositions representing as close as possible the metamorphic 

peak, garnet cores, plagioclase cores and small shielded biotites were analyzed. Only 

these compositions were used in thermobarometric calculations. For reference, also rims 

and biotites in contact with garnet were analyzed. The compositions of cordierite, 

orthopyroxene and hornblende were also determined. Representative garnet, biotite and 

plagioclase compositions from microprobe analyses are presented in Table 2. 

In the Havero-Ramsjo area the almandine garnets have grossular contents of 3-8 

% and pyrope contents of 12-17 %. East of the "Hennan line" pyrope contents of up to 

22% have been recorded. Garnet zoning patterns (Fig. 33) show a consistent Fe

increase, usually accompanied by Mn, from core to rim. Mg decreases slightly and Ca is 

usually constant. Plagioclase cores have compositions between An27-An43 with similar 

or slightly lower anorthite contents at the rims. The Ti02-rich (2.2-5.4%) biotites have 

100 Fe/Fe+ Mg values (FM) of 53-62. 

In the Los-Edsbyn area there are two groups of samples, one with "normal" 

pressure-temperature values and one with apparent high pressures (see below). The 

"apparent-high-pressure" rocks have variably grossular-rich (8-22 %) and relatively 
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Table 2 a). Representative microprobe analyses of garnet cores. 

Havero-Ramsjo 

Sample# 93:40 93:33 93:35 93:36 91:23 93:97 93:101 93:164 93:159 

Si02 36,98 36,23 36,95 36,42 36,82 36,53 36,66 37,59 37,24 

Al203 20,89 21,12 21,26 21,32 20,64 21,08 21,10 21,08 21,14 

FeO 35,05 35,46 33,80 34,82 35,07 35,35 34,88 34,41 33,81 

MnO 2,69 1,83 1,60 2,12 1,68 1,63 1,19 1,00 0,88 

MgO 3,10 3,50 4,03 3,16 3,58 4,07 4,42 4,09 5,13 

CaO 0,99 0,99 1,87 1,30 1,95 0,84 1,05 1,82 0,98 

Total 99,70 99,13 99,51 99,13 99,75 99,50 99,32 100,01 99,17 

Si 5,99 5,90 5,95 5,92 5,96 5,91 5,92 6,01 5,98 

Al 3,99 4,06 4,03 4,09 3,94 4,02 4,02 3,97 4,00 

Fe 4,75 4,83 4,55 4,74 4,75 4,79 4,71 4,60 4,54 

Mn 0,37 0,25 0,22 0,29 0,23 0,22 0,16 0,14 0,12 

Mg 0,75 0,85 0,97 0,77 0,86 0,98 1,07 0,98 1,23 

Ca 0,17 0,17 0,32 0,23 0,34 0,15 0,18 0,31 0,17 

Total 16,02 16,07 16,04 16,03 16,07 16,07 16,07 16,01 16,03 

Alm 0,79 0,79 0,75 0,79 0,77 0,78 0,77 0,76 0,75 

Sps 0,06 0,04 0,04 0,05 0,04 0,04 0,03 0,02 0,02 

Prp 0,12 0,14 0,16 0,13 0,14 0,16 0,17 0,16 0,20 

Grs 0,03 0,03 0,05 0,04 0,05 0,02 0,03 0,05 0,03 

Analysis# T69 T75 T54 T32 5 32 T29 52 T45 

Los-Edsbyn 

Sample# 91:177 91:183 92:91 92:96 92:110 92:101 92:120 92:80 92:81 92:119 92:123 92:124 

Si02 36,32 36,59 36,40 36,26 37,16 36,50 37,08 36,72 36,81 36,13 36,68 36,23 

Al203 20,80 21,14 20,45 20,96 20,63 21,13 20,81 20,60 20,83 20,65 20,74 20,48 

FeO 34,26 32,68 32,31 34,52 26,54 35,20 29,70 27,06 35,09 34,68 30,51 30,98 

MnO 4,56 6,26 4,41 3,21 8,17 1,87 3,81 6,11 2,25 2,09 5,18 3,79 

MgO 2,09 2,66 2,04 3,39 3,91 3,67 2,21 1,27 3,39 1,62 1,71 1,90 

Cao 1,85 0,72 3,28 0,74 2,90 1,24 5,93 7,59 1,14 4,65 5,10 5,82 

Total 99,87 100,06 98,90 99,08 99,36 99,60 99,54 99,34 99,52 99,82 100,02 99,22 

Si 5,92 5,93 5,97 5,92 5,99 5,91 5,98 5,97 5,97 5,90 5,95 5,92 

Al 4,00 4,04 3,95 4,03 3,92 4,03 3,96 3,95 3,98 3,98 3,96 3,94 

Fe 4,67 4,43 4,43 4,71 3,58 4,77 4,01 3,68 4,76 4,74 4,14 4,23 

Mn 0,63 0,86 0,61 0,44 1,12 0,26 0,52 0,84 0,31 0,29 0,71 0,52 

Mg 0,51 0,64 0,50 0,83 0,94 0,89 0,53 0,31 0,82 0,39 0,41 0,46 

Ca 0,32 0,13 0,58 0,13 0,50 0,22 1,03 1,32 0,20 0,81 0,89 1,02 

Total 16,06 16,04 16,05 16,06 16,05 16,07 16,03 16,06 16,04 16,11 16,09 16,11 

Alm 0,76 0,73 0,72 0,77 0,58 0,78 0,66 0,60 0,78 0,76 0,67 0,68 

Sps 0,10 0,14 0,10 0,07 0,18 0,04 0,09 0,14 0,05 0,05 0,12 0,08 

Prp 0,08 0,11 0,08 0,14 0,15 0,14 0,09 0,05 0,13 0,06 0,07 0,07 

Grs 0,05 0,02 0,09 0,02 0,08 0,04 0,17 0,21 0,03 0,13 0,14 0,16 

Analysis# T75 - 180 T108 137 T81 T69 10 12 T37 31 T39 122 



Table 2 b).Representative microprobe analyses of matrix biotite. 

Haver0-Ramsj6 

Sample# 93:40 93:33 93:35 93:36 91:23 93:97 93:101 93:164 93:159 

Si02 34,65 34,44 35,03 34,28 35,13 35,37 35,56 36,42 35,43 

Ti02 2,73 2,67 2,89 3,08 2,60 3,53 2,75 . 4,55 2,93 
A1203 17,88 18,66 19,02 18,47 16,61 18,47 18,20 14,94 18,14 
Feo· 21,84 21,55 19,15 20,82 21,66 20,34 19,36 20,07 18,25 

MnO 0,05 0,08 0,01 0,00 0,00 0,07 0,03 0,00 0,00 

MgO 8,29 8,14 8,84 8,04 8,75 8,55 9,68 10,42 9,75 
Cao 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
Na20 0,13 0,14 0,02 0,09 0,07 0,05 0,03 0,00 0,13 

K20 9,18 8,89 9,18 9,43 9,70 9,59 9,52 9,39 9,55 
Total 94,76 94,57 94,13 94,20 94,51 95,96 95,12 95,79 94,16 

Si 5,38 5,34 5,39 5,34 5,48 5,38 5,43 5,55 5,44 

Ti 0,32 0,31 0,33 0,36 0,31 0,40 0,32 0,52 0,34 

Al VI 2,62 2,66 2,61 2,66 2,52 2,62 2,57 2,45 2,56 
AIIV 0,65 0,75 0,83 0,72 0,54 0,69 0,70 0,23 0,72 

Fe 2,84 2,79 2,46 2,71 2,83 2,59 2,47 2,56 2,34 

Mn 0,01 0,01 0,00 0,00 0,00 0,01 0,00 0,00 0,00 

Mg 1,92 1,88 2,03 1,86 2,04 1,94 2,20 2,37 2,23 

Ca 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
Na 0,04 0,04 0,01 0,03 0,02 0,02 0,01 0,00 0,04 
K 1,82 1,76 1,80 1,87 1,93 1,86 1,85 1,82 1,87 

Total 15,59 15,55 15,46 15,56 15,66 15,50 15,55 15,50 15,54 

Fe/Fe+ Mg 0,60 0,60 0,55 0,59 0,58 0,57 0,53 0,52 0,51 

Analysis# 204 151 164 188 10 46 115 56 130 

Los-Edsbyn 

Sample# 91:177 91:183 92:91 92:96 92:110 92:101 92:120 92:80 92:81 92:119 92:123 92:124 

Si02 35,14 34,17 34,34 35,55 35,41 35,64 35,29 34,69 34,96 34,53 34,37 34,29 

Ti02 2,79 2,77 2,50 2,23 2,73 1,78 2,20 1,61 1,41 1,45 2,31 2,07 

A1203 18,37 18,87 18,33 19,10 16,29 18,24 16,52 16,85 18,75 16,00 14,57 15,33 

FeO 22,80 20,63 22,44 18,35 20,67 19,44 21,25 23,31 20,31 26,45 27,10 27,55 

MnO 0,09 0,15 0,15 0,02 0,48 0,00 0,10 0,08 0,01 0,06 0,15 0,16 
MgO 6,69 7,56 6,81 10,03 8,80 9,76 8,98 8,17 9,00 6,85 6,44 6,43 

Cao 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Na20 0,06 0,11 0,11 0,30 0,13 0,36 0,10 0,03 0,24 0,06 0,03 0,08 

K20 9,32 9,54 9,84 8,88 9,69 8,83 9,62 9,33 9,59 9,40 9,47 8,89 
Total 95,26 93,79 94,53 94,45 94,19 94,05 94,07 94,07 94,27 94,80 94,44 94,81 

Si 5,44 5,34 5,39 5,41 5,53 5,48 5,52 5,48 5,42 5,51 5,54 5,49 

Ti 0,32 0,33 0,30 0,25 0,32 0,21 0,26 0,19 0,16 0,17 0,28 0,25 

Al VI 2,56 2,66 2,61 2,59 2,47 2,52 2,48 2,52 2,58 2,49 2,46 2,51 

AIIV 0,79 0,82 0,77 0,84 0,53 0,79 0,57 0,61 0,84 0,51 0,31 0,39 

Fe 2,95 2,70 2,94 2,34 2,70 2,50 2,78 3,08 2,63 3,53 3,65 3,69 
Mn 0,01 0,02 0,02 0,00 0,06 0,00 0,01 0,01 0,00 0,01 0,02 0,02 
Mg 1,55 1,76 1,59 2,28 2,05 2,24 2,10 1,92 2,08 1,63 1,55 1,54 
Ca 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Na 0,02 0,03 0,03 0,09 0,04 0,11 0,03 0,01 O,Q7 0,02 0,01 0,03 
K 1,84 1,90 1,97 1,72 1,93 1,73 1,92 1,88 1,90 1,91 1,95 1,82 

Total 15,49 15,56 15,63 15,53 15,63 15,58 15,67 15,71 15,69 15,78 15,77 15,73 

Fe/Fe+ Mg 0,66 0,60 0,65 0,51 0,57 0,53 0,57 0,62 0,56 0,68 0,70 0,71 

Analysis# 230 188 74 133 75 93 52 26 49 77 38 110 



Table 2 c ). Representative microprobe analyses of plagioclase cores. 

Haverii-RamsjCS 

Sample# 93:40 93:33 93:35 93:36 91:23 93:97 93:101 93:164 93:159 

Si02 60,09 59,91 58,54 57,31 59,92 61,58 60,07 60,87 61,04 

Ti02 0,01 0,02 0,00 0,00 0,00 0,02 0,03 0,00 0,01 

A1203 25,91 25,20 26,34 27,25 24,77 24,83 25,45 24,95 24,67 

FeO 0,03 0,01 0,05 0,03 0,03 0,00 0,01 0,00 0,00 

MnO 0,00 0,00 0,00 0,00 0,01 0,00 0,00 0,00 0,00 

MgO 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Cao 6,77 6,68 8,22 8,73 7,15 5,95 6,54 6,38 5,84 
Na20 7,48 7,52 6,70 6,56 7,24 8,01 7,84 7,61 8,24 

K.20 0,11 0,22 0,21 0,17 0,13 0,16 0,10 0,27 0,25 

Total 100,41 99,55 100,06 100,03 99,25 100,54 100,05 100,08 100,05 

Si 2,66 2,68 2,61 2,57 2,69 2,72 2,67 2,70 2,71 

Ti 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
Al 1,35 1,33 1,39 1,44 1,31 1,29 1,33 1,31 l,29 
Fe 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
Mn 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
Mg 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Ca 0,32 0,32 0,39 0,42 0,34 0,28 0,31 0,30 0,28 
Na 0,64 0,65 0,58 0,57 0,63 0,68 0,68 0,66 0,71 

K 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,02 0,01 

Total 4,99 4,99 4,99 5,00 4,98 4,98 5,00 4,98 5,00 

An 0,33 0,33 0,40 0,42 0,35 0,29 0,31 0,31 0,28 

Analysis# 192 142 159 178 19 41 108 65 123 

Los-Edsbyn 

Sample# 91:177 91:183 92:91 92:96 92:110 92:101 92:120 92:80 92:81 92:119 92:123 92:124 

Si02 59,33 63,15 61,68 62,46 61,97 55,37 47,73 48,86 60,61 58,67 60,38 60,73 

Ti02 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,01 

Al203 25,33 23,14 23,91 23,34 23,28 28,59 32,27 31,83 24,70 25,69 24,47 24,46 

FeO 0,03 0,00 0,00 0,01 0,02 0,02 0,01 0,04 0,04 0,02 0,02 0,07 

MnO 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

MgO 0,00 0,01 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Cao 7,02 4,28 5,44 4,58 5,09 10,64 16,68 15,68 6,18 7,87 6,46 6,56 
Na20 7,65 9,04 8,54 9,23 8,90 5,54 2,58 2,83 8,36 7,41 7,89 7,79 
K.20 0,15 0,22 0,16 0,09 0,22 0,07 0,00 0,00 0,06 0,01 0,21 0,23 

Total 99,51 99,84 99,74 99,71 99,48 100,23 99,26 99,24 99,95 99,68 99,44 99,84 

Si 2,66 2,80 2,74 2,77 2,76 2,49 2,21 2,25 2,70 2,63 2,70 2,71 

Ti 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Al 1,34 1,21 1,25 1,22 1,22 1,51 1,76 1,73 1,30 1,36 1,29 1,29 

Fe 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Mn 0,00 0,00 0;00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Mg 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Ca 0,34 0,20 0,26 0,22 0,24 0,51 0,83 0,77 0,29 0,38 0,31 0,31 

Na 0,66 0,78 0,74 0,79 0,77 0,48 0,23 0,25 0,72 0,64 0,69 0,67 

K 0,01 0,01 0,01 0,01 0,01 0,00 0,00 0,00 0,00 0,00 0,01 0,01 

Total 5,01 5,00 5,00 5,01 5,01 5,00 5,03 5,01 5,02 5,01 5,00 4,99 

An 0,33 0,20 0,26 0,21 0,24 0,51 0,78 0,75 0,29 0,37 0,31 0,31 

Analysis# 227 181 68 127 83 212 21 31 54 80 43 118 



pyrope-poor (5-15 %) and almandine-poor (58-77%) garnets. Garnet zoning profiles 

display increasing Mn accompanied by decreasing Mg. Trends for Fe and Ca are 

variable. Ca mostly increases slightly and then decreases markedly in many samples. 

This Ca-zoning is unique to this group of samples. These rocks have anorthite contents 

between An23 and An39. The two samples with the highest grossular contents (16-22) 

have extremely Ca-rich plagioclases, between An75 and Ans2. Plagioclase zoning trends 

are variable. The biotites have FM-values of 55-71 and Ti02 contents of 1.2-2.9. 

In the second group of rocks in the Los-Edsbyn area, garnet cores have similar 

compositions as in the Havero-Ramsjo area, except that they are pyrope-poorer. In 

zoning profiles, element variations are small from core to rim. Where there are 

variations, they are similar to those in the HaverO-Ramsjo area. Anorthite contents vary 

between An20 and An37, in one sample up to An59. Plagioclase zoning trends are 

variable. Complex zoning patterns adjacent to biotite has been observed. Analyses from 

these grains were avoided in P-T calculations. FM-values of biotites are 51-66 and Ti02 

contents 1.2-2.9. 

In garnets from all areas strong Fe-enrichment is observed adjacent to biotite. 

These biotites are phlogopite-richer than shielded matrix biotites. Mn usually increases 

together with Fe in garnet. These are well-known effects of retrograde Fe-Mg re

equilibration along grain boundaries. 

Pressure-temperature estimates 

The garnet-plagioclase-biotite-quartz thermobarometer ofHoisch (1989) was applied so 

that a maximum number of samples could be used. The results are presented in Figure 

34 and Table 3. Positive results were obtained when comparing the values with those 

from other more widely used thermobarometers (including sillimanite, cordierite, 

orthopyroxene and hornblende). 

Temperature-pressure estimates for the Havero-Ramsjo area are 690-810°C I 
370-730 MPa (range of sample averages). The results indicate low- to intermediate 

pressure granulite facies conditions in this area. This is consistent with the presence of 

cordierite, sillimanite and orthopyroxene and also with the observation of abundant 

quartzofeldspathic veins representing incipient anatexis. 

Samples from the Los-Edsbyn area fall into two groups with significantly 

different pressures. The results are 580-650°C I 230-390 MPa and 580-940°C I 730-

Fig. 33. Garnet chemical rim-core-rim zoning profiles ofFeO, MnO, MgO and CaO. From the northern 
high-grade area (a) and the southern low pressure area (b) zoning is strongest at the edges and is 
interpreted as a retrograde diffusion effect upon a homogeneous peak metamorphic garnet. Ca is not 
involved in this retrograde process. From the apparent high pressure southern area zoning patterns are 
more complex and the sample shown in c) has a pronounced Ca-increase and then a decrease near the rim. 
The latter is probably a retrograde effect connected with the increase of FeO and MnO near the rim. 
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1400 MPa, respectively. The results for the first group are consistent with the presence 

· of cordierite and sillimanite in some samples. The values are significantly different from 

those in the Havero-Ramsjo area and indicate low-pressure high-amphibolite facies 

metamorphism. The P-T values could reflect a geothermal gradient as high as 

60°C/km.The surprizing numbers for the second group indicate high-pressure 

metamorphism, and the significance of these result will be discussed below. A "normal" 

geothermal gradient of 25°C/km can be drawn through these P-T points. 

Table 3. Results of gamet-biotite-plagioclase thermobarometry. 

Haver6-Ramsj6 Los-Edsbyn 

T(OC) P{MPa) T(°C) P{MPa) 

93:40 692 367 91:177 612 389 
93:33 696 367 92:91 710 1010 
93:35 757 650 91:183 653 361 
93:36 720 467 92:96 582 278 
91:23 720 728 92:110 945 1404 
93:97 767 489 92:101 629 235 
93:101 723 478 92:120 659 861 
93:164 696 550 92:80 578 734 
93:159 810 650 92:81 648 362 

92:119 706 983 
92:123 781 1214 
92:124 797 1289 

Discussion 

No significant systematic variations in P-T conditions could be detected across the 

SEDZ in the Havero-Ramsjo area. This indicates that the net slip component orthogonal 

to paleoisotherms and paleoisobars in this area is below the resolution of 

thermobarometry. However, significant movement parallell to these surfaces may have 

occurred. 

In the Los-Edsbyn area the "apparent-high pressure" rocks are mainly located 

east of the SEDZ and the low-pressure rocks are in the west, although this is not the rule 

in every case. A pressure difference of 400 MPa means a fault throw of c.12 km if the 

metamorphism of both terranes is synchronous. No independent method has yet 

confirmed the validity these high pressure values, and indications of high pressures are 

also lacking elsewhere in the Svecofennian orogeny. Are they real or are they artifacts 

due to e.g. inappropriate bulk rock composition? The answer partly lies in the mineral 

compositions, because although lnK-values are within the range used for calibration of 

the thermobarometer, several of the biotites are too Fe-rich. Still, there remain a few 

samples with high pressures (shaded in Fig. 34) which must be accepted at the present 

state of knowledge, and therefore must be accounted for. 
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are consistent with granulite facies conditions, and pressures are mostly intermediate. There are no significant 
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thermobarometer. 



The P-T data in the Los-Edsbyn area suggests that crustal slices from distinctly 

different metamorphic regimes have been juxtaposed and interleaved. This implies large 

displacements along the boundaries of these slices. Steep movements can be shown in 

the mylonite zones in the area and dextral displacement is inferred from the present rock 

distribution (Lundqvist 1968, see above). These movements combined could explain the 

present pattern but the exact mechanism is unclear. 
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PART ill: CALEDONIAN EFFECTS (manuscript): 

STRUCTURAL INHERITANCE DURING OROGENY EXEMPLIFIED BY THE 

OLDEN DISCONTINUITY ZONE IN SCANDINAVIA 

Abstract 

A major Proterozoic shear zone in central Sweden had a profound influence on the early 

Paleozoic Caledonian evolution. A variety of "anomalous" features within a broad 

north-west striking zone in Caledonian rocks, coincide with the underlying basement 

shear zone. 

Facies variations over short distances in Vendian-Ordovician sedimentary rocks and 

possible syntectonic sedimentation show the earliest influence. During Scandian 

collision and thrusting, the location and orientation of lateral ramps in the Seve and 

lower tectonic units appear to be controlled by basement heterogeneities. Age patterns 

of late Ordovician-early Silurian rifting-related magmatic rocks and high-grade 

metamorphism seem to be controlled, although more data is needed. In the Lower 

Allochthon planar structures rotate from north-east (orogen-parallel) to north-west 

(shear zone parallel) and the illite-crystallinity pattern is also influenced. Regional 

patterns of 430-400 Ma hornblende cooling ages indicate different uplift histories north 

and south of the Olden culmination, respectively, also a manifest of the underlying 

shear zone. Variable basement reactivation and more passive control may explain most 

of the observed features. This illustrates the importance of preexisting structures on the 

evolution of younger orogenic belts, and shows that clues to the origin of "anomalous" 

rock distributions may be found far out in the foreland of orogens. 
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Introduction 

Maps of the Scandinavian Caledonides reveal an obvious discontinuity of rock 

distribution across a NNW-striking zone coinciding with the Olden basement 

culmination (Fig. 35). This discontinuity across the Caledonides, here referred to as the 

Olden Discontinuity Zone (ODZ), forms the continuation of a large-scale deformation 

zone through the Baltic Shield. This 10-20 km wide steep deformation zone transects 

the Proterozoic rocks of central Sweden and is at least 200 km long. It strikes NNW

SSE along the eastern margin of the 1.7 Ga old Ratan granitoid batholith (Fig. 35), 

broadly separating the batholith and coeval volcanic rocks of the Dala Series in the west 

from older Svecofennian 1.9-1.8 Ga granitoid and supracrustal rocks of the Baltic 

Shield in the east. A continuation of the deformation zone below the Caledonides to the 

Norwegian coast is likely, because a boundary between Svecofennian rocks to the east 

and younger rocks to the west is indicated by isotopic results from the Western Gneiss 

Region (Fig. 35, Schouenborg et al., 1991). There is an apparent sinistral offset of c. 80 

km along the M13re-Tr13ndelag Fault Zone with latest recorded activity in the Tertiary. 

This paper evaluates the character and history of the ODZ and points out its spatial 

and probably genetic relation to the Proterozoic deformation zone, based on a 

compilation of various data. 

Sedimentary facies and local distribution of rock units 

Anomalies in the lateral distributions of sedimentary rock units have previously been 

described within the Parautochthon in the region (Fig. 35, Stromberg, 1974, 1976). 

Borders between mutually contrasting but internally homogeneous stratigraphic units 

strike north-west. The central zone around lake Storsjon contrasts with the zones to the 

north and south by the lack of late Proterozoic tillites and older rocks. On the other hand 

its succession continues well up in the Silurian whereas upper Ordovician or lower 

Silurian rocks are the youngest in the adjacent zones. If these stratigraphic variations are 

related to conditions prevailing during sedimentation, this means that the central 

Storsjon zone was elevated up to, or at least during lower Cambrian, while it was 

depressed from the lower Silurian. Stromberg (1974) explained this by vertical fault 

movements in uppermost Precambrian and in the transition between Ordovician and 

Silurian. 

The "Lockne breccia" (Lin Fig. 35) and the "Loftarstone" (a greywacke) are 

interpreted by Lindstrom et al. (1983) and Simon (1987) as submarine mass flow 

deposits. Their sediment sources were elevated crystalline blocks oriented in northwest

southeast. The presence of very large fragments (>100 m3) in the Lockne breccia is 

explained by tectonic activity. The asymmetric distribution of "Lockne breccia " and 

"Loftarstone" indicate south-west facing fault scarps. Syntectonic sedimentation is 

recorded from the middle Cambrian with a culmination in the Caradoc (upper 
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Figure 35. Regional geological map of west central Scandinavia showing the distribution of major 
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together with early Paleowic sedimentary facies variations (Stromberg, 1974). 
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Ordovician). However, these controversial mass flow deposits have recently been 

reinterpreted as the result of a meteorite impact (Lindstrom et al., 1991, Lindstrom & 

Sturkell, 1992). 

The influx of greywacke recorded in coeval Ordovician (Arenig-Caradoc) rocks in 

the Lower Allochthon and the Lower Koli of the Upper Allochthon has been taken as 

evidence for a basement high formed due to early (pre-Scandian) thrusting of rocks onto 

the Baltic Shield (e.g. Gee, 1975). Considering the above results, the greywacke detritus 

may as well have been derived from fault scarps formed due to reactivation of the 

Proterozoic shear zone. 

High-mde metamorphism and rifting-related magmatism 

Just before the plate collision that formed the Caledonides there was a phase of 

rifting-related magmatic activity (layered intrusions, mafic volcanic rocks, ophiolites, 

etc.) outboard of the Baltic Shield (e.g. Dunning & Pedersen 1988). Published igneous 

ages (and age control from fossils) for this event plotted on a map (Fig. 36), show 

consistently younger rocks near the ODZ, flanked by older rocks to the north and south. 

A similar pattern appears when the ages for high-grade metamorphism are examined. 

The metamorphic ages are systematically c. 10 Ma older (crustal-thinning related 

metamorphism before rifting and mafic magmatism?). 

Lateral ramps and structural development 

Branch-line maps for thrusts in central Scandinavian Caledonides were constructed 

by Hossack (1983) to constrain thrust geometry and to improve cross-sections through 

the mountain belt. The map (Fig. 37) shows subparallel lateral ramps oriented 155-160, 

bounding the lower tectonic units (Jamtland Supergroup, Tannas-Sarv and Seve). 

Nearly all of these ramps coincide in orientation with the ODZ. This influence of 

basement appears to diminish upwards in the tectonostratigraphy since higher units are 

bounded by orogen-parallel frontal ramps. 

At the northern margin of the Tr!1Sndelag Synform mineral- and stretching lineations 

trend c. 160, contrasting with the normal 110-130 regional trends. This reorientation 

may be due to a ramp associated with the ODZ. 

A NW-striking ramp may also be responsible for the pronounced swing in 

orientation of bedding and cleavage from a general NE-SW or NNE-SSW to local NW

SE (Fig. 37) approaching the ODZ. This 20 km wide zone in the Lower and Middle 

Allochthons shows an apparent sinistral sense of rotation of planar structures. Severai 

interpretations are possible: 1) sinistral shearing post-dating Caledonian thrust 

movements, or 2) a ramp existed in the area during thrusting locally affecting the flow. 

Since the main thrust movement was roughly towards the ESE, a NW-striking oblique 

ramp wQuldhave a componentofsinistraLmovement along it. Stromberg (1976) 
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to visualize variations along the orogen. The magmatism and metamorphism was delayed near the ODZ. 
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metamorphic ages are given in Williams & Claesson (1987) and Dallmeyer et al. (1992). 
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ascribed the reorientation of planar structures to late Caledonian relative elevation of the 

north-east block. 

The Olden basement culmination is parallel with and is considered as a part of the 

ODZ. Sjostrom & Talbot (1987) suggested that the location and mode of formation (a 

thrust culmination) of the structure were largely controlled by reactivation of pre- and 

early Caledonian faults. 

Results from core drillings from a prospecting programme around lake Storsjon (see 

Fig. 38) near the Caledonian front are given in Gee & Snfill (1981). Contours of the 

depth to the crystalline basement show a relatively smooth basement surface that dips 

very gently to the north-west lacking obvious disturbances. Therefore vertical off-sets 

on NW-striking post-Caledonian faults can not exceed tens of meters, but horizontal 

movements in the order of kilometres may have occurred. Some tens of kilometers 

further north-west the thickness of the Lower Allochthon increases dramatically from 

300 m to 1800 m, as shown by refraction seismics (Palm & Lund 1980). This indicates a 

depression in the basement surface that could be related to the ODZ, either as a primary 

sediment thickness variation or related to tectonic movements. 

Metamoi:phic indicators in the Lower Allochthon 

Kisch (1980) studied the metamorphism of greywackes and shales in the Lower 

Allochthon. Based on illite crystallinity he divided the area into four zones, A-D, 

corresponding to increasing metamorphic temperature roughly to the north-west (Fig. 

38). The borders between zones A-Band C-D strike subparallel with the Caledonian 

front while the B-C border coincides both in orientation and location with the ODZ. 

Metamorphic breaks along this border is indicated where zone C is missing near Olden 

and zone B is missing at Storsjon. This is also where the Ti02-polymorfs change from 

rutile (high-T) and anatase (low-T). The boundary is subparallel with the strike of planar 

structures in the rocks (see above). 

"Vitrinite"-reflectance data are divided into two groups by Kisch (1980) 

corresponding to illite reflectance groups A and B-D. He suggests that the homogeneity 

in vitrinite reflectance versus the variability in illite crystallinity in zones B-D relates to 

the relatively greater influence of deformation on the former. 

LOfgren (1978) and Bergstrom (1980) have presented conodont colour alteration 

index data on Ordovician material from the area around lake Storsjon. The index values 

vary between 3 and 5, vaguely westwards increasing, without any obvious relation to 

theODZ. 

Post-metamoi:phic cooling 

Caledonian 40 Ar-39 Ar cooling ages for hornblende, muscovite and biotite have been 

presented by- Dallmeyer et al. (1985, 1992), Dallmeyer & Gee ( 1988) and Dallmeyer 
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(1990). We have plotted and contoured the plateau ages in the interval 440-400 Ma on a 

map of the region (Fig. 38). The chrontours (Armstrong, 1966) for hornblende (closure

temperature c. 500 °C) west and south-west of the ODZ display a distinct pattern 

showing early cooling in the central part and decreasing ages to the north-west and 

south-east. This pattern can not be extrapolated across the ODZ, rather, the chrontours 

to the north-east appear to be dextrally offset. Since only the approximate strike of the 

chrontours and not their three dimensional geometry is known the exact nature of the 

disturbance across the ODZ remains uncertain, but relative movements and differential 

uplift during closure of the isotopic system are indicated. Muscovite ages (closure 

temperature c. 350 °C) provide a smooth pattern that can be interpolated across the 

ODZ suggesting a diminishing disturbance in the time interval 430-410 Ma. 

Discussion and Conclusions 

The data presented demonstrate that the ODZ had a profound influence on the 

Caledonian evolution. However, the interpretation of the exact nature of the disturbance 

is in some cases equivocal. The sedimentary record indicates that considerable 

topographic relief, most likely controlled by active faulting, existed from the late 

Precambrian into the Silurian. The localization of lateral ramps to the ODZ in the lowest 

tectonic units clearly indicate basement control. Pre-existing basement faults probably 

moved again but a passive influence from the basement topography may also have been 

important. The latter is expressed in the rotation of planar structures as the Lower 

Allochthon flowed obliquely over the ramp. 

The patterns of illite crystallinity and hornblende cooling ages must be interpreted 

with some assumptions on three-dimensional geometry of these surf aces. If the illite 

crystallinity zone boundaries dip gently to the east the metamorphic zonation is right

way up, a reasonable assumption which is in accordance with the interpretation by 

Kisch (1980). The excision of zones Band C is is then compatible with an ODZ-parallel 

north-east dipping post-metamorphic extensional fault that placed lower grade rocks on 

higher grade rocks. Other models that involve a more complex thermal structure or an 

inverted metamorphic gradient are considered less realistic. 

The geometries of the cooling-age surfaces are also poorly constrained but 

presumably they dip gently towards higher ages. The westward younging in the Western 

Gneiss Region is well in accordance with progressive uplift during the regional top-to

west extension recorded in Devonian molasse basins along the Norwegian coast. The 

apparent dextrai displacement of the chrontours north-east of ODZ indicates differential 

movement related to the ODZ. This may have been earlier uplift in north-east or late 

dextral strike-slip movement. 
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It is clear that the explanation to some peculiar feature of an orogen may be found by 

examining the orogen next door. Similar features to those described here have been 

recognized elsewhere in the Caledonides (Romer & Bax 1992) and in the Appalachians. 

The Bonne Bay cross-strike discontinuity (Cawood & Botsford, 1991) on 

Newfoundland consists of c. 10 km wide zone traceable for c. 70 km along the south 

side of the Long Range Inlier (a basement window). The ODZ is a more impressive 

structure, up to 40 km wide and c. 300 km long, from the Atlantic coast to the 

Caledonian front where it continues as a deformation zone in the Baltic Shield. The 

Newfoundland structure is a boundary between different sedimentary environments and 

structural styles. It has been interpreted as a transfer fault, formed in the late 

Precambrian accompanying rifting of Grenville basement, later reactivated during the 

Taconic and Acadian orogenies. The ODZ can be directly linked to a much older 

deformation zone that initiated in the Paleoproterozoic Svecofennian orogeny and 

affected the geology during break-up, subduction and closure of the Iapetus Ocean. 
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