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Abstract 

On a regional scale, Sm-Nd isotopes have previously been used to delineate the 
Archaean-Proterozoic palaeoboundary in northern Sweden. Sm-Nd isotopes were 
analysed i n c. 1.9 Ga old granitoids and metavolcanics, and c. 1.8 Ga old granitoids, 
although the most commonly used sample type was the c. 1.9 Ga old granitoids. A 
transition zone, extending f rom the Luleå area on the coast of the Gulf of Bothnia i n a 
W N W direction towards the Jokkmokk area, separates the Archaean craton i n the 
northeast f rom Proterozoic juvenile areas i n the southwest. The Archaean rocks are 
generally covered by Proterozoic rocks, or have been reworked during the 
Svecofennian orogeny. The hypothesis was put forward that the Archaean 
palaeobundary was formed when the juvenile volcanic-arc terrain to the south was 
forced and thrust onto the Archaean continent. 

In order to obtain a more precise delineation of the border of the old craton at the 
present level of exposure, detailed studies have been performed in the Luleå and 
Jokkmokk areas. Since it may be diff icult to compare results f rom different rock types, 
the strategy has been to use rocks of similar type and age occurring on both sides of 
the boundary. In this case c. 1.9 Ga old plutonic rocks of granitic to dioritic composi
t ion have been used. 

The new Sm-Nd data on the c. 1.9 Ga old plutonic rocks show that the boundary 
zone of the Archaean craton is isotopically very distinct near the town of Luleå but 
gradual in the Jokkmokk area. In these areas, plutonics w i t h an isotopic memory of 
old continental crust separate f rom contemporaneous magmas wi th a juvenile mantle 
signature. Based on these results, together w i t h some U-Pb isotope results obtained 
f rom some c. 1.9 Ga rocks, a regional division of the Jörn and Haparanda suites of 
rocks has been made. 

A comparison between the Sm-Nd isotope characteristics of c. 1.9 Ga old granitoids 
and c. 1.8 Ga granitoids i n the Luleå and Jokkmokk areas is also made. It shows that 

strongly negative £ N d ( t j values occur farther southwest in the potassic c. 1.8 Ga 

granitoids than i n the calc-alkaline c. 1.9 Ga granitoids. Intrusions of the younger 

granitoids having distinctly negative £ N d ( t ) values are surrounded by granitoids of the 

older group w i t h positive values. The interpretation is that a juvenile volcanic-arc ter
rain to the south was forced and thrust onto the Archaean continent after the forma
tion of the c. 1.9 Ga granitoids. This resulted i n the deposit of juvenile rock masses 
upon the reworked Archaean continent. The 1.8 Ga granitoids were formed by 
remobilisation of continental crust. Partial melting at 1.8 Ga resulted i n the intrusion 
of granitods carrying the Sm-Nd isotope signature of the Archaean continent into ju
venile rocks. It is probable that the collision discussed here was part of a major accre
t ion and amalgamation to the Archaean craton after the formation of the calc-alkaline 
1.9 Ga granitoids, but before the formation of the 1.8 Ga granitoids. 

Rocks of Archaean age have recently been found in an area close to the town of 
Luleå in northern Sweden. These rocks were first identified in the Vallen-Alhamn 
area, c. 30 kilometres south of Luleå. Subsequent field work in the surrounding areas 
has revealed rocks w i t h petrographical, chemical and Sm-Nd isotopicai similarities at 
some localities further towards the north. The locations where the Archaean rocks are 
exposed coincide geographically wel l w i t h the zone outlined by the abrupt change in 
N d isotopic signatures of the c. 1.9 Ga plutonites. This zone is believed to be identified 
on the aeromagnetic map as well . Contact relationships between the Archaean and the 
Proterozoic rocks have been studied at a few localities. The results show that the 



Archaean exposures occur as megaxenoliths, the larger of them covering areas of a 
few square kilometres, w i t h mainly tectonic contacts towards the younger rocks. They 
commonly have an internal deformation pattern which is cut by later shear-zones. 
The contacts towards the surroundings are also heavily disturbed by later deforma
tion. 

Various types of smaller Archaean xenoliths have also been identified. These have 
been found in many locations i n the vicinity of Luleå. The question arises whether the 
presence of these remnants of Archaean rocks reflects the southwestemmost edge of 
the Archaean craton i n the Luleå area. Such inference is supported by the fact that no 
Archaean rocks have been found further to the southwest. 

One of the rock types found in the vicinity of Luleå which contains remnants of 
Archaean rocks is the Bålinge magmatic breccia (or Bälinge magmatic hydraulic 
breccia). This rock type was formerly interpreted as an epiclastic conglomerate, but 
this interpretation has been abandoned. A probable source of the magmatism active i n 
the formation of the Bälinge magmatic breccia appears southwest of the town of Luleå 
as a large gabbro body. 

Archaean rocks have also been found in the Jokkmokk area and appear in areas 

where the surrounding Proterozoic rocks have strongly negative £ ^ d ^ values. These 

results are in good agreement wi th the results obtained f rom the Luleå area. 
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1. Introduction 

This work started in May 1994 as a project entitled "The Archaean border in northern 
Sweden, a key area for understanding the formation of the 1.9-1.8 Ga continental crust of the 
Baltic Shield". This thesis covers the project which is financed by the Swedish Natural 
Science Research Council (NFR) and Luleå University of Technology. A regional scale 
delineation of the Archaean-Proterozoic boundary in northern Sweden was presented 
by Öhlander et al. (1993), based on regional Sm-Nd isotope studies of c. 1.9-1.8 Ga old 
magmatic rocks combined wi th reflection seismic work in the so-called BABEL 
project. The purpose of this project was to determine the Archaean-Proterozoic 
boundary in more detail, to understand its character, explain how it was formed and 
to bring this information into a plate tectonic context. The study is being performed in 
two transects crossing the boundary f rom Öhlander et al. (1993); one in the Luleå area 
and one in the Jokkmokk area (see Fig. 1). 

Archaean-Proterozoic boundary 

Fig. 1. Geological map of the Baltic Shield simplified after Gaål and Gorbatschev (1987). The 
Raahe-Ladoga zone (Vaasjoki and Sakko, 1988) is drawn with a continuation in Sweden. The 
locations of the two study areas have been inserted. 

2 



1.1. Field work and sampling 

During the course of this study two areas were mapped and sampled. In the begin
ning of the project, the main effort was invested in the Luleå area. Coincidentally, the 
Swedish Geological Survey initiated the bedrock mapping of the 1:50 000 scale map-
sheets Luleå 24L supervised by Anders Wikström at the same time. This was very 
beneficial, since no up to date maps were available for the area, and wi th in the limited 
time of the project it would not have been possible for one person to map the whole 
area. Apart f rom detailed studies of some key areas within the map-sheets Luleå 24L, 
regional studies including sampling for whole-rock geochemical and isotope 
geochemical analysis was achieved. This was done in an N-S transect covering a dis
tance of about 100 km. 

In the Jokkmokk area to the NW, more modern maps were available f rom the Geo
logical Survey of Sweden. In this area, regional sampling was performed in a broader 
transect than in the Luleå area but, in a similar way as for the Luleå area, some key 
localities were studied in more detail in order to do justice to the contact relationships 
between the different types of rocks. One of the strategies for the field work was to 
sample c. 1.9 Ga plutonic rocks, since these were considered to have been formed in 
two different crustal terranes; one in the present northeast and one in the present 
southwest, that probably collided during the final, collisional stages of the 
Svecofennian orogeny. 

It was also of great importance to record the extent of the newly discovered areas of 
Archaean rocks. With help f rom a previous description by Lundqvist et al. (1996) of 
the Archaean rocks in the Vallen-Alhamn area, south of Luleå, it was possible to detect 
more occurrences further to the NW. 

A large amount of samples have been collected and analysed for major and trace ele
ments including the rare earth elements. Many of these samples were also analysed 
for Sm-Nd isotopes. After some time, it became apparent that the locations of the 
newly discovered Archaean rocks coincided well wi th the Sm-Nd isotopic signatures 
that were obtained f rom the c. 1.9 Ga old rocks. 

1.2. Sm-Nd isotopes 

One of the methods used in this study is the Sm-Nd isotopic system as a 
petrogenetic tracer for the different rocks in the Luleå and Jokkmokk areas. In order to 
give some information on how this isotope system can be helpful in geology, a brief 
compilation, extracted f rom DePaolo (1988), is given below. 

The rare earth elements Samarium and Neodymium are present in most rocks and 
minerals. Because of their nuclear and chemical properties, they can be a tool for pro
viding access to information about the origin and evolution of the earth, the moon 
and the solar system. For geological applications, the Sm-Nd system has been used for 
age determinations of igneous and metamorphic rocks, but it is also commonly used 
in petrogenetic studies. 

Based on the fact that the radioactive isotope 1 4 7 Sm decays by oc-decay to 1 4 3 N d , and 
that the abundance of 1 4 3 N d in relation to other N d isotopes w i l l increase w i t h time, 
we can use the 1 4 7 S m - 1 4 3 N d pair as a geological clock. The slow decay rate of 1 4 7 Sm 
(with a half-life of 106 Ga) results in small changes in the relative abundance of 1 4 3 N d , 
which can be precisely measured w i t h modern mass spectrometers. A n expression for 
this change is to use the 1 4 3 N d / 1 4 4 N d ratio in a sample. 1 4 4 N d is, however, radioactive, 
but the half-life of this isotope is so long that it can be considered as stable and can 
therefore be used as a normalization isotope in order to validate the variations of 1 4 3 N d . 
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In petrogenetic studies a common application has been to use the Sm-Nd isotopic 
system to trace different sources for magmatic rocks. The principles behind this k ind 
of work are based on the model that states that the 1 4 3 N d / 1 4 4 N d ratio of a planet that 
formed c. 4.6 Ga ago, T 0 (eg. formation of the Earth), has evolved through the decay of 
1 4 7 Sm to 1 4 3 N d , as illustrated in Fig. 2. If we suppose that this planet is compositionally 
uniform regarding the Sm-Nd isotopic systematics, and that a portion of i t was par
tially melted at time T I (Fig. 2), the melt would be preferentially enriched in the 
"magmatophile" elements relative to the uniform composition, and the residual mate
rial would, as a consequence, be depleted i n these elements. This process results in 
changes in the S m / N d ratio which in turn leads to deviations i n the 1 4 3 N d / 1 4 4 N d 
evolution, as shown in Fig. 2. 

0.516 

Age (Ga) 

Fig. 2. Diagram modified from Faure (1986), illustrating the isotopic evolution of 1 4 3 Nd/ 1 4 4 Nd 
with time. 

The small variations in the 1 4 3 N d / 1 4 4 N d ratio are expressed by the 8 N d ( t ) notation, 

which indicates the deviation in the 1 4 3 N d / 1 4 4 N d value of the sample in relation to the 
1 4 3 N d / 1 4 4 N d value of CHUR (Chondritic Uniform Reservoir, DePaolo and 
Wasserburg, 1976) in units of parts in 104. CHUR is considered as a "standard" reser
voir having a S m / N d ratio equal to that of the average chondritic meteorite of all time 

(Fig. 2). The £ N d ( t ( o r T ) ) value is referred to as the "init ial £ N d value" where t can be the 
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crystallisation age of an igneous rock. It can also be attributed to the magma source at 

time t. In Eq. 1 the definition of £ N d ( t ) is shown and the calculation for the time de

pendence is given in Eq. 2. Some parameters necessary for the calculations are also 

given. The remaining parameters are ratios that are measured in the laboratory. 

Eq. 1 8Nd = [ 1 

1 4 3 N d / 1 4 4 N d rock,.  

4 3 N d / 1 4 4 N d CHUR,t ] - 1 I x 10 

E q . 2 r i l ^ i = r i 5 « ] . r ^ ? i x [ e f c !] 
L 1 4 4 N d Jrock,t L U 4 N d J rock,t=o L 1 4 4 N d J r o c k , t = 0 

7i= decay constant 

A common way of presenting the isotopic results is to plot the data in a £ N d vs. age 

diagram. In Fig. 3 this type of diagram is shown. A depleted mantle (DM) curve is 
commonly included (in this case the curve is f rom DePaolo, 1981) as wel l as the evolu
tion of Archaean continental crust. Since the 1 4 3 N d / 1 4 4 N d relation between the sample 
and CHUR is normalized to 1 4 3 N d / 1 4 4 N d CHUR (Eq. 1), the evolution of CHUR is set 
to zero. 

+10 

+5 h 

-15 

1.0 

Mixing of DM and Archaean 
crustal components 

1.5 2.0 

Age (Ga) 
2.5 3.0 

Fig. 3. £ N d ( t ) vs. age diagram modified from Patchett and Arndt (1986), showing the model 

for interpreting different £ N d ( t ) values by mixing of Archaean crustal material with depleted 

mantle material. 



For the interpretation of isotopic data a model f rom Patchett and Arndt (1986) (Fig. 3) 

has been applied to explain the different £ N d ( t ) values obtained from Proterozoic mag

matic rocks. The variations in values are here explained as reflecting various propor

tions of older (Archaean) crust that is admixed to the mantle derived melt. A mixing 

calculation was performed by Patchett and Bridgwater (1984). Based on the assump

tions that the N d concentration of the mantle derived melt is 10 ppm and the 

Archaean crustal component has a N d concentration of 30 ppm, it was shown that the 

effect f rom the Archaean contribution is quite strong. According to these assumptions, 

a rock wi th an age of c. 1900 Ma wi th an £ N d ( t ) value of 0 has an admixture of Archaean 

N d of about 10%. 

1.3. Previous studies on the Archaean-Proterozoic boundary and Archaean rocks in 
Sweden 

Various attempts to locate and delineate the Archaean-Proterozoic boundary in 
northern Sweden have previously been performed. Based on studies of the 
metallogenesis of the ores i n the Skellefte district and the tectonic setting related to an 
island-arc system (Rickard and Zweifel, 1975), combined wi th the recognition of a 
uranium province in the Arvidsjaur-Arjeplog district, located just to the north of the 
Skellefte district (Adamek and Wilson, 1977), Adamek and Wilson (1979) concluded 
that this uranium province was formed at the margin of a Svecofennian landmass and 
is probably underlain by a pre-Svecofennian basement wi th the island-arc system in 
the south. In a more regional study by Wilson et al. (1985) it was shown that no sig
nificant amounts of Archaean crust were reactivated and participated in the formation 
of the granitoids in the Arvidsjaur vicinity. In granites located c. 100 km to the NW of 
Arvidsjaur, however, the Archaean influence is prominent. In Wilson et al. (1987a) a 
more thorough investigation was presented and i t was suggested that the Sm-Nd iso
topic signatures, combined wi th the geochemical character of the intrusive rocks in 
northern Sweden (from the Skellefte district and northward), are related to a typical 
"Wilson cycle". A cycle that starts wi th a subduction of ocean floor under a continen
tal margin creating calcic (Jörn Gl type after Wilson et al. 1987b) magmas. Later, 
maturisation of this arc led to calc-alkalic magmatism and then alkalic magmatism 
that are related to tensional or transverse faulting environments behind a destructive 
plate margin. A t c. 1.8 Ga the continental collision occurred, which depressed and 
metamorphosed deeper parts of the continental crust resulting in extensive anatexis 
and formation of granites w i t h minimal involvement of new mantle-derived magma. 

Sm-Nd isotopic results have also been presented by Öhlander et al. (1987a,b), Skiöld 
et al. (1988) and Skiöld and Öhlander (1989) which showed that granitoids located in 

the northern Norrbotten area have strongly negative £ N d ( t ) values. Öhlander et al. 

(1987a) concluded that the Archaean crustal contribution to the Proterozoic granitoids 
decreases wi th increased distance f rom the Archaean exposures in the Archaean 
Soppero and Kukkola areas in the north to the Skellefte district in the south. 
Öhlander et al. (1993) presented a more detailed investigation that covered large parts 
of the Norrbotten and Västerbotten counties. A delimitation of the Archaean-
Proterozoic boundary was done w i t h the help of the Sm-Nd isotopic characteristics 
and it was suggested that the transition of £ N d ( t = 1 8 . 1 . 9 G a ) f rom -3 to 0 would represent 

this boundary. This so-called Luleå-Jokkmokk zone (Öhlander et a l , 1993) was also 
located in conjuction w i t h some SSW-dipping reflectors indicated by the results f rom 
the reflection seismic survey performed by the BABEL Working Group (1990). In 
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Öhlander et al. (1993) it was concluded that the Archaean-Proterozoic boundary prob
ably represents a collision front that is characterized by overthrusting. Similar ideas 
have also been presented in e.g., Lindsey and Snyder (1994) and Göhl and Pedersen 
(1995), which suggest that a wedge-shaped Archaean basement extends to the south 
underneath the Svecofennian Province. 

In the field, no structures have been observed that can be correlated wi th a major 
thrusting event and in general, there is a lack of references dealing wi th this topic. The 
main efforts have obviously been concentrated on geochemical and geochronological 
aspects. Lilljeqvist (1979), however, highlighted a structure shown on the 
aereomgnetic map. This structure is located west of some domal structures (men
tioned below) and was interpreted as a possible thrust fault. Lilljeqvist (1980) dis
cussed the origin of some granitoids situated in the Luleå area. It was suggested that 
these dome-shaped bodies, clearly visible on the aeroagnetic map, represent the ex
posed Archaean basement at the border of the Archaean craton. Ohlander et al. (1987b) 
age-determined one of these domes and showed that it has an U-Pb zircon age of 
c. 1.89 Ga. Sm-Nd results in Öhlander et al. (1993) also show that the rocktype has a 

juvenile character w i th 8 N d ( t ) values of +1.1 and +2.1 in two samples. 

Geochronological work has been an important tool in locating new areas of 
Archaean crust. Skiöld (1979) and Öhlander (1987b) showed the existence of Archaean 
rocks in the Soppero and Kukkola areas in northern Sweden. Recently an important 
f inding was made by Lundqvist et al. (1996) which showed the existence of Archaean 
exposures in the Vallen-Alhamn area, south of Luleå. The exposures of this rocktype 
coincide wel l w i t h the previous Sm-Nd isotopic results in combination wi th the geo
physical results as presented by Öhlander et al. (1993). Another area in which 
Archaean basement rocks were thought to occur is located in the Muddus area north 
of the town of Jokkmokk (SGU, 1981). This rock was, however, proven not to be of 
Archaean age (see Paper I). 

Traces of Archaean material have not only been found in the Norrbotten region. 
With data f rom ion-probe spot analysis on zircon grains it is possible to avoid effects 
of zircon inhomogeneities such as older cores w i t h a younger outer rim. This tech
nique was applied by Claesson et al. (1993) on some Svecofennian metasediments in 
the Bothnian Basin as wel l as i n the Västervik area, southeastern Sweden. They 
showed that detrital zircon grains of Archaean age exist in these areas and are as old 
as 3.3 Ga in the Västervik quartzite. In a study of the c. 1.52 Ga Rapakivi type Nordsjö 
syenite that has intruded the rocks in the Bothnian Basin, Claesson et al. (1997) 
showed that this rock contains, in addition to the c. 1.52 Ga zircons, Archaean zircons 

that give a discordia of c. 2.7 Ga. Since the £ N d ( t ) values of these westernmost 

Rapakivi type intrusions range between -9 and -6, which is lower than the surround
ing Palaeoproterozoic rocks, these must have been partly derived from an Archaean 
lower crust. 
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2. Results 

The seven papers i n this thesis record the work performed during the course of this 
study. The character of these papers ranges f rom regional, to outcrop-scale investiga
tions. 

Paper I deals w i t h the geology of the Jokkmokk area. The focus is set on Sm-Nd iso
topes and their usage in geology as petrogenetic tracers. The Sm-Nd isotope system is 
applied on c. 1.9 Ga plutonic rocks. By using this system on these rocks, we are able to 
see if there has been any involvement of older, Archaean, crustal material during their 
genesis. This involvement is expressed by the £ N d ( t ^ notation, where positive values 
mean little or no involvement of older crust (juvenile), whereas negative values give 
indications of the presence of an older crustal component, mixed w i t h mantle derived 
material. 

In the Jokkmokk area there is a gradual change in £ N d ( t ) values which is strongly 
negative in the northeast (-6) and positive (+1.5) in the southwest. Another f inding 
that gives further support to the Sm-Nd results is the presence of Archaean rocks, 
which we prove to exist in this paper by presenting new U-Pb zircon data. This 
rocktype is located in the Muddus area, about 20 km north of Jokkmokk. These loca
tions of the Archaean exposures coincide well wi th the strongly negative £ N d ( t ) values 
of the surrounding Palaeoproterozoic rocks. A description of two probable Archaean 
rocktypes is given in this paper, and a map which shows the distribution of the two 
types i n the Muddus area is also presented. 

The working hypothesis during the course of this study has been that juvenile mate
rial f rom the present south was thrust onto the Archaean continental margin in the 
north during the Svecofennian orogeny. Some deformation zones that could give sup
port to this model have been observed in the Jokkmokk area and are characterized by 
shear-zones, gently dipping to the southwest. These zones are also identified on the 
aeromagnetic map and appear as winding structures. 

Paper I I summarizes the investigations in the Luleå area in a manner similar to the 
summary for the Jokkmokk area in Paper I. It describes the different lithologies within 
the area and it also describes the character of the recently discovered Archaean rocks 
and the locations where these have been detected. The main part of the paper deals, 
however, wi th the local delineation of the Archaean-Proterozoic boundary in the 
Luleå area. It also describes some of the key areas which have been detected during 
the mapping of the Luleå 24L map-sheets. The results given in the paper indicate that 
the samples that are analysed have been formed in two separate crustal areas (or 
terranes); one type wi th in the Archaean continent in the present northeast and the 
other i n a juvenile (probably volcanic arc) environment in the southwest. The geo
graphical boundary between these two characters of rocks is interpreted as the 
Archaean-Proterozoic boundary. In comparison wi th the transition in Jokkmokk 
shown in Paper I, the boundary in Luleå is quite distinct (see Fig. 4). A n explanation 
for this sharp contrast in £ N d ( t ) values could be that the area has experienced a great 
deal of tectonism w i t h the consequence that parts that were formed more distant f rom 
each other were pushed and forced into close contact. The contact relationships be
tween the different lithologies wi th in the boundary zone are described and their im
portance for understanding the formation of the Archaean-Proterozoic boundary is 
discussed. 

In Paper III , a more regional interpretation of the area in southern Norrbotten is 
given. A 3-dimensional view of the possible scenario for the formation of the 
Archaean-Proterozoic palaeoboundary as a whole is demonstrated. In this paper pre
vious data f rom c. 1.8 Ga granites are combined wi th new data on c. 1.9 Ga old rocks. 
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Fig. 4. Geological map of northern Sweden (modified after Perdahl and Frietsch, 1993). Major 
fracture zones drawn from Öhlander and Nisca (1985). The £ N d ( t ) "landscapes" show the tran
sition of £ N d ( t = c i g G a ) values in the Jokkmokk and Luleå areas from Papers I and II. Inserted 
are also the outcropping Archaean rocks of each area. 
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Both rock types have been collected south of the Archaean-Proterozoic boundary (as 
defined by £ N d ( t ) values on the c. 1.9 Ga type of rocks) in the Luleå and Jokkmokk ar
eas, respectively. By combining these rocks of different age, geochemistry, and Sm-Nd 
isotope character, it is shown that the lower part of the continental crust south of the 
boundary contains Archaean material which has been overthrusted by c. 1.9 Ga juve
nile material before the formation of the c. 1.8 Ga granites. This is shown by negative 
8 N d ( t ) values in the c. 1.8 Ga granites which have intruded and crystallized in the up
per, c. 1.9 Ga juvenile, crust. 

In Paper I V the geochemical and isotopicai characteristics of the c. 1.9 Ga old Jörn 
and Haparanda intrusive suites are discussed. A compilation of a large amount of 
data has been collected f rom previous studies of northeasternmost Sweden, and of the 
Skellefte district w i t h adjacent areas. This data is combined and compared w i t h the 
results that have been obtained from the Luleå and Jokkmokk areas (Papers I and I I ) . 
In this paper a division of the Haparanda and Jörn intrusive suites is made. It is con
cluded that the Haparanda suite shows a more alkaline trend than the Jörn suite, 
which is more calcic. The involvement of Archaean crustal materials is obvious in the 
Haparanda suite and almost absent in the Jörn intrusive suite, which is shown by the 
contrasting Sm-Nd isotopic characters. The involvement of Archaean materials is also 
indicated in an age determination of a Haparanda-type rock in the Luleå area. The zir
con crystals in this sample are very complex and the presence of older cores is quite 
clear. Another sample, which, in this paper, is considered as a Jörn-type rock, also 
sampled in the Luleå area, does not show any signs of Archaean cores wi th in the zir
con crystals. A possible geographical division of these two rock-suites would be at the 
Archaean-Proterozoic boundary. In other terms, the Haparanda intrusive suite be
longs to the Karelian Province in the north and the Jörn intrusive suite belongs to the 
Svecofennian Province in the south. 

Paper V deals w i t h U-Pb age determinations of zircons in an Archaean 
"megaxenolith" on Bälingsberget and a c. 1.9 Ga old Haparanda-type granitoid frag
ment wi th in the Bälinge magmatic breccia (formerly the Bälinge conglomerate, see 
Paper VI ) . It is also shown that the age of the most common fragment type in the 
Bälinge magmatic breccia is consistent w i th other age determinations of the 
Haparanda suite of intrusive rocks. 
This result conforms wi th interpretations based on field geological petrographical and 
mineralogical similarities. This paper gave additional information about the extent 
and character of the Archaean exposures in the Luleå area which have been collected 
in Paper I I . 

In Paper V I the interpretation of the Bälinge "conglomerate" is abandoned and a 
new name and origin is proposed. The "conglomerate" is reinterpreted as a magmatic 
hydraulic breccia, formed in a subvolcanic environment. Structures found on 
Bälingsberget h i l l situated W N W of Luleå are described, and the possible processes 
that were involved during its formation are discussed. A n important argument in this 
paper is that the "conglomerate" must be dismissed as a stratigraphic marker horizon. 
The consequences of this reinterpretation, for the stratigraphy in northern Sweden, 
are given i n Paper I V . 

Paper V I I , which concerns a single outcrop located at Kallaxheden, SW of Luleå, is a 
detailed study of a coarse gabbro and its relation to different events of mafic dyke in
trusions. The interpretations are based on structures seen on the outcrop, and corre
lated wi th theoretical studies made by Fernandez and Barbarin (1991). The study 
shows that the gabbro at Kallaxheden (which is interpreted as belonging to the 
Haparanda intrusive suite), has been intruded by several synplutonic dyke intrusions 
during its time of crystallization. A connection to the formation of the Bälinge mag-
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matic breccia (Paper VI) is suggested, and one of the conclusions is that the gabbro 
represents the "plutonic root" for the formation of the subvolcanic rocks found at 
many places in the vicinity of Luleå. 

3. Conclusions 

The common theme for the papers in this thesis focuses mainly on crustal growth 
and magmatism during the Palaeoproterozoic. In addition, some previously unknown 
areas w i t h Archaean rocks have been detected in the Luleå and Jokkmokk areas and 
the locations have been described. The area where the Archaean rocks are found is 
consistent w i th the strongly negative £ N d ^ values of the surrounding Palaeoprotero
zoic (c. 1.9 Ga) intrusive rocks. The transition of £ N d ( t ^ values, f rom negative values in 
the north (in areas wi th outcropping Archaean rocks) to positive values in the south, 
is interpreted as representing the Archaean-Proterozoic boundary. 

The tectono-magmatic history of the c. 1.9 Ga old rocks starts w i th calcic, calc-alka
line island-arc magmatism in the southern areas w i t h formation of the Jörn intrusive 
suite. Partly coeval magmas in the north (the Haparanda intrusive suite) were formed 
i n a continental-arc setting at the margin of the Archaean craton and were more 
alkalic. The magmatic sources for both areas became chemically more evolved before 
the two "terranes" collided during the final stage of the Svecofennian orogeny. Accre
tionary processes took place and the southern areas were thrust onto the cratonic mar
gin in the north. Reactivation and reorganisation of earlier structures probably oc
curred after the collision and were possibly related to orogenic collapse. A t c. 1.8 Ga 
another pulse of magmas started to intrude the collage of accreted juvenile crust that 
was deposited onto the Archaean continental margin during the collisional event. 
These magmas, which are dominated by potassium rich granites and probably formed 
by fusion of juvenile and Archaean crustal material in lower crustal regions, make it 
possible to trace the Archaean continental margin at depth. As a recommendation for 
future work, it would probably be useful to study these c. 1.8 Ga old granites. This 
could make the tectono-magmatic history more complete. 

How is the development in northern Sweden related to other areas; for instance, in 
Finland, Russia on the Baltic Shield, on the Greenland shield and the North American 
craton, w i t h its network of Palaeoproterozoic orogenic belts? In a compilation by 
Goodwin (1996) it is clear that the timing of events and tectonic style of these events 
in the different areas are quite similar. How much of the earth's crust that was actually 
gained during this time in geological history and how much of the crust that was ac
tually formed by recycling of older crust has been a controversial topic. As is illus
trated in the compilation from Howell (1995) (Fig. 5), the age 1.9 Ga is not represented 
by any change in the growth curve. Most of the curves show that the major part of the 
earth's crust was already formed at that time. However, since the time when most of 
these lines were drawn by the different authors the Sm-Nd method of determining 
these proportions has become more widely used, and it is possible to get a more re
fined view of the earth's crustal history. The North American craton is composed of a 
collage of Archean blocks surrounded by Palaeoproterozoic orogenic belts that were 
formed 1.9 to 1.7 Ga ago. The contribution of "new" material during this time, how
ever, was, according to Patchett and Arndt (1986), fairly small. 

The tectonic style of many orogenic belts, not only on the North American craton 
but also according to the models suggested in this thesis f rom the Baltic Shield, seems 
to be of thrust fault character. Since this type of tectonism creates a laminated crust 
w i t h the Palaeaoproterozoic nappes commonly covering vast areas of Archaean 
blocks, it becomes difficult to estimate the volume of the continental crustal blocks of 
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Fig. 5. Different continental growth scenarios modified from Howell (1995). F = Fyfe (1978); 
A = Armstrong (1981); R & S = Reymer and Schubert (1984); M & T = McLennan and Taylor 
(1982); V & J = Veizer and Janssen (1979); H & R = Hurley and Rand (1969); H = Howell (1995). 

known age just by looking at the surface exposed today. By looking at the character of 
the post- or late-orogenic intrusions, as suggested above, and through further investi
gation including ion-microprobe isotopic work, i t might be possible to add one extra 
line in the diagram of Fig. 5. 
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Abstract 
Fieldwork, including mapping and geochemical sampling, has been performed in the 

Jokkmokk area, northern Sweden. Whole-rock elemental and Sm-Nd isotopic analyses 
have been performed on a large amount of c. 1.875-1.93 Ga plutonic rocks f rom the area. 
The sampling was carried out in an N-S transect crossing the previously defined Luleå-
Jokkmokk Zone, which broadly separates Archaean continental crust f rom accreted 
Proterozoic rocks. The purpose of this study was primarily to delineate and characterize 
the boundary in some detail by means of additional £ N d(t=i .9Ga) values on plutonic rocks. 
In the study area there is a gradual transition f rom strongly negative £ N d ( t ) values in the 
present north to positive values in the south. The negative values are interpreted as 
various proportions of Archaean crustal admixture to mantle derived melts. 

In addition, ten different zircon fractions were analysed f rom a porphyritic granitoid 
w i t h a highly negative £ N d ( t = i . 9 & o value. The isotopic data point solely to Archaean upper 
intercept ages and strongly argue for the preservation of Archaean rocks in the transi
tion zone. The location of this granitoid coincides well wi th the negative £ N d ( t ) values ob
tained f rom Palaeoproterozoic rocks. 

A thrust tectonic model is proposed to describe the tectonic style for the terminal stage 
of the Svecofennian orogeny in northern Sweden. Juvenile arc materials (with positive 
£ N d ( t ) values) f rom the present south was obducted onto the Archaean cratonic margin 
(with negative £ N d ( t ) values) in the north. Field observations of probable detachment 
fault zones strongly support this interpretation. These structures are also identified on 
the aeromagnetic anomaly map. 

In comparison w i t h the Raahe-Ladoga Zone in Finland, where the accretion of juve
nile arcs had terminated by about 1.87 Ga, we suggest that this process was somewhat 
younger on the Swedish side. The accretion of the juvenile terrane to the Archaean 
craton, including deformation and thrusting in the Jokkmokk area, occurred sometime 
between 1.87 and 1.80 Ga. 

Keywords: Archaean; Proterozoic; Continental accretion; Svecofennian orogeny; Sm-Nd 
isotopes 
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1. Introduction 

Archaean rocks in northern Sweden were reworked during the Palaeoproterozoic to a 
great extent. Magmatic processes, related to the Svecofennian orogeny, have rearranged 
and mobilized the Archaean rocks while producing large volumes of 1.9-1.8 Ga 
granitoids, which today cover vast areas. 

The extent of the Archaean continental crust has been traced previously on a regional 
scale (Öhlander et al. 1987; 1993) using reconnaissance Sm-Nd isotope analyses. The re
sults indicate that the Archaean-Proterozoic palaeoboundary is relatively distinct and 
represented by a transition zone which separates negative £Nd(t=i.8-i.9 Ga) values in the 
northeast f rom positive values in the southwest. This transition zone extends in a north
westerly direction and is seemingly a direct continuation of the Raahe-Ladoga zone in 
Finland (Vaasjoki and Sakko, 1988) (Fig. 1). A tentative model for the formation of this 
boundary zone was presented by Öhlander et al. (1993). According to their work, r i f t ing 
of the Archaean craton had, by means of extensional processes, created a passive margin 
c. 2.0 Ga ago. A t some stage spreading shifted to convergence which lead to collision 
and subduction of an oceanic crust beneath the Archaean continent. Subsequent colli
sion resulted in accretion of juvenile c. 1.9 Ga volcanic arc terrains to the old continent, 
and the initiation of the Archaean-Proterozoic palaeoboundary took place. 

The validity of this tentative model based on regional data has been investigated by 
means of detailed geological and isotopic studies in two profiles across the transition 
zone described by Öhlander et al. (1993). One profile is located along the coast of the 
Bothnian Bay (the northern Gulf of Bothnia), close to Luleå in northern Sweden and was 
reported by Mellqvist et al. (1999). The purpose of this study is to delineate the 
Archaean-Proterozoic palaeoboundary in the Jokkmokk area c. 170 km to the N W 
(Fig. 1). Mellqvist et al. (1999) described the transect in the Luleå area as a sharp 
Archaean-Proterozoic boundary defined by a distinct shift in the Sm-Nd isotopic char
acteristics between the intrusives in the northeast and the intrusives in the southwest. 
The delineation of the boundary is further distinguished by the presence of fragments 
of Archaean rocks which occur along the presently exposed southwestern margin of the 
Archaean craton. Apart f rom presenting the results f rom the Jokkmokk area, this paper 
compiles the results f rom both transects in a plate tectonic context. 

In the first regional study of Öhlander et al. (1993) l imit emphasis was exercised in 
subdividing the 8N d ( t ) patterns of the 1.8 Ga and 1.9 Ga rocks. In a complementary study, 
Öhlander et al. (1999) discussed the existence of negative £ N d ( t ) values among 1.8 Ga 
granites to the south of the proposed transition zone, as well . The preferred model sug
gests overthrusting of juvenile 1.9 Ga crust upon the Archaean margin before the intro
duction of the 1.8 Ga granites. This would explain why negative £ N d ( t ) values in 1.8 Ga 
granites appear to the south of the Archaean-Proterozoic boundary as defined by the 
£Nd<t) values on the c. 1.9 Ga old plutonic rocks. 

In this paper we concentrate on the c. 1.9 Ga plutonics and their possible admixture of 
Archaean continental crust as reflected by their £ N d ( t ) values. Archaean rocks have been 
inferred in the Jokkmokk area by SGU (1981), but so far, this inference is only based on 
petrographical observations. 
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Fig. 1. Geological map of northern Sweden (after Perdahl and Frietsch, 1993) with data from 
previous Sm-Nd isotopic work and the Luleå-Jokkmokk zone of Öhlander et al. (1993), E n c i w 

values at t= 1.8-1.9 Ga. Major fracture zones drawn from Öhlander and Nisca (1985). Shaded 
area represents £ N d ( t ) values between 0 and -3. The marked are shows the location of the study 
area in Fig. 2. Inset map shows the Geological map of the Baltic Shield simplified after Gaål and 
Gorbatschev (1987). The Raahe-Ladoga zone (Vaasjoki and Sakko, 1988) is drawn with a con
tinuation in Sweden. 
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2. Regional Geology 

In northern Sweden, the areas w i t h exposed Archaean rocks are relatively small. The 
larger coherent areas are concentrated in the northernmost part of Sweden (Fig. 1). They 
are dominated by 2.8 to 2.7 Ga old orthogneisses of tonalitic to granodioritic composi
tion (Skiöld, 1979; Witschard, 1984; Öhlander et al., 1987). Recently, Archaean rocks have 
been found close to the Archaean-Proterozoic boundary in the Luleå area (Lundqvist et 
al., 1996; Wikström et al., 1996; Mellqvist et al., 1999). The Archaean rocks consist of a 
K-feldspar porphyritic granodiorite to quartz monzonite w i t h a zircon age of c. 2.65 Ga, 
and a tonalitic gneiss dated to c. 2.71 Ga. Isolated blocks of mainly the K-feldspar 
porphyritic type were then traced towards the NW. The locations of these were consid
ered as representing the remnant southwestemmost edge of the Archaean craton as it is 
exposed today. 

Supracrustal belts related to early Proterozoic r i f t ing of the Archaean craton comprise 
mafic metavolcanics, quartzites and metacarbonates. Such belts occur in the northern 
and eastern parts of the area shown in Fig. 1 and are f rom 2.3 to 2.1 Ga old (Skiöld, 1987; 
Huhma et a l , 1990). Later, turbiditic metasediments were deposited along the passive 
southwestern margin of the Archaean craton, presumably created by r i f t ing (cf. Gaål 
and Gorbatschev, 1987, and references therein). 

In the early Proterozoic, new continental crust to the southwest of the Archaean 
craton was created mainly by igneous activity during the Svecofennian orogeny 1.93 to 
1.87 Ga ago (Skiöld, 1987; Vaasjoki and Sakko, 1988; Skiöld et al., 1993). Simultaneously, 
volcanic and plutonic rocks were also formed wi th in the Archaean craton where their 
source was largely Archaean materials (Huhma, 1986; Öhlander et al. 1993). The 
granitoids of this age on both sides of the Archaean palaeoboundary are dominated by 
granodiorites and tonalites, although more mafic varieties and true granites occur. 
Orogenic deformation i n the Archaean-Proterozoic boundary zone in northern Sweden 
ended sometime between 1.87 and 1.80 Ga (Öhlander et al., 1999). Subsequently, the 
time interval between 1.80 and 1.77 Ga was again characterised by the formation of vast 
amounts of granitoids in northern Sweden, but coeval volcanics have been found at 
only one locality. These 1.8 Ga granitoids are dominated by potassium-rich granites. 

The Skellefte sulphide ore district, w i t h its calc-alkaline metavolcanics, is probably a 
remnant of a volcanic arc (Rickard and Zweifel, 1975; Adamek and Wilson, 1979; 
Claesson, 1985). It subdivides the Proterozoic of northern Sweden into two distinct 
provinces. To the south of the Skellefte district, the supracrustal rocks are dominated by 
marine metasediments and subordinate mafic metavolcanic rocks, and immediately to 
the north of the Skellefte district there are large areas of terrestrial volcanic rocks. In 
many cases these are clearly subaerial. The distinct petrographical difference between 
the marine volcanics and sediments in the Skellefte district and the terrestrial 
metavolcanic rocks (Lundberg, 1980) is probably the main reason for a previous as
sumption that the Skellefte district marks the margin of the Archaean continent. It has 
been shown recently that these terrestrial volcanics are unimodal and calc-alkaline, and 
range from basaltic andesites to rhyolites wi th the low contents of immobile high field-
strength elements that are typical of modern convergent-margin suites (Perdahl and 
Frietsch, 1993). The marine and terrestrial volcanic rocks differ mainly in their contents 
of mobile elements such as Na and K. While it is probable that the rocks of the two 
groups are related genetically, the marine volcanics possibly extend beneath the terres
trial volcanics (Perdahl and Frietsch, 1993). 
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North of these terrestrial volcanics, metasediments are again more abundant, but seem 
to belong to a terrestrial type. The volcanics in these areas contain several 
petrochemically distinct types, which indicates a more complex history (Perdahl and 
Frietsch, 1993). The rocks in the Skellefte district and the terrestrial volcanics are rela
tively undeformed, but in the areas just north of the latter, deformation is strong. Better 
preserved areas reappear still farther north. 

3. Geology of the study area 

Postkinematic granitoids of the c. 1.8 Ga age category dominate the bedrock in the 
studied area close to the town of Jokkmokk (Fig. 2). The existence of Archaean rocks has 
previously been suggested by SGU (1981) on grounds of structural and petrographical 
similarities to geochronologically verified Archaean rocks in northernmost Sweden. 

The metasediments of the area are migmatised and dominated by greywackes wi th 
interlayered graphite-rich gneisses (Ödman, 1957). The c. 1.9 Ga granitoids are generally 
foliated and have been divided in the present study into two groups of rocks; one type 
showing adamellitic to dioritic compositions and the other exhibiting a granitic, 
adamellitic to quartz-syenitic trend. Two zircon datings have been performed on the de
formed granitoids of the area. One tonalite is 1926+13-11 Ma and a slightly foliated later 
phase granite of the second type is 1876±6 Ma old (Skiöld et al., 1993). The c. 1926 Ma 
tonalite is situated close to the previously delimited Archaean-Proterozoic transition 
zone and compares wel l w i t h similarly aged intrusions close to this boundary zone in 
Finland (Vaasjoki and Sakko, 1988). For a comparison of Sm-Nd isotopes w i t h other fo l i 
ated granitoids i n northern Sweden we assume that the majority of the analysed rocks 
in the study area have ages of 1.89 and 1.875 Ga. 

A common granitoid type in northern Sweden is the Lina type granites. These are usu
ally massive to relatively undeformed, light reddish grey or pink wi th min imum melt 
composition (Ödman, 1957; Öhlander et a l , 1987). North and east of the Jokkmokk area, 
zircon ages of 1794+24 Ma (Skiöld, 1987) and 1783+3 Ma (Wikström and Persson, 1997) 
have been obtained on Lina granites. Close to Jokkmokk, zircons from a quartz 
monzonite have an age of 1793+3 Ma (Öhlander and Skiöld, 1994). 

4. Analytical methods 

Standard crushing and grinding facilities have been used. About 150 mg of whole-
rock powder was dissolved in teflon bombs and Sm and N d were separated in two 
steps of cation exchange using HC1/HN03 and metylactic acid following the procedure 
described by Claesson (1987). For the U-Pb sample zircon crystals were separated f rom 
c. 3 kg of rock sample. The crystals analysed were hand-picked and the approximate 
size fractions were estimated by comparison wi th nylon sieves of different sizes. Ten 
non-magnetic size fractions were analysed and nine were abraded using methods de
veloped by Krogh (1982). 

The Sm, N d , U and Pb isotope analyses were performed at the Swedish Museum of 
Natural History and measured on a Finnegan MAT 261 mass-spectrometer equipped 
w i t h an array of Faraday cups. The Sm runs were normalized to a 1 4 9 S m / 1 5 2 S m value of 
0.51686 and N d interference was monitored at mass 146. The N d runs were normalized 
to a 1 4 6 N d / 1 4 4 N d value of 0.7219, and the Sm interference was checked by measure
ments on mass 149. The N d isotopic compositions on the new analyses in Table 1 have 
been corrected to La Jolla 1 4 3 N d / 1 4 4 N d = 0.511854 w i t h a reproducibility that varied ac-
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Fig. 2. Geological map of the investigated area after unpublished maps from the Geological 
Survey of Sweden. The sampling localities for the Palaeoproterozoic rocks from this study are 
marked. The marked area north of Jokkmokk shows the location of the detailed map of the 
southern Muddus area in Fig. 3 which also includes sampling points for Archaean rocks. 
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Table 1. U-Pb isotopic data on zircon analyses from sample 98006. 

Fractions Concentrations Atomic ratios Age (Ma) 

No. Properties 3 

weight 
(mg) 

Ub 
(ppm) 

Pb r a d b  

(ppm) 

208pt,c 

(mol%) 

206pb /204 P b 206pb/238yd 

measured 

2 0 7 P b / 2 3 5 i j d 207 P b / 206pbd 

A >90um, ab, br, an-sp, 7xx 0.018 599 323 14.00 19400 0.4623 ±15 11.137 ±37 2603 
B >90um, ab, an, br i l l , 7xx 0.013 386 221 14.43 11250 0.4827 ±13 11.755 ±33 2621 
C >74|im, ab, dbr, an, 17xx 0.024 531 289 13.80 21800 0.4645 ±11 11.273 ±28 2616 
D >74um, ab, an, br i l l , l l x x 0.009 377 214 14.98 5810 0.4770 ±17 11.587 ±43 2617 
E <74um, ab, br, sp, 15xx 0.024 597 296 8.35 11650 0.4489 ±13 10.916 ±32 2619 
F <74um, ab, sp, br i l l , 22xx 0.025 320 160 8.94 3800 0.4508 ± 7 10.784 ±19 2592 
G <60um, lp, 40xx 0.063 428 206 11.60 5600 0.4360 ± 8 10.318 ±19 2574 
H >250um, ab, br, an, l x x 0.025 738 376 9.19 26600 0.4585 ±10 10.976 ±24 2593 
K >106um, ab, br, an, 3xx 0.018 648 355 14.68 25400 0.4607 ± 8 11.210 ±21 2620 
L >90um, ab, an, 6xx 0.023 667 349 13.04 39500 0.4501 ± 9 10.910 ±21 2614 

a A l l these zircon crystals are transparent, uncoloured and non-magnetic (zero forward slope, 3 degrees of ti l t and 1.7 Amps w i t h an LB-1 
Frantz isodynamic separator) unless otherwise indicated: 74,106um=width in microns, xx=number of crystals analysed, br=light brown, 

dbr=dark brown, sp=short-prismatic ( l / w = l - 3 ) , lp=long-prismatic(l/w>4), eu=euhedral, an=anhedral subrounded, ab=abraded 
brill=roundish w i t h brilliant lustre, corr=corroded surfaces. 

^Concentrations are known to about 5% for sample weights of about 0.1 mg. 
cRelative to total radiogenic Pb. 
^Corrected for lead blank, fractionation, spike and initial common lead (Stacey and Kramers, 1975); errors are at the 2 sigma level and 

refer to the last significant digits. 



cording to technique and during different analytical periods. Samples 90074-96102 were 
measured by static detection and the reproducibility based on repetitive analyses of the 
La Jolla 1 4 3 N d / 1 4 4 N d standard is wi th in ±0.6 8N d units (+25=0.000028, n=8) for samples 
90074-96011 and wi th in +1.2 8N d units (±2s=0.000060, n=10) for samples 96095-96102. 
The remaining samples were measured in dynamic mode which resulted in a reproduc
ibil i ty of ±0.4 8N d units (±2s=0.000020, n=12) for samples 96121-96125 and ±0.5 8N d unit 
(±2s=0.000023, n=12) for samples 98001-98016. 

Most of the samples analysed for isotopes were also analysed for major, trace and rare 
earth elements. Major elements and Ba, Be, Co, Cr, Cu, N i , Sc, Sr, V, Y, Zn, Zr were meas
ured w i t h ICP-AES. REE and Ga, Hf , Mo, Nb, Rb, Sn, Ta, Th, U , W were measured w i t h 
ICP-MS. These element analyses were performed by SGAB analys in Luleå, Sweden. 

5. Results 

5.1. U-Pb isotopes 
U-Pb zircon analyses were performed on sample 98006 from the Muddus area (Fig. 3). 

167500 

O Felsic to intermediate 

volcanic/subvolcanic rocks 

E" 11.3 Metadolerites 

[ V ] Granites (c. 1.80 Ga) 

Gabbroic rocks 

740000 

ET«]) Granitoids (c. 1.875 Ga) 

] Granitoids (c. 1.89 Ga) 
i Archaean porphyritic 
I granitoid 
] Archaean banded gneisses 

170000 

• Sampling localities 
15-30 _ i — 
3 5 - 5 5 Foliation 
60-75 
80-90 - V 

•v Mineral stretching 
lineation 

Fig. 3. Detailed map of the southern Muddus area, modified from unpublished maps from the 
Geological Survey of Sweden. The map shows a new interpretation of the local geology which is 
based on the results we present here, as well as modifications from a unpublished map by Olof 
Martinsson, Luleå University of Technology. We have here included the sampling localities for 
the Palaeoproterozoic as well as the Archaean rocks. 
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This sample is also analysed for Sm-Nd isotopes (next section). The zircon crystals se
lected for the U-Pb analyses were all euhedral and the morphologies varied f rom long-
prismatic to oval. Zircon cores have not been observed in the analysed fractions. The 
majority of the zircons were colourless to light brown wi th a transparent to translucent 
lustre. 

Ten zircon size and morphological fractions are listed in Table 1 and plotted in a 
Concordia diagram (Fig. 4). The fractions are 5-15% discordant, the non-abraded frac
t ion (G) being the most discordant. A regression including all fractions yields intercept 
ages of 732 and 2642+38 Ma. The lower intercept age of 732 Ma is considered as geologi
cally meaningless and is close to an extrapolated straight discordia f rom a late Archaean 
diffusion line. The scattering observed among the different zircon fractions might reflect 
crystal heterogeneities f rom metamorphic overgrowths incompletely removed in the 
abrasion process. 

0.54 

0.521-

0.50 h 

S? 0.48 

Ch 
* T 0.46 

0.44 

0.42 

0 4 0 

2800p<> 

Granitoid gneiss 
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2700 yr 2700 yr 

- 2 6 0 0 j / 7 

/ / B 

2500 « / ^ D / 

/ A / c 
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F 

2300 cT / Intercept at ca. 
- / j ' 732 and 2642 ±38 Ma 

MSWD=61 
2 2 0 0 / / 

S 1 1 / I I I 

10 11 12 

2 0 7 P b / 2 3 5 U 

13 14 15 

Fig. 4. U-Pb concordia plot for sample 98006. 

5.2. Sm-Nd isotopes 
The Sm-Nd isotopic analyses are shown in Table 2 and the corresponding £ N d ( t ) values 

in Figs. 5 and 6 are set to t=1.926, 1.89 and 1.875 Ga. In Fig. 5 the 8Nd(t ) values of the 
Proterozoic rocks range from +1.5 to -6. There is an overlap between the c. 1.875 Ga 
rocks and the c. 1.89 Ga rocks. The spread in £ N d ( t ) values among the granitic rocks is less 
pronounced and ranges between +1.5 and -3.0. Two gabbroic samples, included f rom 
Öhlander et al. (1993), are clearly distinguished f rom the others by their gentle £ N d evo
lution-lines. 

The proven Archaean rocks (see below), like those from petrographical comparison 
considered to be Archaean in Fig. 5, have been given a common age of 2.7 Ga. These 
rocks show the most negative £ N d ( t = i . 8 9 ) values f rom -6.3 to -10.4 of all samples, but they 
overlap w i t h the two Proterozoic gabbros at t=2.7 Ga. 
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Table 2. Sm-Nd isotopic data on the rocks analysed. 

Sample National Sm N d 1 4 7 S m / 1 4 3 N d / 2SEM a r a g e TcHUR ?DM ^Nd(T) 

No . coordinates (ppm) (ppm) 1 4 4 N d 1 4 4 N d  

Nor th East 
71269 739210 165490 2.83 17.7 0.0964 
71271 739205 165495 2.24 14.4 0.0942 

76241 739465 165305 9.49 56.7 0.1012 

9.49 56.7 0.1012 

83088 745260 170805 1.35 5.31 0.1538 
83089 745320 170685 1.30 4.58 0.1710 

88106 739455 165280 4.62 29.1 0.0959 
4.62 29.1 0.0959 

88111 741825 167940 2.98 17.2 0.1046 
88112 742565 167610 5.05 25.8 0.1186 
89149 744475 168430 10.8 59.9 0.1088 
90074 745885 165715 7.21 44.0 0.0991 
90084 740760 169735 13.5 90.4 0.0899 

90085 742000 163670 7.07 40.2 0.1064 

90088 740660 166730 8.85 46.7 0.1147 

96003 740080 165190 3.80 19.6 0.1170 
96004 739685 165335 6.04 33.1 0.1102 

duplicate 6.04 33.1 0.1102 

96005 741115 165910 8.15 38.3 0.1289 

96006 743430 167445 12.7 61.2 0.1254 

96010 739520 167585 5.43 28.2 0.1165 
96011 740735 166575 6.58 37.2 0.1070 
96095 741185 166705 7.97 42.8 0.1126 
96096 740580 166100 13.8 98.6 0.0844 

96097 743190 166445 3.55 18.1 0.1190 
96099 742435 163950 9.85 55.1 0.1082 
96100 741090 163940 6.10 32.9 0.1120 

96101 743260 166260 6.73 45.4 0.0897 

96102 741340 168270 8.86 43.4 0.1233 
8.86 43.4 0.1233 

96121 735325 169030 4.39 26.2 0.1012 

96122 737450 166645 3.96 19.5 0.1224 

96123 738375 167095 5.81 36.4 0.0966 
96124 738980 167625 5.02 28.8 0.1054 

96125 741120 169240 4.46 23.5 0.1150 
98001 740300 168235 5.18 27.2 0.1152 

98002 740755 168210 6.67 35.5 0.1135 
98003 741185 168380 6.55 34.5 0.1150 
98004 741255 168325 8.46 37.7 0.1356 

8.46 37.7 0.1356 

98005 741358 168271 7.88 57.8 0.0824 
7.88 57.8 0.0824 

98006 741430 168265 5.37 28.0 0.1161 
5.37 28.0 0.1161 

98007 739690 167285 4.52 23.6 0.1156 
98009 739695 166735 6.08 33.6 0.1094 

98010 737750 166030 4.22 24.6 0.1037 

98011 741325 168608 11.1 57.5 0.1163 
98012 741725 169040 4.10 24.9 0.0997 

98013 743792 169834 5.60 33.9 0.0999 
98014 739170 165180 4.60 25.0 0.1113 

98015 741743 168109 16.8 82.5 0.1233 

98016 741543 168499 4.82 26.6 0.1095 

0.511397 14 1926 1880 2100 0.6 b 

0.511382 9 1926 1860 2100 0.8 b 

0.511457 17 1875 1880 2150 - 0 . 1 b 

0.511457 17 1926 1880 2150 0.6C 

0.511878 24 1890 2690 2970 -4.4 b 

0.512136 19 1890 2960 3400 -3.6 b 

0.511346 10 1875 1950 2170 -0.9 b 

0.511346 10 1926 1950 2170 -0.3C 

0.511351 20 1875 2120 2320 -3.0 b 

0.511523 10 1875 2170 2460 -3.0 b 

0.511502 24 1875 1960 2270 -1.0 b 

0.511307 8 1875 2070 2300 -2.5 

0.511185 9 1875 2070 2280 -2.7 

0.511517 6 1875 1890 2180 -0.1 
0.511554 7 1875 2010 2270 -1.4 

0.511583 7 1875 2010 2290 -1.4 

0.511565 6 1890 1890 2210 0.1 

0.511573 6 1890 1870 2190 0.2 

0.511742 6 1875 2010 2320 -1.2 

0.511651 5 1875 2100 2410 -2.1 

0.511578 7 1890 2010 2290 -1.2 

0.511480 7 1890 1960 2250 -0.8 

0.511548 7 1875 1970 2270 -1.0 

0.511166 7 1875 1990 2210 -1.7 

0.511757 6 1875 1720 2040 1.5 

0.511546 7 1875 1880 2190 0.0 

0.511626 7 1875 1820 2120 0.7 

0.511272 7 1890 1940 2160 -0.7 

0.511325 6 2700 2710 2880 -0.1 

0.511325 6 1890 2710 2880 -7.8C 

0.511525 12 1890 1770 2040 1.5 
0.511737 11 1890 1840 2130 0.5 
0.511454 12 1890 1800 2030 1.2 

0.511506 13 1890 1880 2180 0.1 
0.511554 13 1890 2020 2270 -1.3 

0.511504 12 1890 2110 2350 -2.4 

0.511581 7 1890 1930 2190 -0.5 
0.511317 8 1890 2450 2660 -6.0 

0.511555 12 2700 2690 2870 0.1 

0.511555 12 1890 2690 2870 -6.3C 

0.510687 7 2700 2590 2740 1.7 

0.510687 7 1890 2590 2740 -10.4C 

0.511167 11 2700 2770 2900 -0.7 

0.511167 11 1890 2770 2900 -9.2C 

0.511535 12 1890 2070 2350 -1.9 

0.511550 12 1890 1890 2180 -0.1 
0.511532 12 1890 1810 2110 1.0 

0.511557 12 1890 2040 2290 -1.6 
0.511168 11 1890 2300 2500 -5.2 

0.511213 8 1890 2230 2440 -4.3 

0.511593 12 1890 1860 2120 0.3 

0.511661 9 1875 2020 2290 -1.4 

0.511347 11 1890 2250 2510 -4.1 

a T w o standard error of the mean. 
b Analyses f rom Öhlander et al. (1993). 
cRecalculated values. 
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Fig. 5. Initial £ N d ( t ) vs. age for the samples used in this study. DM evolution line is from 
DePaolo (1981). Circles show the c. 1.875 Ga granite type, black dots the c. 1.89 Ga type, gray 
dots the 1.926 Ga type, open diamonds the Archaean porhyritic type and filled diamond the 
evengrained gneiss. 

The geographical distribution of the Proterozoic samples is given by the contour-map 
in Fig. 6 and shows that there is a transition f rom negative £ N d ( t ) values in the northeast 
to positive values in the southwest. In the area about 20 km north of Jokkmokk there is 
a higher concentration of sampling-points (see Fig. 3), since a more detailed study was 
performed in this area. 

5.3. Geochemistry and petrography 
The samples that have been plotted in the classification diagram in Fig. 7 cover a wide 

variety of compositions ranging f rom the granite to the gabbro/diorite field. The two 
types of rocks recognized in the field are separated in the classification diagram wi th 
only a slight overlap. 

The 1.875 Ga type plots in the fields of granite, adamellte, granodiorite and quartz 
syenite. In most cases, this type has a reddish colour and is often relatively poor in dark 
minerals. Some samples contain both biotite and hornblende, but some only carry acces
sory amounts, or can even lack one of these minerals. The major minerals are 
megacrystic potassium feldspars, albite, perthitic intergrowths, plagioclase and quartz. 
Common accessories are zircon, titanite and apatite. Titanite commonly occurs in con
tacts wi th Ti-magnetite or ilmenite grains. Secondary minerals such as sericite are al
ways present and there is some occurence of chlorite. 

The 1.89 Ga type plots in the fields of adamellite, tonalite, quartz diorite, quartz 
monzodiorite, gabbro/diorite and monzogabbro/diorite. Major minerals are 
plagioclase, albite, perthite, microcline, quartz, +biotite and ±hornblende. Accessories 
are titanite and zircon. Sericite has commonly grown on plagioclase crystals and horn
blende has often undergone alteration into biotite. 
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marked are shown by the isolines. The Archaean rocks are not shown. 

One of the rock types that we interpret as Archaean plots in the granite and quartz 
monzomte fields (the sample analysed for U-Pb zircon dating plots wi thin the granite 
field). This type is porphyritic w i th albitized microcline megacrysts, plagioclase, quartz 
biotite and ±hornblende. Zircon, titanite and ti-magnetite/ilmenite occur. The other 
type is even-grained and the one sample plots in Fig. 7 wi thin the tonalite field This 
rock type is, however, not very well represented by one single sample, since i t is banded 
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Fig. 7. Q-P diagram after Debon and LeFort (1982). Classification fields are as follows: 
gr=granite, ad=adamellite, gd=granodiorite, to=tonalite, sq=quartz syenite, mzq=quartz 
monzonite, mzdq=quartz monzodiorite, dq=quartz diorite, s=syenite, mz=monzonite, 
mzgo=monzogabbro/diorite, go=gabbro/diorite. 

Open triangles show the c. 1.875 Ga granite type with negative £ N d ( t ) values and open squares 
show the c. 1.875 Ga granite type with positive £ N d ( t ) values. Black triangles show the c. 1.89 Ga 
type with negative £ N d ( t ) values and black squares show the c. 1.89 Ga type with positive £ N d ( t ) 

values. The black dots show the Norvijaur type and the circles show the Jouksjokko type. Open 
diamonds show the Archaean porhyritic type and the filled diamond shows the evengrained 
gneiss. 

and the composition varies on metre scale mainly between gabbro and tonalite. Minor 
amounts of ultramafic rocks are also present in the area. The sample types that have 
been previously age determined are also included and plot in the tonalite (the c. 1926 
Ma Norvijaur type) and in the granite (c. 1876 Ma Jouksjokko type) fields. 

Generally, the sampled rocks have strongly HREE depleted patterns (Fig. 8) wi th com
monly negative Eu anomalies and flattening in the HREE. The patterns vary wi th S i0 2 

content. As the Si0 2 increases the HREE changes f rom trough-shaped to more flat-
shaped patterns. There is no clear difference between the samples f rom the NE and the 
samples f rom the SW and hence no correlation w i t h £ N d ( t ) values. In the Rb vs. Y+Nb 
diagram (Fig. 9), the more mafic, c. 1.89 Ga types plot i n the volcanic-arc granitoid field 
and the 1.875 Ga type plots in the border between the within-plate and the volcanic-arc 
granitoid fields. 
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Fig. 8. Rare earth element plots for the different rocks in the study area. 
normalization values after Nakamura (1974). Gray fields represent all samples within each plot, 
including 8Nd(t) determined rocks as well as rocks choosen for geographical reasons. The SiÖ 2  

range represent the whole range of samples within each diagram. Samples that have been deter
mined for 8Nd(t) are marked. 
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Fig. 9. Rb vs. Y+Nb diagrams after Pearce et al. (1984). 
Left diagram shows Proterozoic rocks analysed for Sm-Nd together with other samples with 
similar characteristic features and divided according to their geographical positions. Open trian
gles show the c. 1.875 Ga granite type with negative £ N d ( t ) values and open squares show the c. 
1.875 Ga granite type with positive £Nd(t) values. Black triangles show the c. 1.89 Ga type with 
negative £Nd(t) values and black squares show the c. 1.89 Ga type with positive £Nd(t) values. 
Right diagram shows the Archaean samples. Open diamonds show the Archaean porhyritic 
type and the filled diamond shows the evengrained gneiss. 

5.4. Field observations 
Tectonic features like strong foliations and lineations are commonly seen in the 

Jokkmokk area. Many of these structures also appear on the aeromagnetic anomaly map 
(Fig. 10). The c. 1.89 as wel l as the c. 1.875 Ga granitoids mostly show a planar fabric. 
Mineral stretching lineation is less common, but has been observed locally in deforma
tion zones indicated on the aeromagnetic anomaly map (Fig. 10). One of these zones 
(Locality 1 in Fig. 10) is shown in Fig. 11 and involves a probable proterozoic 
granodorite w i t h a foliation and mineral stretching lineation both dipping to the SW. 
Similar structures can be observed in the southern parts of the Muddus area as well , but 
here i t involves Archaean rocks (Locality 2 in Fig. 10). These deformation zones show 
winding patterns which we interpret as series of zones marking a thrusting event. 

6. Discussion and conclusions 

The U-Pb zircon analyses of the pophyritic granite north of Jokkmokk point to a late 
Archaean rock emplacement. This sample, together wi th rocks of similar type, but w i t h 
a more quartz monzonitic composition, shows £ N d(t=i.89 Ga) values below -6.3. However, 
an even-grained tonalite gneiss shows the most negative £Nd(t=i.89Ga) value, -10.4. The dis
tribution of Proterozoic (c. 1.93-1.87 Ga) samples analysed for isotopes (Fig. 6) infers 
that there is a gradual change in £ N d( t) values f rom negative values in the NE to positive 
values in the SW. The transition of £ N d ( t ) values is independent of the compositional 
trend of the two main types of Proterozoic rocks. The only difference is that the more 
calc-alkaline type shows a wider range of £ N d ( t ) values (+1.5 to -6) than the more granitic 
type which has the most negative £ N d ( t ) value at -3. 

The Archaean rocks occur in an area where the surrounding Proterozoic rocks show 
strongly negative £ N d ( t ) values (Fig. 3). 

During the course of this study new areas of Archaean ages have been documented 
that are geochronologically close to the margin of the previous Archaean craton. Sm-Nd 
isotopes and calculated £ N d ( t ) values were used in selecting the sample picked for U-Pb 
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Fig. 10. Aeromagnetic anomaly map of the same area as in Fig. 2 (data from the Geological 
Survey of Sweden), with sample sites and numbers marked. Light areas show high magnetic 
anomalies. Note the lines showing the gently dipping shear zones. Arrows are pointing at two 
locations (1 and 2) where the character of these structures have been observed. 

zircon analyses. Among other samples of similar petrographic type, including the 
tonalitic gneiss, this sample showed strongly negative £ Nd(t=i.89Ca) values, which is in 
agreement w i t h the range of £Nd(t=i.89Ga) values generally shown by Archaean rocks. 

A l l of the analysed rocks in this study are deformed and show a foliation which is lo
cally combined w i t h mineral stretching lineation. Deformation zones possibly related to 
thrusting have been observed in the field (Fig. 11). These structures are recognized as 
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Fie 11 A Field appearance of one of the deformation zones in a granitoid rock identified on 
t h f aeromagnetic anomaly map (Location 1 in Fig. 10). View to the NE. B. A closer view looking 
to the ESE at the same location as in A. 

anastamosing patterns on the aeromagnetic anomaly map in Fig. 10. and assume shal
low dipping structures, as observed. Mineral stretching lineation of biotites plunges to 
the south-southwest. No kinematic indicator has been observed that shows normal or 
reverse movement. Some of the south-dipping reflectors i n the interpretation of the 
Babel Profile 2 (Babel working group, 1990), east of Skellefteå (Fig. 1) have been re-
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garded as thrust faults, which would explain how juvenile material f rom the south was 
obducted onto the Archaean continent during the Svecofennian orogeny (e.g., Öhlander 
et al., 1993; Göhl and Pedersen, 1994; Lindsey and Snyder, 1994). With the increased 
availability of Sm-Nd isotope analyses this thrust model has gained further support 
(Öhlander et al., 1999). On the basis of these isotopic analyses, the time for amalgama
tion of juvenile and essentially mantle derived rocks to the Archaean cratonic margin 
may be seen to have occurred at some stage between 1.87 Ga and 1.8 Ga ago. 
Admittedly, there are some differences in the Sm-Nd isotopic patterns of the two pro
files near Luleå and Jokkmokk. We attribute these changes to variations in the tectonic 
evolution at the plate margin and not as a result of ensialic processes inside a continen
tal mass. The Sm-Nd isotopic analyses of c. 1.89-1.875 Ga granitoids in the Jokkmokk 
area indicate a gradual change in £ N d ( t ) values when leaving the Archaean domain com
pared to the abrupt shift recorded in the Luleå area. One seemingly plausible 
petrogenetic interpretation of the gradual change in £ N d ( t ) values would be to attribute it 
to the thinning of the Archaean continental margin as illustrated i n Fig. 12 and thus to 
the variable involvement of Archaean crust. These effects have been observed in the An
des of Central Chile (Hildreth and Moorbath, 1988) and it was shown that there is a de
crease in £ N d ( t ) values when entering thicker continental crust, which is explained, not 
only by increasing amounts of crustal materials, but also by an increase in age of the 
crustal contributors. Another example f rom the western United States (DePaolo, 1988) 
attributes the observed gradual change in £ N d ( t ) values to a shift f rom juvenile to en
riched granitoid character when entering areas w i t h Precambrian basement. 

Assuming that there is an £ N d ( t ) gradient, both in the juvenile and the continental parts 
of the crust as illustrated in Fig. 12, there may be no need to explain the recorded obser
vations as the result of collision and thrusting. However, in the study by Öhlander et al. 
(1999) (see above), it was shown that juvenile c. 1.89-1.875 Ga old plutonic rocks south
west of Luleå and Jokkmokk have been intruded by 1.80 Ga old granites that show 
strongly negative £ N d ( t ) values. The explanation in that case was that juvenile material 
was thrusted onto the Archaean cratonic margin prior to formation of the 1.80 Ga old 
granites. 

Fig. 12. Schematic diagram, not to scale, illustrating the £ N d ( t ) gradients in different crustal 
terranes, combined with a gently dipping contact. 
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The differences in Sm-Nd pattern between the Luleå and Jokkmokk areas could be ex
plained by the fact that the juvenile terranes that were deposited onto the Archaean 
crust in the Luleå area originated at a greater distance f rom the continental crust than 
those deposited in the Jokkmokk area. Perhaps the pre-collisional situation was about 
the same in both areas, but the main difference could be that stronger tectonic forces 
acted in the Luleå area which brought the juvenile material much further onto the 
Archaean cratonic margin and created a sharp £ N d ( t ) boundary. 

As for the structural style of the Archaean-Proterozoic boundary, previously men
tioned, we prefer to explain its nature w i t h thrust tectonic models as suggested for other 
Proterozoic orogens that show similar tectonic features, for instance the cross-sections of 
the New Quebec Orogen of the Superior Province in Canada (Wardle and Van 
Kranendonk, 1996). The Archaean basement rocks of the Superior Province are overlain 
by a more than 150 km wide allochtonous cover that rests upon an undulating 
subhorizontal footwall surface. Further to the NW, the Trans-Hudsonian Orogen in 
northern Quebec and southern Baffin Island (St-Onge et al., 1999) shows similar fea
tures wi th outliers of Proterozoic allochtons which cover areas more than 350 km away 
f rom the footwall cratonic margin of the Superior Province. Korja et al. (1993) character
ized the Archaean-Proterozoic boundary zone in Finland as a thick discontinuous con
ductor and a thick crust composed of a collage of Archaean and Proterozoic rocks of 
both Karelian and Svecofennian origin. The conducting layer was considered to repre
sent both the overthrusted graphite and sulphide-bearing supracrustals as well as de
tachment zones associated wi th f inal accretion of juvenile island arcs to the Archaean 
craton. In other terms, structures related to the initial collisional event, w i th 
overthrusting of the island arcs and nappe emplacement to the east or northeast, are 
called D I and D2 events after Kärki et al. (1993). The structures that define the Raahe-
Ladoga Zone, however, are relatively late and relate to a Svecofennian D3 event. Ac
cording to Nironen (1997), the initial thrusting event, causing thickening of the crust 
and the mantle lithosphere in eastern Finland, happened at c. 1.91 Ga ago. Later, an
other thrusting event started at c. 1.89 Ga which continued in the western areas (in Swe
den) to c. 1.87. Ga. The D3 structures in Finland are characterized by upright refolding 
of older structures and the emplacement of 1884 Ma old pyroxene bearing granitoids. In 
the later stages of D3, the style of deformation changed f rom folding to ductile shearing, 
causing large scale dextral SE-trending strike slip faults along the Raahe-Ladoga Zone 
(Luukas, 1997). On the other hand, Lahtinen (1994) has suggested that the major colli
sion occurred at 1.91-1.90 Ga, followed by a thrusting event at c. 1.86-1.84 Ga. On the 
Swedish side, Öhlander et al. (1999) have suggested that accretion and final amalgama
tion to the Archaean craton occurred between 1.87 and 1.80 Ga and probably before 
peak metamorphism at 1.84-1.82 Ga (Billström and Weihed, 1996). It is plausible that a 
collision event occurred earlier in Finland than in Sweden, and we conclude that the 
late thrusting in Finland was probably prior to the main collisional and thrusting event 
in Sweden. We also concur wi th Lundqvist et al. (1998) w i t h regard to a dynamic model 
of sedimentation and plutonism in the Bothnian Basin which lasted f rom 1.95 to 1.87 Ga 
and which could also be valid in the Skellefte district as wel l as areas further to the 
north. The c. 1.93 Ga granitoid in the Jokkmokk area does not, however, show the same 
juvenile character ( £ N d ( t ) c. +0.6 - +0.8) as the 1.93-1.91 Ga gneissic tonalites ( £ N d ( t ) c. +2.4 
- +3.4) f rom the Savo Belt (Lahtinen and Huhma, 1997) that are located wi th in the 
Raahe-Ladoga Zone. The structures we see in Sweden could possibly be correlated wi th 
the deformational events as in Finland. Agewise, the second arc accretion event at 1.87 
Ga in Nironen (1997), could be related to the post 1.87 Ga event as suggested by 
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Billström and Weihed (1996) and Öhlander et al. (1999). The two separate arc com
plexes, as suggested by Nironen (1997), were progressively accreted to the Archaean 
cratonic margin on the Finnish side at 1.91 to 1.87 Ga. We may speculate that the arc 
complex that was accreted to the Archaean craton in Sweden consisted of one single arc 
which was formed during the same age range of as the two arcs in Finland. 

To verify this model we may consider the c. 1.926 Ga Norvijaur tonalite which is in
truded by the 1876 Ga Jouksjokko granite (from Skiöld et al., 1993)(Fig. 2). These two 
sample types show similar £ N d ( i . 9 2 6 G a ) values of c. -0.3 to +0.8 (see samples 71269, 71271, 
76241 and 88106 in Table 2) which could indicate that they were both derived f rom the 
same magmatic source, w i t h no obvious involvement of Archaean materials. This situa
tion favours the idea that they were formed in an environment without any disturbance 
or reorganization by accretionary processes during the period between 1.926 Ga and 
1.876 Ga. Since both types are strongly foliated we speculate that these two samples rep
resent the range of ages for a long-lived arc which was thrust onto the Archaean 
cratonic margin in the north after the time of formation, together w i th more strongly ju 
venile materials in the present south (Fig 12). On the other hand, the two rock types dis
cussed above could also represent the more marginal parts of the Archaean craton. 
Chemically, the tonalitic character of the c. 1.926 Ga type f rom the Norvijaur area is 
similar to the early, subduction related rocks (Jörn G l after Wilson et al., 1987) that are 
found in the Skellefte district further south. Since the Norvijaur type shows a less juve
nile character than the rocks in the Skellefte district and the 1.93-1.91 Ga old tonalites in 
Finland, it could also be possible, as suggested by Skiöld et al. (1993), that the Norvijaur 
tonalite was formed during subduction (which is hidden today) beneath the Archaean 
craton. 
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Abstract 

Extensive Sm-Nd isotope work has been carried out in northern Sweden with the intention of studying crustal 
reactivation and assimilation processes relative to juvenile arc accretion at an Archaean cratonic margin. Previous 
regional work has shown a gradual change from negative e N d ( t ) values in northernmost Sweden to positive values 
towards the Skellefte sulphide ore district farther south. Isotopic variation and geophysical data show a break in the 
character of the crust along a WNW-trending zone. I t is suggested that this zone, which passes close to the towns of 
Luleå and Jokkmokk, represents the transition f rom the Archaean craton in the northeast to Proterozoic juvenile 
crust in the southwest. A profile across the eastern part of this transition zone has been studied in detail in the Luleå 
area, where Archaean rocks recently have been discovered. The distribution and character of the Archaean rocks 
have been studied. These occur as fragments, ranging in size from several k m 2 to dm in scale, and consist of ca 2.7 Ga 
orthogneisses of granodioritic to dioritic composition and porphyritic granitoids of quartz monzodioritic to granodio
ritic composition. Plutonic rocks of ca 1.9 Ga age and Archaean rocks were analysed for major and trace elements, 
and for Sm-Nd isotopes. The calc-alkaline ca 1.9 Ga granitoids are dominated by granodiorites, tonalites, quartz 
diorites and quartz monzodiorites, and there is a distinct boundary rather than a transition zone between intrusions 
with postive e N d ( I ) values in the southwest and intrusions with negative e N d ( ( ) values in the northeast. The locations of 
the outcropping Archaean fragments coincides with this distinct boundary, which is interpreted as a terrane boundary 
separating a ca 1.9 Ga juvenile arc terrane in the southwest f rom the Archaean continent in the northeast. A possible 
explanation for this is that the Proterozoic juvenile terrane was obducted onto the Archaean craton during the final 
stages of the Svecofennian orogeny. © 1999 Elsevier Science B.V. A l l rights reserved. 

Keywords: Archaean; Continental accretion; Proterozoic; Sm-Nd isotopes; Svecofennian orogeny 

1. Introduction 

Before the deposition of a Proterozoic cover 
and the repeated Proterozoic reworking of older 
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rocks, the presently exposed Archaean areas in 
northern Sweden formed part of a coherent craton 
(Fig. 1, inset). Öhlander et al. (1987, 1993) used 
Sm-Nd isotopic analyses of Proterozoic granitoids 
and metavolcanics to delineate the Archaean 
palaeoboundary. In a regional context, the trans
ition from strongly negative eN d ( ( ) values in the 
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Fig. 1. Geological map of northern Sweden (after Perdahl and Frietsch, 1993) with data f rom previous Sm-Nd isotopic work and 
the Luleå-Jokkmokk zone of Öhlander et al. (1993), e N d ( ( ) values at t= 1.8-1.9 Ga. Major fracture zones drawn from Öhlander 
and Nisca (1985). Shaded area represents e N d ( I ) values between 0 and —3. Inset map shows the Geological map of the Baltic Shield 
simplified after Gaål and Gorbatschev (1987). The Raahe-Ladoga zone (Vaasjoki and Sakko, 1988) is drawn with a continuation 
in Sweden. 



C. Mellqvist et al. / Precambrian Research 96 (1999) 225-243 227 

northeast to positive values in the southwest is 
distinct, and approximately defines the border of 
the old craton (Fig. 1). The Archaean-Proterozoic 
palaeoboundary extends in a WNW direction, it 
is sub-parallel to the longitudinal axis of the 
Skellefte sulphide ore district but it is situated ca 
100 km farther to the north. It is also a direct 
continuation of the corresponding boundary in 
Finland (Fig. 1). 

There is no simple correlation between the 
Archaean palaeoboundary, as defined by the iso
topic results, and regional structures as interpreted 
from geophysical measurements. Reflection seismic 
work (BABEL Working Group, 1990) have been 
interpreted in a way that volcanic arc terranes to 
the south of this boundary have been thrust 
towards the Archaean craton in the northeast. A 
tentative model for the formation of the Archaean-
Proterozoic palaeoboundary in northern Sweden 
was presented by Öhlander et al. (1993). Rifting 
of the Archaean craton created a passive margin 
ca 2.0 Ga ago. Spreading shifted to convergence 
with subduction beneath the Archaean continent 
ca 1.9 Ga ago. Subsequently, the resulting juvenile 
volcanic arc collided with the old continent, and 
the Archaean palaeoboundary, as it exists today, 
was formed by a collision event. Later deformation 
disturbed this boundary predominantly along 
NNE-trending shear zones. 

This tentative model, based on regional data, is 
now being verified by detailed studies. A new 
project comprising detailed geological and isotopic 
studies in two profiles across the Archaean bound
ary started in summer 1994. One profile is located 
along the coast of northern Sweden (in the Luleå 
area), and the other ca 170 km to the NW (in the 
Jokkmokk area). 

The purpose of this project is to delineate the 
Archaean-Proterozoic palaeoboundary in more 
detail, to understand its character, explain how it 
was formed and to put this information into a 
plate tectonic context. The study is being per
formed in two transects crossing the boundary 
described by Öhlander et al. (1993). The work 
presented here shows the results from the Luleå 
area. The methods used in this study involves 
detailed mapping, and sampling for Sm-Nd iso-
topical analyses as well as geochemical analyses. 

In the regional study by Öhlander et al. (1993) 
some dissimilarities between the ca 1.8 and ca 
1.9 Ga rocks was indicated (Fig. 1). This was later 
explained (Öhlander et al., 1999) with a tectono-
metamorphic evolution model for the 
Svecofennian orogeny (Fig. 2). The ca 1.8 Ga 
rocks generally have negative eN d ( I ) values in the 
southern areas where the ca 1.9 Ga have positive 
eNd(t) values. For this project a decision was made 
to sample ca 1.9 Ga old plutonic rocks, since these 
rocks were interpreted as being formed in two 
different crustal environments which were brought 
together during the final collision stage of the 
Svecofennian orogeny. It could therefore be 
expected that they would show a simple two com
ponent mixing between crustal material and 
depleted mantle material. 

Geological mapping has been an important tool 
in this study, mainly to develop an understanding 
of the contact relationships between the different 
lithologies. Lundqvist et al. (1996) found an occur
rence of Archaean rocks in the Luleå area. By 
using Sm-Nd isotopic analyses in combination 
with mapping, we were able to find several areas 
of outcropping Archaean rocks. During the course 
of this study mapping of the bedrock mapsheet 
Luleå 24L by the Geological Survey of Sweden 
has also been in progress and some of the data 
presented here stem from that work. 

2. Geology of northern Sweden 

In northern Sweden, the areas with exposed 
Archaean rocks are relatively small (Fig. 1). They 
are dominated by 2.8 to 2.7 Ga old orthogneisses 
of tonalitic to granodioritic composition (Skiöld, 
1979; Witschard, 1984; Öhlander et al., 1987). 
Mafic rocks are less abundant. 

Supracrustal belts related to early Proterozoic 
rifting of the Archaean craton comprise mafic 
metavolcanics, quartzites and metacarbonates. 
Such belts occur in the northern and eastern part 
of the area shown in Fig. 1 (inset) and are from 
2.3 to 2.1 Ga old (Skiöld, 1987; Huhma et al., 
1990). About 2.0 Ga ago, turbiditic metasediments 
were deposited along the passive southwestern 
margin of the Archaean craton, presumably ere-
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Fig. 2. Schematic diagram, not to scale, illustrating the interpretation of the tectonic and magmatic evolution of the Luleå and 
Jokkmokk areas after Öhlander et al. (1999). Juvenile, Palaeoproterozoic crust was thrusted onto the Archaean craton sometimes 
between 1.87 and 1.80 Ga forming a distinct boundary between the two different crustal terranes. A t 1.8 Ga, potassium-rich granitoids 
with negative initial e N d ( I ) intruded the allochtonous juvenile upper part of the crust. 

ated by rifting (cf Gaål and Gorbatschev, 1987, 
and references therein). 

In the early Proterozoic, new continental crust 
to the southwest of the Archaean craton was 
created mainly by igneous activity during the 
Svecofennian orogeny 1.93 to 1.87 Ga ago (Skiöld, 
1987; Vaasjoki and Sakko, 1988; Skiöld et al., 
1993). Simultaneously, volcanic and plutonic rocks 
were also formed within the Archaean craton 
where their source was largely Archaean rocks 
(Huhma, 1986; Öhlander et al. 1993). The granit
oids of this age on both sides of the Archaean 
palaeoboundary are dominated by granodiorites 
and tonalites, although more mafic varieties and 
true granites occur. Subsequently, the time interval 
between 1.80 and 1.77 Ga was again characterised 
by the formation of vast amounts of granitoids in 
northern Sweden, but coeval volcanics have been 
found at only one locality. These 1.8 Ga granitoids 
are dominated by potassium rich granites. 

The Skellefte sulphide ore district with its calc-
alkaline metavolcanics is probably a remnant of a 
volcanic arc (Rickard and Zweifel, 1975; Adamek 
and Wilson, 1979; Claesson, 1985). It subdivides 
the Proterozoic of northern Sweden into two dis

tinct provinces. To the south of the Skellefte 
district, the supracrustal rocks are dominated by 
marine metasediments and subordinate mafic met
avolcanic rocks, whereas immediately to the north 
of it there are large areas of terrestrial volcanic 
rocks. In many cases these are clearly subaerial. 
The distinct petrographical difference between the 
marine volcanics and sediments in the Skellefte 
district and the terrestrial metavolcanic rocks 
(Lundberg 1980) is probably the main reason for 
the previously common assumption that the 
Skellefte district marks the margin of the Archaean 
continent. However, it has been shown recently 
that these terrestrial volcanics are unimodal and 
calc-alkaline, and range from basaltic andesites to 
rhyolites with the low contents of immobile high 
field-strength elements that are typical of modern 
convergent-margin suites (Perdahl and Frietsch, 
1993). Chemically, the marine and terrestrial vol
canic rocks differ mainly in their contents of mobile 
elements such as Na and K. While it is probable 
that the rocks of the two groups are related 
genetically, the marine volcanics possibly extend 
beneath the terrestrial volcanics (Perdahl and 
Frietsch, 1993). 
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North of these terrestrial volcanics, metasedi
ments are again more abundant, but seem to 
belong to a terrestrial type. The volcanics in these 
areas contain several petrochemically distinct types 
which indicates a more complex history (Perdahl 
and Frietsch, 1993). The rocks in the Skellefte 
district and the terrestrial volcanics are relatively 
undeformed, but in the areas just north of the 
latter, deformation is strong. Less deformed areas 
reappear still farther north. 

3. Geology of the study area 

The area concerned in this study is located 
along the coast of northeastern Sweden within the 
mapsheets Luleå 24 L and Boden 25 L (see Fig. 3). 
The geology consists of 1.9-1.87 Ga metasupracus-
tal rocks and plutonic rocks of ca 2.7-2.6, 1.9-
1.87 and 1.8 Ga groups. The older types of plutonic 
rocks are generally foliated whereas the younger 
granites are relatively massive. The metasupracrus-
tal rocks are of both volcanic and sedimentary 
origin. 

3.1. Archaean rocks 

Archaean rocks have been found at several locali
ties in the vicinity of Luleå. The exposures which 
are considered as Archaean are found in the 
Vallen-Alhamn, Bälingsberget, Måttsundsberget, 
Näverberget and Gruvberget-Unbyn areas (Fig. 3). 
The appearance of these remnants of Archaean 
rocks varies from small scale (a few decimetres to 
several metres) xenoliths, with magmatic contacts 
to Proterozoic magmatic rocks, to larger scale tec
tonic blocks on a kilometre-scale size, relatively 
undisturbed by younger magmatism. Areas with 
exposed Archaean rocks often coincide with mag
netic lows on the aeromagnetic map (Figs. 4-6). 
The dominating type of Archaean rocks is a porphy
ritic granitoid. According to the Q-P diagram (after 
Debon and LeFort, 1982) (see Fig. 7), the composi
tion ranges from granodiorite to monzodiorite. This 
rock type contains perthitic microcline phenocrysts 
which are sometimes rimmed with plagioclase. 
Inclusions of euhedral plagioclase grains are also 

present. The matrix consists of microcline, sericit-
ised plagioclase, undulose quartz, biotite and horn
blende. Accessory minerals are titanite, zircon, 
apatite and titanomagnetite or ilmenite. These 
accessory minerals are concentrated in accumula
tions of biotite in which the titanomagnetites or 
ilmenites are rimmed by titanite. 

The even-grained orthogneissic type has a wider 
range of composition than the porphyritic type, 
and is classified as granodiorites to diorites 
(Fig. 7). It is most commonly medium to coarse 
grained. Mineral content is sericite altered plagio
clase, some chloritised biotite and variable 
amounts of microcline, hornblende and quartz. 
The accessory minerals are magnetite, titanite, 
zircon and apatite. 

In the Vallen-Alhamn area the Archaean rocks 
were detected by Lundqvist et al. (1996) and they 
were the first Archaean rocks found this far south 
in Sweden. The area is situated ca 15 km SSW of 
the town of Luleå and was mapped by Ahman 
(1953). The Archaean rocks cover ca 30 km 2, they 
can here be separated into two main types: One 
core part ca 8 x 2 km in size striking NNE, con
sisting of mainly tonalitic orthogneisses, and 
another part which is a gneissic porphyritic granit
oid surrounding the tonalite in the north and east. 
According to Lundqvist et al. (1996), zircons from 
the tonalite yield an U-Pb age of 2710 + 3 Ma, 
and zircons from the porphyritic granitoid (xeno-
lith within a subvolcanic, magmatic breccia) yield 
an U-Pb age of 2655 + 4 Ma. At the southwestern 
and western margins, the Archaean rocks are in 
contact with Proterozoic sedimentary, volcanic and 
subvolcanic rocks. The contact between the 
Archaean porphyritic granitoids and the younger 
supracrustals has not been observed, but a cross-
cutting relationship between the Archaean rocks 
and Proterozoic dykes of both ca 1.9 and ca 1.8 Ga 
is clear. 

At the Bälingsberget locality (Fig. 3), a frag
ment (>75x 150 m) of the Archaean porphyritic 
granitoid is present. Zircons from this porphyritic 
granitoid gave an U-Pb age of 2638+ 19 Ma 
(Wikström et al., 1996a). The surrounding rocks 
consist of slightly foliated, subvolcanic, magmatic 
breccias as well as ca 1.9 Ga plutonic rocks with 
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Fig. 3. Geological map of the investigated area with sample sites marked. A and • , ca 1.9 Ga old granitoids; 0 , Archaean rocks. 

intrusive contacts towards the Archaean block. At 
this locality a 20 cm long xenolith is present in the 
ca 1.9 Ga granitoid. It has a rounded shape and 

an internal foliation at an angle with the foliation 
of the ca 1.9 Ga granitoid host. The same type of 
Archaean porphyritic granitoid that occur in the 
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Fig. 4. Initial e N d W vs. age for the samples used in this study. D M evolution line is from DePaolo (1981). 

Vallen-Alhamn and Bälingsberget localities have 
also been detected at the Måttsundsberget and 
Näverberget localites. 

The largest block of Archaean rocks in the 
Luleå area is found in the Gruvberget-Unbyn area. 
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Fig. 5. Surface plot showing the same area as in Fig. 3. The 
e Nd(i .89 Ga) values of each sample marked are shown by the iso-

lines. The exposures of Archaean rocks are represented by a 

value of —10. 

Many localities within this block consist of the 
same type of Archaean porphyritic granitoid as 
previously described. Disturbances by younger 
intrusive rocks (the ca 1.8 Ga granites) are minor 
compared to the localities mentioned above. At 
many places, however, the large block has been 
intruded by gabbroic dykes generally cutting the 
foliation pattern in the granitioid. The width of 
these dykes varies between a few metres to ca 
50 m, and they commonly show graded and 
strongly sheared contacts towards the granitoid 
host. 

3.2. Early Proterozoic rocks 

The Early Proterozoic rocks in the Luleå vicin
ity (Fig. 3) show a great variation in character. 
Greywacke is the dominating metasediment type 
and the volcanic rocks range from andesitic to 
rhyolitic composition. The intrusive rocks are of 
two main age groups. The older is represented by 
the 1.9-1.87 Ga Haparanda and Degerberg types 
of granitoids, and the younger by the 1.8 Ga Lina 
and Edefors types of granitoids. The older rocks 
in the whole area are cut by ca 1.8 Ga old aplite 
and pegmatite dykes. 
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been analysed for Sm-Nd isotopes, together with samples having negative e N d ( I ) values. • , Samples from the southwest as well as 
the samples with positive e N d ( 0 values. Lower diagram shows Archaean rocks f rom the study area ( • , even-grained gneisses; and 0 , 
porphyritic granitoids). 

3.2.1. Supracrustal rocks 
The metasediments in the study area have been 

mapped and described by Ahman and Ödman 
(1952), Åhman (1953, 1957, 1969) and Ödman 

(1957). Some of the metasedimentary rocks are 
strongly migmatised greywackes, as in the area 
just north of the town of Luleå (Romer and 
Öhlander, 1991), and by the town of Piteå in the 
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south. Less metamorphosed sedimentary rocks can 
locally be found in the Vallen-Alhamn area where 
a conglomerate with clasts mainly consisting of 
volcanic (rhyolitic to basaltic) material in a lami
nated sandy-silty matrix, is interbedded with some 
mafic tuflites. The age of this conglomerate is, 
however, not very well constrained. It was named 
as the 'older conglomerate' by Ahman (1953), with 
reference to the 'younger' Bälinge type conglomer
ate. Since the origin of this 'younger' conglomerate 
is questionable (Wikström et al. 1996b) and rein
terpreted to a subvolcanic, magmatic breccia (see 
Section 4), the stratigraphic relationships between 
many of the supracrustals remain unclear. 

Carbonate rocks in the Luleå area have been 
described by Ahman (1969). These rocks are 
interbedded with schists and metavolcanic rocks, 
and they are cut by porphyries and other felsic 
dykes. Evidence for marine sedimentation and 
magmatism is also found in the southern parts of 
the Luleå-Piteå archipelago where pillow-lava 
together with carbonates are present (Ahman, 
1957). 

The volcanic rocks in the vicinity of Luleå were 
described by Perdahl (1995). Most commonly they 
have a composition ranging from andesite to rhyo-
lite. The andesitic types are grey, grey-green to 
green actinolite/hornblende, oligoclase-andesine 
porphyritic tuffs, agglomerates and lavas, and the 
felsic porphyries are grey-red to red with phe-
nocrysts of K-feldspar and plagioclase. The defor
mation varies locally, from strong to weak. 
Amphibolites found in the Luleå area are foliated, 
medium-grained and greyish black with recrystal-
lised amphibole, plagioclase and minor amounts 
of quartz. They are basaltic and tholeiitic in char
acter and interpreted as representing rift tholeiites 
deposited in marine environments NE and SW of 
the Archaean border (Perdahl, 1995). Possibly this 
happened at the same time as the deposition of 
the metasediments described above. The Luleå 
porphyries were formed in an continental marginal 
arc setting during the Svecofennian orogeny 
according to Perdahl (1995). 

3.2.2. Haparanda suite rocks 
The 1.9-1.87 Ga Haparanda suite plutonic 

rocks is the type of rocks that we mainly have 

used in this study, with the exception of the 
Degerberg type granite and the two Archaean 
samples. The idea was to sample and analyse rocks 
of similar age and composition, since we interpret 
these as being formed in two different crustal 
terranes (volcanic arc and continental arc respec
tively) that were brought together during the 
Svecofennian orogeny, before the formation of the 
1.8 Ga granitoids. 

The Haparanda suite plutonic rocks, defined by 
Ödman (1957), are described as a well differenti
ated igneous suite ranging from gabbro to 
granodiorite. 

In the vicinity of Luleå, Haparanda suite rocks 
are common (Fig. 3). They are most commonly 
medium to coarse grained and compositions from 
granodiorites to tonalites, quartz-monzodiorites, 
quartz-monzonites, diorites and gabbros (Fig.7). 
Local differences in their modal composition occur 
in outcrop scale. They are composed of oligoclase 
or andesine, microcline and quartz. Some varieties 
have hornblende or biotite in only accessory 
amounts and some even lack one of these minerals. 
Common accessories are zircon, apatite, titanite, 
magnetite or titanomagnetite. Secondary minerals 
such as sericite, epidote and chlorite are present. 
The Haparanda suite rocks in the Luleå area have 
been U-Pb zircon dated at several localities, and 
the ages, are 1868 + 13 Ma (Persson and Lundqvist, 
1997), 1867 +11 Ma (Wikström and Persson, 1997) 
and 1892+14 Ma (Öhlander et al., 1987) just south 
of the Archaean-Proterozoic palaeoboundary, 
and 1879 + 4 Ma (Wikström et al., 1996a) and 
1883 + 6 Ma (Wikström and Persson, 1997) just 
north of the boundary. The geochemical and iso
topic character of this rock type is more thoroughly 
described in further sections. 

The Haparanda suite plutonic rocks vary in 
degree of deformation as already noted by Ödman 
(1957). But, according to a recent overview of the 
deformation (Mellqvist, unpublished material), 
the degree of deformation seems to be locally high 
in some areas close to the town of Luleå, and 
lower to the north and to the south. These areas 
of more deformed Haparanda suite rocks com
monly show gneissose banding as well as penetra
tive, mainly amphibolite facies, foliation 
alternating with mineral stretching lineation. In 
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the field, intrusive contacts have been found with 
the Archaean rocks, but they have also intruded 
many of the Early Proterozoic metasupracrustal 
rocks in the area. 

Associated with the plutonic rocks is the Bälinge 
type magmatic breccia, formerly the Bälinge 'con
glomerate' [first described at Bälingsberget 
(Ahman and Ödman (1952)]. The rock has inclu
sions and xenoliths consisting of calc-alkaline plu
tonic rocks of both ca 1.9 and ca 2.7 Ga age 
(Lundqvist et al., 1996; Wikström et al., 1996a) 
enclosed in a foliated, fine-grained dark matrix. 
The petrogenesis of this 'conglomerate-like' rock 
was questioned, mainly due to the lack of sedi
mentary structures in the matrix. Ödman et al. 
(1949) called the 'conglomerate' on Bälingsberget 
a volcanic conglomerate, since some porphyrites, 
also outcropping at Bälingsberget, were similar 
to the matrix in the 'conglomerate'. Wikström 
et al. (1996b) interpreted the 'conglomerate' on 
Bälingsberget as a magmatic (hydraulic) breccia 
and reinterpreted some 'weathered granitoid clasts' 
as being formed by disintegration in a highly 
fluidised, subvolcanic magma chamber. Field con
tacts between the plutonic, subvolcanic and the 
volcanic (described in Section 3.2.1) rocks are 
gradual and the rocks are interpreted as coeval. 

3.2.3. Degerberg type granite 
The Degerberg type granites were mapped by 

Wikström (1993). This granite outcrops north of 
the town of Luleå and further to the north. 
According to Wikström et al. (1996c), the magma
tism of the Degerberg type is associated with the 
Baltic-Bothnian megashear (Berthelsen and 
Marker, 1986). The Degerberg granite is a medium 
grained, K-feldspar porphyritic (with up to 5 cm 
long megacrysts) granite with the dark minerals 
consisting of mainly biotite but occasionally of 
hornblende. The high abundance of biotite is 
reflected by a peraluminous geochemical character. 
The megacrysts contain inclusions of plagioclase, 
biotite and apatite, and they often have a diffuse 
core of microcline or orthoclase enclosed in a outer 
rim of heterogenous microcline (Romer and 
Öhlander, 1991). The porphyritic texture of this 

rock, together with the true granitic composition, 
separates this type from the Haparanda suite rocks. 

The Degerberg granite has yielded U-Pb zircon 
ages of 1880 + 7 and 1888 +17 Ma (Wikström 
et al., 1996c). The Sm-Nd results from Öhlander 
and Skiöld (1994) shows a large contribution of 
Archaean crustal material with initial eN d ( t ) values 
of —4.7 to —6.1. These results are also used in 
this study. 

3.2.4. 1.8 Ga Lina and Edefors type granitoids 
The Lina and Edefors type granitoids (Ödman, 

1957) are the two types of ca 1.8 Ga intrusive 
rocks found in the study area. These two rocktypes 
are thought to have formed simultaneously north 
of the hidden boundary of the Archaean craton. 
The Lina granites are usually relatively massive, 
equigranular, light reddish grey or pink, true gran
ites with minimum melt composition (Öhlander 
and Skiöld, 1994; Ödman, 1957). Öhlander and 
Skiöld (1994) concluded that the formation of the 
Lina type granites is the result of remobilisation 
of the ca 1.9 Ga Haparanda type rocks which 
contains a high proportion of Archaean crustal 
source material, with a small input of mantle 
material. The Edefors type granitoids have a com
position ranging from granite to syenites and mon-
zonites with high alkali and Zr contents. They are 
coarse to medium grained and massive, and they 
are interpreted as being formed in an extensional 
environment with just a small input of older crustal 
material (Öhlander and Skiöld, 1994). 

In the Luleå area both types of granitoids occur 
as seen in Fig. 3. A well defined syenite intrusion is 
located west of the Archaean block by the 
Gruvberget-Unbyn locality (see above). According 
to E. Welin [personal communication 1993 in 
Öhlander and Skiöld (1994)], this intrusive has an 
zircon age of ca 1800 Ma. The t " N d ( ( ) values range 
from 0 to —1.8 which shows the small input of 
older continental crust. The Ale granite of Lina 
type covers an area of ca 30 x 15 km located west 
and southwest of the town of Luleå. The zircon 
age of this granite was determined by Öhlander and 
Schöberg (1991) to be 1802 + 2 Ma in the central 
part and 1796 + 2 Ma in the border zone. This 
granite has eN d ( t ) values of —5.3 for the central, and 
— 3.1 for the marginal part (Öhlander and Skiöld, 
1994). 
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Pegmatite and aplite dykes associated with the 
Ale type granite are common in the study area, as 
well as some mafic intrusives. 

4. Analytical methods 

The separation of Sm and Nd was made by 
using a-hydroxibutyric acid ion exchange and the 
isotopic ratios were measured on a Finnegan MAT 
261 mass-spectrometer equipped with multiple 
Faraday cups following essentially the procedure 
of Claesson (1987). The Sm runs were normalised 
to a 1 4 9Sm/ 1 5 2Sm value of 0.51686 and Nd interfer
ence was monitored at mass 146. The Nd runs 
were normalised to a 1 4 6 Nd/ 1 4 4 Nd value of 0.7219, 
and the Sm interference was checked by measure
ments on mass 149. The Nd isotopic compositions 
on the new samples in Table 1 are corrected to La 
Jolla 1 4 3 Nd/ 1 4 4 Nd = 0.511854. Nd blank value is 
measured as <150pg, which is considered insig
nificant. The samples 96118-96120 were measured 
by dynamic detection and the reproducibility based 
on the La Jolla 1 4 3 Nd/ 1 4 4 Nd standard measure
ments is within 0.4 eN d unit [0.511825 + 0.000020 
(2a) (n = 12)]. The other samples were measured 
by static detection with an reproducibility of +0.4 
eN d unit [0.511780 + 0.000021 (2a) (n = 19)] for 
samples 94027-94037, samples 94050 and 94051, 
and 96001-96025 have an reproducibility within 
+ 0.6 eN d unit [0.511762+ 0.000028 (2a) (« = 12), 
0.511766 + 0.000028(2a) (« = 8), respectively]. The 
samples 96103-96106 have a poorer reproduci
bility of +1.2 eN d unit [0.511746 + 0.000060(2a) 
(«=10)]. The isotope analyses were performed at 
the Swedish Museum of Natural History in 
Stockholm. 

The ca 1.9 Ga granitoids and the Archaean 
rocks were analysed for major elements and Ba, 
Be, Co, Cr, Cu, Ni, Sc, Sr, V, Y, Zn, Zr by ICP-
AES. REE and Ga, Hf, Mo, Nb, Rb, Sn, Ta, Th, 
U, W were analysed by ICP-MS at SGAB in Luleå. 

5. Sm-Nd results 

The results from the new isotope analyses, 
together with some samples from Öhlander et al. 

(1993) and Öhlander and Skiöld (1994) are given 
in Table 1, and illustrated in the eN d ( ( ) versus age 
diagram (Fig. 4). The ca 1.9 Ga granitoids show 
almost a continuum from 3.6 to —6.4. Two 
samples from the Archaean porphyritic granitoid 
gave eN d (1.89 Ga) values of about —10. The 
sample localities are marked on the geological map 
in Fig. 3 with eN d ( I ) values (positive or negative) 
indicated. The surface plot in Fig. 5 shows the 
value of each individual sample including assumed 
eN d (1.89 Ga) values of —10 for the localities 
where the Archaean rocks outcrop. This surface 
plot indicates that there is a distinct boundary in 
the coastal area of northeastern Sweden. The 
sample sites are also marked on the aeromagnetic 
map in Fig. 6. All ca 1.9 Ga old plutonic rocks 
occurring to the SW of the areas with exposed 
Archaean rocks, have positive initial eN d ( t, values, 
3.6 being the highest value. 

6. Geochemical results 

The samples have been classified in Fig. 7 using 
the Q-P diagram of Debon and LeFort (1982). 
Most samples of the ca 1.9 Ga granitoids plot in 
the granodiorite, tonalite and quartz monzodiorite 
fields. The overall sample population scatters 
widely, and there are no major differences between 
the Proterozoic samples with contrasting Sm-Nd 
isotope characteristics. The Archaean samples also 
scatter considerably (Fig. 7). In the AFM diagram 
(Fig. 8), all the samples plot within the calc-
alkaline series field. 

Generally, the sampled rocks have strongly 
LREE enriched patterns with commonly negative 
Eu anomalies and flattening in the HREE. Some 
differences in trace element characteristics have 
been found. The majority of samples, both the 
Archaean and the Proterozoic, plot in the 'volcanic 
arc granitoid' field in the Rb versus Y + Nb dia
gram (Fig. 9) of Pearce et al. (1984). However, 
there is in the diagram a slight tendency for the ca 
1.9 Ga granitoids with negative eNd( I) values, 
accompanied by the Archaean rocks, to have lower 
contents of these elements. The whole set of 
samples plotted in these diagrams has not been 
analysed for Sm-Nd isotopes. The samples not 
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Table 1 
Sm-Nd isotopic data on the rocks analysed 

Sample National Sm Nd 1 4 7 Sm/ 1 4 3 N d / 2SEM a T 
age 

^ C H U R £Nd(<) 

No. coordinates (ppm) (ppm) 1 4 4 N d 1 4 4 N d 

North East 

D17 730285 179500 2.40 13.9 0.1044 0.511257 15 1890 2270 2470 - 4 . 6 b 

D18 730285 179990 2.20 10.8 0.1198 0.511375 11 1890 2490 2720 - 6 . 0 b 

84064 731435 175520 3.45 19.0 0.1097 0.511450 11 1890 2070 2350 - 2 . 1 
94027 732390 180295 4.66 25.9 0.1086 0.511332 5 1890 2250 2510 - 4 . 1 

94028 729900 178740 4.45 25.9 0.1038 0.511182 7 1890 2380 2610 -5 .9 
94029 729270 179245 2.16 14.3 0.0915 0.511008 8 1890 2350 2540 -6.3 
94031 728335 178790 3.14 19.1 0.0995 0.511153 10 1890 2320 2500 -5 .4 

94032 727745 178770 4.21 24.3 0.1048 0.511264 9 1890 2270 2470 -4.5 
96014 730210 178220 3.32 19.6 0.1023 0.511164 7 1890 2370 2540 -5 .9 
96017 729595 178675 2.94 17.0 0.1044 0.511258 6 1890 2270 2470 -4 .5 
96018 728900 178625 2.82 16.9 0.1007 0.511196 8 1890 2280 2470 -4 .9 
96021 728675 179375 2.20 12.4 0.1073 0.511453 8 1890 2010 2250 -1 .4 

96022 728770 178920 3.87 19.3 0.1214 0.511570 6 1890 2150 2460 -2 .6 
96025 728670 178260 3.44 21.9 0.0950 0.511132 7 1890 2250 2440 -4 .7 

96103 728175 178825 7.51 46.8 0.0970 0.511277 6 1890 2070 2300 -2 .4 

96104 731400 177550 5.28 27.6 0.1155 0.511538 7 1890 2060 2350 -1.8 

96105 730255 177010 2.42 12.0 0.1222 0.511385 7 1890 2550 2810 -6 .4 

96120 731325 175900 5.28 30.0 0.1063 0.511397 9 1890 2090 2320 -2.3 

96001 727630 178460 8.83 53.0 0.1007 0.510924 7 2700 2710 2850 - 0 . 1 
96001 1890 2710 2850 -10.2 C 

96015 730860 177335 8.28 47.1 0.1062 0.511006 6 2700 2730 2910 -0 .4 

96015 1890 2730 2910 -9 .9 C 

79102 727500 176230 1.39 10.3 0.0816 0.511263 21 1890 1820 2030 1.1* 
84059 731035 176190 7.19 40.5 0.1072 0.511545 6 1890 1860 2110 0.4d 

84060 731010 176195 7.23 39.4 0.1109 0.511577 5 1890 1880 2190 0.1" 
84067 731585 176535 5.35 30.7 0.1054 0.511489 13 1890 1910 2180 - 0 . 3 d 

89008 727780 176220 4.10 22.4 0.1104 0.511671 28 1890 1700 2040 2.1" 
94030 728880 179105 3.35 18.0 0.1126 0.511593 7 1890 1890 2210 0.0 

94033 727395 177210 7.33 37.3 0.1188 0.511688 9 1890 1850 2210 0.4 
94034 727220 176530 3.62 24.2 0.0903 0.511485 7 1890 1650 1910 3.3 
94035 726460 176025 8.95 42.1 0.1290 0.511850 8 1890 1770 2140 1.1 

94036 725925 176985 2.64 14.0 0.1140 0.511692 10 1890 1740 2040 1.6 

94037 725520 176540 2.80 15.6 0.1089 0.511682 7 1890 1660 1960 2.7 

94050 726905 177780 6.15 34.1 0.1090 0.511559 9 1890 1870 2110 0.2 

94051 726550 175655 2.50 16.2 0.0934 0.511451 9 1890 1750 2030 1.9 
96002 728875 179005 3.23 18.0 0.1087 0.511574 8 1890 1840 2110 0.6 

96013 730365 176800 7.99 42.8 0.1129 0.511612 5 1890 1860 2120 0.3 
96023 730285 175520 1.74 10.4 0.1013 0.511635 13 1890 1600 1890 3.6 
96024 729330 176340 4.33 25.0 0.1048 0.511628 7 1890 1670 1960 2.6 
96106 731795 176555 6.27 35.3 0.1074 0.511557 6 1890 1840 2110 0.6 

96118 731875 175975 6.77 39.4 0.1042 0.511517 14 1890 1840 2110 0.6 

96119 732090 176025 7.21 45.6 0.0956 0.511432 9 1890 1810 2100 1.0 

a Two standard errors of the mean. 
b Analyses from Öhlander and Skiöld (1994). 
c Recalculated values. 

d Analyses from Öhlander et al. (1993). 
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F F 

A M A M 

Fig. 8. A F M diagrams with boundary line between tholeiitic and calc-alkaline fields f rom Irvine and Baragar (1971). Left diagram 
shows ca 1.9 Ga rocks analysed for Sm-Nd together with other samples with similar characteristic features and divided according to 
their geographical positions. A , Samples from the northeast, where some have not been analysed for Sm-Nd isotopes, together with 
samples having negative e N d ( l) values. • , Samples from the southwest as well as the samples with positive eN d < ( ) values. Right diagram 
shows Archaean rocks f rom the study area: even-grained gneisses; and 0> porphyritic granitoids. 

Y+Nb (ppm) Y+Nb (ppm) 

Fig. 9. Rb versus Y + Nb diagrams after Pearce et al. (1984). Left diagram shows ca 1.9 Ga rocks analysed for Sm-Nd together with 
other samples with similar characteristic features and divided according to their geographical positions. A , Samples f rom the northeast, 
where some have not been analysed for Sm-Nd isotopes, together with samples having negative e N d ( I ) values. • , Samples from the 
southwest as well as the samples with positive e N d ( t ) values. Right diagram shows Archaean rocks from the study area: even-
grained gneisses; and 0 , porphyritic granitoids. 

analysed for isotopes have been plotted with one 
of the two groups for geographical reasons and 
field evidence. 

Some selected samples with strongly negative 
eNd(t) values and samples with strongly positive 

eNd(t) values are plotted in Fig. 10, ORG-normal-
ised after Pearce et al. (1984). The two types are 
mainly separated by the higher contents of most 
of the elements in the samples from the SW (with 
strongly positive eN d ( I ) values), with exceptions for 
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100 

K 2 0 Rb Ba Th Ta Nb Ce Hf Zr Sm Y Yb 

Fig. 10. ORG normalised multi element plots after Pearce et al. 
(1984), of the ca 1.9 Ga granitoid samples with strongly nega
tive eNd(0 and strongly positive eNd(0 values, respectively. 

Ba and Sm. The general trace element patterns are 
very similar to some of the volcanic arc granite 
patterns shown in Pearce et al. (1984). 

The most mafic rocks from the study area are 
plotted in Fig. 11 and normalised to MORB after 
Pearce (1983). Enrichments in Sr, K, Rb, Ba, Th, 
Ce, P and Sm for most of the samples are dis
played. These elements are, according to Pearce 

100 

n 1 I I I I I I I 1 1 1 
' Sr K 2 0 Rb Ba Th Ta Nb Ce P 20 5 Zr Hf Sm Ti0 2 Y Yb 

Fig. 11. MORB normalised multi element plots after Pearce 
(1983), of the most mafic rocks in the study area. 

(1983), related to a subduction component. 
Selective enrichments are also shown in Ta and 
Nb, and unenrichment in Y and Yb, which shows 
the character of the mantle component. The sample 
from the SW generally shows the same trends as 
the samples from the NE, but it has higher contents 
of most elements, especially of Th. This sample is, 
however, the most evolved type and the effects of 
fractional crystallisation could possibly be the 
main reason for this. 

7. Summary of results 

The field appearances of the different lithologies 
in the study area (Fig. 3) and their character are 
summarised as follows. The Archaean rocks 
occur in: 
1. an area defined by the low magnetic character 

on the aeromagnetic map bordering an area 
with heterogeneous high anomalies to the SW 
as shown in Fig. 6; and 

2. in close association with the Bälinge magmatic 
breccia where the Archaean rocks occur as 
fragments from dm to mm scale and as larger 
tectonic lenses. 

The smaller type of Archaean fragments have been 
found as rounded xenoliths in medium-coarse ca 
1.9 Ga Haparanda suite plutonic rocks on 
Bälingsberget hill. They have also been found as 
rounded xenoliths within the Bälinge magmatic 
breccia, together with fragments of Haparanda 
suite plutonic rocks with strongly negative eN d ( I ) 

values. Interactions between the Archaean and the 
Haparanda suite plutonic rocks are clearly indi
cated by the strongly negative eN d ( t ) values of 
the latter. 

The Sm-Nd analyses on the ca 1.9 Ga plutonic 
rocks show that there is a sharp Archaean-
Proterozoic boundary in the Luleå area, the clear 
shift between plutonic rocks having strongly nega
tive eN d ( t ) values and plutonic rocks having positive 
£ N d ( ( ) values occurs immediately SW of the outcrop
ping Archaean rocks. 

The younger, ca 1.8 Ga intrusive rocks, have 
disturbed many of the earlier structures and they 
have also rearranged the older rocks. The younger 
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intrusives also contain xenoliths of Archaean and 
ca 1.9 Ga rocks. 

Some of the trace element patterns in Fig. 10 
also show that there are some differences between 
the rocks sampled in the NE and in the SW, 
respectively. 

8. Discussion and conclusions 

The Sm-Nd isotope analyses of the ca 1.9 Ga 
plutonic rocks show that there is a great contrast 
in initial eN d values, with rocks having positive 
values to the SW of the localised Archaean rocks. 
In areas to the NE, these rocks have negative 
initial eN d( t ) values. 

The eN d ( ( ) values are interpreted as representing 
different amounts of Archaean crustal contamina
tion of the ca 1.9 Ga juvenile plutonic rocks. 
Mixing proportions between Archaean and juve
nile components have been calculated using the 
mixing model applied by, for example, Patchett 
and Bridgwater (1984): 

G N d ( D M ) eNd(sample) — £Nd(DM) 
Å = ' . 

^Nd(CC) e Nd(CC) — £Nd(sample) 

The proportion of continental crust is expressed 
as a percentage and given by the term 
100A7(1 +X). C N d ( D M ) , concentration of Nd in the 
mantle derived melt; C N d ( C C ) , concentration of Nd 
in the continental crust; £Nd(samPie)> initial eN d value 
at t = 1.9 Ga of samples studied; eNd(DM)> eN d of the 
mantle derived melt; eNd(cc)> e N d °f the continen
tal crust. 

In the calculations we have used the depleted 
mantle model of DePaolo (1981). The average 
eNd(t) °f the Archaean crust is assumed to be — 11.5 
at 1.9 Ga (from Öhlander and Skiöld, 1994). The 
concentration of Nd in the Archaean crust is 
assumed to be 31 ppm [average of 21 samples is 
31+ 15 ppm, Öhlander et al. (1987)]. The Nd 
concentration in the mantle derived component is 
unknown. Many mafic magmas have an Nd con
centration of ca 10 ppm although it may be con
siderably higher in continental rift environments 
(Sun, 1980; Pearce, 1982). Assuming that the Nd 
concentration in the mantle derived component is 

10 ppm, rocks with eN d ( ( ) values between 3.6 and 0 
have an Archaean source component of 0-10%. 
Rocks with eN d ( t ) values between —1.4 and —6.4 
have an Archaean source component of 14-39%. 

As suggested by Andersen and Sundvoll (1995), 
there is no support for a less depleted mantle 
beneath the Baltic Shield which leads to the conclu
sion that the positive eNd(1) values given from the 
SW cover a range of crustal contamination from 
0 to 10%. Where this contaminant is derived from 
is not known, but probable sources are sediments 
derived from Archaean continental crust as well 
as volcanic rocks formed during the assumed early 
rifting stages, creating the Archaean continental 
passive margin. The trace element plots (Fig. 11) 
show that the most mafic rocks in the area are, in 
comparison with the data from Pearce (1983), 
selectively affected by contributions from subduc
tion components as well as from a mantle compo
nent. Low contents of Ta and Nb possibly show 
the effects of contamination by older crust. 

Figs. 3 and 5 show that there are samples within 
the NE part of the area which, for one reason or 
another, do not have strongly negative eN d ( t ) values. 
One reason for this could be that some of these 
rocks have intruded areas locally consisting of 
younger rocks. One could also speculate that the 
Archaean crust was, by the time of formation of 
the ca 1.9 Ga plutonic rocks, colder and more 
rigid than the juvenile crust in the present SW. 
The two samples in the NE giving positive eN d ( I ) 

values could represent an outlier from overthrusted 
juvenile areas in the SW, but they could also 
represent a 'non-contaminated' intrusion within 
the Archaean crust. There is at present no field or 
geochemical evidence in support of either 
explanation. 

The results show that the ca 1.9 Ga rocks 
studied belong to two types; one with a low 
proportion admixed by Archaean crustal material 
in the SW and one with a slightly higher to very 
high proportion in the NE. This probably reflects 
rocks formed in two different crustal terranes; one 
juvenile island arc to the SW and one continental 
arc to the NE. These two types are geochemically 
characterised by the ORG normalised plots in 
Fig. 10, which shows the typical trends of volcanic 
arc granitoids. The low contents of Ta and Nb 
relates to the same features seen in the most mafic 
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rocks (as mentioned above), the involvement of 
older crustal components. 

With the combinations of Sm-Nd isotope 
results, field observations and structures in the 
aeromagnetic map, we conclude that the 
Archaean-Proterozoic boundary is quite sharp in 
the study area. It is probably controlled by both 
early and late tectonic movements. 

I f we compare the results given in this study 
with the results from the previous work of 
Öhlander et al. (1993), we can identify a distinct 
boundary between samples with positive values on 
one side and negative eNd values on the other 
(Fig. 5). The regional study by Öhlander et al. 
(1993) showed a gradual change in these values. 
One possible explanation to this is that a variety 
of rock types were used in the early study, but in 
this study we have focused on ca 1.9 Ga calc-
alkaline granitoids. As shown by Öhlander et al. 
(1993) and Öhlander et al. (1999), the ca 1.8 Ga 
granites, occurring within the area of ca 1.9 Ga 
juvenile plutonic rocks and south of the Archaean-
Proterozoic palaeoboundary, have strongly nega
tive eN d ( t ) values. The Archaean crustal influence 
on the ca 1.8 Ga rocks is interpreted as originating 
from partial melting of the lower part of the crust 
(see Fig. 2). This part of the crust was at the time 
of ca 1.8 Ga granite formation consisting of 
Archaean material (together with ca 1.9 Ga plu
tonic rocks having negative eN d ( t ) values). An inter
pretation of these findings is that the Archaean 
crust was overthrusted by ca 1.9 Ga juvenile mate
rial between 1.9 and 1.8 Ga, and the ca 1.8 Ga 
granite magmas transported a negative eN d ( t ) signa
ture into the juvenile areas (Öhlander et al., 1999). 

In Fig. 3 the locations of the Archaean rocks 
are shown. In the southern part of the area their 
extent is also visible on the aeromagnetic map and 
is most probably controlled by some later block 
movements (syn or post 1.8 Ga). The extent of the 
Bälinge type volcanic/subvolcanic rocks can be 
traced slightly further to the SW of the Archaean 
rocks (shaded areas in Fig. 3). We conclude that 
the locations where the Archaean fragments are 
present, together with the distribution of the 
Bälinge type volcanic/subvolcanic rocks, represents 
the Archaean-Proterozoic palaeoboundary. 

The tectonic character during the final stages of 

the Svecofennian orogeny is regarded by many 
researchers to be thrust fault in character, where 
juvenile material in the present south have been 
obducted onto the Archaean continent in the north 
(e.g. Öhlander et al., 1993; Göhl and Pedersen, 
1994; Lindsey and Snyder, 1994). This interpreta
tion is mainly based on some gently south-dipping 
reflectors yielded from the BABEL profile 2 
(BABEL Working Group, 1990) east of Skellefteå. 
Our results, together with the results from 
Öhlander et al. (1999), could support this crustal 
model. In this study we also show that the bound
ary is not represented by a simple WNW-trending 
fault system. It is rather more complicated. 

The Haparanda suite plutonic rocks vary in 
degree of deformation. The degree of deformation 
seems however to be very high in some areas close 
to the town of Luleå, and lower to the north and 
to the south. These areas of very deformed 
Haparanda suite rocks commonly show gneissose 
banding. 

In the study area, thrust faults have not been 
found. Since the present erosion level shows a 
fairly deep section of the crust, we expect that the 
crust, during the time of final collision, was ductile. 
However, during the emplacement of the ca 1.8 Ga 
intrusive rocks, this part of the crust was more 
brittle, possibly due to cooling by orogenic uplift. 
The possible thrust faults formed during the 
Svecofennian orogeny, as well as extensional faults 
formed during orogenic collapse were then 
intruded by the ca 1.8 Ga granites. 

According to Öhlander et al. (1999) the under
lying Archaean crust can be traced far south of 
the Archaean Proterozoic palaeoboundary as 
defined by eN d ( ( ) values on ca 1.9 Ga plutonic rocks, 
by using eN d ( ( ) values on the ca 1.8 Ga granites. 
However, as far south as the Skellefte district, 
traces of the Archaean crust are absent which may 
be demonstrated by the eN d ( t ) value of +1.5 
(Wilson et al., 1987) of a 1792 + 5 Ma old granite 
(Skiöld et al., 1993) situated just north of the 
Skellefte district. 
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Abstract 

The Sm-Nd isotope characteristics of c. 1.9 and c. 1.8 Ga granitoids occurring close to the edge of the Archaean 
craton in northern Sweden have been studied. Strongly negative e N d ( ( ) values occur farther southwest in the potassic 
1.8 Ga granitoids than in the calc-alkaline 1.9 Ga granitoids. Intrusions of the younger granitoids with distinctly 
negative e N d ( f ) values are surrounded by granitoids of the older group with positive values. Northeast of the 1.8 Ga 
granitoids discussed here, the c. 1.9 Ga calc-alkaline intrusions formed within the Archaean continent have the same 
Sm-Nd isotope characteristics as the 1.8 Ga granitoids to the southwest. Our interpretation is that a juvenile volcanic-
arc terrane to the south collided with and was thrust onto the Archaean continent after the formation of the 1.9 Ga 
granitoids. The outcome was that these juvenile rock masses were obducted onto the reworked Archaean continent. 
The 1.8 Ga granitoids were formed by remobilisation of continental crust. Partial melting at 1.8 Ga resulted in the 
intrusion of granitoids carrying the Sm-Nd isotopic signature of the Archaean continent into juvenile rocks. I t is 
probable that the collision discussed here was part of a major accretion and amalgamation to the Archaean craton 
after the formation of the calc-alkaline 1.9 Ga granitoids, but before the formation of the 1.8 Ga granitoids. © 1999 
Elsevier Science B.V. A l l rights reserved. 

Keywords: Collision; Granitoids; Proterozoic; Sm-Nd isotopes 

1. Introduction 

Except for 2.1 to 2.3 Ga old mafic, rift-related 
volcanics, no igneous rocks with an age between 
2.67 Ga and 1.95 Ga are known in northern 
Sweden (Skiöld et al., 1993). Sm-Nd isotopes can, 
therefore, be used to trace the influence of 
Archaean rocks in the source material of 
Proterozoic igneous rocks. The Archaean-
Proterozoic palaeoboundary in northern Sweden 

* Corresponding author. 

was tentatively delineated on a regional scale based 
on Sm-Nd isotopes (Öhlander et al., 1993). A 
transition zone extending from the Luleå area at 
the coast of the Bothnian Bay in a WNW direction 
separates the Archaean craton in the northeast 
from Proterozoic juvenile areas in the southwest 
(Fig. 1, inset). The Archaean rocks are generally 
covered by Proterozoic rocks, or have been 
reworked during the c. 1.9 Ga Svecofennian orog
eny. When delineating the Archaean palaeobound
ary, Öhlander et al. (1993) used Sm-Nd isotopic 
data from c. 1.9 Ga granitoids and metavolcanics, 

0301-9268/99/$ - see front matter © 1999 Elsevier Science B.V. A l l rights reserved. 
PII S0301-9268(98)00100-4 
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Fig. 1. Bedrock map, showing the Jokkmokk (after Geological Surveys of Finland, Norway and Sweden, 1987) and Luleå areas, 
respectively. Sample localities marked with circles represent 1.9 Ga granitoids with positive e N d ( l ) values, and localities marked with 
dots represent 1.8 Ga granitoids with negative e N d ( t ) values. For orientation, see map in the upper right corner. 

and c. 1.8 Ga granitoids, although the most 
common sample type was the 1.9 Ga old granit
oids. The hypothesis was put forward that the 
Archaean palaeoboundary was formed when the 
juvenile volcanic-arc terrane to the south collided 
with and was thrust onto the Archaean continent. 
Similar ideas regarding the border of the Archaean 
craton in Finland have been presented by e.g. 
Lahtinen (1994) and Lahtinen and Huhma (1997). 

In order to obtain a more precise delineation of 
the border of the old craton at the present level of 

exposure, detailed studies have been performed in 
the Luleå and Jokkmokk areas (Fig. 1). Since it 
may be difficult to compare results from different 
rock types, the strategy has been to use rocks of 
similar type and age occurring on both sides of 
the boundary. In this case these are c. 1.9 Ga old 
calc-alkaline plutonic rocks. The detailed delinea
tion of the border in the Luleå area is discussed 
by Mellqvist (1996) and Mellqvist et al. (1997). 
Additional studies are necessary before it will be 
possible to delineate the border zone more precisely 
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in the Jokkmokk area. New analyses of c. 1.9 Ga 
granitoids in areas situated close to the 
Archaean-Proterozoic palaeoboundary show that 
these rocks have significantly different Sm-Nd 
isotope characteristics from adjacent 1.8 Ga gran
ites. These differences are discussed in this paper, 
and we show that they support the idea that the 
juvenile 1.9 Ga rocks to the southwest have been 
thrust onto the Archaean craton. 

2. Regional geology 

The known Archaean rocks are dominated by 
2.9-2.7 Ga old orthogneisses of granodioritic to 
tonalitic composition (Öhlander et al., 1987a). 
North of the Archaean palaeoboundary, narrow 
supracrustal belts dominated by mafic metavolcan
ics, metaquartzites and carbonates were formed in 
association with rifting of the craton between 2.3 
and 2.1 Ga (Skiöld, 1987; Huhma et al., 1990; 
Öhlander et al., 1992). At about 2.0 Ga, a passive 
southwestern margin of the Archaean craton was 
formed by rifting, and turbiditic sediments were 
deposited (Gaål and Gorbatschev, 1987 and refer
ences cited therein). 

Spreading shifted to convergence with subduc
tion beneath the Archaean continent and juvenile 
rocks were formed during the Svecofennian orog
eny with the peak of igneous activity between 1.89 
and 1.87 Ga (Skiöld, 1987; Vaasjoki and Sakko, 
1988; Skiöld et al., 1993). The Skellefte district 
(Fig. 1) with its stratabound sulphide ores is prob
ably a remnant of a juvenile volcanic arc (Rickard 
and Zweifel, 1975; Billström and Weihed, 1996). 
South of the Skellefte district, in the so-called 
Bothnian Basin, the supracrustals are dominated 
by marine metasediments and mafic metavolcanics. 
Simultaneously with the formation of large 
amounts of juvenile calc-alkaline intrusive and 
volcanic rocks southwest of the Archaean palaeo
boundary, magmatism with a large component of 
Archaean source material was widespread within 
the craton (Huhma, 1986; Öhlander et al., 1993). 

Later, at c. 1.8 Ga, large amounts of potassic 
granitoids were formed in northern Sweden, but 
coeval volcanics have been found at only one 
locality. 

3. Rocks studied 

3.1. The Jokkmokk area 

The bedrock in the part of the Jokkmokk area 
shown in Fig. 1 is dominated by c. 1.8 Ga granit
oids, but c. 1.9 Ga granitoids and metasupracrus-
tals also occur. The metasediments, which are 
commonly migmatised, are dominated by meta-
graywackes with interlayered graphite-rich gneisses 
(Ödman, 1957). The older granitoids are generally 
foliated and have a granodioritic to tonalitic com
position, whereas the younger group is dominated 
by massive granites (sensu stricto). No zircon ages 
have been determined on the older granitoids in 
the area shown in Fig. 1, but just west of the map 
area, a tonalite was dated at 1926+13 — 11 Ma 
and a slightly foliated granite was dated at 
1876 + 6 Ma (Skiöld et al., 1993). The 1926 Ma 
age is the only locality north of the Skellefte 
district where a zircon age older than 1900 Ma has 
been obtained on a Proterozoic granitoid. This 
rock is situated close to the Archaean palaeo
boundary, and several intrusions situated close to 
the boundary zone in Finland have been dated at 
1.93-1.92 Ga (Vaasjoki and Sakko, 1988). Based 
on field relationships and compositional similari
ties with dated rocks, we assume in this study that 
the granitoids analysed for Sm-Nd isotopes have 
an age of 1.89-1.87 Ga. 

The most common rocks in northern Sweden 
are granites which are usually massive, equigranu-
lar, light reddish grey or pink with minimum melt 
composition (Ödman, 1957; Öhlander et al., 
1987b). The grain size varies considerably. 
Pegmatites and aplites are frequent in contact 
zones, and ghost structures are common in border 
zones. North and east of the Jokkmokk area, 
zircon ages of 1794 + 24 Ma (Skiöld, 1987) and 
1783 + 3 Ma (Wikström and Persson, 1997a) have 
been obtained. These granites are common in the 
Jokkmokk area, and we use the Sm-Nd isotope 
analysis (Fig. 1) presented by Öhlander and Skiöld 
(1994) in this paper. 

In the Jokkmokk area, a coarse, reddish grey, 
massive microcline-porhyritic rock rich in biotite 
has been U-Pb zircon dated at 1793 + 3 Ma, and 
two samples (samples 88110 and 88017 in Fig. 1) 
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analysed for Sm-Nd isotopes (Öhlander and 
Skiöld, 1994). We also include these results in the 
present interpretation. 

3.2. The Luleå area 

The bedrock in the Luleå area mainly consists 
of c. 1.9 Ga old supracrustal rocks and granitoids 
of both the 1.9 and 1.8 Ga groups (Fig. 1). The 
older granitoids are generally foliated and have a 
calc-alkaline composition, whereas the younger 
group is dominated by massive granites. The meta
morphosed supracrustal rocks are of both volcanic 
and sedimentary origin. The metasediments are 
dominated by graywackes which are commonly 
migmatised, and the metavolcanics range from 
andesitic to rhyolitic composition. Previously no 
Archaean rocks were known in this area, however, 
a deformed porphyritic granitoid and an even-
grained gneiss of granodioritic to dioritic composi
tion have recently been shown to be of Archaean 
age (Lundqvist et al., 1996; Wikström et al., 1996). 
Further mapping has shown that the Archaean 
exposures occur as megaxenoliths or fragments 
enclosed in the 1.9 Ga granitoids and subvolcanic 
rocks. Some of the Archaean fragments cover 
areas of several square kilometres, and have tec
tonic contacts towards the younger rocks 
(Mellqvist, 1996; Mellqvist et al., 1997). 

The suggested Archaean-Proterozoic boundary 
in the Luleå area is shown in Fig. 1 (the reasons 
for this delineation are given in Mellqvist, 1996; 
Mellqvist et al., 1997). All c. 1.9 Ga granitoids 
occurring southwest of the boundary have positive 
eNd(t) values, and almost all northeast of the border 
have negative values. Available U-Pb zircon ages 
of c. 1.9 Ga old granitoids within the area shown 
in Fig. 1 and adjacent areas just to the south and 
north, are 1868 + 13 Ma (Persson and Lundqvist, 
1997), 1867 + 11 Ma (Wikström and Persson, 
1997b) and 1892 +14 Ma (Öhlander et al., 1987a) 
south of the Archaean-Proterozoic palaeobound
ary, and 1879 + 4 Ma (Wikström et al., 1996) and 
1883 + 6 Ma (Wikström and Persson, 1997b) north 
of the boundary. 

In the Luleå area, c. 1.8 Ga granites are common 
especially south of the Archaean-Proterozoic 
boundary. Two samples (85010 and 85011 in 

Fig. 1) were U-Pb zircon dated at 1802 + 3 Ma 
and 1796 + 2 Ga, respectively (Öhlander and 
Schöberg, 1991). These two samples were also 
analysed for Sm-Nd isotopes, and we use the 
results in this paper. One sample situated further 
south was analysed by Öhlander et al. (1993). Five 
new samples of c. 1.9 Ga granitoids surrounding 
the analysed samples of 1.8 Ga granites were ana
lysed for Sm-Nd isotopes and geochemical com
position. Note that many new samples of the c. 
1.9 Ga old granitoids have been analysed for 
Sm-Nd isotopes, and the results have been used 
for the delineation of the Archaean-Proterozoic 
boundary as shown in Fig. 1. In this paper we 
discuss a geotectonic model for development along 
this zone during the time interval 1.87-1.80 Ga, 
and present new Sm-Nd petrogenetic isotope data 
from samples situated close to the younger 
granites. 

4. Methods 

The Sm-Nd whole-rock samples were crushed 
and ground, and c. 150 mg of powder was spiked 
with a mixed 1 4 7 Sm/ 1 5 0 Nd spike solution before 
dissolution with HF and H N 0 3 in closed Teflon 
bombs. The REE as a group were washed with 
HCl and then separated with H N 0 3 in a conven
tional cation-exchange procedure. Sm and Nd were 
thereafter separated from each other and the other 
REE with alfa-hydroxibutyric acid solution under 
slight overpressure. Sm and Nd were loaded as 
nitrates with weak H 3 P0 4 on clean, outgassed Re 
filaments and analysed with a double filament 
configuration on a Finnegan MAT 261 mass-
spectrometer equipped with multiple Faraday 
cups. 

The Sm runs were normalized to a 
1 4 9Sm/ 1 5 2Sm value of 0.51686 and Nd interference 
was monitored at mass 146. The Nd runs were 
normalized to a 1 4 6 Nd/ 1 4 4 Nd value of 0.7219, and 
the Sm interference was checked by measurements 
on mass 149. Most analyses were measured by 
static detection but some Nd samples were mea
sured by dynamic, three jump detection involving 
simultaneous measurement on masses 143, 144 and 
145 in the first, 143, 144, 145 and 146 in the 



B. Öhlander et al. / Precambrian Research 93 (1999) 105-117 109 

second, and 149 and 150 in the third jump. The 
Nd isotopic compositions on the new samples 
in Table 2 are corrected to La Jolla 1 4 3 N d / 
1 4 4 N d = 0.511854. The Nd blank value is measured 
to be lower than 150 pg, which is considered as 
insignificant. The samples 96121-96124 were mea
sured by dynamic detection and the external repro
ducibility of these is within 0.4 eN d units [+2a = 
0.000020 (n = 12)]. The other five samples were 
measured by static detection with an external 
reproducibility of 0.4 eN d units [+ 2a = 0.000021 
(n=19)], except for samples 94051 and 96024 
which have an external reproducibility within 
0.6 eN d units [+2rj = 0.000028 0 = 12) and +2CJ = 

0.000028 (n = 8), respectively]. 
The c. 1.9 Ga granitoids were analysed for major 

elements and Ba, Be, Co, Cr, Cu, Ni, Sc, Sr, V, 
Y, Zn, Zr by ICP-AES. REE, Ga, Hf, Mo, Nb, 
Rb, Sn, Ta, Th, U and W were analysed by 
ICP-MS. 

5. Results 

The geochemical composition of the samples 
analysed for Sm-Nd isotopes is shown in Table 1, 
and the samples are classified in Fig. 2 by using 
the Q-P diagram of Debon and LeFort (1982). 
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Fig. 2. Q-P diagram (Debon and LeFort, 1982), showing the 

composition of the samples used in this study. Circles represent 

1.9 Ga granitoids with positive e N d ( t ) values, and dots represent 

1.8 Ga granitoids with negative e N d ( I ) values. Classification fields 

are as follows: 1 = granite, 2 = adamellite, 3 = granodiorite, 4 = 

tonalite, 5 = quartz syenite, 6 = quartz monzonite, 7 = quartz 

monzodiorite, 8 = quartz diorite, 9 = syenite, 10 = monzonite, 

11 =monzodiore, 12 = diorite (or gabbro). 
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as in Fig. 2. Syn-COLG = syn-collision granitoids, V A G = vol

canic arc granitoids, WPG=with in plate granitoids, ORG = 

ocean ridge granitoids. 

The 1.8 Ga granitoids plot in the granite field, 
except one sample from the Jokkmokk area which 
plots in the quartz-monzonite field. The older 
granitoids from the Jokkmokk area fall in the 
tonalite and granodiorite fields, but those from the 
Luleå area fall in the quartz-monzodiorites and 
tonalite fields. Most granitoids of 1.89-1.88 Ga 
age situated southwest of the Archaean-
Proterozoic boundary including the Skellefte dis
trict (Fig. 1), i.e. those which have positive eN d ( t ) 

values or values close to zero, fall in the granodio
rite and tonalite fields, but in the Luleå area 
quartz-monzodiorites and granodiorites are most 
common (Mellqvist et al., 1997). Most of the 
samples of the older granitoids have the low Rb, 
Nb and Y contents typical of calc-alkaline 'vol
canic-arc granitoids' (Fig. 3) in the terminlogy of 
Pearce etal. (1984). Thepotassic 1.8 Ga granitoids 
have higher Rb content than the older granitoids, 
but they also have low contents of Nb and Y. 
They plot close to the line separating the fields for 
'syn-collision granitoids' and 'volcanic-arc granit
oids' in Fig. 3. 

Sm and Nd concentrations and Nd isotopic 
ratios are listed in Table 2, and the evolution of 
eN d with time is illustrated in Fig. 4. In both the 
Jokkmokk and the Luleå areas, the younger granit
oids have distinctly negative eN d ( t ) values, whereas 
the older granitoids have values close to zero or 
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Table 1 

Chemical analyses of the e N d ( l ) determined intrusive rocks from the two areas: S i 0 2 - T i 0 2 (wt%), Ba-Lu (ppm) 

Sample type 1.80 Ga (Luleå) 1.80 Ga(Jokkmokk) 1.89-1.87 Ga (Luleå) 1.89-1.87 Ga (Jokkmokk) 

Sample no. 84053" 85010" 85011* 88016" 88017" 79102b 89008" 94033 94034 94035 94051 96024 96121 96123 96124 96127 

Si02 71.0 71.1 71.1 74.2 62.7 69.8 76.6 64.1 73.6 66.7 69.3 67.7 68.3 56.7 52.3 64.4 
A1 20 3 14.0 13.6 14.0 13.6 15.4 14.8 12.7 16.5 14.1 15.2 16.2 15.0 15.3 16.7 20.0 13.6 
CaO 1.38 1.22 1.29 1.14 2.72 3.49 1.11 2.96 2.53 3.03 2.52 3.47 2.99 5.07 6.81 1.61 
Fe 20 3 2.68 1.99 1.89 1.80 5.37 3.66 2.01 5.29 3.20 5.41 2.94 4.39 3.73 7.35 7.50 7.95 
K 2 0 5.94 6.34 5.34 5.66 5.09 1.33 2.13 3.66 1.69 3.99 2.83 2.13 3.65 3.49 1.90 7.58 
MgO 0.54 0.40 0.44 0.26 1.54 1.20 0.41 1.65 0.76 0.94 1.17 1.66 1.76 3.54 3.12 1.12 
MnO 0.03 0.04 0.03 0.03 0.08 0.07 0.03 0.12 0.06 0.08 0.04 0.07 0.08 0.11 0.12 0.36 
Na 20 2.98 3.07 3.59 3.35 4.34 4.90 4.62 4.91 4.33 3.88 4.96 4.76 4.04 4.17 5.01 2.01 
P2O5 0.09 — — 0.09 0.45 0.18 0.05 0.26 0.11 0.19 0.17 0.09 0.22 0.56 0.58 0.23 
Ti0 2 0.37 0.22 0.25 0.17 1.02 0.40 0.18 0.82 0.34 0.68 0.42 0.42 0.37 1.00 1.14 0.79 
tot. 99.0 98.0 97.9 100.3 98.7 99.8 99.9 100.3 100.7 100.1 100.6 99.7 100.4 98.7 98.5 99.7 

Ba 827 627 899 787 1754 684 755 1350 796 690 932 841 1050 2130 1510 1080 
Be — — — — 3.30 — 2.2 2.34 2.44 3.25 3.27 3.17 1.65 0.93 <0.56 3.64 
Co — — — — 10 — — 8.8 <5.7 <6.0 7.1 11.2 0.0 14.2 19.5 20.1 
Cr — 18 21 25 12 173 12 45.1 27.6 28.9 38.5 231 79.6 130 56.2 36 
Cu 8 — 7 22 29 7 8 34.2 21.4 45.5 36.8 24.3 24.2 60.5 50.5 75.3 
Ga 14 — — — — 18 — 6.41 2.10 6.37 2.52 16.2 < 10.5 14.0 16.9 12.5 
Hf — — — — — — — 9.83 4.93 10.5 2.49 4.81 4.23 3.51 2.26 6.57 
Mo — — — — — — — 3.5 1.9 3.0 0.6 2.6 <0.6 0.0 <0.7 1.8 
Nb 14 <10 <10 13.0 16.0 27.8 23.0 20.6 26.0 17.4 8.8 14.4 10.9 13.0 6.2 15.6 
Ni 13 — — 11 7.80 — — 17.0 11.9 13.6 17.8 7.9 15.3 48.7 22.9 18.8 
Rb 193 197 200 234 125 49 57 178 49 154 124 60 106 78 38 245 
Sc — — — — — — 3.1 6.1 <2.3 8.2 2.5 6.5 5.2 12.1 8.8 14.5 
Sn — — — — 17 — — 3.3 2.9 2.9 1.0 2.1 4.6 4.6 3.6 7.6 
Sr 199 116 198 152 430 369 118 273 239 161 631 491 733 1080 1270 83 
Ta — — — — — — — 1.49 3.21 1.39 0.85 0.82 1.51 1.25 0.56 1.36 
Th 31 — — — — 10 — 8.5 13.5 14.8 4.2 6.1 6.3 2.6 0.4 9.5 
U 3 — — — — 3 — 4.17 2.16 7.31 0.86 1.66 2.87 1.38 0.40 2.85 
V — — 23 11 63 — 9.1 57.7 27.1 38.1 23.9 58.7 41.4 118.0 90.9 78.5 
w — — — — — — — 0.93 0.67 1.19 0.94 1.51 0.35 0.93 0.40 0.91 
Y 14 43 15 13 33 21 20 28.0 12.9 43.0 5.8 12.1 11.5 16.0 11.3 44.4 
Zn 65 46 22 35 83 51 19 62.4 37.6 108 76.6 41.2 123 95.5 87.8 676 
Zr 273 492 201 160 403 227 118 426 201 393 119 171 136 163 110 304 
La — — — — 79 — — 29.5 42.1 39.0 15.7 36.8 34.1 45.0 26.4 43.6 
Ce — — — — — — — 62 73 81 32 72 62 89 53 86 
Pr — — — — — — — 8.4 7.2 9.7 3.1 7.9 7.1 10.2 6.4 10.8 
Nd 35 23 38 12 2: 25 38 26 41 
Sm 7.2 3.4 7.1 1.0 4.3 3.9 6.1 3.8 7.5 
Eu 0.3 0.8 1.1 0.3 1.2 1.1 1.1 0.0 1.8 
Gd 7.8 2.9 7.0 1.4 4.0 2.8 5.0 4.3 7.4 
Th 1.11 0.52 1.33 0.18 0.98 0.42 0.67 0.47 1.11 
Dy 5.6 2.3 7.4 1.2 3.1 2.3 3.1 2.5 6.5 
Ho 1.09 0.52 1.58 0.17 0.92 0.35 0.59 0.38 1.19 
Er 2.0 1.4 4.5 0.2 1.8 1.1 1.6 1.2 3.5 
Tm 0.62 0.25 0.60 0.06 0.71 0.16 0.20 <0.11 0.46 
Yb 3.6 2.0 4.9 1.3 1.3 1.3 1.6 0.7 3.1 
Lu 0.51 0.32 0.64 0.12 0.31 0.20 0.19 0.14 0.45 

a From Öhlander and Skiöld (1994). 
b From Öhlander et al. (1987a). 

slightly positive. There is no obvious correlation of 62.7 wt% has eN d ( t ) as low as the other younger 
between Si0 2 and eNd( t ). A 1.8 Ga quartz-monzo- granites. The 1.8 Ga granitoids discussed here, 
nite from the Jokkmokk area with a Si0 2 content situated just south of the Archaean-Proterozoic 
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Fig. 4. 
^Nd(t) VS* time. 

boundary as defined by eN d ( I ) values of 1.9 Ga 
granitoids, have eN d ( t ) values totally encompassed 
by those of the 1.9 Ga granitoids situated northeast 
of the boundary (cf. Öhlander et al., 1993; 
Mellqvist et al., 1997). In other words, strongly 
negative eN d ( ( ) values occur farther southwest in 
1.8 Ga granitoids than in 1.9 Ga granitoids. 

6. Discussion 

Analyses of Sm-Nd isotopes give possibilities to 
trace the source material of magmas, which is 
important for the understanding of the tectonic 
and igneous processes and their evolution with 
time in a certain area. An example to illustrate 
this is that Early Jurassic plutonic complexes in 
the Andean plate boundary zone in north Chile 
have Proterozoic crustal material as one source 
component, whereas one Early Cretaceous com
plex contains no signs of older crust (Hodkinson 
et al., 1995). A possible explanation for the differ
ences in Sm-Nd isotope characteristics between 
the 1.8 Ga and 1.9 Ga granitoids in the Luleå and 
Jokkmokk areas is a collision between two masses 
of felsic crust after the formation of the older of 
these granitoids, but before the formation of the 
younger granitoids. The 1.9 Ga granitoids situated 
to the northeast were formed within the Archaean 

Samples from the Luleå area 

-8-

-10-1 , , 
1700 1800 1900 2000 

Age (Ma) 

Symbols as in Fig. 2. 

continent and contain a significant portion of 
Archaean rocks in the source material as reflected 
by strongly negative eN d ( t ) values, whereas the 
1.9 Ga granitoids situated to the southwest were 
formed in a Proterozoic crust indicated by their 
positive eN d ( t ) values, or values close to zero. The 
scenario for developing the isotopic characteristics 
found in the present study starts with the formation 
of large amounts of c. 1.9 Ga plutonic rocks. These 
rocks were formed in two different tectonic set
tings. One type was formed in a continental mar
ginal zone due to a northward subduction of an 
oceanic plate (Mellqvist et al., 1997). The other 
type was formed in a juvenile island-arc setting as 
a result of subduction of an oceanic plate situated 
more to the south, beneath the Skellefte district. 
Northward movement of the island-arc terrane led 
to collision with the Archaean continent (Fig. 5). 
During this collision the juvenile material was 
accreted and thrust onto the Archaean continent, 
and a sharp boundary between plutonic rocks 
formed simultaneously but having contrasting 
Sm-Nd isotope characteristics was created. As a 
result of the collision, juvenile rock masses rest 
upon the reworked Archaean continent close to 
the collision zone. Partial melting deep in the crust 
at 1.8 Ga could thus have resulted in the intrusion 
of granitoid bodies carrying the Sm-Nd isotope 
signature of the Archaean continent into juvenile 
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Table 2 
Sm-Nd isotopic data on the rocks analysed. Sample sites are marked in Fig. 1 

Sample no. National coordinates 

North East 

Sm (ppm) Nd (ppm) 1 4 7 S m / 1 4 4 N d 1 4 3 N d / 1 4 4 N d 2sema T 
age 

^ C H U R e N d ( l ) 

84053 726560 175675 9.98 72.5 0.0832 0.511097 10 1800 2060 2270 - 3 . 9 b 

85010 728480 178040 8.39 50.3 0.1009 0.511344 15 1800 2050 2320 - 3 . 1 " 

85011 729360 176955 3.20 18.3 0.1060 0.511295 13 1800 2250 2470 -5 .3" 

88016 736560 167940 3.94 20.7 0.1147 0.511413 13 1800 2270 2510 - 5 . 0 b 

88017 737900 168950 8.56 46.0 0.1126 0.511346 14 1800 2330 2580 -5 .8" 

88110 738070 169280 11.1 62.5 0.1068 0.511385 9 1800 2120 2320 - 3 . 7 b 

79102 727500 176230 1.39 10.3 0.0816 0.511263 21 1890 1820 2030 l . l b 

89008 727780 176220 4.10 22.4 0.1104 0.511671 28 1890 1700 2040 2.1 b 

94033 727395 177210 7.33 37.3 0.1188 0.511688 9 1890 1850 2210 0.4 

94034 727220 176530 3.62 24.2 0.0903 0.511485 7 1890 1650 1910 3.3 

94035 726460 176025 8.95 42.1 0.1290 0.511850 8 1890 1770 2140 1.1 

94051 726550 175655 2.50 16.2 0.0934 0.511451 9 1890 1750 2030 1.9 

96024 729330 176340 4.33 25.0 0.1048 0.511628 7 1890 1670 1960 2.6 

96121 735325 169030 4.39 26.2 0.1012 0.511525 12 1890 1770 2040 1.5 

96122 737450 166645 3.96 19.5 0.1224 0.511737 11 1890 1840 2130 0.5 

96123 738375 167095 5.81 36.4 0.0966 0.511454 12 1890 1800 2030 1.2 

96124 738980 167625 5.02 28.8 0.1054 0.511506 13 1890 1880 2180 0.1 

a Two standard errors of the mean. 
b Analyses from Öhlander et al. (1993). 

rocks. This is what we observe in the Jokkmokk 
and Luleå areas. Whether the 1.8 Ga granitoids 
were formed as a result of crustal thickening after 
this collision, or, as suggested by Öhlander and 
Skiöld (1994), as a result of a later continental 
collision, remains an open question. 

I f the 1.8 Ga old granitoids were formed by a 
mixing of fused continental crust and juvenile 
material, the proportions of the two components 
can be calculated by using the expression (e.g. 
Patchett and Bridgwater, 1984): 

GNd(DM)/CNd(CC)(eNd(sample) 

— eNd(DM))/(eNd(CC) — " eNd(sample)) 

The proportion of continental crust in a sample 
expressed as a percentage is given by 100A7 
(l+X). C N d ( D M ) = concentration of Nd in the 
mantle derived melt, C N d ( C C ) = concentration of Nd 
in the continental crust, e N d ( s a m p l e ) = eN d at t = 
1.8 Ga of sample studied, £Nd(DM) = £ N d °f the 
mantle derived melt, and e N d ( N d ) = eN d of the conti
nental crust. 

Here, we use the depleted mantle model (shown 
in Fig. 4) of DePaolo (1981) in the calculations. 

This seems to be an acceptable model in northern 
Sweden and adjacent areas of northern Finland 
(Skiöld and Cliff, 1984; Skiöld, 1991; Huhma et al., 
1990; Andersen and Sundvoll, 1995). The Sm-Nd 
isotope characteristics of Archaean rocks are prob
ably not representative of the Archaean continent 
at 1.8 Ga, since considerable amounts of juvenile 
material entered the continental crust at c. 1.9 Ga. 
It is more likely that the 1.9 Ga granitoids with 
distinctly negative eN d ( I ) values better represent the 
average continental crust at 1.8 Ga (Skiöld et al., 
1988; Öhlander and Skiöld, 1994). Nevertheless, 
we present results of calculations of mixing 
between mantle melts and continental crust for the 
two cases when the crust is represented by 
Archaean rocks and 1.9 Ga granitoids, respec
tively. A two component mixing is, of course, an 
oversimplification, but the calculations still give 
some useful information. The eN d of the Archaean 
crust at 1.8 Ga is considered to be —12.4, and the 
Nd concentration 31 ppm (from Öhlander et al., 
1987a). One way to estimate the average crustal 
eN d at 1.8 Ga is to assume that the 1.8 Ga granitoid 
with the most negative eN d ( t ) was formed entirely 
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1.87-1 

SW NE 
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Present erosional 
level 

c 1.8 Ga intrusives 

c 1.9 Ga intrusives 
+8Nd/-£Nd 

\. • :1 Proterozoic juvenile crust 

I I Archaean continental crust 

Fig. 5. Schematic block diagram, not to scale, illustrating the interpretation of the tectonic and magmatic evolution of the areas 
discussed in this study. Juvenile, Palaeoproterozoic crust was thrust onto the Archaean craton sometime between 1.87 and 1.80 Ga, 
forming a distinct boundary between the two different crustal terranes. A t 1.8 Ga, potassium-rich granitoids with negative eN d ( I ) 

intruded the allochtonous juvenile upper part of the crust. 

by partial melting of the older crust. Its eN d ( t ) 

would thus be that of the continental crust. In this 
case, this is one of the quartz-monzonite samples 
from the Jokkmokk area with an eN d ( ( ) of —5.8. 
Since many of the 1.9 Ga granitoids situated just 
north of the Archaean-Proterozoic boundary both 
in the Luleå area and further to the northwest 
have eN d values between —5 and —6.5 for t = 
1.8 Ga (Öhlander et al., 1993; Mellqvist et al., 
1997), the somewhat arbitrary value of —5.8 may 
be a reasonable approximation of the continental 
crust. The Nd concentration is in this case assumed 
to be 30 ppm (Öhlander and Skiöld, 1994). 

The Nd concentration of the mantle derived 
melts is unknown. Many mafic magmas have a 
Nd concentration of 10 ppm, although it may be 
considerably higher in continental rift environ
ments (Sun, 1980; Pearce, 1982). We use the 
assumed concentrations of 5, 10 and 15 ppm in 
the calculations. 

In the case of Archaean rocks representing the 
continental crust, and with a Nd concentration of 
10 ppm in the mantle derived melt, the 1.8 Ga 
granitoids contain between 19% and 33% crustal 
material (from 11 % to 20% for 5 ppm Nd in the 
mantle melt, and from 27% to 42% for 15 ppm). 
In the case of 1.9 Ga granitoids representing the 
continental crust with the assumptions made 
above, and with 10 ppm Nd in the mantle melt, 
the 1.8 Ga granitoids contain between 46% and 
100% crustal material (between 30% and 100% for 
5 ppm Nd in the mantle melts, and between 56% 
and 100% for 15 ppm). Since most of the 1.8 Ga 
granitoids discussed here are quartz-rich granites 
with minimum melt composition, a genesis by 
partial melting of continental crust is most prob
able. The calculations with eN d characteristics of 
1.9 Ga granitoids representing the continental 
crust therefore seems most realistic (cf. Skiöld 
et al., 1988; Öhlander and Skiöld, 1994). Molar 
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proportion ratios A l 2 0 3 / N a 2 0 + K 2 0 + CaO lower 
than 1.1, and in the case of 1.8 Ga granites situated 
north of the Jokkmokk area combined with <5180 
between 5 and 8 (Öhlander et al., 1987b), suggest 
that pelitic sediments were not important source 
material to these 1.8 Ga granitoids (cf. Chappel 
and White, 1974). 

It is not known how far to the southwest of the 
1.8 Ga granitoids studied here rocks of this age 
have distinctly negative eN d ( t ) values. A 1792 + 5 Ma 
granite (Skiöld et al., 1993), situated just north of 
the Skellefte district (Fig. 1), has an eN d ( t ) of +1.5 
(Wilson et al., 1987), indicating that the shift from 
negative to positive values in the 1.8 Ga granitoids 
occurs between the areas studied in this paper and 
the Skellefte district. The c. 1.9 Ga granitoids and 
metavolcanics in the Skellefte district have positive 
eNd(t) values (Öhlander et al., 1993; Billström and 
Weihed, 1996). 

South of the Skellefte district in the Bothnian 
Basin (Fig. 1), the supracrustals are dominated by 
metasediments which are intruded by several 
generations of granitoids. Most abundant are 
1.89-1.85 Ga calc-alkaline granitoids, c. 1.82 Ga 
granites (Härnö granites) and the 1.80-1.77 Ga 
Revsund type granites (Skiöld, 1987; Claesson and 
Lundqvist, 1995). However, not far south of 
the Skellefte district in the Knaften area, a calc-
alkaline granitoid has a U-Pb zircon age of 
1954 + 6 Ma (Wasström, 1993), and in the south 
and central parts of the Bothnian Basin several 
intrusions of Rapakivi granitoids with ages 
between 1.53 and 1.50 Ga occur (Andersson, 
1997a). The metasediments have eN d at t = 1.9 Ga, 
the approximate assumed age, between —2 and 
—4 (Claesson and Lundqvist, 1995). The 
1.89-1.85 Ga granitoids have eN d ( t ) values close to 
zero, and the Härnö and Revsund granites have, 
at their respective magmatic ages, values slightly 
less negative than the metasediments at these times. 
Claesson and Lundqvist (1995) concluded from 
geochemical and isotopic characteristics that the 
early granitoids are mainly juvenile, that the Härnö 
granites could have been formed from the metased
iments, but that some involvment of Archaean 
lower crustal material was probable in the forma
tion of the Revsund granites. The geochemical 
composition of the Revsund granites does not 

conform with a formation by fusion of 
metasediments. 

The Rapakivi granitoids, which have been 
formed deep in the crust without involvement of 
metasediments, also have negative eN d ( t ) values 
between —6 and —8 at ?=1.52Ga (Andersson, 
1997a). This corresponds to values of c. —3 to 
— 5 at ?=1.80Ga. In one 1.52 Ga syenitic 
Rapakivi intrusion, remants of 2.7 Ga old zircons 
have been found (Claesson et al., 1997). These 
observations argue quite strongly for an Archaean 
component assimilated by the intrusion. According 
to Andersson (1997b), a Rapakivi complex, situ
ated in the southern part of the Bothnian Basin 
and having an eN d ( ( ) of —5, incorporated about 
20% Archaean material when it was formed. The 
results obtained for the Rapakivi intrusions indi
cate the presence of Archaean rocks deep in the 
crust of the Bothnian Basin when the Rapakivi 
intrusions were formed. Detrital Archaean zircons 
have been found in Proterozoic quartzites far south 
of the Bothnian Basin (Claesson et al., 1993). 

Since the 1.89-1.85 Ga intrusions in the 
Bothnian Basin were also formed in a crust without 
an Archaean basement, while perhaps the Revsund 
granites and probably the Rapakivi intrusion were 
formed in a crust with Archaean material, it may 
be speculated that the whole Basin is a large-scale 
analogy of the situation in the Jokkmokk and 
Luleå areas. The sediments were deposited on a 
Proterozoic basement, and the 1.89-1.85 Ga gran
itoids were not influenced by Archaean Nd, except 
from metasediments. After the formation of these 
granitoids, the large crustal mass dominated by 
metasediments and calc-alkaline granitoids was 
obducted upon the reworked Archaean continent 
in the northeast. Similar ideas have been presented 
by Billström and Weihed (1996) who suggested 
that the volcanic district of Bergslagen, situated 
south of the Bothnian Basin, was formed by 
igneous activity at the same time as the Skellefte 
district was formed, but that the two volcanic 
areas were exotic to each other at the time of 
formation. Both volcanic districts, and thus also 
the Bothnian Basin, were then accreted and amal
gamated to the Archaean craton. Billström and 
Weihed (1996) concluded that this happened 
before the peak of metamorphism at 1.84 to 
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1.82 Ga. We agree with this model and add that 
the amalgamation resulted in the deposition of 
large amounts of deformed, juvenile Proterozoic 
rock masses upon the old craton. An alternative 
interpretation, as suggested by Claesson et al. 
(1997), is that the Archaean material traced in the 
Rapakivi intrusions belongs to a crustal fragment 
that was rifted off from the old continent in the 
present northeast when its passive southwestern 
margin was formed c. 2 Ga ago (Gaål and 
Gorbatschev, 1987). 

The situation described in this paper can be 
compared with, for instance, the Ungava section 
of the Superior province in Canada, where the flat 
surface of the Archaean continent is partly covered 
by Proterozoic supracrustal rocks associated with 
intracontinental basins as well as Proterozoic juve
nile thrust belts (Wardle and Van Kranendonk, 
1996). 

7. Conclusions 

In both the Jokkmokk and Luleå areas, 1.80 Ga 
potassic granitoids have distinctly negative eN d ( I ) 

values, whereas c. 1.9 Ga calc-alkaline granitoids 
surrounding the younger intrusions have positive 
values. Northeast of the 1.80 Ga granitoids dis
cussed here, the c. 1.9 Ga calc-alkaline intrusions 
have the same Sm-Nd isotope characteristics as 
the 1.8 Ga granitoids to the southwest. This situa
tion can be explained if a juvenile volcanic-arc 
terrane to the south collided with and was thrust 
onto the Archaean continent after the formation 
of the 1.9 Ga granitoids. This would have resulted 
in juvenile rock masses resting upon the reworked 
Archaean continent. The 1.8 Ga granitoids were 
formed by remobilisation of older crust, possibly 
caused by a later collisional event, although the 
details of this collision remain to be evaluated. 
Partial melting of the old continent at 1.8 Ga could 
thus have resulted in the intrusion of granitoids 
carrying the Sm-Nd isotopic signature of the 
Archaean continent into juvenile rocks. This is 
what we observe in the Jokkmokk and Luleå areas. 

It may be speculated that the whole Bothnian 
Basin is a large-scale analogy of the situation in 

the Jokkmokk and Luleå areas. The sediments in 
this region were deposited on a Proterozoic base
ment, and the 1.89-1.85 Ga calc-alkaline granit
oids occurring in the area were not formed by 
fusion of Archaean continental crust. After the 
formation of these granitoids, the large crustal 
mass dominated by the calc-alkaline granitoids 
and metasediments in the Bothnian Basin was 
obducted upon the reworked Archaean continent 
in the northeast. This was part of a major accretion 
and amalgamation to the old craton after the 
formation of the calc-alkaline granitoids but before 
the formation of the 1.8 Ga granitoids. 
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Some aspects in the differentiation of the Haparanda and Jörn intrusive suites in 
northern Sweden 
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Abstract: The geographical subdivision between the Haparanda and the Jörn suites of 
intrusive rocks in northern Sweden has not been very well defined. Early stratigraphical 
schemes placed these two granitoid suites in two separate orogenic cycles, where the 
Jörn belonged to the oldest cycle and Haparanda to the youngest. Our present knowl
edge regarding the radiometric ages of the these rocks in northern Sweden has changed 
this view, but has also made the distinction between the two suites less clear. Based on 
recent Sm-Nd isotopic work combined wi th geochemistry and some new U-Pb zircon 
data, we point out some similarities as well as some differences between the Jörn and 
Haparanda suites of rocks. Two U-Pb zircon age determinations performed give upper 
intercept ages of 1891+32 Ma and 1861+19 Ma. The two samples are taken f rom the 
Luleå area, on each side of the Archaean-Proterozoic boundary, as defined by Sm-Nd 
isotopic analyses of c.1.9 Ga old intrusive rocks combined wi th the southern l imit of 
outcropping Archaean rocks. On the basis of new results together w i t h results f rom pre
vious studies of areas north and south of the Archaean-Proterozoic boundary, we also 
suggest how to separate the Haparanda and Jörn suites of rocks due to their 
geochemical, but mainly to their isotope geochemical characteristics. The Haparanda 

suite generally has negative £ N d ( t ) values and was formed wi th in or in marginal parts of 

the Archaean craton. The Jörn suite was formed in an juvenile, island-arc terrane, that 
was accreted to the Archaean craton during the later, collisional stages of the 
Svecofennian orogeny. In a similar way, we connect the Haparanda suite of rocks wi th 
the Karelian Province, and the Jörn suite of rocks wi th the Svecofennian Province. 
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Introduction 

The stratigraphical scheme of Ö d m a n (1953) divides the Precambrian in northern Swe
den into the older Svecofennian and the younger Karelian orogenic cycles. The 
Svecofennian cycle involved intrusions of Jörn and Revsund granites followed by fold
ing and migmatisation. The Karelian cycle starts w i t h the deposition of the Vargfors 
conglomerates in the Skellefte district, followed by the intrusion of the Haparanda suite 
intrusive rocks and the deposition of the Bälinge type conglomerate which outcrops in 
the Luleå area (Fig. 1). This stratigraphical scheme was partly based on the type of rocks 
that is present as pebbles in some of the conglomerates found close to the towns of 
Luleå (the Bälinge conglomerate) and Piteå (the Piteå conglomerate). The Piteå con
glomerate was considered as related to the Vargfors group conglomerate (Grip, 1939; 
Åhman, 1957), since it contains pebbles of the same granitoid type (Jörn). Another rea
son for relating the Piteå conglomerate w i t h the rocks to the south was the comparison 
wi th the Bälinge conglomerate further north, which contains clasts of Haparanda type 
rocks together wi th gneisses and also clasts f rom a granite that was believed to belong 
to the Revsund type. Both of these latter clast types are absent i n the Piteå conglomerate 
(Ödman, 1953). 

Recent petrological and geochronological work by Wikström et al. (1996a), Lundqvist 
et al. (1996), Wikström et al. (1996b), Persson & Lundqvist (1997) and Wikström & 
Persson (1997) has, however, dramatically changed the stratigraphical view of this gen
eral area. In Wikström et al. (1996b), the petrogenesis of the Bälinge conglomerate (de
scribed by Åhman & Ö d m a n (1952)) was questioned, mainly due to the lack of sedimen
tary textures in the matrix between the granitoid pebbles. Ö d m a n et al. (1949) regarded 
the conglomerate on Bälingsberget (near Luleå) as a volcanic conglomerate, since some 
porphyrites, also outcropping at Bälingsberget, were similar to the matrix in the con
glomerate. Wikström et al. (1996a) characterized the conglomerate on Bälingsberget as a 
"magmatic hydraulic breccia", and reinterpreted some "weathered granitoid clasts" as 
formed by disintegration in a highly fluidised, subvolcanic magma chamber. Contacts 
between the plutonic (Haparanda type), subvolcanic and volcanic rocks are gradual and 
hence the rocks were interpreted as coeval and comagmatic. Lundqvist et al. (1996), in
vestigated the "gneiss" and the porphyritic "Revsund granite" clasts in the Bälinge 
"conglomerate" outcropping in the Vallen-Alhamn area (previously described by 
Åhman , 1953). They showed that these types of rocks actually are c. 2.7 Ga old. In 
Wikström et al. (1996a) and Mellqvist et al. (1999a), it is shown that several areas of ex
posed Archaean rocks are situated farther to the north and northwest of the Vallen-
Alhamn area. U-Pb analyses on zircons of Haparanda type clasts wi th in the Bälinge 
"conglomerate" yielding ages of c. 1900 Ma and 1879±4 Ma (Lundqvist et al., 1996; 
Wikström et al., 1996a), and an age determination of 1868+13 Ma (Persson & Lundqvist, 
1997), of assumed Jörn type clasts wi th in the Piteå conglomerate, show that the ages of 
the two types are about the same. 

Extensive Sm-Nd isotopic work has also been performed on c. 1.9 Ga plutonic rocks 
wi th the aim of locating the Archaean-Proterozoic boundary in northern Sweden. Re
cent work by Öhlander et al. (1987), Öhlander et al. (1993), Öhlander et al. (1999), 
Mellqvist et al. (1999a) and Mellqvist et al. (1999b) has shown that coeval magmas 

change their initial £ N d ( t ) values f rom negative in the north to positive in the south. The 

shift occurs close to an assumed line between the towns of Luleå and Jokkmokk, the 
Luleå-Jokkmokk Zone f rom Öhlander et al. (1993). Öhlander et al. (1999) suggested that 
juvenile volcanic arc material in the present south was deposited onto the Archaean 
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Palaeoproterozoic 
plutonic rocks 

Palaeoproterozoic 
supracrustal rocks 

Archaean rocks 
undifferentiated 

Boundary between 
+ENd(t) and -£Nd(t) 

Rocks belonging to 
the Karelian Province 

Fig. 1. Geological map of northern Sweden (after Perdahl & Frietsch, 1993) with the four areas 
discussed in the text. eN d( t ) values are set to c. 1.9 Ga. Major fracture zones drawn from Öhlander & 
Nisca (1985). Inset map shows the Geological map of the Baltic Shield simplified after Gaål & 
Gorbatschev (1987). The Raahe-Ladoga zone (Vaasjoki & Sakko, 1988) is drawn with a continua
tion in Sweden. 
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cratonic margin between c. 1.87 and 1.80 Ga ago. This was explained by thrusting of the 
volcanic arc f rom the south towards the continental margin in the north. 

Wilson et al. (1987a) compared the Jörn and Haparanda suite of rocks and concluded 
that the early magmatism at c. 1.90 Ga (Jörn Gl after Wilson, 1987b) was calcic and 
could be directly related to subduction. Later stages, unt i l c. 1.875 Ga, involved more 
calc-alkaline magmas related to mature volcanic-arcs, as well as sub-alkaline to alkaline 
magmas related to extensional settings in the continent away f rom the destructive plate 
margin. It was also speculated that the Haparanda suite of rocks (areas in the north and 
northeast) represents volcanic-arc magmatism, originating f rom subduction of an ocean 
floor that was subducted due to continental collision. 

In this study we have compiled previously published chemical analyses of rocks f rom 
the Skellefte district and f rom areas in the very far north and northeast of Sweden and 
compared the chemical composition of these w i t h the composition of coeval rocks f rom 
the Luleå and Jokkmokk areas in order to discuss the genesis, tectonic evolution and 
possible relationship between the latter and the rocks to the north and south. In addi
tion, we also present new U-Pb zircon age determinations of two samples f rom the 
Luleå area. The samples were taken on each side of the Archaean-Proterozoic boundary, 

since Sm-Nd data indicated a large contrast in £ N d ( t ) values of these rocks. 

Descriptions of the Haparanda and Jörn suites 

The Haparanda suite 
The Haparanda suite, defined by Ö d m a n et al. (1949), is described in Ö d m a n (1957) as 

a wel l differentiated igneous suite w i th rocks ranging f rom gabbros and diorites to 
granodiorites. The Haparanda suite rocks at the coast of Norrbotten have been sampled 
recently in order to understand the influence of Archaean basement rocks in the crustal 
growth processes in this part of the Svecofennian. Furthermore, the Archaean-
Proterozoic boundary can be traced in this way. U-Pb zircon age determinations on 
these rocks yield 1879±4 Ma (Wikström et a l , 1996a), c. 1900 Ma (Lundqvist et a l , 1996), 
and 1883±6 Ma (Wikström & Persson, 1997), immediately north of the Archaean-
Proterozoic boundary (the first two ages are f rom "pebbles" wi th in the Bälinge "con
glomerate"). Farther inland, towards the Jokkmokk area (Fig. 1), the age of the same 
rock type is not very well constrained. The Haparanda suite plutonic rocks vary in de
gree of deformation, as already noted by Ö d m a n (1957), but, according to recent obser
vations of the deformation along the coast (Mellqvist, unpublished material), the degree 
of deformation seems to be very high in some areas close to the town of Luleå, and 
lower to the north. These areas of very deformed Haparanda suite rocks commonly 
show gneissose banding, penetrative foliation as well as mineral stretching lineation. In 
the field, intrusive contacts towards both the Archaean rocks and many of the 
Palaeoproterozoic metasupracrustal rocks in the area have been found. 

The Jörn suite 
The name Jörn suite is generally given to all c. 1.9 to 1.85 Ga calcic to calc-alkaline intru
sive rocks in the Skellefte district and the surrounding areas. Wilson et al. (1987b) d i 
vided the Jörn granitoid complex into four separate intrusive phases GI to GIV. The 
main Jörn suite is dominated by tonalites and granodiorites and has been considered as 
coeval and comagmatic wi th the Skellefte Group volcanic rocks (cf. Weihed et al., 1992; 
Billström & Weihed, 1996), i.e., falling i n the age range of 1890 to 1880 Ma. These rocks 
are pre-metamorphic in age, generally foliated or gneissic in character, but strain was 
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not homogeneous and several early-stage plutons, or parts of plutons, are more or less 
undeformed. Several age determinations have been carried out on the Jörn granitoid 
complex. Wilson et al. (1987b) dated zircons from three intrusive phases at 1888±20/14 
Ma (oldest outer zone Gl), 1874±48/26 Ma (Gil), and 1873+18/14 Ma (GUI). A quartz-
feldspar porphyritic intrusions in the oldest GI phase was dated at 1886±15/9 Ma by 
Weihed & Schöberg (1991). Furthermore, a "monzonite" in the Gallejaur intrusive has 
been dated at 1873+10 Ma, and a gabbro at 1876±4 Ma (Skiöld, 1988; Skiöld et a l , 1993). 
Age determinations on similar synvolcanic granitoids surrounding the Skellefte district 
(Skiöld, 1988; Skiöld et al., 1993; Wilson et al., 1985) give results in the same age interval, 
between c. 1880 and 1870 Ma. However, recent age determinations on calc-alkaline 
rocks both within the Skellefte district, the Björkdal pluton (Billström & Weihed, 1996) 
and the Kristineberg pluton (Bergström et al., 1999), as well as several intrusions in the 
Bothnian basin to the south, the Husum (Lundqvist et al., 1998), Seltjärn (Lundqvist et 
al., 1998), and Klodden (Björk & Kero, 1996) intrusions, have revealed ages between 1.95 
and 1.90 Ga, indicating that the calc-alkaline magmatism started earlier in this area than 
was previously believed. 

Some age determinations from intrusives relatively close to the Skellefte district from 
the Knaften and Barsele areas (Wasström, 1993; 1996; Eliasson & Sträng, 1998) even indi
cate that this magmatism started before 1.95 Ga. The Jörn suite intrusive rocks all typi
cally have positive £ N d ( t ) values (cf. Billström & Weihed, 1996). 

U-Pb analyses 

The U-Pb zircon analyses were performed on samples 96014 (national coordinates: 
730210/178220) and 96024 (national coordinates: 729330/176340). These samples have 

also been analysed for Sm-Nd isotopes. The £ N d ( t ) values calculated to 1.89 Ga are -5.9 
for sample 96014, and +2.6 for sample 96024. The age determinations were carried out 

in order to see if this difference in £ N d ( t ) values also implied an age difference in these 
rocks. 

The zircon crystals were separated from approximately 5 kg of sample. The zircons 
analysed were chosen by hand picking and the size fractions were obtained by a sieving 
procedure. Non-magnetic size fractions were analysed, some of which were abraded af
ter methods developed by Krogh (1982). The zircon crystals picked for the U-Pb analy
ses were all euhedral and the shapes varied from long-prismatic to oval. The majority of 
the zircons were colourless to light brown with a transparent to translucent lustre. Un
der the optical microscope, cores have not been observed in the analysed fractions. Al l 
the U and Pb isotopes were measured on a Finnegan MAT 261 mass-spectrometer 
equipped with multiple Faraday cups. The isotopic work was performed at the Swedish 
Museum of Natural History. 

U-Pb results 

The zircon size fractions for the two samples are listed in Tables 1 and 2 and plotted in 
the concordia diagrams of Figs. 2 and 3. A regression line for sample 96014 gives an up
per intercept of 1891+32 Ma and a lower intercept age of 2551256 Ma. The regression 
line for sample 96014 is based on only three fractions. The remaining two fractions are 
believed to show disturbance from older cores. Two other single crystals were also ana
lysed but here omitted since one of them was strongly discordant and the other was 
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Table 1. Analytical data on zircons f rom sample 96014. 

Fraction Concentrations d Radiogenic lead d Atomic ratios Model agesM Error'' 
(ppm) (at. %) (Ma) correlation 

# size weight 2 0 6Pb 2 0 6Pb 2 0 7Pb 2 0 6 p b 
2 0 7Pb 2 0 7Pb 

(mm) (mg) U Pb. , 
mit. 

2 0 6 p b 2 0 7 p b 2 0 8 p b 2 0 4 p b 238TJ 235TJ 238TJ 235TJ 2 0 6 p b 

1 <74 0.021 329 99 0.4 75.96 8.60 15.44 4700 0.2660 
72 

4.155 
120 

1521 1665 1853 0.93841 

2 74-106 0.060 151 51 1.3 76.08 8.72 15.20 1700 0.3000 
19 

4.741 
45 

1692 1775 1874 0.66609 

3 106-150 0.034 129 46 0.9 76.00 8.90 15.10 2200 0.3165 
114 

5.107 
185 

1772 1837 1912 0.99436 

4 >150 0.022 120 40 1.1 76.48 8.65 14.87 1050 0.2961 
36 

4.620 
123 

1672 1753 1851 0.45886 

5 >150 c 0.019 65 28 1.7 72.38 9.97 17.65 550 0.3619 6.875 1991 2095 2200 0.28529 
34 229 

a 2 0 6 P b / 2 0 4 P b a s measure^ other atomic ratios corrected for mass discrimination, blank and initial lead. 
* Errors are given as least significant digits at the 95% confidence level. 
c End-piece of a single zircon crystal 
d Data reduction and age calculation according to Ludwig (1991), using the decay constants recommended by the IUGS Subcommission 

on Geochronology (Steiger & Jäger, 1977) and correction terms below. 
Corrections: Discrimination* U 0 .0%/AMU Pb 0.18%/AMU 

Blank U 10 pg Pb 12 pg 
Initial lead 2 0 6PbPPb 15.4 ^PbPPb 15.3 2 0 8 PbPPb 35.0 (Stacey & Kramers (1975) growth curve) 

Sample spiked with a mixed 233/235 /208 spike. 



Table 2. Analytical data on zircons from sample 96024. 

Fraction Concentrations c Radiogenic lead c Atomic ratios 0 Model agesc Error c 

(ppm) (at. %) (Ma) correlation 
# size weight 206p5 206pb 207pb 206pb 207pb 207pb 

(mm) (mg) U Pb r a d. Pbinit. 206pb 207pb 208p5 204pb 238TJ 235TJ 238TJ 235TJ 206pb 

1 74-106 0.024 127 42 3.1 85.21 9.72 5.07 190 0.3254 
31 

5.117 
74 

1816 1839 1865 0.66099 

2 106-150 0.029 332 104 4.3 86.40 9.79 3.81 1250 0.3139 
26 

4.904 
51 

1760 1803 1853 0.79937 

3 >150 0.021 285 92 1.3 86.13 9.72 4.15 2650 0.3191 
48 

4.962 
89 

1785 813 1845 0.84671 

4 45-74 
abraded 

0.008 532 164 4.1 84.86 9.70 5.44 1550 0.3037 
31 

4.789 
86 

1710 1783 1870 0.56134 

5 100-150 
abraded 

0.014 1620 69 6.9 82.18 9.43 8.39 490 0.3414 
23 

5.400 
98 

1894 1885 1875 0.37415 

6 >150 
abraded 

0.002 143 42 2.8 86.78 9.81 3.40 720 0.2983 
55 

4.650 
125 

1683 1758 1850 0.68801 

a 206pb/204pb a s measured, other atomic ratios corrected for mass discrimination, blank and initial lead. 
b Errors are given as least significant digits at the 95% confidence level. 
c Data reduction and age calculation according to Ludwig (1991), using the decay constants recommended by the IUGS Subcommission 

on Geochronology (Steiger & Jäger, 1977) and correction terms below. 
Corrections: Discrimination* U 0.0% / A M U Pb 0.18%/AMU 

Blank U 10 pg Pb 12pg 
Initial lead 2 0 6Pb/ 2 0 4Pb 15.4 2 0 7Pb/ 2 0 4Pb 15.3 2 0 8Pb/ 2 0 4Pb 35.0 (Stacey & Kramers (1975) growth curve) 

Sample spiked with a mixed 233/235 /208 spike. 
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Fig. 2. U-Pb concordia diagram for zircons from sample 96014. Note that the "oldest" fraction 
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strongly reversively discordant w i th a 2 0 7 P b / 2 0 6 p b a g e 0 f c. 2.5 Ga. For sample 96024 the 

upper intercept age is 1861+19 Ma and the lower is 186+462 Ma. The lower intercept 

ages of both samples are poorly defined, and we considered them as geologically insig

nificant. 
In Figs. 4a and b the back-scattered images of some zircon crystals f rom the two sam

ples, show that the crystals have a similar zoning. The crystals have some possible in
clusions and cracks are also visible. However, the crystals that were chosen for analysis 
were of good quality. In the cathodoluminescence images (Fig. 4c), two crystals f rom 
sample 96014 show some complex patterns possibly involving older cores. This is vis
ible in the grain on the right hand side (Fig. 4c) and seems to have a core, which is indi
cated by the black dot at the edge of the crystal. 

Fie 4 Back-scattered (A and B) and cathodoluminescence (C) images showing some details in 
the zircon crystals from samples 96024 and 96014. Most of the crystals shown m these images 
are not of the best quality in contrast with the crystals we have picked for dissolution Note 
however, that it seems to be a fairly undisturbed zonational pattern within the crystals in A and 
B Also note the complexity of the larger crystals in C, showing a possible core in the lower right 
side of picture. These pictures were taken at Geovetarcentrum, Gothenburg University and at 
the Museum of Natural History in Stockholm. 
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Northern and northeastern Norrbotten Q=Si/3-(K+Na+2Ca/3) 

. 250 

0/» Perthite suite: Äijäjärvi (Skiöld et al., 1988)/Masugnsbyn (Skiöld & Öhlander, IS 
A Haparanda suite (Öhlander, 1984; Skiöld et al., 1988; Skiöld & Öhlander, 1989) 
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Luleå area 

A Rocks with negative £Nd(t) values (Mellqvist et al., 1999b) 
a Porjus type (Mellqvist et al., 1999b) 
• Samples with weakly positive £Nd(t) values 

within the transition zone (Mellqvist et al., 1999b) 
wtl Rocks with positive ENÖW values (Mellqvist et al., 1999b) 

+ c. 1876 Ma Jouksjokko (Skiöld et at, 1993) 
« c. 1926 Ma Norvijaur (Skiöld et al., 1993) 

/ go i 

Arvidsjaur and Skellefte districts å 

A Rocks with negative £Nd(0 values or located 
NE of exposed Archaean rocks (Mellqvist et al., 1999a) 

4-Sample 96014 
a Degerberg type (Wikström et al-, 1996c) 

• Samples with weakly positive ENCKH values 
within the transition zone (Mellqvist et al., 1999a) 

• Rocks with positive ENd(i) values or located 
SW of exposed Archaean rocks (Mellqvist et at, 1999a) 

g)c. 1.89 Ga type (Öhlander et al., 1987) 
X c. 1.87 Ga type (Wikström & Persson, 1997; this paper) 

• Gallejaur intrusives (Skiöld et al., 1993) 
o Arvidsjaur type granite (Muller, 1980) 
• Jörn GIH and GIV (Wilson et al., 1987b; Weihed et al., 1992) 
sa Jörn Gn (Wilson et al, 1987b; Weihed et al., 1992) 
• Jörn Gl (Wilson et al., 1987b; Weihed et al., 1992) 
* Jörn type S of Skellefteå (Öhlander et al., 1993) 

Fig. 5. Q-P diagrams after Debon & LeFort (1982) of the samples that are discussed fn the text. 
The fields that deh'mits the rocks in the uppermost and the lowermost diagrams are combined 
and drawn in the two diagrams in the middle. Classification fields are as follows: gr=granite, 
ad=adamellite, gd=granodiorite, to=tonalite, sq=quartz syenite, mzq=quartz monzonite, 
mzdq=quartz monzodiorite, dq=quartz diorite, s=syenite, mz=monzonite, 
mzgo=monzogabbro/diorite, go=gabbro/diorite. 
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Geochemistry 

A l l compiled data f rom Haparanda and Jörn suite intrusions f rom the counties of 
Norrbotten and Västerbotten is plotted in Fig. 5 in Q-P diagrams after Debon and 
LeFort (1982). In these diagrams all major intrusive suites in the area have been plotted 
to cover as wide a range of intrusive suites as possible. 

Fig. 5a shows Haparanda suite rocks plotting wi th a calc-alkaline trend from the 
adamellite field to the gabbroic field. These samples overlap wi th Perthite-granite suite 
of rocks plotting in the adamellite field (an 1.88-1.86 Ga intrusive rock suite common in 
the northernmost parts of Sweden, characterized by perthitic feldspar and wi th compo
sitions varying between granite, syenite and monzonite (Geijer, 1931)), referred to as 
Äijäjärvi and Masugnsbyn granites in Skiöld et al., (1988) and Skiöld & Öhlander 
(1989)(see Fig. 1). The different intrusive rock suites are all f rom the northernmost areas 

and considered to be of similar age, i.e., between c. 1.89 and 1.86 Ga wi th £ N d( t ) values of 

-2.5 to -8.2 (Skiöld et al., 1988; Skiöld & Öhlander, 1989)(Table 3), indicating a variable 
input of Archaean crustal material during the magma genesis (the least negative is the 
Masugnsbyn type) Skiöld et al. (1988) and Skiöld & Öhlander (1989), show that most of 
these rocks plot in the "volcanic-arc granitoid" field of the Rb vs.Y+Nb diagram (Pearce 
et al., 1984) wi th the exception of the samples f rom Masugnsbyn, which plot in the 
"within-plate granitoid" field. The samples f rom Äijäjärvi plot at the boundary between 
the two fields. 

In Fig. 5b samples f rom the Jokkmokk area are plotted which display a wide range of 

compositions f rom the granite to the gabbroic fields. These rocks, have £Nd(t=i.87-i.89 Ga) val

ues f rom -6.0, in the northeast, to +1.5, in the southwest (Mellqvist et al., 1999b)(Table 3). 

Generally, the adamellitic to granitic types have intermediate £ N d ( t ) values wi th the most 

negative value being -3.0. However, there is a clear discrimination between these latter 

rocks and the tonalitic 1926+13/-11 Ma old Norvijaur intrusion (Skiöld et al., 1993) 

which has an £ N d ( t ) value of c. +0.7 (Öhlander et a l , 1993). The 1876+6 Ma old 

Jouksjokko granite which intrudes the Norvijaur tonalite (Skiöld & Larsson, 1978) and 

shows £ N d( t ) values similar to the Norvijaur tonalite (Öhlander et al., 1993) plots in the 

Table 3. £Nd(t) values of the rocks from the different sampling areas presented in this study. 

Sampling area £Nd(t=1.89-l.87 Ga) References 

Northern and -2.5 to -8.2 Skiöld et al., 1988; Skiöld & Öhlander, 1989 

northeastern Norrbotten 

Jokkmokk area +1.5 to -6.0 Öhlander et al., 1993; Mellqvist et al., 1999b 

Luleå area +3.6 to -6.4 

Arvidsjaur and +5.3 to +1.8 

Skellefte districts 

Öhlander et al., 1993; Öhlander & Skiöld, 1994; 

Mellqvist et al., 1999a 

Wilson et al., 1987a; Wilson et al., 1987b; 

Billström & Weihed, 1996 
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granite field. The Porjus type granite-adamellite has been separated f rom the others in 
the f ield, mainly because its appearance as a dark mineral poor, strongly foliated red 
granite which is in contrast to the generally darker and more calc-alkaline Haparanda 
type. 

Fig. 5c shows rocks f rom the Luleå area which plot in a similar way to the intrusive 

rocks f rom the Jokkmokk area. The range of £Nd(t=i.89 Ga) values is -6.4 (in the northeast) to 

+3.6 (in the southwest)(Table 3). Some "juvenile" rocks sampled f rom the area south of 

the Archaean-Proterozoic boundary are distinguished in the diagram. The 1892±14 Ma 

type f rom Öhlander et al. (1987) w i t h £ N d ( t = 1 . 8 9 G a ) values f rom +3.3 to +1.1 (Öhlander et 

al., 1993; Mellqvist et al., 1999a) plots in the tonalite field. Sample 96024 dated in this pa

per has an £ Nd(t=i.89) value of +2.6 and plots in the tonalite field, but close to the boundary 

to the granodiorite field. The sample f rom Wikström & Persson (1997), yielding an U-Pb 

zircon age of 1867111 Ma, has an £Nd(t=i.89Ga) value of +1.1, and plots in the adamellite 

field, but borders the granodiorite f ield. The majority of analyses of the Degerberg type 
granite (Wikström et al., 1996c) plot wi th in the adamellite field. The other sample 
(96014) dated in this paper plots in the granodiorite field. The majority of rocks from the 
Luleå and Jokkmokk areas plot wi th in the "volcanic-arc granitoid f ie ld" of the Rb vs. 
Y+Nb after Pearce et al. (1984), but the more felsic varieties borders the "within-plate 
granitoid" field. 

The rocks f rom the Skellefte district and adjacent areas show a slightly more calcic, 
calc-alkaline trend than the areas in the north. The Jörn Gl rocks mainly plot wi th in the 
tonalite field. The Jörn GUI, GIV overlaps w i t h the GI in the granodiorite field but the 
majority of Jörn GUI samples plot in the adamellite and granite fields together w i th the 
Arvidsjaur granite. The two analyses of Jörn G i l and the 1873+10 Ma old (Skiöld, 1988) 
felsic variety of the Gallejaur intrusion plot together in the granodiorite field. The mafic 
variety of Gallejaur, which is dated at 1876±4 Ma (Skiöld et al., 1993), plots wi th in the 

quartz-diorite and gabbro fields. The £Nd(t=i.89Ga) values of the Jörn and the 1877+8 Ma 

(Skiöld et al., 1993) Arvidsjaur granitoids vary between +5.3 and +1.8 (Wilson et al., 
1987a; Wilson et al., 1987b; Billström & Weihed, 1996)(Table 3). This range is similar to 
the range of values obtained f rom the southwestern parts of the Luleå area. These rocks 
plot in the Rb vs. Y+Nb diagram in the same way as the rocks to the north. 

Discussion and conclusions 

Previous work has shown that the Haparanda suite intrusive rocks generally have 

negative £ N d ( t ) values which indicates a close relationship wi th Archaean crust. In con

trast, the Jörn suite intrusives show positive £Nd(t=i.s9-i.87Ga) values, indicating that the 

magmas are derived f rom a more juvenile source. In the Luleå and Jokkmokk areas 

there are rocks wi th strongly negative £ N d ( t ) values in the northeastern parts which coin

cides wi th outcropping Archaean rocks. In the southwestern parts of these two areas, 

the £ N d ( t ) values are positive, which suggests a more juvenile source for the intruding 

magmas. Öhlander et al. (1993) interpreted these rocks as the result of an island arc-con

tinent collision during the late stages of the Svecofennian orogeny. This Archaean-

Proterozoic boundary, as defined by the positive/negative shift in £ N d ( t ) values, would 
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also delimit the boundary between the Karelian Province (negative £ N d ( t ) values) and the 

Svecofennian Province (positive £ N d ( t ) values) (Gaål and Gorbatschev, 1987). We there

fore suggest that the geographical boundary between the Haparanda and Jörn types of 
intrusives is set according to the delimitation of the Archaean-Proterozoic boundary. In 
order to constrain this division we have combined U-Pb and Sm-Nd isotope analyses 
w i t h major and trace element analyses of a large number of samples f rom Norrbotten 
and Västerbotten. Within each area discussed in this study, there is a chemical overlap 
between the rocks which ranges f rom gabbroic to granitic compositions (e.g., f rom the 
Haparanda suite to the Perthite granite suite in northern Norrbotten). In a compilation 
of radiometric data f rom the northern Norrbotten area (Martinsson et al., 1999), it was 
shown that the ages overlap as well . Martinsson et al. (1999) also pointed out the over
lapping chemistry of the Haparanda and Perthite granite suites and discussed the prob
lem of separating the two types. Since this problem is highlighted, the analyses of rock 
types wi th different chemistry must be added into all diagrams, as we have done here, 
to complete the whole compositional range of each area, (e.g., to add the rocks f rom 
Äijäjärvi and the Masugnsbyn to northern and northeastern Norrbotten, the Norvijaur, 
Porjus and Juoksjokko types to the samples in the Jokkmokk area, the Degerberg type to 
the samples i n Luleå and the Gallejaur and Arvidsjaur types to the Skellefte district). 

The trend f rom the northern and northeastern Norrbotten area and the trend f rom the 
Skellefte district w i t h adjacent areas are slightly different, as was pointed out by Wilson 
et al. (1987a), Öhlander et al. (1993) and Skiöld et al. (1993). They showed that the 
Skellefte district has a more calcic calc-alkaline trend than the Norrbotten area, which is 
more alkali-rich. According to studies of volcanic rocks along the Andean continental 
margin arc (Hildreth & Moorbath, 1988), the alkali content of magmas is greater and 
much more variable (for a given Si0 2 content) wi th in areas of thicker crust. They also 

showed that there is a decrease in £ N d( t) values wi th thicker crust. This is explained, not 

only by increasing amounts of crustal materials, but also by an increase in the age of the 

crust. 

In the Luleå and Jokkmokk areas (Fig. 1) it is evident that some of the rocks w i t h £ N d ( t ) 

values between c. +1 and 0 plot wi th in the quartz-monzodiorite and monzogabbro 
fields in Fig. 5, which could indicate that these rocks actually belong to the Haparanda 
type or to the Karelian Province. The locations of these rocks are generally wi th in or 

close to areas w i t h rocks showing negative £ N d ( t ) values, especially in the Luleå area. 

However, these intermediate rocks f i t well into the regional transition, f rom negative 

£ N d ( t ) values i n the northeast to positive £ N d ( t ) values in the southwest which is seen in 

the Jokkmokk area (Fig. 1). In the Jokkmokk area, the approximate £Nd(t)=0 line occurs 

farther to the north than the boundary which is set after the geochemical character of 

the rocks. 
The available radiometric data combined w i t h geochemical data f rom the Luleå and 

Jokkmokk areas could indicate that the juvenile plutonic rocks in the south were formed 
during a long time-span f rom c. 1.95 Ga to c. 1.86 Ga (including the c. 1.95 Ga Knaften 
granitoid). The origin of c. 1.93 Ga Norvijaur tonalite remains unclear. Age-wise, i t fits 
well into the 1.95 Ga to 1.86 Ga range. Geochemically it also fits well into the rocks in 
the south (cf. the Jörn Gl) w i th its calcic character. As a consequence of the weakly juve
nile character of the Norvijaur tonalite, w i th an £ N d ( t ) value of c. +0.7, and its geographi
cal position, which is fairly close to exposed Archaean rocks, a possible explanation 
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could be that i t was formed not only by juvenile mantle material but also by fusion of 
older material. In comparison, rocks of similar age and composition found adjacent to 

the Archaean craton in Finland have more positive £ N d ( t ) values of +2.4 to +3.4, indicat

ing the absence of an Archaean crustal component (Lahtinen & Huhma, 1997). One 
might also speculate that the Norvijaur tonalite represents the earliest continental arc 
magmas formed adjacent to the Archaean craton (Skiöld et al., 1993) and would there
fore belong to the Haparanda suite rocks (see below). 

The Haparanda suite rocks in the northeast, which have been contaminated by 
Archaean crust, were formed sometime between c. 1.89 and 1.88 Ga. The new U-Pb data 
we present in this study is in fairly good agreement wi th what has been described pre
viously. The sample f rom the southwest (96024) gives further support to the presence of 
a younger granitoid pulse as suggested by Persson & Lundqvist (1997) and Wikström & 
Persson (1997). The sample in the northeast at c. 1.89 Ga (96014) agrees wel l w i t h the 
ages obtained in nearby areas. Problems wi th older cores wi th in the Haparanda suite of 
rocks have been pointed out in previous isotopic work (e.g., Wikström & Persson, 1997). 
This is probably the case in sample 96014, which can be seen in the analytical data and 
in the SEM pictures as well . (Particularly noteworthy is that the possible core in Fig. 4c 
is located at the r im of the zircon crystal. The same problem seems to be the case for 
fraction 5 in the concordia diagram (Fig. 2), which is an end-piece of a single zircon). 
However, to be able to resolve the zircon complexities, more detailed studies involving 
ion-probe analyses are necessary. 

In conclusion, emphasis should be given to the main differences between the 
Haparanda and Jörn intrusive suites, as well as differences between these two suites 
and some other rock types of similar age. 

(1) Sm-Nd isotope characteristics: The Haparanda suite has mainly negative £ N d ( t ) values 

and the Jörn suite positive £ N d ( t ) values. 

(2) Geochemistry: There is an alkalic, calc-alkaline trend for the rocks in the northern 
parts (Haparanda and Perthite suites) and a calcic, calc-alkaline trend for the rocks in 
the south (Jörn GI-IV suite, Arvidsjaur granite and Gallejaur intrusives). 
(3) Tectonic setting: The Haparanda suite was probably formed by fusion of Archaean 
continental and depleted mantle material in a continental arc setting. The Jörn suite was 
formed in a juvenile volcanic-arc setting which became more mature through time. 
(4) U-Pb zircon ages: The Haparanda suite is c. 1.89-1.88 Ga and the Jörn suite c. 1.93-
1.86 Ga (including the c. 1.93 Ga Norvijaur tonalite and c. 1.86 Ga of sample 96024 in the 
Luleå area). Effects f rom older cores wi th in the analysed zircon crystals are reflected in 
the conventional U-Pb zircon analyses of sample 96014. This interaction w i t h older, 
probably Archaean, material has been indicated in previous studies of the Haparanda 

suite rocks and agrees well wi th the strongly negative £ N d ( t ) values displayed by these 

rocks. 
(5) A suggestion for a geographic division: The Haparanda suite belongs to the Karelian 
Province in the north and northeast. The Jörn suite belongs to the Svecofennian Prov
ince. The boundary between the two suites is delineated for geochemical reasons (see 

Fig. 1) which coincides wi th a strong positive/negative shift in £ N d( t) values in the Luleå 

area, but probably extends further south of the positive/negative transition of £ N d ( t ) 

values in the Jokkmokk area. 
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An Archaean megaxenolith and a Proterozoic fragment 
within the Bälinge magmatic breccia, Luleå, northern Sweden 

By 
Anders Wikström, Claes Mellqvist 

and Per-Olof Persson 

INTRODUCTION 

The Bälinge "conglomerate" in northern Sweden has been described by Åhman & 
Ödman (1952), Wikström et al. (1993) and Mellqvist (1994). In regional map compi
lations (e.g. Ödman 1957) it has been assigned as an important stratigraphic key for
mation as it contained "pebbles" of the older Svecokarelian granitoids. The epiclastic 
character of these rocks was challenged by Wikström et al. (1993) and Mellqvist 
(1994) who instead regarded the rocks in question as fluidised, magmatic breccias. In 
the following text the term "Bälinge magmatic breccia" will be used for this rock unit. 

Two samples of rocks related to this unit have now been radiometrically U/Pb 
zircon dated. In Fig. 1, the sample localities as well as the extension of so far recog
nised Archaean rocks in the Luleå area and geographically associated fragment-
bearing volcanic and plutonic rocks are displayed. 

A POllPHYRJTIC AND GNEISSIC GRANITOID FROM 
THE BÄLINGSBERGET FULL FORMING A MEGAXENOLITH 

WITHIN THE BÄLINGE MAGMATIC BRECCIA 

Lundqvist et al. (1996, this volume) have found Archaean rocks in the Vallen-Alhamn 
area (Fig. 1) south of the town of Luleå, an area which has been previously mapped 
by Åhman (1953). The Archaean ages were received in rocks classified as "grey 
gneisses" and "Revsund granite" respectively by Åhman (1953). In the investigation 
of the "Bälinge conglomerate" by Åhman & Ödman (1952), a smaller (roughly 100 x 
50 m) area was designed as "Revsund granite " in their map. With the results received 
by Lundqvist et al. (op.cit.) in mind, the question arose whether this rock also had an 
Archaean age. 

The "Revsund granite" (sensu Åhman & Ödman 1952) is a porphyritic granitoid 
with a texture displayed by Fig. 2 and a chemical composition shown in Table 1. At 
the investigated locality (national coordinates: 729235/178035) contact relationships 
show that the rock has been intruded by younger tonalites of the Haparanda suite. This 
is in agreement with other observations in the vicinity where similar rocks either have 
intrusive or tectonic contacts towards younger rocks. Nowhere has a basement-cover 
relationship been observed or inferred. 
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Fig. 1. Location of investigated samples and some local names mentioned in the text. The areal 
distribution of Archaean rocks (black) and fragment-bearing volcanic/plutonic rocks (horizon
tal ruling), the latter more or less invaded by younger granites, is also schematically shown. The 
area corresponds to map-sheets 24L Luleå NO and northern part of Luleå SO. 



50 A. WIKSTRÖM, C . M E L L Q V I S T AND R-O. PERSSON 

Fig. 2. The Archaean porphyritic granitoid in the megaxenolith from Bälingsberget. 

Under the microscope the phenocrysts, generally microcline, are perthitic, locally 
rimmed with plagioclase and slighly quartz poikilitic. Inclusions of euhedral plagio
clase are also present. The matrix consists of sericitised plagioclase, perthitic micro
cline, undulose quartz, biotite and hornblende. Accessory minerals are sphene, zircon, 
apatite and titanomagnetite or ilmenite. These accessory minerals are concentrated in 
accumulations of biotite in where the titanomagnetites or ilmenites are rimmed by 
sphene. 

It should also be mentioned that an unsuccessful attempt was made to U-Pb zircon 
date the fragment-bearing felsic volcanite at Bälingsberget during this investigation. 

ANALYTICAL DATA 

As the heavy (+4.5) zircon fraction was quite small, work was carried out on the light
er fractions. The zircons are uniformly brown, their habit varying from subhedral to 
euhedral. Their length/breadth ratio varies from 1.5 to 3 with the median at about 2. 
The grain size is rather fine, 90% of the crystals being < 70 pm in size. Under oil im-
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Fig. 3. U-Pb concordia diagram for zircons from the porphyritic granitoid at Bälingsberget. 

mersion it is obvious that about 70 % of the grains are subhedral and turbid irrespec
tive of crystal habit. Neither zonation nor inclusions could therefore be observed. 

The analyzed fractions exhibit a normal distribution on the concordia plot, i.e. they 
become more discordant as the uranium content increases. An interesting feature is 
that, in spite of the use of lighter (and consequently more uranium-rich) fractions than 
usual, all analyses are relatively little discordant. The scatter of the calculated discor
dia line is slightly in excess of analytical error as demonstrated by the MSWD of 3.4. 
This may be a consequence of Proterozoic processes, but the effect is in any case very 
slight. 

The upper intercept age of 2638+19 Ma as well as the 2 0 7 Pb/ 2 0 6 Pb ages for all frac
tions conclusively prove the Archaean origin of the rock studied. 
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Table 1. Chemical analysis of the porphyritic granitoid at Bälingsberget. (Oxides given in wt.%, 
elements in ppm.) 
Laboratory: Svensk grundämnesanalys AB, Luleå, Sweden. 

Si0 2 Ti0 2 
A1203 F ^ O , MgO MnO CaO Na20 K 2 0 P 2 O 5 

tot LOI 
67.3 0.56 15.9 4.12 1.18 0.06 3.03 4.3 4.08 0.23 100.8 0.4 

Ba Ba Co Cr Cu Ga Hf Mo Nb Ni Rb Sc 
1080 2.22 6.53 30 18.5 7.52 5.79 2.74 10.5 12.5 106 3.54 

Sn Sr Ta Th U V W Y Zn Zr La Ce 
3.1 410 0.512 16.7 1.16 56.6 1.24 17 54.8 277 59.6 119 

Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 
13.5 49.2 8.59 0.61 6.88 1.1 3.98 0.81 1.89 0.29 2.41 0.30 

Table 2. U-Pb zircon data of sample BQAW 9452, porphyritic granitoid from Bälingsberget, 
Luleå. 

Sample Fraction Uconc Pbconc 206/204 206/238 207/235 207/206 Apparent age in Ma 
ppm ppm meas. Corrected for blank 6/8 7/5 7/6 

A 560.7 300.43 5696 .4726 11.446 .1757 2494 2560 2612 
abraded 

B 4.2-4.3 560.8 294.59 6088 .4643 11.218 .1752 2458 2541 2608 
C 4.2-4.3 753.9 379.88 4133 .4447 10.601 .1729 2371 2488 2585 
D 4.0-4.2 989.2 466.82 3441 .4177 9.825 .1706 2250 2418 2563 

Common lead correction 674: 13.4; 7/4: 14.6; 8/4: 33.2. 

A TONALITE FRAGMENT IN THE BÄLINGE MAGMATIC BRECCIA 
AT MÅTTSUNDSBERGET, LULEÅ 

Apart from the Bälingsberget hill, which is the reference locality for the "Bälinge con
glomerate", some other localities of this rock have been reported by Åhman & Ödman 
(1952) and Ödman (1972). Still another occurrence outside Luleå has for some time 
been known at the Måttsundsberget hill (Öhlander, pers.comm. 1992). A sample (c. 1 
kg) from this place (national coordinates: 728670/178260) was collected for U-Pb zir
con dating at the Laboratory for Isotope Geology, Stockholm. 

The general geological environment of the magmatic breccia at Måttsundsberget is 
similar to the Bälingsberget bedrock geology with fragment-containing metavolcanic 
rocks adjacent to rocks with a suspected Archaean age. The magmatic breccia at 
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Fig. 4. U-Pb concordia diagram for zircons from a tonalite fragment in the Bälinge magmatic 
breccia at Måttsundsberget, Luleå. 

Måttsundsberget consists of fairly well-rounded, irregular, dm-sized, tonalite frag
ments in a fine-grained dioritic matrix. Subordinate fragments of supposed Archaean 
age have also been observed. At places, the granitoid fragments seem to disintegrate 
into the matrix. 

Microscopically the investigated tonalite consists of a slightly zoned plagioclase 
(An3r>.25)» quartz and biotite with subordinate amounts of microcline and hornblende. 
A chemical analysis is presented in Table 3. 

ANALYTICAL DATA 

Most of the zircons are turbid but a minor amount of them are clear. The colour var
ies between beige and colourless. Short prismatic crystals dominate, elongated ones 
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being subordinate. Most grains have well developed crystal faces although some 
rounded grains are also present. In a high refractive index liquid, most grains are ho
mogeneous and clear although some of them have zoned rims. The analysed grains 
were chosen among the clear ones devoid of visible internal structures. 

The data points display a linear relationship on the concordia diagram, with a low 
MSWD and small discordancy for the uppermost points. The upper intercept age is 
1879±4 Ma, mdicating a Haparanda suite age. 

Table 3. Chemical analysis (wt.%) of the tonalite fragment at Måttsundsberget. 
Laboratory: Svensk grundämnesanalys AB, Luleå, Sweden. 

Si0 2 
Ti0 2 A1203 F e ^ MgO MnO CaO Na20 K 2 0 p 2 o 5 tot LOI 

66.2 0.46 15.5 4.49 2.16 0.05 3.91 4.42 2.34 1.20 99.7 0.5 

Ba Be Co Cr Cu Ga Hf Mo Nb Ni Rb Sc 
755 1.40 7.42 236 22.2 16.1 5.76 3.30 7.73 11.1 52.4 5.40 

Su Sr Ta Th U V W Y Zn Zr La Ce 
2.05 636 0.594 7.31 2.32 71.4 1.82 9.63 42.2 167 32.9 63.1 

Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 
6.57 23.3 3.14 0.625 3.03 0.410 1.83 0.267 0.984 0.179. 1.31 0.243 

(a) corrected for mass fractionation (0.1% per a.m.u.). 
(b) corrected for mass fractionation, blank and common Pb. 

Table 4. U-Pb zircon data of sample TL 92:9. Tonalite fragment from the Bälinge magmatic 

breccia at Måttsundsberget, Luleå, Sweden. 

Fraction 
(um) 

Weight 
(mg) 

U(ppm) 

1
! 

206/204 
(») 

206/238 

w 

207/235 
(b) 

207/206 
(b) 

206/238 
age 

207/238 
age 

207/206 
age 

45-74 0.17 221.5 65.2 2116 0.2608+/-5 4.023+/-16 0.1119+/-1 1494 1639 1830 

45-74ab 0.05 221.1 77.5 4348 03156+/-6 4.966+/-20 0.1141+/-1 1768 1814 1866 

74-106 0.07 312.9 94.1 2408 0.2677+/-5 4.154+/-17 0.1125+/-2 1529 1665 1841 

74-106ab 0.05 153.2 55.9 6140 03284+/-8 5.192+/-21 0.1146+/-2 1831 1851 1875 

(a) corrected for mass fractionation (0.1% per a.m.u.). 
(b) corrected for mass fractionation, blank and common Pb. 
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DISCUSSION 

The obtained Archaean ages as published by Lundqvist et al. (this volume) and in the 
present work, have greatly contributed to the understanding of the geology of the 
Luleå area. The porphyritic granitoid has a characteristic texture recognizable in the 
field and most of the area in Fig. 1 with an Archaean signature is occupied by rocks 
with this particular texture. The porphyritic granitoid is also abundantly found as frag
ments in some subvolcanic and plutonic rocks adjacent to the larger bodies of Archae
an granitoids found between Alhamn and Bälingsberget (Fig.l). 

The tonalite fragment from Måttsundsberget on the other hand has an age coincid
ing with the "Haparanda suite" (Lundqvist et al. 1996). The majority of the fragments 
within the Bälinge magmatic breccia has this composition. They are mainly tonalites 
and show fragmentation and dissolution (mixing) within the dioritic matrix, features 
which are diagnostic for the interpretation of the magmatic origin of these rocks. 

The geographical juxtaposition (a preliminary result after one field season) 
between the outcropping Archaean granitoids and the volcanic/plutonic breccias has 
so far not got a satisfactory explanation. The breccias which are supposed to have 
formed in a volcanic to high-level plutonic environment bear witness of a violent 
evolution. A large body of Archaean continental crust has apparently been present at 
the site of these, mainly explosive processes. 

These newly found Archaean bedrock areas roughly coincide with the Archaean 
palaeoboundary as defined by Öhlander et dl. (1993). 

The radiometric dating of the tonalite at Måttsundsberget shows that this process 
took place in connection with, or slightly after the emplacement of the Haparanda 
granitoids. Possibly the intrusion of large volumes of gabbroic magma in the vicinity 
could be the local energy source in this development. 
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A B S T R A C T 

The Bälinge conglomerate has played a key role in the lithostratigraphy 

of northern Sweden. The conglomerate, w i t h pebbles dominated by 

granodiorites and tonalites in a generally biotite-rich matrix, borders 

volcanic rocks w i t h unclear relative age relationships. In nearby areas 

these volcanites have been intruded by plutonic rocks (c. 1.9 Ga) which 

are similar to the pebble material. On these grounds, the conglomerate 

has been regarded as younger than the volcanic rocks and an important 

marker in the geological evolution of the region. In this preliminary 

study, it is suggested that the features displayed by the Balinge 

conglomerate are not compatible w i th an epiclastic origin. On the 

contrary, they indicate that this rock represents a hydraulic breccia 

where the roundness of the granitoid 'pebbles' has resulted f rom 

erosion in a fluidised, heterogeneous and magmatic environment. In the 

actual area the 'conglomerate' must thus be dismissed as a stratigraphic 

marker horizon. It belongs to the early Svecofennian evolution. 

Terra Nova, 8, 166-172, 1996. 

INTRODUCTION 

The Svecofennian (c. 2.0-1.8 Ga) supra
crustal rocks in Sweden and Finland can 
be subdivided into the 'Lower' and the 
Upper Svecofennian' supergroups as in 
the Geological Map of Northern Fen
noscandia (Geological Surveys of Fin
land, Norway and Sweden 1987). The 
Upper Svecofennian' or 'Bothnian, is 
defined as being younger than the 
oldest calc-alkaline plutonic rocks with
in this province. Of key importance in 
this subdivision has been a number of 
conglomerates. In Sweden the Vargfors, 
Pite and Ledfat conglomerates can be 
mentioned apart from the Bälinge con
glomerate which is the topic of this 
paper (Lundqvist, 1991). They have 
been regarded as the lowermost forma
tion in the younger supergroup and 

'Present address: Dept. of Applied Geol
ogy, Luleå University, S-97187 Luleå, 
Sweden. 

contain granitoid pebbles. The 'Bock-
holm conglomerate' in the Finnish ar
chipelago, which also has been regarded 
as one of these conglomerate forma
tions, has previously been reinterpreted 
as an intrusive breccia (Ehlers, 1979). 
The aim of this paper is to demonstrate 
that also the Balinge conglomerate dis
plays the field, petrographical and 
mineralogical features of a magmatic, 
hydraulic breccia. A model is proposed 
for the formation of these breccias and 
the associated lithologies. 

G E O L O G Y OF THE 
BÄLINGSBERGET HILL AND 
SURROUNDING A R E A S 

The Bälingsberget hil l is located west of 
the town of Luleå in northern Sweden 
(Fig. 1). It has previously been mapped 
in detail by Ahman and Ödman (1950) 
who presented some mineralogical data 
as well as point-counting analyses of 
different pebble material. The general 

geology of the hill, according to that 
work, comprises a conglomerate forma
tion which discordantly overlies a se
quence of felsic and mafic volcanites. 
This complex has been intruded by 
felsic and mafic dykes and a younger 
granite. The discordance was never 
demonstrated in the field; it was only 
based on the observation that the con
glomerate contained pebbles of a gran
itoid which is intrusive into the volcanic 
sequence in nearby areas. 

The complex is found within a 
marked positive, magnetic anomaly 
shown in the aeromagnetic map the 
area (Fig. 2). 

Microscopically the matrix of the 
'conglomerate' and the mafic volcanite 
contain magnetite both as separate crys
tals and in minute aggregates together 
with biotite and amphibole (Fig. 5c). 
Outcrop measurements of the magnetic 
susceptibility generally give high va
lues, but it is unknown how much of 
the positive anomaly in the aeromag
netic map (Fig. 2) in the vicinity of Bä
lingsberget is associated with these 
rocks in unexposed areas. 

To the south-west, the rocks on Bä
lingsberget are (with unexposed con
tacts) bordered by the Ale granite with 
a U/Pb zircon age of 1.80 Ga (Öhlander 
and Schöberg, 1991). This younger gran
ite occupies the low magnetic, central 
part of the aeromagnetic map in Fig. 2. 
To the north-east of Bälingsberget, 
somewhat older granodiorites and tona
lites prevail. This older group of pluto
nic rocks shows abundant examples of 
magma mixing and mingling. However, 
no modem bedrock maps are available 
for this area. 

The degree of deformation is gener
ally low on Bälingsberget. A secondary 
foliation, broadly subparallel to the 
steep, primary flow foliation (Fig. 5a) 
can locally be observed. The meta
morphic grade is also moderate. 

166 © 1996 Blackwell Science Ltd. 
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——- — ~ —— " ' Fig. 2. Aeromagnetic map of the area (produced by the Geol. Surv. 
of Sweden) surrounding Bälingsberget. Light shaded areas are more 

Fig. 1. Bedrock map of the Bälingsberget hill (simplißed from magnetic (bar scale=5 km). 
Mellqvist, 1993). The outcrop pattern is the same as in the map by 
Ahman and Ödman 1950 (omitted for clarity). 

THE BÄLINGE 
' C O N G L O M E R A T E ' 

An alternative bedrock map to the one 
published by Ahman and Ödman (1950) 
of the Bälingsberget hil l has now been 
produced (Fig. 1). The 'conglomerate' 
has been separated into three map-units 
according to the disintegration, shape 
and size of the fragments. The degree of 
disintegration was based on observa
tions of the contacts between matrix and 
fragments; whether they were sharp, 
graded or diffuse. 

The marginal zone is characterized by 
large, up to 50-cm wide fragments with 
rounded shapes and sharp contacts to
wards the matrix. A great compositional 
contrast exists between the fragments 
and the matrix. The fragments generally 
consist of medium- to coarse-grained, 
light-coloured granodiorite (Figs 3a 
and 4a) in contrast to the dark, fine
grained, biotite and hornblende rich, 
dioritic matrix. Both rocks are fairly 
homogeneous and massive. In the most 
marginal areas, outcrops with fairly 
homogeneous granodiorite containing 
mafic veinlets (Fig. 4c) can be found. 

The fragments in the partly disinte
grated zone are smaller, less than 30 cm, 

and dominantly rounded. Within this 
zone they also display contorted shapes 
as shown in Fig. 3b, shapes which are 
not found in common, epiclastic con
glomerates. The disintegration is shown 
by the diffuse contacts towards the ma
trix (Figs 4b and 6b) as well as a variety 
of granitoidal compositions of the frag
ments. This zone is semipolymict in 
comparison with the fairly monomict 
composition of these in the marginal 
zone. Figure 3c demonstrates shape dif
ferences in different materials. The two 
medium-grained, diorite 'pebbles' in 
this figure have sharp, rounded out
lines, the mafic microgranular enclaves 
have contorted shapes, while the grano
dioritic material is highly fragmented 
with diffuse boundaries. 

The contrast between the granitoids 
and the matrix is in some cases very 
slight. It is rather between the quartz-
rich granitoids and matrix, on the one 
hand, and quartz-poor diorite frag
ments, on the other, where a noteable 
contrast exists. In the majority of cases 
the mafic mineral content in the grani
toids is less than in the matrix. The che
mical composition of the granitoid in 
this type of breccia and in the marginal 
zone breccia is similar. However, the 

partly disintegrated zone exhibits a less 
obvious compositional gap between the 
granitoid fragments and matrix. 

The fragments in the mixed zone are 
less that 30 cm in diameter, disinte
grated, and with ghost-like, rounded 
and angular shapes. They are domi
nated by various hybrids of disinte
grated granodiorite/tonalite, but the 
presence of diorites, porphyries and 
red granitoids gives the breccia a poly-
mictic appearance. The matrix is inho
mogeneous, often with euhedral 
plagioclase phenocrysts as well as horn-
blende-biotite accumulations oriented 
parallel to the larger fragments. 

Fragments of felsic volcanites and 
fine-grained mafic rocks of variable 
character can be found in subordinate 
amounts. The mafic fragments have 
shapes varying from subrounded to 
very irregular and they also vary some
what in internal composition. Some of 
them probably have an origin as mafic 
microgranular enclaves (review in Bar
barin and Didier, 1991). The fingered 
and pinching structures observed in 
some of the mafic fragments could only 
have developed when the components 
were still in a magmatic state. 

In thin section (Fig. 5a) it is also possi-
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Fig. 3. Outcrop photos of the 'conglomerate', (a) In the marginal zone, the 'conglomerate' is dominated by rounded tonalite fragments which 
can vary from a few millimetres to several metres in diameter. The matrix is a biotite-rich, heterogeneous mafite commonly with scattered 
plagioclase xenocrysts (coin diameter=25 mm), (b) The shapes of many of the fragments are incompatible with those developed in a normal 
epiclastic conglomerate. A felsic, medium-grained, slightly foliated granite cross-cuts the 'conglomerate'. (c) In places the 'conglomerate' is 
polymict in character. Two diorite fragments to the right have sharp contacts and rounded shapes. The fine-grained mafic enclaves are variable 
both in composition and shape. Tonalite and granodiorite fragments are hardly discernible as such and have very irregular, partly rounded 
outlines. They show abundant examples of physical/chemical interaction with the matrix. 

ble to discern the fragmental character 
and partly disintegrated contacts be
tween matrix and fragments. Most tex
tures are interpreted as resulting from 
mineral reactions in a multiphase mag
matic environment. 

THE VOLCANIC ROCKS 

The map pattern (Fig. 1) shows a cross-
cutting relationship of the volcanites to 
the roughly E-W internal structure in 
the 'conglomerate'. The contact is char
acterized mainly by a disappearance of 
the granitoid fragments in the volcanites 
while the mafic matrix remains essen
tially the same in both rocks. No 
obvious faults have been recognized 
along this contact. Some of the rocks 
classified as clast-rich volcanites have a 
very special texture (Fig. 4d, 4e and 4f). 
Both the field data and the texture 
indicate that these rocks are intrusive 
tuffs or tuffisites (Cloos, 1941), formed 
in a strongly fluidized condition with 
elements of magma mixing and min
gling. One of the proofs of the latter is 
the appearance of microfractured, horn
blende-rimmed quartz ocelli shown 
in Fig. 5d. The 'conglomerate' and 
the volcanic rocks thus seem to rep
resent different products within a 
more or less continuous magmatic 
development. 

It has so far not been possible to de
termine the angle between the present-
day erosion surface and the palaeosur-
face at the time of formation. 

MINERAL A N A L Y S E S IN 
FRAGMENTS AND MATRIX 

Chemical analyses of different minerals 
(Table 1) in one sample containing a 
granodiorite fragment, a mafic matrix 
and a mixing zone (Fig. 6) demonstrate 
that the compositions of biotite, horn
blende and plagioclase are similar in all 
three cases. The same results have also 
been obtained in other unpublished 
analyses. This is in agreement with 
what has been found in host-enclave 
pairs (e.g. some mafic 'blobs' in tona-
lites) in more common magma-mingling 
systems, as summarized by Debon 
(1991) and therein explained by a 
process of selective interdiffusion. 

DISCUSSION AND MODEL FOR 
THE FORMATION OF THE MAIN 
LITHOLOGIES AT THE 
BÄLINGSBERGET HILL 

Magmatic breccias are quite common in 
granitic plutons although their abund
ance varies considerably. They are also 
present in some volcanic rocks (e.g. Silli-
toe, 1985; Bonin and Bardintzeff, 1986). 

Magmatic breccias were described in 
detail in the Donegal batholith, northern 
Ireland (review in Pitcher and Berger, 
1972; Platten, 1984; Pitcher, 1993). They 
consist generally of fragments of meta
morphic country rocks (pelite, quartzite, 
limestone, calcsilicate schists) enclosed 
in a granophyric or appinitic matrix. 
The fragments are of various size (from 
a few millimetres to some metres) and 
angular to rounded like water-worn 
pebbles; they are frequently coated by 
a thin skin of biotite and amphibole or 
an amphibolitic rim. The magmatic 
breccias form pipes, and locally cap-
pings to the granitic intrusions. They 
cannot be confused with tectonic brec
cias because of the texture of their ma
trix and the shapes of their largely 
disoriented fragments (Pitcher and Ber
ger, 1972). Reynolds (1954) suggested 
that magmatic breccias are produced 
when gas is released rapidly from a 
crystallizing magma and explosively 
brecciates its country rock conduit, lead
ing to the formation of a fluidized sys
tem consisting of a boiling bed of gas 
and comminuted rock. The compressed 
gases rush into the fractures which are 
opened by dilation, and which extend 
hundreds of metres in some cases. 

While breccia pipes can be explained 
in that way, the Bälinge magmatic brec
cias display important differences from 
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Fig. 3(c) for caption see Fig. 3 parts (a) and (b) 

those from Donegal: the fragments do 
not consist of metamorphic or slightly 
metamorphic country rocks but are of 
granitoid composition, and the matrix 
is not granophyric or appinitic but gen
erally dioritic. There is also a marked 
difference in volume, the Bälinge breccia 
being considerably larger. The possibi
lity that the majority of these granitoid 
fragments are xenoliths and come from 
the disruption of accidental country 
rocks can be ruled out; the observed in
teractions and equilibration of major-
mineral compositions between the 
granitic fragments and the dioritic ma
trix (Table 1) are possible only when 
the two types of material coexist as 
magmas. Long transport and conse-

Fig. 4. Polished slab photos of the Balinge 'conglomerate' (cm/mm-
scale). (a) Rounded, granodiorite fragment with sharp outlines. 
Plagioclase xenocrysts in matrix, (b) Diffuse contacts of granitoid 
fragment. Flow structures in matrix, (c) Semifractured tonalite with 
mafic veinlets. (d) Felsic, dense volcanite rich in angular, felsic 
clasts. (e) Felsic volcanite with scattered, crystals/aggregates of 
hornblende and biotite together with felsic fragments (?) with 
unsharp boundaries, ( f ) Inhomogeneous volcanite with maße 
enclaves. 

quent abrasion 
can round off 
granitic solid frag
ments but pinch
ing of some 
fragments and 
discrete lobate 
contacts (Fig. 3b) 
can be obtained 
only with mag
matic material. 
Furthermore, the 
granitic fragments 
have the same 
composition as 
the nearby homo

geneous older granodiorite and tonalite 
that show abundant examples of mag
ma mixing and mingling. Those areas i l 
lustrate how interactions between mafic 
magma and the lower portion of a felsic 
magma system have resulted in the for
mation of mafic microgranular enclaves 
or composite dykes depending on the 
crystallinity of the visco-plastic magma 
as described by, e.g., Barbarin (1989), 
Fernandez and Barbarin (1991) and Bar
barin and Didier (1992). 

Elements from both fluidization and 
magma mixing and mingling processes 
can thus be found at Bälingsberget. 
The following model can then be pro
posed for the creation of the main lithol
ogies there. 

During the last 
stages of crystalli
zation of a tonalite 
pluton emplaced 
at high levels in 
the continental 
crust, the vapour 
phase concen
trates in the upper 
part of the mag
matic system. The 
enrichment in 
fluids leads to an 
accumulation of 
mechanical en
ergy (Burnham, 
1985) in the roof 
zones of the 
pluton. In most 
cases, this vapour 
phase gently es
capes from the 
system through 
earlier fractures 
(e.g. Hibbard and 

Watters, 1985), which generally are ra
dial and cross-cut both the chilled mar
gin of the pluton and the host rocks. 

In some exceptional cases, as we be
lieve has happened at Bälingsberget, 
hot mafic magma can be injected into 
the largely crystallized magmatic sys
tem (which also has an older history of 
magma mixing and mingling) just be
fore it cools off completely. 

Injection of hot mafic magma in the 
upper part of the magma system can 
strongly affect the vapour phase. The 
addition of heat does not only lower 
the solubility in the magma and induce 
boiling (McBimey, 1984), but it also pro
vokes an increase of the specific volume 
of the vapour phase and consequently 
of the magma pressure (Knapp and 
Norton, 1981). Within this scenario the 
irregular, mafic veinlets (Fig. 4c) in 
the wallrock can be formed. As a final 
effect of this increasing pressure, the 
roof of the pluton violently blasts 
•and fragments of fully or largely crystal
lized granitoid are enclosed in the 
hot mafic magma. The granitoid frag
ments in the marginal zone with well-
rounded shapes probably represent 
early crystallized parts of the pluton 
which were disrupted and partially 
entrained in the gas-fluidized system 
after explosion of the roof zones of 
the pluton. The central parts of the 
structure, where the chemical and 
mechanical interactions between the 
different components have been more 
intense, would then reflect a both hotter 
and faster moving part of the intrusion 
than the marginal areas. The tempera
tures, which have been high enough 
to allow chemical interactions and equi
libration of major-mineral compositions 
between granitoid enclaves and diorite 
host (Table 1), have probably been 
present at a pre-explosive stage. How
ever, as the granitoid fragments are 
only eroded or deformed, the time 
available has not been long enough for 
an entire digestion by the dominant 
dioritic magma. 

Continuous supply of hot mafic mag
ma after the explosion and formation of 
the breccia may produce the tuffisitic 
rocks. The latter can also be obtained 
when mafic magma reaches the surface. 
The tuffisitic rocks associated with the 
granitoid and the breccia, indicate that 
the pluton was emplaced in the upper 
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Fig. 4 (cont.) see caption for Fig. 4 (a). 

level of the crust, and that the various 
events described in the proposed model 
occur in a subvolcanic environment 
(Pitcher, 1979). 

CONCLUSIONS 

The magmatic, hydraulic breccia which 
is abundantly exposed in the Bälings
berget area, is produced mainly through 
injection of hot mafic magma in the 
upper and vapour-rich part of a pluton 
(early Svecofennian) during the last 

stages of crystal
lization. The ob
served features 
in the Bälinge 
'conglomerate' 
are produced 
through various 
interaction pro
cesses between 
contrasted mag
mas in a multi
phase magma 
chamber. 

The Bälinge 
'conglomerate' is 
a magmatic, hy
draulic breccia; 
the term 'con

glomerate' should be abandoned and 
its interpretation as an epiclastic sedi
ment must be dismissed as well as its 
importance as a lithostratigraphic mar
ker horizon. 
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Table 1. Micro-probe analyses of some major minerals in granitoid fragment, contact zone and mafic 
matrix in areas according to Fig. 6. 

Biotite 1 Biotite 2 Plag. 1 Plag. 2 Hombl. 1 Hombl. 2 

Area 1 
Si0 2 38.15 38.41 61.48 61.29 49.37 49.06 
Ti0 2 1.26 1.74 - - 0.69 0.54 
A1 2 0 3 

16.16 16.21 24.18 23.77 6.14 6.33 
FeO 16.03 15.59 0.09 0.12 13.28 13.75 
MnO 0.22 0.28 0.01 0.02 0.39 0.42 
MgO 14.30 13.96 0.02 0.04 14.40 14.23 
CaO 0.03 0.11 5.89 5.79 12.51 12.30 
Na 2 0 0.10 0.12 8.36 8.14 0.86 0.84 
K 2 0 9.78 9.70 0.10 0.12 0.51 0.53 

A n 2 8 
A n 2 8 

Area 2 
Si0 2 37.05 38.11 61.99 60.93 48.41 48.08 
Ti0 2 1.52 1.54 - - 0.57 0.47 
A1 20 3 16.71 16.23 23.95 24.53 6.22 6.82 
FeO 15.60 15.43 0.05 0.07 13.83 14.38 
MnO 0.32 0.21 0.02 0.01 0.04 0.30 
MgO 14.57 14.14 0.06 0.03 14.75 14.43 
CaO 0.06 0.12 5.72 5.71 12.46 12.46 
Na 2 0 0.12 0.08 8.23 8.39 0.73 0.80 
K 2 0 9.48 9.44 0.10 0.09 0.50 0.52 

A n 2 7 A n 2 7 

Area 3 
Si0 2 37.97 38.34 60.81 61.55 48.35 48.85 
T i0 2 1.49 1.20 - - 0.83 0.85 
A1 2 0 3 

16.84 16.50 24.46 24.27 6.34 6.15 
FeO 15.09 15.81 0.24 0.09 13.95 14.07 
MnO 0.20 0.27 - 0.06 0.52 0.41 
MgO 14.14 14.51 0.07 0.03 14.52 14.30 
CaO 0.06 0.02 6.14 6.03 12.03 12.32 
Na 2 0.12 0.08 8.08 8.49 1.13 0.92 
K 2 0 9.58 9.69 0.11 0.11 0.51 0.60 

A n 2 9 A n 2 8 

MIL1 "I 

iß JtimW"' Z*. ^hi&jm* • ft* »* 

Fig. 6. Analysed areas in Table 1 (bar scale=5mm). 
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Abstract: During the emplacement and crystallization of a magmatic 
pluton, the physical properties of the melt wi l l change with cooling. I f 
magma of a more mafic composition is sequentially injected into more 
felsic magma before and during crystallization, the result wi l l depend on 
when the mafic component was introduced. The interplay between 
changing viscosity, crystal content and temperature of the coeval mag
mas is critical for the finally developed structures. Patterns observed at a 
locality c. 4 km SW of the town of Luleå in northern Sweden have been 
interpreted in this context. At this locality, a coarse-grained gabbroid is 
cut by several dykes of both mafic and, in a later stage, felsic composi
tions. The dykes contain round to angular fragments of host material and 
the contacts between the dykes and the host vary from sharp to diffuse. 
Mafic microgranular enclaves in the gabbroid host are also common 
structures, which evidences the contrasting rheological behaviour of the 
different magmas. 
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The bedrock in the Luleå area consists mainly of Svecofennian, 
ca. 1.9 Ga old calc-alkaline plutonic, subvolcanic and volcanic 
rocks. The plutonic rocks are foliated and coarse- to medium-
grained with compositions ranging from gabbro to granodiorite. 
Ca. 7 km to the WSW of the locality investigated in this study 
(Fig. 1, national co-ordinates: 728770-178920) the so-called 
Bälinge "conglomerate", described by Åhman & Ödman (1952), 
is exposed at Måttsundsberget. It is also well exposed at Bälings
berget 10 km to the NW. This "conglomerate" has recently been 
reinterpreted as a magmatic, hydraulic breccia (Barbarin et al. 
1995; Wikström et al. 1996a, 1996fc) formed in a highly fluid
ized, subvolcanic environment, and wil l here be referred to as the 
"Bälinge magmatic breccia" (Wikström et al. 1996a). Associ
ated with the "Bälinge magmatic breccia" are volcanic rocks, 
mainly of rhyolitic to andesitic composition. They are heteroge
neous and most often fragment-bearing. 

About 4 km to the SW of the investigated locality, west of the 
village of Kallax (Fig. 1), the so-called Kallax gabbro is exposed. 
Some foliated granitoids of Archaean age also occur in this area 
(Lundqvist et al. 1996; Wikström et al. 1996a; Mellqvist et al. 
1999). These Archaean rocks have been recognized at several lo
calities in the area and generally occur as isolated blocks, either 
tectonically squeezed between younger rocks or cut by younger 

intrusives. They are frequently found as xenoliths in magmatic 
breccias. Rocks of both Svecofennian and Archaean age are cut 
by younger, potassium-rich granites of Ale-type with U-Pb zir
con ages of ca. 1.8 Ga (Öhlander & Schöberg 1991). 

Since the investigated outcrop is very well exposed, the con
tact relationships between the different intrusive rocks can easily 
be studied. Geological features observed wil l be discussed in re
lation to the features in the vicinity. Five samples were analysed 
for major and trace elements by ICP-AES. One of these samples 
was also analysed by ICP-MS. 

Rheological behaviour of magmas depending on 

viscosity, crystal content and temperature 

The rheological evolution of magmas as a consequence of 
changing viscosity and volume-fraction of crystals has been de
scribed by, among others, Fernandez & Barbarin (1991), and 
their model is summarized below. In Fig. 2 the evolution path of 
crystallizing granitoid magmas is shown. During coohng, the 
magma in this model passes two different rheological thresholds, 
Thl and Th2. The physical status of the magma is shown in 
fields I , I I and I I I . 

The first rheological threshold, Th l , marks the transition from 
field I , where the magma behaves as a newtonian liquid, to field 
I I , where it shows a visco-plastic behaviour. The crystallinity at 
this boundary is critical for preventing Mafic Microgranular En
claves (MME, cf. Barbarin & Didier 1991), originally introduced 
by injections of mafic magma, from sinking in the felsic melt. 
The magma continues to crystallize as a visco-plastic body until 
the second rheological threshold (Th2) is reached. 

Within field I I the viscosity of the bulk magma (hquid + crys
tals) increases due to cooling, the silica content increases in the 
residual magma through differentiation and through increase of 
volume fraction of crystals. The crystallinity necessary for Th2 
depends mainly on the packing of crystals and hence the shape, 
size and size distribution of the crystals. As the bulk magma 
reaches Th2 its viscosity increases drastically towards rigidity. 
The magma behaves in field I I I as a solid body, although a minor 
proportion of residual magma remains. This can be of impor
tance in the development of synplutonic dykes showing so-
called Sederholm effects (where the "dykes" can appear either as 
fragment or dykes). 

Whether they are felsic or mafic, magmas evolve Theologically 
in a similar fashion depending upon the degree of crystallization 
and the volume fraction of crystals. The rheological properties of 
coeval magmas depend strongly on their respective temperatures 
and general thermal equilibrium states (Fernandez & Barbarin 
1991). The relationship between coeval magmas is illustrated in 
Fig. 3, in which the evolution of the bulk viscosities is drawn for 
both a mafic and a felsic melt. As the mafic melt moves to the 
right and reaches Th2, or the inversion temperature (TI in Fig. 3), 
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Fig. 1. Preliminary sketch map of the geology in the Luleå area after Wikström et al. (1996a) and Wikström (in prep.), showing the town of Luleå 
and its vicinity. L = the investigated locality. 

the viscosity-relation to the felsic melt is reversed and the viscos
ity of the mafic constituent becomes higher than that of the felsic. 

Some of the consequences of intrusions of mafic magma into a 
crystallizing felsic host are summarized below. 

I f a felsic magma, having a higher temperature than the inver
sion temperature, is intruded by mafic melt, commingling and 
mixing can appear (Sparks & Marshall 1986; Fernandez & 
Barbarin 1991). In a case when the felsic melt has not yet 
reached Thl (Fig. 2) MMEs are formed and can behave as fairly 
mobile solids in the felsic melt, depending on the contrasts in 
composition and temperature. The resulting structures could be 
solitary enclaves, lying in a homogeneous host. 

I f thin dykes of hot mafic magma intrude a felsic host at tem
peratures shghtly higher than the inversion temperature, thermal 
equilibrium is reached after a short period of time. When the 
dyke is emplaced into the visco-plastic felsic host, it wil l be dis
rupted during subsequent movements of the host. The resulting 
structure could be MMEs lined up as enclave trains or inclusion 
trains (Furman & Spera 1985). 

I f a thin mafic dyke intrudes a felsic host at temperatures lower 
than the inversion temperature, the host acts as a sohd body and 
wil l fracture in a brittle fashion resulting in straight, well de
fined, cross-cutting dykes. 

The locality south-west of Luleå 

The dominating rock of the outcrop is a grey massive, heteroge
neous coarse-grained gabbroid host, commingled with a fine- to 
medium-grained more mafic rock. These rocks are cut by, and 
partly commingled with, hybrid dykes which differ in character. 
The investigated outcrop is shown in Fig. 5, and some critical 
features are illustrated in Fig. 6. 

Fig. 6A shows the coarse host gabbro with two rounded 
MMEs (with mainly irregular boundaries and a smaller, circular 
MME beneath it). The larger MME has an internal foliation 
which suggests an early entrainment into the host melt. Fig. 6B 
shows a so-called enclave train of MME lined up in a row. The 
photograph in Fig. 6B is redrawn in Fig. 7 for clarity. The larger 
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Table 1. Chemical analyses representative of some different rocks studied. SiQ-TiC^ in %. 
Ba-Lu in ppm. (- = not analysed). 
Sample type host synplut. dyke synplut. dyke hybrid rock MME 
Sample no. 96022 CM96001 CM96002 CM96003 CM96004 

Si0 2 50.6 50.7 50.5 50.8 48.7 
A1 20 3 17.7 15.9 14.2 20.4 12.0 
CaO 8.96 9.14 9.13 7.18 8.12 
Fe 20 3 

KjO 
10.1 9.93 10.3 10.1 10.6 Fe 20 3 

KjO 1.09 1.15 1.23 1.21 2.97 
MgO 5.33 7.8 9.66 3.37 14.5 
MnO 0.137 0.159 0.166 0.148 0.187 
Nafi 3.94 3.15 2.68 4.67 1.22 

p2o5 
0.198 0.287 0.296 0.495 0.177 

Ti0 2 1.04 1.23 1.12 1.08 0.731 
tot. 99.1 99.4 99.3 99.5 99.2 
Ba 539 565 657 632 787 
Be 1.67 2.01 2.13 2.14 1.66 
Co 35 18.9 21.7 <5.8 35 
Cr 133 334 627 24 1110 
Cu 66.9 32.5 31 20.7 7.55 
Ga 27 - - . -
Hf 2.6 - - - -
Mo 1.9 <5.6 <6.0 <5.8 <5.8 
Nb 4.2 6.9 6.1 <5.8 <5.8 
Ni 21 92.1 139 <11.6 302 
Rb 27 - - - -
Sc 22.0 25.9 26.9 8.09 25.8 
Sn 2.3 <22 32 <23 49 
Sr 885 623 556 936 253 
Ta 0.24 - - - -
Th 1.7 - - - -
U 1.02 - - - -
V 353 201 209 135 189 
w 1.32 <22.2 <24.1 <23.3 <23.2 
Y 10.4 26.2 27.5 18.6 23.9 
Zn 94.7 105 99.5 82.4 122 
Zr 98.5 95.5 108 190 89.7 
La 16.8 26 29 30 18 
Ce 35 - - - -
Pr 4.4 - - - -
Nd 20.7 - - - -
Sm 3.8 - - -
Eu 1.3 - - -
Gd 3.3 - - - -
Tb 0.48 - - - -
Dy 2.4 - - - -
Ho 0.44 - - - -
Er 1.5 - - -
Tm 0.18 - - - -
Yb 1.1 2.86 2.99 2.07 2.65 
Lu 0.178 - - - -

M M E is disrupted and the fractures are f i l l ed wi th thin felsic 
dykes cutting through both the M M E and, wi th more diffuse 
boundaries, the host. The thin felsic dykes were probably intro
duced during cooling and contraction o f the mafic material. Fig. 
6C shows a ca. 25 cm wide mafic dyke, which is straight and has 
sharp contacts w i th the host. No obvious grain size change is 
observed wi th in this dyke. On the right side, two M M E s occur, 
the lower o f which has a felsic halo in the upper contacts wi th the 
host. 

Fig . 6 D - F show the character of the composite dykes that oc
cur on this outcrop. I n Fig. 6D, schlieren o f mafic material, to
gether wi th angular to rounded fragments of the gabbroid host, 
are enclosed i n hybrid rock that cuts through the earlier formed 
structures. The granitoid component o f the dyke is light red to 
grey and has a grain size varying f r o m fine to very coarse. I n 
some cases this hybrid has a more mafic character, as seen in Fig. 
6E, where the compositional contrast is low towards the mafic 
part. The picture also shows a rounded fragment o f the host 
gabbroid which was probably enclosed during the intrusion o f 
the hybrid magma and mechanically eroded during transport. 
These dykes are interpreted as belonging to a shghtly later pulse 
of hybrid material initiated by the intrusion o f mafic magma and 
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Fig. 2. The rheological evolution of granitoid magmas (G), from 
Fernandez & Barbarin (1991). Th, = the first rheological threshold; Th 2  

= the second rheological threshold (explanation in the text); T| = viscos
ity in poises; <|) = volume fraction of crystals; o 0 = yield strength in dynes 
cm - 2 ; Field I = newtonian fluid behaviour; Field I I = visco-plastic be
haviour; Field I I I = solid behaviour. 
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Fig. 3. Bulk magma viscosities (T|) vs. 1/T for a felsic (F) and a mafic 
(M) melt with their respective second rheological threshold (Th2). T I is 
the inversion temperature (after Fernandez & Barbarin 1991). The fields 
A, B, and C represent the different stages in the evolution of the felsic 
magma when injections of mafic magma occur as described in the text. 
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Fig. 5. The investigated locality. Sites a to d in Fig. 6 are marked. 

followed by a felsic component brecciat-
ing the sohd gabbroic host as well as the 
nearly solidified mafic magma. The het
erogeneity of the felsic component may 
originate from pulses of magma having 
initial compositional differences as a re
sult a mixing of mafic and granitic mag
mas. Fig. 6F shows pillow structures in 
the mafic material belonging to the com
posite dyke sequence. These structures 
occur at places where there is a high con
centration of the mafic constituent. 

In Table 1 some chemical analyses are 
presented and in Fig. 4 the samples are 
plotted in the R1-R2 diagram after De la 
Roche et al. (1980). The samples are 
taken from four different rock types. One 
sample represents an MME, showing a 
clearly pillowed outline towards the host. 
Two samples represent the composition 
of the early synplutonic dykes of the type 
shown in Fig. 6B, one sample represents 
the host and one is interpreted as a late 
hybrid rock. Four of the samples plot 
within the olivine gabbro field and one 
within the syenogabbro field. 

Interpretation of the outcrop 
structures 

An interpretation of the described struc
tures is made by comparison in the illus
tration in Fig. 8 from Fernandez & Bar
barin (1991). Here, the character of the 
structures is explained by a change in the 

physical properties of the magmatic con
stituents during different stages of the 
crystalhzation of the host magma. Effects 
of local heterogeneities within the host 
can be dismissed as the distance between 
the observation points is quite short. 

The situation at stage 1 (Fig. 8), where 
mixing followed by hybridization of the 
magmas has occurred (rheological field I 
in Fig. 2), is not discussed here. In stage 2 
(Fig. 8), the mafic magmas have intruded 
while the gabbroic host is held within rhe
ological field I I in Fig. 2, and the inver
sion temperature has not been reached ac
cording to Fig. 3. The formation of the 
M M E in Fig. 6A and Fig. 6C is believed 
to have taken place in this way. This also 
conforms to stage A of Fig. 3. In the next 
evolutionary stage, stage 3, of Fig. 8 and 
B in Fig. 3, the intrusion of mafic magma 
into a nearly-solid felsic host is seen. Dur
ing this stage, the fragmented synplutonic 
dykes are formed by local interaction with 
the felsic component (Fernandez & Bar
barin 1991). These structures are in the 
present study correlated with the enclave 
trains in Fig 6B. In Fig. 6C, the rheologi
cal situation of the system is shown in C 
of Fig. 3 and 4 of Fig. 8. Here, the host be
haves as a brittle sohd and during mafic 
dyke emplacement no major interaction 
with the host is seen. 

Apart from the evolution of the struc
tures formed during the crystalhzation of 
the host-magma in the model as described 
above, the formation of the structures in 

Fig. 6D-F is interpreted as belonging to a 
slightly later pulse of magmatism. This 
event followed the final crystallization of 
the gabbroic host. 

The rocks observed at the locality SW 
of Luleå are closely situated to the out
crops of the Bälinge magmatic breccia 
and the large Kallax gabbro (Fig. 1). A 
genetic correlation is probable (A. Wik
ström, Uppsala, pers. comm. 1996). This 
implies that the intrusion of the Kallax 
gabbro could be the driving force in the 
process of providing pulses of mafic 
magma creating structures like those de
scribed in this paper. The Bälinge mag
matic breccia is also interpreted as being 
generated during the same sequence of 
events and through the same magmatic 
processes, but mechanically formed in a 
fluidized and subvolcanic environment in 
shallower parts of the crust (Wikström et 
al. 1996b). Structural similarities between 
the Bälinge magmatic breccia and the 
rocks found at this locality are identified 
in Fig. 6D and E, where the hybrid dyke 
carries angular to rounded fragments of 
both the host gabbroid and the more mafic 
component in a felsic to felsic/mafic-hy-
brid matrix. The Bälinge magmatic brec
cia shows similar features with rounded 
fragments of mainly granodioritic to tona
litic composition among mafic varieties 
supported by a fine-grained matrix of in
termediate composition. 

In Mellqvist et al. (1999), Sm-Nd iso
tope analyses of the gabbroic host, as well 
as the less mafic rocks in the area, are pre
sented. The strongly negative eN d ( t ) values 
show that these rocks are contaminated by 
Archaean crust and the interpretation is 
that they were formed in an continental 
arc setting. 

Conclusions 

The structures observed at the studied out
crop are interpreted as being formed by 
sequential injections of mafic magma into 
a slightly less mafic gabbroid magma 
chamber. The small differences in compo
sitions between the injected magmas and 
the host are shown in Fig. 4. Due to the 
physical properties of the different mag
mas, structures are created, as illustrated 
in Fig. 8. According to the structures ob
served, the injected mafic magma was in
troduced during a relatively short time 
span between onset of crystallization of 
the less mafic magma and the more or less 
complete crystalhzation of this magma. 
Physically, the less mafic magma changes 
from a newtonian hquid, passes through 
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Fig. 6 Structures observed at the locality in Fig. 5. (Coin diameter is 2.5 cm.) A. Dark, slightly deformed MME (and a smaller one in the lower right) 
lying m a lighter isotropic, coarse-grained gabbroid. B. Enclave trains in the gabbroid host (redrawn in Fig. 7). C. A mafic cZ cutSyte Se 
the ü° ' I h T f e S m a l J right"hand S l d e 0 1 6 f 6 l S i C h a l ° ° n t 0 p ° f 1 1 1 6 M M E i n t h e ^ W D Hybrid d y t e s S f t e o u S 
^bbroiSSt F T l i M m p t ^ ^ f H ir^ e _ -to coarse-grained hybrid carries schHeren of deformed mafic material and angular fragment of the 
frtZt T , d y k e a S l n , ° ' ^ m a f l C m a t e d a l i s l 6 S S d e f o r m e d ' 0 1 6 groundmass is more homogeneously hybridised and the 
fragment of the gabbroid host is almost circular. F. Pillow structures of the mafic material with felsic net-veins in the gap between pillows 
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Fig. 8. Sketch showing the different structures obtained by intrusion of mafic magma during dif
ferent stages of the crystallization of a felsic host-magma (from Fernandez & Barbarin 1991). 

visco-plasticity and finally to rigidity. It is 
important to note that the structures ob
served occur within an area of ca. 5 m 2 , 
which allows a direct comparison be
tween the different rocks. 

The MMEs were formed under condi
tions when the gabbroid had a low viscos
ity. The MMEs were probably fairly mo
bile at this time. When the enclave trains 
were formed, the host had a visco-plastic 

or nearly sohd behaviour, resulting in dis
ruption of the intruded dykes at this time. 

Fig. 7. Sketch 
redrawn from Fig. 
6B, clarifying the 
structures in the 
photograph. Note the 
synmagmatic 
relation between the 
thin felsic dykes or 
net-veins, and the 
mafic material. 

When the host was completely solidified 

the "real" dykes were formed, having 
straight contacts with the gabbroid. These 
stages were followed by intrusion of hy
brid dykes with different characteristic 
features showing structures similar to the 
Bälinge magmatic breccia. 

The relation between the rocks in the 
area is to some degree supported by the 
Sm-Nd data in Mellqvist et al. 1999), 
which show that these rocks were formed 
coeval within the same crustal terrane. 

Acknowledgements. - I thank the journal reviewers Carl 
Ehlers and Thomas Lundqvist for their constructive criti
cisms. The observations in the field were made during the 
mapping of the bedrock map Luleå 24L NO for the Geologi
cal Survey of Sweden under the supervision of Anders 
Wikström. He and Björn Öhlander provided much help dur
ing the preparation of the manuscript. Samples were ana
lysed by Svensk Grundämnesanalys AB, Luleå, Sweden. 

References 

Ahman, E. & Ödman, O.H., 1952: Konglomeratet på 
Bälingsberget i Nederluleå s:n. Sveriges Geolo
giska Undersökning C 529, 1-20. 

Barbarin, B. & Didier, J., 1991: Macroscopic fea
tures of mafic microgranular enclaves. In J. 
Didier & B. Barbarin (eds.): Enclaves and Gran
ite Petrology, 253-262. Elsevier. 

Barbarin, B., Wikström, A., Bébien, J. & Mellqvist, 
C, 1995: Formation de breches magmatiques 
hydrauliques par injection tardive de magma 
mafique dans une chambre superficielle en fin de 
cristallisation: exemple de la breche de Balinge, 
Nord-Est de la Suéde. Comptes Rendues de 
l'Academie des Sciences de Paris 320, 2a, 829-
836. 

Fernandez, A.N. & Barbarin, B., 1991: Relative rhe
ology of coeval mafic and felsic magmas: Nature 
of resulting interaction processes and shape and 
mineral fabrics of mafic microgranular enclaves. 
In J. Didier & B. Barbarin (eds.): Enclaves and 
Granite Petrology, 263-275. Elsevier. 

Furman, T. & Spera, F.J., 1985: Co-mingling of acid 
and basic magma with implications for the origin 
of mafic I-type xenoliths: field and petrochemical 
relations of an unusual dike complex at Eagle 
lake, Sequoia National park, California, U.S.A. 
Journal of Volcanology and Geothermal Re
search 24, 151-178. 

Lundqvist, T„ Vaasjoki, M. & Skiöld, T., 1996: Pre
liminary note on the occurrence of Archaean 
rocks in the Vallen-Alhamn area, northern Swe
den. Sveriges Geologiska Undersökning C 828, 
32-33. 

Mellqvist, C, Öhlander, B., Skiöld, T. & Wikström, 
A., 1999: The Archaean-Proterozoic Palaeo
boundary in the Luleå area, northern Sweden: 
Field and isotope geochemical evidence for a 
sharp terrane boundary. Precambrian Research 
(in press). 

Öhlander, B. & Schöberg, H., 1991: Character and 
U-Pb zircon age of the Proterozoic Ale granite, 
northern Sweden. Geologiska Föreningens i 
Stockholm Förhandlingar 113, 105-112. 

[Perdahl, J.-A., 1995: Svecofennian volcanic arc 
rocks in the Luleå area, northern Sweden. In: 
Svecofennian volcanism in northernmost Sweden. 
Unpubl. Ph.D. thesis, Div. of Applied Geology, 
Dep. of Environmental Planning and Design, 
Luleå University of Technology. 171 pp.] 

De la Roche, H., LeTerrier, J., Grand Claude, P. & 
Marchal, M., 1980: A classification of volcanic 
and plutonic rocks using R1-R2 diagrams and 
major element analyses - its relationship with cur
rent nomenclature. Chemical Geology 29, 183-
210. 

Sparks, R.SJ. & Marshall, L.A., 1986: Thermal and 
mechanical constraints on mixing between mafic 
and silicic magmas. Journal of Volcanology and 
Geothermal Research 29, 99-124. 

Wikström, A., Mellqvist, C. & Persson P.O., 1996a: 
An Archaean megaxenolith and a Proterozoic 
fragment within the Bälinge magmatic breccia, 
Luleå, northern Sweden. Sveriges Geologiska 
Undersökning C 828, 48-56. 

Wikström, A., Mellqvist, C. & Barbarin, B., 1996&: 
The Bälinge conglomerate in northern Sweden re
interpreted as a magmatic, hydraulic breccia. 
Terra Nova 8, 166-172. 



Universitetstryckeriet Luit 


