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Abstract 

This Paper investigates and maps a rocky outcrop in southwestern Sweden previously 

mapped by the Swedish geological survey (SGU) as porphyritic granite intruded by a gabbro 

in the Billdal area of Västra Götalands municipality SW Sweden.  As found by this paper the 

mineralogy is not consistent with existing SGU maps and is infract a monzonite containing 

large amounts of plagioclase and calcic amphiboles, exhibiting a petrology and chemistry 

consistent with a granite metamorphosed by hydrothermal fluids rich in sodium causing 

albitization and amphibolite facies metamorphism. This paper argues the metamorphism was 

driven by the heat produced by the nearby gabbro intrusion. A geochemical study of three 

nearby outcrops were performed along with U-pb dating with the purpose of accurately 

dating the outcrop and finding the boundary between the Hisingen suite and Kungsbacka 

bimodal zone. Although the U-Pb dating failed due to metamict samples a tentative pattern 

was found in zircon morphology and magnetic susceptibility that may provide guidance for 

future study. 

Keywords: Monzonite, albitization, SEM, magnetic susceptibility, gamma ray spectrometry, 

Kungsbacka bimodal zone, whole rock chemistry, Idefjorden Terraine, gabbro, U-Pb dating. 
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Introduction 

How precise are the geologic maps of SW Sweden? Can we trust in the accuracy of existing 

maps, or is there still work to be done in refining our understanding of this region? This study 

will look closer at an outcrop in the Billdal region of Västra Gotland municipality and learn if 

there is there is more variety in the local geology than current maps would indicate. Previous 

work in the region (Nordqvist, M. 2022) indicates that there is work still to be done. Questions 

still remain regarding the extent of the of the Kungsbacka bimodal zone and westbound limit 

of the Hisingen suite in the Billdal area of southwest Sweden. Can a geochemical view of things 

be helpful in determining the boundary with greater precision? 

Earlier mapping attempts have found some difficulty because of the visual similarities between 

the so-called B and C rock units, both of which are predominantly granites with varying degrees 

of deformation. In this paper I will study outcrops located east of Billdal a region in the southern 

part of Gothenburg municipality SW Sweden., a subsection of the Idefjorden terrain. Going of 

previous studies in the area I will through mapping, SEM analysis, gamma spectroscopy and 

magnetic susceptibility measurements attempt to identify the true petrographic nature of the 

outcrop and how it diverges from the porphyritic lightly deformed granite dominating the area. 

This outcrop appears lower in pink feldspar with amphibole needles strewn in the matrix, the 

texture and composition are possibly related to a nearby gabbro intrusion. U-pb dating will also 

be performed to date four outcrops in total. 

Thesis: 

1. Amphibole rich outcrops in the area have been thermically altered by a nearby later 

gabbro intrusion 

2. Can a deeper understanding of the chemical, magnetic and radiation characteristics of 

the Billdal area be diagnostic of the extent of the area as a whole and be used for 

mapping the regions intrusions belonging to the Kungsbacka bimodal zone? 

Background and Geologic setting 

The bulk of the Scandinavian continental crust known as the Fennoscandian shield formed 

during the formation of the supercontinent Columbia. The process merged older archaic 

continent fragments dated to 2,8-2,6 Ga with younger Proterozoic rock 1,9 Ga years ago 

(Roberts & Slagstad, 2014). This process did not form the SW of Sweden however which came 

about later during the Gothian orogeny 1,66-1,52 Ga (Petersson et.al 2015). And was added to 

during the intraorogenic period of rifting 1,50-1,15 Ga, and further overprinted by the 

Sveconorwegian orogeny 1140-960 Ma (Slagstad et.al 2020). In practice mapping in the region 

has often been based on the degree of metamorphic foliation, with the degree of severity of 

metamorphism assumed to correspond Roughley to ages. The rock is divided into grades of A, 

B, C and D with A as the oldest and D the youngest.  The variation of metamorphism within 

units makes this classification uncertain and should be coupled with other methods of dating. 

Gothian orogeny1,66-1,55 Ga 
This was a process of oceanic crustal subduction and accretion of material through both 

continental and island arc magmatism (Åhäll and Connely 2008).  
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The Gothian orogeny formed a mixture of 

magmatic and metasedimentary rocks that 

today makeup most of Sweden's Westcoast, 

the so called Idefjorden terrain. The gothian 

grew in stages creating a number of geologic 

units; the Horredsformation , the Gothenburg-

Åmål belt, Stora le Marstrand and the 

Hisingen suite. The Gothian rocks formed as 

plutonic material with tholeiitic and calc-

alkaline makeup. The oldest of these is the 

Horredsformation 1659 +9/-5 Ma (Åhäll and 

Connely, 2008), comprising of dacite with 

some Basalt to rhyolite material. These units 

can be classified by their degree of 

deformation, older units are more likely to 

have greater deformation often with foliation, 

folding and banding (Bergström, U. 2022). 

Such units are classified as A series, severely 

gneissose rocks (Sturkell and Hegardt, 2020). 

Younger units have less deformation and will 

often be placed into the B and C categories 

respectively. The degree of deformation 

cannot be considered a definitive guide for 

determining relative emplacement ages as we 

will see in this paper.  

Figure 1. simplified map of SW Sweden's geology. Modified from Brueckner, H. (2009) 

The Gothenburg-Åmål belt is according to Brewer et al (1998) and Åhäll and Connely, (2008), 

a greenschist to amphibolite facies series of rocks comprising plutonic, sedimentary and 

volcanic origin. This with intermediate Granitic intrusions. Dating of these rocks range from 

1,62-1,59 Ga. It is in the Gothenburg-Åmål belt where we can find the A-series degree of 

deformation, particularly in the older segments witch in places displays not only heavy 

deformation but also partial melting (Sturkell and Hegardt 2020).  

The Stora Le-Marstrand Formation is sedimentary in origin and is believed to be the result of 

an accretionary process relating to island arc magmatism, these have been dated to 1590 Ma 

(Lundqvist et al. 2011). The metasedimentary rocks in the Stora Le-Marstrand Formation 

show folding and anatexis. 

The Hisingen suite stretches from just south of Oslo to south of  Kungsbacka, intruding in both 

the Göteborg-Åmål belt as well as the Stora Le Marstrand formation (Connely and Åhäll 1996, 

Åhäll et al. 2000 etc.) Granitoid and calc-alkaline in nature (Connely and Åhäll, 1996) 

(Lundqvist et al, 2011) The Hisingen suite dates to 1,58-1,52 Ga making it the youngest of the 

Gothian Orogen deposited rocks.   

Intraorogenic period 1,50-1,15 Ga 
After the Gothian and before the sveconorwegian a period of rifting and significant magmatic 

activity occurred, multiple intrusions of granitic rock but also mafic material intruded. Many 
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of the granites dating to this period are porphyritic (Lundqvist et al. 2011). The Kungsbacka 

bimodal zone originates with this period of rifting. 

Sveconorwegian orogeny 1140-960Ma 
In 1140-960Ma the Idefjorden terrain underwent a second large tectonic event, the 

Sveconorwegian orogenesis. This event was a part of the larger Grenvillian orogeny, a 

continent collision spanning Amazonia, Laurentia and proto-Baltica, itself a subsection of the 

formation of the Rodinian supercontinent (Slagstad, 2014). The sveconorwegian is the name 

for the northeastern most part of the grenvillian orogenesis witch in full spans from what today 

is Mexico across the Appalachian Mountains to Labrador, and the Idefjorden terrain in the 

southwest of Sweden. The Sveconorwegian orogenesis overprinted much of the Gothian 

resulting in a visible foliation in much of the idefjorden terrain. (Lundqvist et al. 2011), 

(Slagstad, 2014). 

Hisingen suite  
The Hisingen suite originates with the gothian orogen but predates the sveconorwegian orogen 

and is as such both overprinted and intruded by the Kungsbacka bimodal zone. The Degree of 

deformation in the Hisingen suite is often characterized as grade B, (Sturkell et al.) or weakly 

gneissic (Bergström, U. 2022). The Hisingen suite is predominantly granitoid ranging in 

composition from porphyritic granites to granodiorites of more even grainsizes and pale to dark 

grey tonalites (Bergström, U. 2022) Granites of the Hisingen suite are often difficult to date 

with a high degree of accuracy, a possible function of the complex zoned zircons found in these 

granites (Lindström et.al 2011). As can be seen in figure 2. The SGU map of the study area 

shows the local as a mixture of 1,59-1,52 Ga porphyritic granites belonging to the Hisingen 

suite, with the intruding Kungsbacka bimodal zone as a younger porphyritic granite. 

Kungsbacka bimodal zone  
The kungsbacka bimodal zone originates in the intraorogenic period, The primary effect of this 

event was to deposit a series of granitic intrusions, those rocks which were deposited between 

1,34-1,31 Ga fall under the name Kungsbacka bimodal zone (Lundqvist et al. 2011). The 

Kungsbacka intrusion is known as a bimodal zone because it is formed from both felsic and 

mafic magma, the mafic component varies from gabbro's to diorites (Lundqvist & Kero 2006). 

The rocks originating in the magmas felsic component are typically granitic, ranging in color 

from red to light red/grey. Porphyritic granites occur like the Askimsgranite (Bergström, U. 

2022). The Kungsbacka bimodal zone is also where the Kärra Granites are found who due to 

their high levels of thorium and uranium are often referred to as the RA-granites in the literature 

(Lindström et.al 2011). This can be used as a point of identification, although like the degree 

of deformation it should be regarded with caution and only taken into account with other 

datapoints. The Calmers gabbro intrusions also fall under the Kungsbacka bimodal zone. 



   

 

7 
 

Billdal-Lindome 

 

Figure 2. Map of study area with samples of this study marked. Data from SGU bedrock map 

and OpenStreetMap 

The section that will be studied in this paper lies between Billdal and Lindome in SW Sweden. 

and is close to where previous mapping by SGU have placed the border between the 

Kungsbacka bimodal Zone C granite and the Hisingen B granite. The previous map figure 2. 

shows the bedrock as depicted in the SGU 1:50000-1:250000 scale Bedrock map. It shows a 

porphyritic granite, part of the kungsbacka bimodal zone dated to 1,36-1,20 Ga in the SGU 

map intruding into a part of the Hisingen suite composed of tonalite-granodiorite and granite 

dated to 1,59-1,52 Ga years old. Both were overprinted by the sveconorwegian orogen, 
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However, geochronology by Nordqvist, M. (2022) and Winblad, K. (2022) have shown several 

places west of the supposed border matching with the Hisingen suite placing all measurements 

to the east of Nordqvist's and Winblad's measurements in the B suit of granites. This means 

that the border between the Hisingen suite and Kungsbacka bimodal zone must be further to 

the west, the zone of interest for this study. 

The sites 22FF002, 22FF003, 22FF005 and 22FF006 have been tested by Nordqvist, M. 2022 

and Winblad, K. (2022) and found to be concurrent with the formation of the Hisingen suite. 

22FF005 were dated to 1557±6 Ma meaning the boundary between the Hisingen and 

kungsbacka zone must be further to the west than what is depicted in the SGU map. How far 

west is yet to be determined. To determine the boundary samples have been collected at the 

blue dots in the map labeled 24FF001, 24FF002, 24FF003 and 24FF004.  

Figure 3. On left: image of outcrop 24FF004. On right: Polished slab of same Outcrop. 

Site 24FF004 depicts a minerology incongruent with the depiction om the SGU map, this site 

located close to the Lindås schoolhouse circa 150 meters north of a gabbro intrusion. The rock 

itself is a pale grey matrix interspersed with black and white crystals. The white crystals are 

0,5-1,5 cm large possible plagioclase phenocrysts. The black crystals are varied in size often 

ranging from 2-5 mm but in places are as large as 1,5 cm, the shape is elongated and needle 

like either prismatic or bladed. The mineral is possibly an amphibolite, maybe hornblende, as 

can be seen in figure,3 the black needlelike crystals intrude into the white mineral's edges. This 

rock type is not depicted on the SGU map and determining its species and chemistry will be 

part of this study. The working theory is that the rock is a metamorphosed version of the local 

porphyritic granite, caused by the nearby gabbro intrusion. Finding corroborating evidence for 

this theory is part of this study, if geochemical analysis of the rock gives a mineralogy 

consistent with heat metamorphization this will be evidence for the theory. 
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Method 

Mapping and sample gathering 

First a review of previous material such as SGU maps and previous studies in the area where 

collected, this is in order to find an appropriate area of study. The sampling area needed to be 

of a reasonable size so that completion of mapping and sampling would be possible within the 

scope of this study, but also large enough to include samples of several sites across multiple 

rock types. Based on the position of the alleged boundary in the SGU map and test results from 

Nordqvist, 2022 and Winblad, K. (2022) four samples were collected for analysis, 24FF001, 

24FF002, 24FF003 and 24FF001. Mapping areas were chosen to complement the already 

detailed mapping done by Prof. Erik Sturkell and Nordqvist and Winblad so that data could be 

compiled into one large product. 

During mapping I observed the rock type, noted signs of metamorphism and collected magnetic 

susceptibility values using the Gf instruments SM-20 magnetic susceptibility apparatus. A total 

of 15 measurements were taken for each outcrop so that an average value could be calculated. 

To test the feasibility of differentiating the rock units by radioactive markers I have chosen 

several places on both sides of the suspected border between units and measured outcrops with 

an RS-230 BGO Super-SPEC handheld Gamma-Ray spectrometer. This was done in the Assay 

mode with a 180 second sample time as specified in the previous study by Nordqvist, 2022. 

Every outcrop tested was sampled three times and the values averaged in order to account for 

the grain effect. From this activity index AI was calculated using the following formula: 

𝐶𝐾

3000
+

𝐶𝑅𝑎

300
+

𝐶𝑇ℎ

200
    

Where 𝐶𝐾      is 313Bq/kg (activity of potassium 40) multiplied by measured % value for K in 

field. 

And 𝐶𝑅𝑎        is 12,35Bq/kg (activity of radium 226) multiplied with the measured ppm for U. 

And 𝐶𝑇ℎ       is 4,06Bq/kg (activity of thorium 232) multiplied with measured value for thorium.  

This is an expression of gamma radiation and can be used to compare measured outcrops with 

previous studies. Formula and values from Bergström et al (2022). 

Labwork  

Portions of two of the collected samples were sent to ALS Scandinavia laboratory for whole 

rock chemical analysis. These values will act as a reference point when comparing other 

analysis methods. These samples are 24FF001 and 24FF002, no sample of site 24FF004 was 

sent to whole rock analysis because a previous study already performed such an analysis on 

the outcrop in question. This sample is called 21FF041 in the appendix of the previous study 

but is interchangeable with 24FF004. Site 24FF003 has also undergone whole rock chemical 

analysis under the name 16FF46, this data was provided by Prof. Erik Sturkell. Whole rock 

analysis of these samples will be used as a comparison to sample 24FF004 along with several 

other such samples preformed in the area. 

Sample preparation 
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Pieces of sample 24FF004 were then cut and polished into slabs and coated in graphite 

following standardized procedure in preparation for SEM examination. The thickness of the 

sample chosen is 150 micrometers. 

I processed the remainder of samples 24FF001, 24FF002, 24FF003 and 24FF004 by crushing 

them in a rock-crusher and ground them down to finer material with a ringmill, this resulted in 

sample weights ranging from two to five kilos of ground rock. The material was then passed 

through a series of mesh sieves, the course being 400μm and the finest 250μm. From this I 

decanted the material allowing the finer particles to become suspended in water and pouring 

them off. Magnetic separation removed further uninteresting material; hand panning reduced 

the samples further by removing some of the lighter minerals.  From This I handpicked zircons 

under a microscope with a needle, zircons were then mounted in resin, zircons from all four 

samples were mounted in the same mount and polished and examined in microscope in 

preparation for Imaging and element analysis. In this mount a number of amphiboles from the 

sample 24FF004 were included to determine whether they were calcic or sodic. 

 

Element analysis and zircon geomorphology 

The mounted zircons were then examined in a benchtop JEOL NeoScope JCM-7000 scanning 

electron microscope for morphology and in order to verify the chemistry of the minerals. A 

low vacuum setting was used to negate the need for graphite coating and expedite the process, 

this may lead to less detailed images than would have otherwise been possible. Images were 

taken 400 times magnification at 15.0 kV. Backscatter electron microscopy was chosen as the 

imaging method for morphological description and spectrum data collection.  

LA-ICP-MS 

The system used for this examination was an Agilent 8800QQQ ICP-MS with connected 

ESL213 laser a 91500 zircon was the crystal standard. Ten zircons each from four samples 

were tested. I have followed the procedure specified by Nordqvist, 2022. A laser diameter of 

24 µm frequency was used for this process. 10 mineral grains from each sample believed to be 

zircon were tested for a total of 40 grains tested. 

Scanning Electron Microscope 

Further investigation of sample FF24004 was conducted using the S-3400N scanning electron 

microscope, this to identify certain minerals of interest and get a better understanding of the 

minerology as it diverged from the local areas common granitic texture in some ways.  

I have ground samples down to a thickness of 150 µm in order to assure best visibility of 

individual minerals and coated the surface in graphite so excess electron buildup do not occur. 

A distance of 9400 µm was used on a wide high intensity electron beam setting. Photos of a 

variety of minerals were taken and analysis of their composition was performed, to attain ratio 

of composition of the minerals. Several minerals were sampled but greater emphasis was put 

om suspected amphiboles and plagioclase, because determining the precise species of minerals 

in this sample proved difficult in the field. And because their precise composition could provide 

insight into the formation of this rock type. 
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GIS & Data 

I have used QGIS 3.340 to make maps based on my field observations, sample coordinates, 

Gamma spectrometry, magnetic susceptibility and supplementary data from Prof. Erik Sturkell, 

Brodersson, D. 2024, and Nordqvist, M. 2022. Images were merged in paint 3d, and diagrams 

were created in Excell, GeoChemical Data toolkit (GCDKIT) 6.0 and the software INCA – 

Point and ID for SEM operation. 
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Results 

Mapping

        

  Figure 4. Bedrock map produced from field observations. 



   

 

13 
 

Bedrock mapping in the area around site 24FF004 can be seen in fig.4. The broad picture 

follows the SGU maps, a predominantly porphyritic granite intruded by gabbro. But this does 

not reveal the full picture, the reality is more detailed. The map in fig.4 shows a greater 

variety of rock types. Except for the expected granite and gabbro, the area contains tonalite, 

diorite, granodiorite and monzonite. Finding sharp boundary's between these rock types is 

difficult in most cases there seem to be a gradual transition between many areas except 

between the gabbro and granite in the northern most part of the gabbro intrusion, it is likely 

that a sharp boundary exists all around the gabbro intrusion but road and housing 

developments make definitive mapping impossible of the whole intrusion. The gabbro is 

listed in the SGU map as 1,36-120 Ga years old which would put it in the intraorogenic 

period, however no specific dating appears to exist for this gabbro outcrop specifically using 

methods like U-Pb dating or similar. The extent of the monzonite has been approximated by 

the existence of larger phenocrysts of a white mineral likely plagioclase ca 0,5-1 cm in size 

and the presence of the amphibole needles mentioned earlier. The area labeled granite on the 

map is subdivided into groups, the entire area contains pinkish feldspar phenocrysts ca 0,5-

1,5 cm large, these have been mapped as black dots. But some of these feldspars have white 

albite rims these have been mapped as blue dots. 



   

 

14 
 

Gamma ray spectrometry & Magnetic susceptibility

                 
Figure 5. Map of magnetic susceptibility and Activity index.   
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Sample  Latitude Longitude DR [aver] K [aver] U [aver] Th [aver] AI 

24FF001 57,55919 12,00171 68,3 2,4 1,6 6,4 0,66 

24FF044 57,559455 11,99987 70,6 2,3 2,1 6,1 0,65 

24FF045 57,559626 12,001236 62,0 2,1 2,4 4,3 0,52 

24FF046 57,558669 12,002766 74,3 3,0 1,6 4,5 0,61 

24FF047 57,558478 12,004924 103,7 3,4 2,3 10,8 1,05 

24FF048 57,557887 11,995627 82,8 2,3 2,6 9,0 0,83 

24FF049 57,561677 12,003546 73,4 2,3 8,5 7,0 0,78 

24FF050 57,56119 11,99337 116,9 3,6 2,7 11,3 1,11 

24FF051 57,561597 11,993927 105,3 3,3 2,3 9,4 0,96 

24FF052 57,561814 11,99372 84,1 3,0 1,7 8,2 0,84 

24FF053 57,561145 11,991823 90,6 3,2 2,1 8,6 0,89 

24FF054 57,56378 11,981785 161,1 2,4 4,6 19,0 1,48 

24FF055 57,563394 11,978337 101,5 3,0 2,3 9,6 0,94 

24FF056 57,56329 11,97855 131,0 3,4 3,4 16,9 1,44 

24FF057 57,56574984 11,94607529 120,0 1,3 4,6 21,3 1,51 

24FF058 57,56560709 11,94081358 142,1 3,7 3,2 19,0 1,61 

24FF059 57,56592884 11,94404666 118,5 3,8 2,8 12,2 1,19 

24FF060 57,56672115 11,94604876 130,3 4,2 2,5 14,7 1,38 

24FF061 57,56532003 11,94620929 97,9 3,1 2,2 10,7 1,01 

24FF062 57,56458415 11,9467927 118,6 3,2 3,6 13,6 1,23 

24FF063 57,56407529 11,94559491 60,4 1,6 1,9 6,7 0,61 

24FF064 57,56557322 11,94553587 101,2 1,3 3,0 19,0 1,35 

Table 1. coordinates of sample sites along with values for gamma spectrometry. 

Site Average AI  Average magnetic susceptibility 

24FF001 0,7 2,42 

24FF002 0,9 0,74 

24FF003 1,29 0,99 

24FF004 1,23 1,02 

Table 2. Average activity index and magnetic susceptibility from the areas surrounding the 

sites 
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Geochemical classification 

Major element data as a weight percent of oxides for analyzed samples can be seen in table 3. 

Samples 24FF001 and 24FF002 were analyzed by ALS Scandinavia laboratory for this paper. 

Samples 16FF46 and 21FF041 were performed for previous studies and are representative for 

samples 24FF003 and 24FF004 respectively.  

Specimen SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O Cr2O3 TiO2 MnO P2O5 SrO BaO Total 

 
% % % % % % % % % % % % % % 

24FF001 63,6 15,7 6,32 4,57 1,98 3,52 2,93 0,005 0,85 0,1 0,25 0,02 0,1 99,95 

24FF002 65,6 15,3 5,2 3,84 1,64 3,4 3,57 0,003 0,66 0,07 0,18 0,03 0,09 99,58 

16FF46 71,7 13,9 2,39 1,96 0,68 3,41 4,09 0,005 0,3 0,04 0,09 0,01 0,05 98,63 

21FF041 60,6 18,85 4,74 4,77 1,41 7,23 0,33 0,004 0,86 0,03 0,24 0,03 0,01 99,10 

12BILL01 72,9 14 2,73 2,1 0,68 3,31 4,24 0,02 0,35 0,04 0,1 0,03 0,1 100,60 

12BILL02 73,3 13,9 3,2 2,57 0,84 3,68 2,52 0,02 0,34 0,04 0,12 0,03 0,09 100,65 

12BILL03 72,9 14,05 3,25 3,53 0,98 4,03 1,27 0,02 0,4 0,04 0,11 0,04 0,04 100,66 

12BILL04 50,1 17,1 10,55 9,28 5,22 3,68 1,28 0,01 1,26 0,15 0,4 0,05 0,04 99,12 

12BILL05 50,8 17,25 10,9 9,15 5,07 3,7 1,36 0,01 1,32 0,15 0,41 0,05 0,04 100,21 

12BILL06 51,4 17 10,95 9,04 4,77 3,63 0,98 0,01 1,39 0,15 0,42 0,05 0,03 99,82 

12BILL08 52,8 16,3 10,45 8,94 4,97 3,49 0,9 0,01 1,17 0,13 0,26 0,05 0,02 99,49 

12FF71 62,2 17,1 6,27 5,64 2,18 4,02 1,75 0,02 0,75 0,08 0,24 0,05 0,03 100,33 

12FF80 50,9 15,4 13,15 6,3 3,97 3,88 1,73 0,01 3,47 0,16 0,78 0,07 0,08 99,90 

22FF010 68,6 15,15 4,66 1,82 0,31 3,56 6,14 0,002 0,48 0,1 0,07 <0.01 0,14 101,03 

22FF002 63,5 16,45 5,28 4,08 1,6 4,58 1,96 0,004 0,63 0,1 0,19 0,03 0,07 98,47 

22FF003 72,7 14 2,34 1,4 0,51 4,1 3,97 0,004 0,23 0,05 0,07 <0.01 0,05 99,42 

22FF005 77,2 13,05 1,23 0,92 0,21 3,67 4,72 0,004 0,14 0,05 0,02 <0.01 0,03 101,24 

22FF006 64,7 15,65 5,98 4,55 1,99 3,58 3,26 0,007 0,83 0,1 0,24 0,03 0,11 101,03 

21FF001a 67,7 16,15 4,18  3,82 1,41 4,22 2,38 0,005 0,57 0,07 0,16 0,03 0,07 100,77 

Table 3. Major element data. 

Samples 24FF001 and 24FF002 are very close in their composition but 24FF001 falls just 

under the 65% silica content which defines a felsic rock making it technically an intermediate 

rock. 21FF041 representing 21FF004 falls further below the definition and is also an 

intermediate rock, 24FF002 and 16FF46 (representing 24FF003) are true felsic rocks. 

Of note is 24FF001 relatively higher Fe2O content, as it also had slightly elevated magnetic 

susceptibility an average of 2,42 10^-3 SI.  24FF002, 16FF46 and 21FF041 were at 1 or slightly 

below. Note also that sample 21FF041 has a sodium content almost twice as high as any other 

sample.  

The chemical values when plotted in a Total Alkali Silika diagram gives a more detailed 

classification (figure 6), sample 24FF001 and 24FF002 are both granodiorites. 24FF003 

(16FF46) is a granite, many of the felsic rocks fall in one of these categories and there is not 

really a correlation between whether they are a granite or granodiorite and if they come from 
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the Hisingen or Kungsbacka zone. Sample 24FF004 (21FF041) falls into the monzonite 

category and has a relatively higher proportion of alkalis. 

 

Figure 6. classification following Middlemost (1994) 
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Rare earth elements 
 

Figure 7. Rare earth element data normalized against chondrite. Chondrite values from 

LaMaskin, T. et al. (2008) 

 

As noted by Nordqvist, M .2022 in his study of the regions geochemistry the elements when 

normalized against a chondrite and grouped into Hisingen suite samples (Blue) and 

Kungsbacka suite samples (orange) show different groupings. The Kungsbacka suite is spread 

out while the Hisingen suite remains a tight group with little variation, exception to this rule is 

12BILL03, 12BIILL02 and 12BILL03 which has a positive europium anomaly where all other 

samples have a negative europium anomaly. This was found by Nordqvist, 2022, and given 

24FF001 through 24FF004 all have negative europium anomalies like the all the samples from 

the Hisingen suite this may be noteworthy. Samples 24FF001 through 24FF004 follow the 

Hisingen suite pattern with two exceptions.  24FF003 and 24FF004 both have a relative 

depletion of praseodymium and 24FF001 and 24FF004 have a relative enrichment of holmium. 

Over all samples we see a relative decline in enrichment towards the heavier end of the rare 

earth elements. 

 

Like Nordqvist, M. 2022 this paper will use the three-step approach from Frost et al. (2001) 

for the purposes of granite classification figures 9. I will not go in-depth on all samples as they 

have been covered in other material and serve only as comparison here to samples 

24FF001,24FF002, 24FF003 (16FF46) and 24FF004 (21FF041).  

 

All four samples are classified as magnesian in the FeOt/(FeOt+MgO) diagram with 24FF004 

coming closest to being ferroan. Only two samples are ferroan, one being 22FF010 as can be 

seen in figure 9. This sample was provided by Prof. Erik Sturkell and was tested by Erik 

Hegardt and has been confirmed to belong to the Kungsbacka bimodal zone 1336Ma. 

In the modified alkali-lime index (MALI) 24FF001,24FF002, 24FF003 are all classed as calc-

alkalic except for 24FF004 which is alkali-calcic. Sample 22FF010 is alkalic.  
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In the aluminum saturation index (ASI) we see some variation 24FF002, 24FF004 and 

24FF001 are metaluminous while 24FF003 is peraluminous. 22FF010 falls on the 

metaluminous side. Most other samples both of the Hisingen and Kungsbacka suites seem to 

follow the same pattern, all magnesian, all calc-alkalic or calcic, and most straddle the line 

between metaluminous and peraluminous. The only clear outlier is 12FF80 which is a diabase. 

 

Figure 9. Geochemical classification according to Frost, B, R. et al. (2001) 
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Zircon geomorphology   

The observation of the zircon geomorphology was performed in the Jeol benchtop SEM. The 

euhedral zircons in sample 24FF001 range from 100-200µm in length with a length-to-with 

ratio of about 2:1 to 3:1. Sample 24FF002 have zircons ranging from 200-250µm with a length 

to width ratio of circa 3:1 to 4:1. Sample 24FF003 have zircons ranging in length from 100 to 

250µm with a length to width ratio of circa 2:1 to 4,5:1. Sample 24FF004 had few euhedral 

zircons and the ones present ranged from 100 to 150 µm in length width ratio of 2:1 to 3:1. 

These samples were smaller  especially in sample. Multiple zircons in all samples show pitting, 

a possible sign of metamict zircons due to high radioactivity (El-Sankary and Mahdy, 2006). 

Most zircons are also significantly fractured, an indication of the tectonic history of the 

samples. All samples contain zircons of oscillatory zoning, a sign of magmatic origin. 
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Figures, 10. 11. 12 and 13 showing micromorphology for 24FF001, 24FF001, 24003 and 

24FF004 respectively 

 As can be seen in figure 13 the zircons of sample 24FF004 display a subhedral to anhedral 

shape with smoother rounded crystals. Note also in samples zircons 3, 7 and 17 what could be 

rims of newer growth around an older zircon core Corfu, F. et al. (2003). Indicating a second 

phase of growth. Zircon 7 also shows a fracture pattern that goes all the way around close to 
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the edge of the crystal, this could mark the border between new and old growth.  Zircons of 

sample 24FF002 and 22FF003 are larger and longer than the others and had more frequent 

euhedral crystals. 

LA-ICP-MS 

The uranium-lead dating results were inconclusive in all samples 24FF001 to 24FF004. 10 

zircons were mounted for each sample form these two contained inclusions, one turned out to 

be a misidentified apatite and the laser burned through one. This still leaves 36 zircons however 

the data could not be used for calculating an age. This is possibly due to both analytical and 

sample problems, the data from the standards were eventually legible but the zircon data was 

not. The zircons are likely metamict.  

SEM 

The primary focus of the SEM evaluation was to identify the white and black minerals in 

sample 24FF004.  First the white: 

 

Figure 14, SEM Spectrum for plagioclase. 

The primary elements present in the white minerals are silica, aluminum and sodium. So, it is 

plagioclase, but the presence of at least some calcium means it is not pure albite. This would 

fall somewhere on the oligoclase to the andesine part of the plagioclase spectrum. This 

spectrum was chosen because it is representative of a number of other measurements. 

Several elongate black needles were tested, and this is the resulting spectra.  

 

Figure 15. SEM spectra for amphibole. 

This is a calcic amphibole containing both iron and magnesium.  
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Discussion 

What do we know about site 24FF004? It shows signs of being metamorphosed, the black 

crystals intruding into the white crystals is proof of that. As demonstrated in scanning electron 

microscope the black crystals are calcic amphiboles, a common metamorphic face appearing 

at ca 500-700 degrees Celsius. The white crystals are plagioclase, either oligoclase or andesine, 

both can form in albitization. This is a hydrothermal process where metasomatic fluids rich in 

natrium replace potassium in feldspar (Parampreet, K. et al. 2012). This process can occur at 

temperatures of 350-400 degrees Celsius, significantly colder than the temperature required to 

form an amphibolite face. Given that most of the surrounding landscape is a porphyritic granite 

with what is a more potassium rich content, and that the plagioclase rich Monzonite only occurs 

close to the gabbro intrusion which has an approximate melting point of 1200 degrees Celsius 

it seems likely the two are related.   

What can we say about the age of the outcrops 24FF001, 24FF002, 24FF003 and 24FF004? 

Nothing specific unfortunately, the absence of a reliable U-Pb date means that the best we can 

do is infer the relative age through indirect observations. I believe the boundary between the 

Hisingen suite and the Kungsbacka bimodal zone can most likely be found between 24FF001 

and 24FF002. Considering the zircon morphology, Zircons from 24FF001 were smaller and 

more deformed than the ones found at sites 24FF002 and 24FF003, possibly due to being older. 

The fact that zircons from 24FF004 were also smaller and deformed can be attributed to the 

Metamorphism caused by the Gabbro intrusion. 

24FF001 also had a higher Fe2O3 content than 24FF002 or 24FF003, it was closer to 22FF010 

Fe2O3 content, which is a known Kungsbacka area. 24FF001 magnetic susceptibility is also 

more than two times higher than in 24FF002 or 24FF003 on average.  

The failure of the U-Pb dating was certainly a disappointment, to avoid the same results in the 

future I recommend a more thorough sorting of the zircons. First by running the rock powder 

from the ring mill through a wiffle table to eliminate a higher percentage of lighter minerals, 

further separation of minerals with density liquids would also be beneficial. And before LA-

ICP-MS verifying the zircons with cathode luminescence. This would raise the chances of 

finding good zircons in what has proven to be a difficult source. 

The Chondrite normalized rare earth diagram does unfortunately not provide clear answers, 

there is variation in the graph especially in terms of Pr and Gd but there is no consistent pattern 

indicating the samples belong to one suite or another. 

Conclusion 

It is my opinion that the monzonite at 24FF004 was caused by a gabbro intrusion leading to 

albitization and amphibolite metamorphism. 

It is not possible to draw any firm conclusion regarding the age of the outcrops studied in this 

paper. But for future studies in the area, I would recommend looking in the area between 

24FF001 and 24FF002. I base this on the variation in zircon morphology, magnetic 

susceptibility and activity index. 
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