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Abstract 
Petrography and mineral chemistry of the Sälskär breccia (Alnö alkaline complex, 

Central Sweden) 

Vincent Gustafsson 

 

Primitive magmas can provide important details about the mantle from which they are derived. In this 

thesis, petrographic observations and new mineral chemistry analyses of the Sälskär breccia from the 

Alnö alkaline complex, central Sweden, are reported. The rock is a volcanic breccia in which three main 

constituents were identified: spheroidal melilititic lapilli, angular sövite fragments and a carbonate-

dominated matrix. The mineralogy of the juvenile lapilli (i.e., with olivine, phlogopite, diopside, 

titanomagnetite, Cr-spinel, monticellite, perovskite, apatite and calcite) are consistent with what is 

expected to form by small degrees of partial melting of a volatile-rich, metasomatized, mantle source 

(indicated by the presence of phlogopite and primary calcite). The melilititic lapilli are frequently cored 

by a large crystal of olivine or phlogopite with concentrically aligned lath-shaped pseudomorphs after 

melilitite. During ascent the melilititic magma entrained mantle debris and traveled rapidly through the 

crust without significant fractionation.  

The pyroclast textures indicate an explosive eruption, similar to those that produce pelletal lapilli in 

kimberlite-type volcanism. The sövite fragments and carbonate-dominated matrix were explosively 

fragmented during the eruption, which also dispersed the melilite mineralogy throughout the matrix. 

During the eruption a diatreme formed of within the uppermost 1.5 kilometers of the crust. A mismatch 

between the model of diatreme formation and a previous erosional model of the area leads to the 

conclusion that the Sälskär diatreme is either: (i) very deep, or (ii) that the diatreme volcanism took 

place significantly later than the rest of the complex.  
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Sammanfattning 
Petrografi och mineralkemi av Sälskärsbreccian (Alnö alkalina område, Mellansverige) 

Vincent Gustafsson 

 

Primitiva magmor kan ge viktiga detaljer om manteln som de härstammar ifrån. I denna avhandling 

redovisas petrografiska observationer och nya mineralkemiska analyser av Sälskärsbreccian från Alnö 

alkalina område, Mellansverige. Bergarten är en vulkanisk breccia där tre huvudbeståndsdelar 

identifierades: sfäroidala melilitiska lapilli, kantiga sövitfragment och en karbonatdominerad matrix. 

Mineralogin hos de juvenila lapilli (dvs med olivin, flogopit, diopsid, titanomagnetit, Cr-spinel, 

monticellit, perovskit, apatit och kalcit) överensstämmer med vad som förväntas att det bildas av små 

grader av partiell smältning av en volatilrik, metasomatiserad, mantelkälla (indikeras av närvaron av 

flogopit och primär kalcit). De melilitiska lapilli är ofta kärnade av en stor kristall av olivin eller flogopit 

med koncentriskt riktade list-formade pseudomorfer efter melilitit. Under uppstigningen tog den 

melilitiska magman med sig mantelfragment och färdades snabbt genom skorpan utan betydande 

fraktionering. 

Pyroklastexturer indikerar ett explosivt utbrott, liknande de som producerar pelletala lapilli i 

kimberlitvulkansim. Sövitfragmenten och den karbonatdominerade matrixen fragmenterades explosivt 

under utbrottet, vilket också spred melilit mineralogin genom matrixen. Under utbrottet bildades en 

diatrem i de översta 1,5 kilometerna av skorpan. Detta betyder att modellen för diatrem-bildning och 

den tidigare erosionsmodellen av området inte överensstämmer. Detta leder till slutsatsen att 

Sälskärsdiatremen är antingen: (i) mycket djup, eller (ii) att diatrem-vulkanismen ägde rum betydligt 

senare än den sopm bildade resten av området. 

 

Nyckelord: Alnö alkalina område, diatrem, melilitit, pelletal lapilli, vulkanisk breccia 
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1. Introduction 
Silica undersaturated magmas (e.g., melilitites, ultramafic lamprophyres, kimberlites) are generated by 

variable degrees of melting of the mantle (Hall 2000). They differ in many aspects from “normal” 

silicate magmas, such as for example basalts and rhyolites. The silica-undersatured magmas are 

characterized by a low degree of melt polymerization (i.e., linking of silica tetrahedra in the melt 

structure) and high volatile content (particularly CO2; Brey & Green 1977, Brooker et al. 2001), which 

results in low viscosities and rapid transport from the source region to the surface leading to explosive 

eruptions (Sparks et al. 2006, Mattsson 2012). The rapid ascent of the magma does not allow significant 

assimilation or fractionation to take place to the same degree as in other mantle-derived magmas (Hall 

2000). Therefore, silica-undersaturated magmas can provide an unique insight into mantle compositions 

and processes. 

At Sälskär, in the Alnö alkaline complex (central Sweden), a breccia consisting of mafic silicate 

rock and carbonatitic fragments occur (Kresten 1990). The silicate magma component has previously 

been interpreted to be a kimberlite (Andersson et al. 2013) or melilitite-rich rock (Kresten 1990). 

However, little detailed information (data) on the mineral chemistry was provided in these publications. 

Here, new detailed analyses of the mineralogy and mineral chemistry is used to provide information 

about the source region and pre-eruptive magmatic conditions of the silicate magma at Sälskär. 

Petrographic studies of the igneous textures provide vital information on the eruptive conditions as the 

magma approached the surface.   

 

2. Background 
2.1 Alnöite or olivine melilitite? - A matter of classification 

Alnöitic rocks were first described from Alnön by Rosenbusch in 1887 (Strekeisen 2017), but occur in 

many locations around the world,e.g. Rosario, Brazil (Carniel et al. 2020); Avon volcanic district, The 

United States (Shavers et al. 2016); Quebec, Canada (Harnois & Mineau 1991). Similarly, melilitites 

are also widely described from various locations, such as for example the Lake Natron area in Tanzania 

(Mattsson et al., 2013) as well as the Hegau and Urach volcanic districts in Germany and the Osečná 

Complex in Czechia (Mitchell 1996). 

These two rock types (i.e., alnöites and olivine melilitites) are very similar both in terms of their 

geochemistry and their mineralogy. Both are silica-undersaturated (<40 wt. % SiO2), rich in potassium, 

calcium, magnesium while being poor in aluminum (Mitchell 1996, Philpotts & Ague 2009). They are 

commonly enriched in elements such as niobium, strontium, and the light rare earth elements (Mitchell 

1996). In addition to this they have nearly identical mineralogies, that makes their classification 

difficult, and on many occasions, confusing.  

Alnöites does not exist in strictly geochemical classifications that relies only on whole-rock 

compositions. Instead alnöites from the literature plot in the melilitite field, completely overlapping 

with “normal” melilitites (Fig. 1). 

Mineralogically, alnöites should have phenocrysts of olivine, phlogopite and clinopyroxene (Tappe 

et al. 2005). The groundmass should consist of melilite, clinopyroxene, phlogopite, spinel, ilmenite, 

perovskite, Ti-rich garnet, apatite, minor primary carbonate, and sparse occurrences of monticellite 

(Tappe et al. 2005). Olivine melilitites, on the other hand, is used as a broader collective term applied 

to ultramafic rocks that are mineralogically composed of different amounts of melilite, olivine and 

clinopyroxene (Le Maitre et al. 2002). The additional requirement being a content of >10% modal 

olivine (Le Maitre et al. 2002). There is therefore, a significant overlap between the two. 

For the purpose of this study, I have chosen to follow the broader criteria defined by IUGS (Le 

Maitre et al. 2002) when describing the mafic component of the Sälskär breccia.   
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Figure 1. Plot showing the geochemical similarities between alnöites, olivine melilitites and meliltites when 

plotted in the melilitite-nephelinite-basanite classification of Le Bas (1989).  

 

2.2 Diatremes and pelletal lapilli 

Diatremes are typically small volcanic features with their vent underlain by steeply sloping walls, 

resembling a funnel surrounded by country rocks (Fig. 2a). They extend from their vent down to the 

root zone, connected to a feeding dyke at depth (White & Ross 2011). It is a volcanic structure 

commonly linked to ultrabasic magmatism with high volatile content (Mitchell 1996). Diatreme 

deposits infill in the diatreme structure (White & Ross 2011, and Fig. 2). It consists mainly of 

pyroclastic material but can also contain other debris such as country rock fragments (White & Ross 

2011). The diatreme deposits can be divided into upper and lower deposits, with the upper deposit 

consisting primarily of bedded pyroclastic material, sometimes displaying crosscutting relations (White 

& Ross 2011). Lower diatreme deposits typically consist of non-bedded pyroclastic material much 

deeper in the diatreme. At the very base of the diatreme, root zone deposits can be found (White & Ross 

2011). Root zone deposits are irregular in shape and thought to represent as a more chaotic zone (White 

& Ross 2011). The lower portion of the diatreme, the root and lower zone deposits, hosts tuffistic 

breccias (White & Ross 2011), which is characterized as the unbedded diatreme filling rocks, consisting 

of  >15% fragments above 4mm in size (White & Ross 2011). One of the characteristic features of 

diatreme facies rocks is the occurrence of pelletal lapilli (Fig. 3b and Mitchell 1996).  

Globally, pelletal lapilli can be found in volcanoclastic kimberlite diatremes and other alkaline rocks, 

such as meliltites, carbonatites, kamafugites, and orangeites (Mitchell 1997, Junqueira-Brod et al. 

2004). They are defined as sub-spherical clasts with a core that is surrounded by a rim/coating of 

juvenile magma (Fig. 2c). Pelletal lapilli have been interpreted to form during the exsolution of gases 
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from the melt, leading to fluidization of the magma (Gernon et al. 2012). Fragmentation then forms 

melt droplets which coat the particles. This coating rapidly solidifies, which forms the solid surface of 

the lapilli (Gernon et al. 2012). Mitchell (1996) describes pelletal lapilli in diatreme facies melilites as 

most often having a core of euhedral olivine, more rarely phlogopite or other minerals, encased in a 

mantle of melilitite.  

 

 
Figure 2. Cartoon illustration showing the main characteristics of diatremes and the formation of pelletal lapilli, 

where (a) describes the melt intrusion into the diatreme, (b) fluidization of the diatreme due to gas flow, and(c) 

the formation of a pelletal lapilli within the fluidized diatreme. Adapted from: Gernon et al. (2012) 

 

2.3 Geological setting  

The Alnö alkaline-carbonatite complex is located on the Baltic coast in central Sweden (Fig. 3). The 

complex has a roughly circular outline with a radius of approximately 2.5 km (Kresten 1980, Andersson 

et al. 2013). The geology of the complex was first described by von Eckermann (1948) and later by 

Kresten (1990). The complex have been divided into five separate intrusions by von Eckermann (1948). 

These are: (1 and 2) the northern and southern intrusions, which are the largest, can be found on Alnö 

island. (3) The Båräng satellite intrusion, which is also located on the main island. (4) The Söråker 

intrusion is located across Klingefjärden bay. The final intrusion, (5) the Sälskär intrusion, is located 

beneath the bottom of Klingefjärden bay. The Sälskär skerries host a volcanic breccia (Fig. 3) indicating 

an explosive vent in the region (Kresten 1990). The age of the complex has been dated to 584 ± 7 Ma  

by 40Ar/39Ar radiometric dating of biotite and K-feldspar (Meert et al. 2007). It is estimated that the 

area has been subjected to about 2 km erosion since its original emplacement (von Eckermann 1948), 

thus the rocks are mostly plutonic (Fig. 3).They primarily consist of rocks of the ijolite series, 
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pyroxenites, nepheline-syenite, and sövites (e.g., Ca-carbonatites). Hypabyssal rocks, which forms 

dykes, can also be found in the area with similar compositions as the plutonic rocks. The alnötie dykes 

occurring across the island range widely in compositions and size, and is also present as a alnöite 

breccia.(von Eckermann 1948) The complex is surrounded by a fenite aureole, formed by metasomatic 

alteration of the country rock (Kresten 1990). Fenitisation results from alkalis being released from the 

intruding magma and interactions with the surrounding country rock (Le Bas 2008). 

The breccia  (Fig. 4) that occurs at the Sälskär skerries (Fig. 3) have previously been interpreted as 

an extrusive carbonatite tuff by Kresten (1990). In hand specimens (Fig. 4) the rock is dark and consists 

of large angular fragments of sövite fragments, dark melilite-rich lapilli and ash particles ranging in size 

from below 1 mm and 12 mm. In between these two constituents a carbonate-dominated matrix can be 

found (Kresten 1990).  

 

 
Figure 3. Geological map of the Alnö alkaline-carbonatite complex. The Sälskär skerries are marked with a star. 

Insert map of sweden with the area indicated by a black square. Adapted from SGU & Lantmäteriet. 
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Figure 4. A large boulder of the Sälskär breccia located between the Sälskär skerries (right), location found in 

Figure 3, adapted from Andersson et al. 2013. A hand specimen of the Sälskär breccia, hand lens as scale (right). 

3. Methods  
The study started with the petrographic study of the three thin sections prepared from breccia boulders 

collected near the Sälskär skerries. The three thin sections were scanned in unpolarized light, plane 

polarized light (ppl), and cross polarized light (xpl). The samples were studied and documented using 

a petrographic microscope coupled with an imaging system.  

  After optical microscopy was completed, the thin sections were coated with a 30 μm thick 

graphite coating to inhibit charging and create a conductive layer on the thin section, thereby enabling 

the use of the electron probe microanalyzer (EPMA). The mineral chemistry of the samples was 

quantified using an electron microprobe (JXA-8530F JEOL SuperProbe). Back-scattered electron 

images (BSE) were also taking during the use of the EPMA. The microprobe analyses were carried out 

at 15 kV and 10 nA with a 1 μm focused beam. The counting time was 20 seconds for all elements, both 

on peak and background. The mineral standards used for calibration was: Si, Ca – wollastonite; Na – 

albite; K – orthoclase; Mn, Ti – pyrophanite; Fe – fayalite, and pure element oxides: Al2O3, MgO, Cr2O3 

and NiO were used for calibration. All elements were analyzed by Kα spectral lines. 

 

4. Results  
4.1 Petrography 

The three investigated thin sections display extensive similarities between each other, as they all consist 

of rounded melilititic lapilli, angular coarser sövite fragments, set in a fine-grained groundmass (Fig. 

5.) The rounded melilititic lapilli and ash ranges in size from very small (<0.5mm) to quite large 

(≈20mm). The larger areas of lighter material are sövite fragments which in the thin sections range in 

size from about 2 mm to more than 10 mm. The matrix between the lapilli and sövite fragments consist 

of a carbonate-dominated groundmass that occupies circa 30% fraction of the thin sections. Note that 

thin section ALN7B is significantly less altered than both ALN39A and ALN39B (represented by 

darker patches). 
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Figure 5. Scans of the studied thin sections. From left to right: ALN7B, ALN39A, ALN39B. 

 

4.1.1 Melilititic lapilli 

The melilititic lapilli are often cored with relatively large euhedral to subhedral crystals of olivine (Fig. 

6A), or more rarely subhedral phlogopite (Fig. 6B) or other minerals (e.g one lapilli with a 

titanomagnetite core). All olivine cores are heavily fractured and frequently display alteration products 

in and around the fractures (Fig. 6C). Some olivines show zonation (Fig. 6D), and have inclusions of 

opaque microcrysts (Fig. 6E). Similar features can be observed with ash sized (<2 mm) melilitite 

particles. Lapilli that lacks a coring mineral also occurs. These have the same mineralogy as the 

groundmass of the pelletal lapilli and sometimes contain calcite in spherical shaped vesicules (Fig. 6F). 

Lapilli, both cored and homogenous, range in size from 2 mm to more than 20 mm across. The shapes 

of the lapilli also vary from spherical via sub-spherical to oblong, with the large phlogopite mica lapilli 

being oblong. The same shape variations can be observed in smaller ash sized pyroclasts. 

The groundmass is composed of altered subhedral to anhedral olivine, occuring together with 

subhedral to euhedral clinopyroxene, subhedral calcite, subhedral phlogopite mica (Fig. 6G), and 

subhedral apatite, in BSE images monticellite is also visible (Fig. 7). In addition to this, euhedral 

microcrysts of perovskite are also relatively common within the lapilli groundmass (Fig. 6E).  

An interesting feature of the lapilli is pseudomorph remnants after an originally lath-shaped 

groundmass mineral (Fig. 6H). This mineral is frequently replaced by calcite (Fig. 6H). It should also 

be noted that these align concentrically around the cores of pelletal lapilli. 
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Figure 6. Petrographic characteristics in the melilititic lapilli. (A) XPL photograph showing an olivine-cored 

pelletal ash particle, with a subhedral olivine core that is surrounded by melilitite. (B) PPL photograph of a pelletal 

lapillus with a subhedral mica crystal as a core, encased in solidified melilititic magma. (C) PPL photograph 

showing alteration affecting euhedral olivine. (D) BSE image of olivine within a lapillus displaying zonation. (E) 

BSE image of a zoned opaque mineral occurring as an inclusion within olivine. (F) PPL photograph of calcite 

infilling vesicles within a melilititc lapillus. (G) PPL photograph of the melilititic groundmass, with 

microphenocrysts of olivine. (H) PPL photograph showing a close-up of pseudomorphs replacing a lath shaped 

mineral. Abbreviations: XPL=Cross polarized light, PPL=plane polarized light 
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Figure 7. Annotated backscattered electron image of the groundmass in the melilititic lapilli. Abbreviations: Ap 

= Apatite, Mtc = Monticellite, Per = Perovksite, Ti-Mg = Titanomagnetite, Cc = Calcite. 

 

4.1.2 Sövite fragments 

The sövite fragments in the Sälskär breccia consist of euhedral to subhedral calcite grains (Fig. 8A, Fig. 

9B), with minor subhedral apatite (Fig. 8B), and relatively large euhedral pyrochlore (up to 1 mm 

across; Fig. 8A & Fig. 8C). Minor amounts of subhedral phlogopite mica also occur, frequently 

surrounded by extensive reaction rims (Fig 8D), also minor opaque phases. The sövite fragments greatly 

varies in size from a few mm to >30 cm (Fig. 4), with the grain size also highly variable. Apatite occurs 

both as single crystals and as larger clusters or layers within the fragments. Several of the pyrochlore 

display zonation, with both normal zoning and oscillatory zoning being present in different crystals 

(Fig. 8C).  
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Figure 8. Petrographic characteristics of the sövite fragments. (A) PPL photograph showing a subhedral 

pyrochlore crystal set in a coarse sövite (Ca-carbonatite). (B) XPL photograph of subhedral apatite in a finer-

grained sövite. (C) BSE image of a euhedral pyrochlore displaying oscillatory zonation. (D) BSE image of a 

phlogopite crystal surrounded by a reaction rim and a band of apatite crystals in a sövite fragment.  

 

4.1.3 Carbonate-dominated matrix 

The carbonate-dominated matrix is dominated by subhedral calcite grains (Fig. 9A), with minor 

amounts of euhedral to subhedral apatite (Fig. 9B), subhedral phlogopite mica (Fig. 9A), opaque phases, 

subhedral to anhedral olivine (Fig. 9C), and pyrochlore (Fig. 9D). The sizes of the calcite grains are 

highly variable (Fig. 9A). Apatite occurs either as clusters or as single crystals (Fig. 9B). phlogopite is 

significantly more abundant in the carbonate-dominated matrix than in the sövite fragments. Olivines 

are fractured and scattered throughout the carbonate-dominated matrix frequently displays significant 

reaction rims (Fig. 9C). Also, some fragments of glimmerite can be found, seen as large clusters of 

phlogopite mica (Fig. 9E). Occasionally, pseudomorph remnants after a lath-shaped mineral (Fig. 9F) 

can be found also in the matrix.  
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Figure 9. Petrographic characteristics of the carbonate-dominated matrix. (A) PPL photograph 

showing a an uncoated subhedral phlogopite crystal in the carbonate-dominated matrix. (B) XPL 

photograph of apatite cluster in the carbonate-dominated matrix. (C) BSE image of a subhedral 

pyrochlore (brightest crystal) located in the matrix and in-between two melilititic lapilli (i.e., upper- 

and lower parts of the image). (D) XPL photograph of an anhedral altered olivine crystal that is 

surrounded by a reaction rim in the matrix. (E) PPL photograph of a glimmerite fragment consisting 

to a large part of phlogopite and an opaque phase. (F) PPL photograph showing pseudomorphs after a 

lath-shaped mineral in the matrix.  

 

4.2 Mineral chemistry  

4.2.1 Melilititic lapilli 

The olivines in the melilitite have silica contents between 37.7 wt.% and 41.7 wt.%, with significant 

differences in the amount of MgO and FeO, with MgO varying between 41.0 and 56.7 wt.%. FeO 

ranging from 2.7 wt.% to 20.9 wt.% (Table 1). Zoned olivines have higher MgO content in their cores, 

with FeO content being higher in the rims. As a whole the forsterite content ranges from Fo78 to Fo98, 

with a heavy clustering around Fo86 (Fig. 10).  
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In addition to olivine, monticellite is also found in the lapilli groundmass. It shows a variation of 

SiO2 between 36.4 wt.% and 39.6 wt.%. Calcium ranges from 26.1 wt.% to 33.1 wt.%. MgO and FeO 

also show slight variation. MgO varies between 18.1 wt.% to 20.9 and FeO ranges from 10.0 wt.% to 

13.3 wt.% (Table 1).  

 

 
Figure 10. Histogram showing the forsterite contents of olivines in the Sälskär breccia. Fo = 100*Mg/(Mg+Fe2+). 

   

Clinopyroxene occurs as a few larger crystals and in the fine-grained groundmass and shows slight 

variation, with most classifying as diopside (Fig. 11) (Table 2). Only one single analysis reaches the 

hedenbergite field. The SiO2 varies between 48.3 wt.% to 54.8 wt.%., whereas the MgO content 

ranges from 10.3 (5.8) wt.% and 18 wt.%, with FeO varying between 2.3 wt.% and 12.7 (18.8) wt.%. 

TiO2 ranges from 0.3 wt.% to 3.1 wt.%, and Al2O3 is low with it ranging from 0.2 and 3.8 wt.%. The 

total variation of the clinopyroxenes can be described in the terms of their endmember compositions, 

as ranging between Wo51.7En40.7Fs7.6 to Wo44.5En50.4Fs5.1, with XMg values between 59.1 (33.6) and 93. 

 

  
Figure 11. Compositions of clinopyroxenes in the Sälskär breccia plotted in the ternary classification diagram 

of Morimoto et al. (1988). Endmember compositions: Wo=CaSiO3, En=Mg2Si2O6, Fs=Fe2Si2O6. 
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Phlogopite shows a relatively large degree of variation with SiO2 content ranging from 32.6 wt.% to 

43.0 wt.%, and with Al2O3 varying between 9.0 wt.% and 17.5 wt.%. The K2O contents is relatively 

stable and averaging around 9.7 wt.% and the TiO2 content is relatively low around 1.6 wt.%. As a 

whole, the phlogopites have high XMg (varying between 65.8 and 96.2; Table 2). 

Perovskites mainly vary in their titanium, calcium and iron content. TiO2 shows a variation between 

53.2 wt.% and 57.8 wt.%, while CaO ranges from 36.3 wt.% to 39.4 wt.%. The FeO content is always 

substantially lower, varying between 1.1 wt.% and 3.6 wt.%. All other major element oxides are only 

present at levels of < 2 wt.% (Table 2).  

The spinel group minerals have an Al2O3 content that varies from 0.2 wt.% to 44.3 wt.%. MgO and 

FeO vary inversely, with high MgO content correlating with low FeO content and vice versa. The 

content of MgO ranges from 2.08 wt.% to 17.3 wt.%, and FeO between 22.8 wt.% and 87.3 wt.%. The 

chromium content is variable, ranging from trace amounts up to 33.85 wt.%. TiO2 ranges in content 

from 1.4 wt.% to 13.1 wt.%. Manganese also constitutes in between, 0 and 2.6 wt.% of the spinel group 

minerals (Table 2). On the basis of their chemistry, the spinel group minerals can be identified as Cr-

spinels and titanomagnetites. 

Fibrous alteration products with consistent totals of approximately 70-75% occurs in the groundmass 

(Fig. 7) and in the pseudomorph remnants after the lath-shaped mineral. Alteration products are 

however largely outside the scope of this thesis and the specifics of the alteration mineralogy was not 

investigated further.  

 

4.2.2 Sövite fragments 

The sövite fragments contain mainly calcite, apatite, and pyrochlore with a very meager amount of 

silicate minerals (Fig. 6A Sövite fragments). Calcite, apatite, and pyrochlore were only identified using 

their EDS-spectra and therefore no detailed mineral analyses using the electron microprobe is presented 

here.  

 

4.2.3 Carbonate-dominated matrix 

The carbonate-dominated matrix consists primarily of calcite, apatite, and minor pyrochlore. These 

were identified using EDS-spectra and therefore no detailed mineral analyses utilizing the electron 

microprobe is presented here, apart from analyses of olivine. The olivines in the matrix almost 

exclusively have XMg >90.Analysis of one single spinel crystal found intergrown with high-Fo olivine 

in the matrix consists of essentially only Al2O3 (65.8 wt.%) and MgO (25.5 wt.%), with only a tiny 

portion of FeO at 6.2 wt.% (Table 2). 
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Table 1: Representative EPMA analyses of olivine, monticellite, and clinopyroxene in the Sälskär breccia. 

Abbreviations: Hd = hedenbergite, Di = Diopside. 

Table 2: Representative EPMA analyses of mica, perovskite, and spinel-group minerals in the Sälskär breccia.  

 

  

  Olivine Monticellite Clinopyroxene 

# 666  581 708 615 1144 542 911 546 1073 1079  

name       Hd Di Di Di 

SiO2 41.21 39.64 38.98 39.4 36.33 36.41 49.59 52.34 51.96 50.66 

TiO2 - 0.05 0.01 - 0.07 0.08 2.46 0.63 1.05 1.36 

Cr2O3 - 0.02 0.06 0.04 - - - 0.02 - 0.02 

Al2O3 - 0.03 0.06 0.04 - 0.05 3.07 1.82 2.47 3.16 

FeO 3.3 14.44 12.97 14.4 9.66 10.2 10.75 3.64 4.99 7.63 

MnO 0.89 0.30 0.24 0.24 0.79 0.77 0.26 0.22 0.17 0.27 

NiO - 0.03 0.06 0.14 - 0.04 - - - 0.08 

MgO 55.16 45.78 46.07 46.63 20.18 19.82 10.5 16.1 15.21 13.21 

CaO 0.24 0.86 0.29 0.32 33.21 33.05 21.96 25.09 23.82 23.01 

BaO 0.02 0.03 0.03 - 0.07 0.05 - - 0.01 0.03 

Na2O - - - 0.04 - - 0.91 0.15 0.42 0.55 

K2O - 0.02 0.01 0.08 0.04 0.03 0.04 0.03 0.07 0.04 

Total 100.83 101.21 99.51 101.36 100.36 100.52 99.55 100.08 100.17 100.01 

XMg 96.75 84.97 86.36 85.23 78.83 77.60 63.52 88.75 84.46 75.53 

Wo       48.13 49.85 48.73 48.60 

En       46.98 44.51 43.30 38.82 

Fs       4.89 5.64 7.97 12.57 

# Denotes analysis number. 

XMg = 100*Mg/(Mg+Fe2+); Endmember compositions: Wo=CaSiO3, En=Mg2Si2O6, Fs=Fe2Si2O6 

 

 Phlogopite Perovskite Ti-Mg Cr-spinel Spinel* 

# 275 247 839 1075 798 944 381 837 943 1115 35 1154 

SiO2 42.18 37.65 34.12 0.78 0.32 0.19 0.08 0.18 0.22 0.08 - 1.22 

TiO2 0.29 0.96 6.98 55.50 54.83 56.48 1.67 5.01 5.4 2.36 1.87 0.54 

Cr2O3 - 0.01 0.02 - - 0.01 0.04 0.09 0.88 18.62 27.4 0.03 

Al2O3 12.13 16.21 14.19 0.22 0.69 0.20 0.77 2.06 3.47 21.42 26.92 65.75 

FeO 2.15 4.92 7.71 1.50 2.74 1.57 85.67 80.47 78.13 41.11 22.81 6.21 

MnO 0.05 0.13 0.19 0.03 0.03 - 1.12 1.77 1.85 1.52 1.25 0.85 

NiO 0.02 - 0.04 - - - - - 0.06 0.06 0.11 0.01 

MgO 29.49 24.42 18.95 0.26 0.12 0.07 4.59 4.01 4.34 10.11 14.04 25.52 

CaO 0.39 0.10 0.55 36.82 38.49 37.21 0.12 0.45 0.47 0.31 0.72 0.12 

BaO 0.13 0.9 1.87 0.05 - - 0.03 0.02 - 0.05 - - 

Na2O 0.07 0.05 0.03 0.47 0.12 0.56 - 0.05 - 0.04 0.03 0.04 

K2O 10.88 9.90 9.51 0.08 0.07 0.07 - 0.03 - 0.02 0.02 0.02 

Total 96.79 95.27 94.17 95.73 97.42 96.37 94.09  94.14 94.82 95.69 95.17 100.33 

XMg 95.94 89.85 81.42 - - - 5.99 8.16 9.01 30.48 52.32 87.99 

# Denotes analysis number. 

*Note that the spinel analysis is from spinel in association with high XMg-olivine in the carbonate matrix. 
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5. Discussion 
5.1 Origin of the individual components in the Sälskär breccia 

5.1.1 Melilitite 

The mafic component of the magma, although containing no melilite, contains a large amount of 

pseudomorphs of a lath shaped mineral, most likely after melilite. If the interpretation of the lath shaped 

pseudomorphs as melilite is correct the content fits the criterion of Le Maitre et al. (2002) and the rock 

is thus a melilitite. The modal amount of olivine, mostly as cores of pelletal lapilli and as 

microphenocrysts in the groundmass constitutes over 10 modal% of the melilititic portion and thus the 

rock is an olivine melilitite.   
 The main phenocryst phases present in the melilitite is olivine and phlogopite (Fig. 6A and Fig. 

6B), with a lesser amount of clinopyroxene. Most likely melilite would also have been a phenocryst 

phase at the time of the eruption but has been exposed to post emplacement alteration since (Fig 6H). 

This interpretation is strengthened by the the presence of perovskite instead of titanite and (Fig. 7), 

which indicates a low silicate activity in the magma (Bowles 2021). This means that plagioclase will 

not crystallize, while nepheline is of the wrong habitus as it does not typically form lath shapes. The 

olivine displays a heavy clustering around Fo85-86 and some olivines display a Fo value of up to 97-98, 

with low (<1%) CaO contents (Fig. 10 and Table 1). This is similar to olivines found in Tanzania 

(Berghuijs & Mattsson 2013, Mattsson et al. 2013), with similar XMg >90  primitive olivine found in 

the Eledoi maar. The nickel content is however lower in the olivine presented in this thesis (typically 

around 0.05; Table 1). The zonation observed in some of the olivine can be interpreted as overgrowth 

(Fig. 6D), which is common in kimberlite type volcanism, were primitive mantle derived cores are 

overgrown by more evolved material (Brett et al. 2009). Clinopyroxene also largely display a relatively 

large range in composition plotting in the diopside field, with high XMg values between 59 and 93 (Fig. 

11 and Table 1). The trend of diopside grading towards hedenbergite reflects the cooling of the magma, 

and is similar to the trend in the Tanzanian melilitites (Mattsson et al. 2013). The presence of volatile 

bearing minerals, such as phlogopite and primary carbonates (Fig. 6B and Table 2) indicates that the 

magma was originally volatile-rich. and to the origin being a metasomatized mantle source, containing 

phlogopite, similar to that described from Tanzania by Mattsson et al. (2013).  The phlogopite is also 

primitive, displaying high XMg values (65.8-96.2), with later crystallized phlogopite being enriched in 

TiO2 and BaO (Table 2). The melilititic rock also carries spinel of different compositions, ranging from 

Cr-spinel to titanomagnetite. Early crystallizing Cr-spinel is overgrown with titanomagnetite rims (Fig. 

6E). The evolution of spinel and phlogopite is consistent with continuous crystallization within the 

system. 

To summarize to petrography and mineral chemistry of the melilitite all observations point to a 

source in the mantle which has been metasomatized. This is supported by the primary nature of the 

magma with high XMg values and the presence of phlogopite and primary carbonate. They are 

interpreted as forming from small degrees (1-2%) of mantle melting from these sources (Mattsson et 

al. 2013). This is supported by the low silica activity of the melt as indicated by perovskite, since silica 

contents increases with higher degrees of partial melting and the presence of phlogopite and primary 

carbonate.  

 

5.1.2 Sövite fragments 

The sövite fragments in the breccia is by the size of the individual fragments the largest, measuring up 

to >30 cm in size and angular in shape (Fig. 4). These fragments have previously been interpreted as 

country rock fragments by Kresten (1990). This interpretation is also supported by observations made 

here, i.e., angular shapes and a seemingly variable composition of the sövites in outcrops/larger 

boulders (Fig. 4).  The fragments generally rich in pyrochlore (Fig. 8A and Fig 8C), and being devoid 

of silicate minerals, except rare heavily altered phlogopite (Fig. 8D), with some presence of opaque 

phases in some fragments (Fig. 5). This is similar to the descriptions of the sövites of the northern 

intrusion by Kresten (1990), with the exception of pyrochlore being more abundant.  
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 For the purpose of this thesis only three thin sections were studied, which could potentially limit 

the compositional variation of the country rock fragments. There is probably a larger variation in the 

sövites as indicated by the textural variation observed in larger clasts (Fig. 4).  

   

5.1.3 Carbonate-dominated matrix  

The matrix of the breccia is dominated by calcite, but silicate minerals generally make up a much larger 

portion of the matrix than the sövites (Fig. 5). The higher portion of silicate minerals can be attributed 

to the prescence of predominantly olivine, phlogopite and melilite pseudomorphs being scattered 

through the matrix. 
The calcite in the matrix most likely represents finely fragmented country rock (i.e., sövite ash and 

dust) that formed during the eruption. Because large sövite fragments are so common in large specimens 

(Fig. 3 Geological setting) a large range in grain sizes can be expected to form during fragmentation 

(including ash sized particles). Because all silicate minerals found dispersed in the matrix can also be 

found in the meliltitite they probably originate from the silicate magma. This is also indicated by the 

phlogopite generally not being as altered as those found in the sövite, indicating that it did not react 

much with its new environment (as a result of mechanical mixing). The occurrence of high-Fo olivine 

(>90 XMg) together with spinel of almost ideal composition (with high XMg values; Table 2), is consistent 

with a spinel bearing mantle assemblage. This is interpreted as xenolithic mantle debris that was 

disintegrated during the eruption 

The implications mantle debris in the fragmented rock indicates a rapid transport of the magma 

through the crust, not allowing mantle material to be assimilated into the melt or simply sink due do the 

density contrast. The rapid ascent time would likely be similar to that of other melilitites such as those 

in Tanzania, there with a calculated ascent time of <1-2 days (Mattsson 2012, Berghuijs & Mattsson 

2013). 

 

5.2 A volcanic breccia among intrusives – impactions for the eruptive conditions 

at Sälskär 

The Sälskär breccia is certainly unique for the area in being the one of the few rocks at Alnö that has 

been interpreted as being extrusive, most others being either interpreted as intrusive or hypabyssal 

(Kresten 1990). The mode of emplacement of the Sälskär breccia must have been substantially different 

from the other rocks in the Alnö area. This is supported by the textures of the breccia containing 

homogenous and cored, pelletal lapilli (Fig. 6A), largely adhere to the description of pelletal lapilli in 

diatreme facies melilitites by Mitchell (1996). These in combination with large angular fragments of 

sövite country rock (Fig. 4) indicates an explosive emplacement, as well as silicate minerals fragmented 

and scattered through the matrix (Fig. 9A and Fig. 9C). This interpretation is further strengthened the 

primitive compositions (high XMg) of the breccia, with a mineralogy that is indicative of a volatile rich 

magma (up to 18 wt.% CO2; Brooker et al. 2001), with low silica activity. This indicates a rapid 

transport of a low viscosity magma from the source region to the surface. The volatile-rich, silica 

undersaturated nature of the melt in combination with its igneous textures indicates an explosive mode 

of emplacement as the magma approached the surface. 

 Gernon et al. (2012) presented a model of a diatreme (Fig. 3 Diatremes and pelletal lapilli) based on 

the Letseng satellite and Venetia K1 kimberlite pipes. The model suggests that the formation of pelletal 

lapilli occurs at depths of about one kilometer and upwards. This occurs in a gas jet created after the 

exsolution of gases from the magma, leading to the fragmentation of the magma. The magma fragments 

are then suspended in a fluidizing gas jet, where they stick to already existing cores creating pelletal 

lapilli (Gernon et al. 2012) The pelletal lapilli are spread throughout the diatreme, which represents 

depths from surface down to 1500 meters assuming the model of Gernon et al (2012). However, pelletal 

lapilli make up a larger part of the diatreme fill deeper within the diatreme than in its upper parts. The 

emplacement of the diatreme. Drill data also suggests that Venetia K1 is additionally associated with 

numerous phlogopite rich dykes (Gernon et al. (2012). Phlogopite rich alnöite dykes, which are 
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geochemically similar to olivine melilitites (Fig. 1), are found on Alnö island and could possibly be 

associated. 

The erosional model of von Eckermann (1948) suggests the area has lost about 2 kilometres due to 

erosion. This would be in the root zone of the diatreme, or even deeper, in the model proposed by 

Gernon et al. (2012). This would leave the model of diatreme formation and the erosional model of von 

Eckermann irreconcilable assuming the breccia is in situ as assumed by Kresten (1990). This can mean 

that the diatreme could be uniquely deep, or that the eruption took place after the emplacement of the 

surrounding complex.  

It is suggested Kimberlite diatremes break through at depths of 2 to 3 kilometres (Dawson 1980), 

with the Kimberly diatreme being estimated to be 2.4 kilometres deep (Hawthorne 1975). A depth of 3 

kilometres for the breakthrough would mean it is viable to be in diatreme facies, which containing 

pelletal lapilli while assuming 2 kilometres of erosion, thus making the model of diatreme formation 

compatible. The later emplacement can be supported by whole rock K/Ar radiometric dating of the 

Sälskär breccia, dating it to 370±15 Ma (Brueckner & Rex 1980), while the complex is dated to 584±7 

(Meert et al. 2007). However, according to (Brueckner & Rex 1980) the data of the Sälskär breccia 

should be treated cautiously, due to that the young dates may reflect a local heterogenous heating event, 

that only affected some systems. The later emplacement would nevertheless lead to a later start of 

erosion and would also make the models compatible.  

 

6. Conclusions and further research 
This thesis provides a detailed description of the three constituent parts of the Sälskär breccia from Alnö 

island.  

The juvenile component is classified as melilitite by containing >10 modal% lath-shaped 

pseudomorphs after melilite and >10 modal% olivine. The mineral assemblage, with olivine, phlogopite 

and occasional diopside and/or titanomagnetite as phenocryst phases and Cr-spinel, monticellite, 

perovskite, apatite and calcite, with pseudomorphs after an originally lath-shaped mineral (melilite) as 

groundmass minerals, suggests a silica undersaturated character of the magma. The minerals present in 

the melilitite also display high XMg, values indicating a primitive nature and a source in the mantle, 

which also indicates that fractional crystallization played a very small role in its evolution. The contents 

of phlogopite and primary magmatic carbonates indicates that the magma was derived from a 

metasomatized mantle source, which would result in low viscosity magmas with high volatile contents 

at low degrees of partial melting. This is further supported by the occurrence of vesicles in the 

pyroclasts.  

The sövites of the breccia are comparable to previously described sövites from the northern intrusion 

on Alnön. The sövites are not interpreted as an eruptive component, but the result of fragmentation of 

the country rock during the eruption.  

The carbonate-dominated matrix represents a mechanical fine-grained mixture of the melilitite and 

sövite created during the eruption. It also carries xenocrystic assemblages of olivine and spinel, which 

represent disintegrated mantle debris further indicating a mantle source within, or deeper than, the spinel 

stability field for the melilititic component of the Sälskär breccia.   

The Sälskär breccia is undoubtedly unique among the rocks on Alnön, being the one of the few near-

surface rocks present. This is also supported by the presence of pelletal lapilli and the angular sövite 

fragments indicating an explosive form of emplacement. The pelletal lapilli are probably formed in the 

fluidized gas jet within a diatreme structure, Pelletal lapilli is most prominently found in the lower 

portion of kimberlitic diatreme deposits, and it is likely that that melilititic magmas behave in a similar 

way. This leads to a likely erosion level of about 1500 meters or less in the Sälskär area according to 

existing diatreme models. This is incompatible with a previous erosional model for Alnö that suggests 

the area has been subjected to 2 kilometers of erosion, which would lead to the breccia being situated 

in the root zone or below. This means that either: (i) Sälskär breccia represents a very deep diatreme, 

or (ii) the Sälskär breccia is significantly younger than the intrusive rocks which it penetrates.  
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To ascertain which of the interpretations of the emplacement modes is correct more data on the depth 

of the diatreme (from drill cores or geophysical investigations), and the age of the diatreme rocks is 

needed. Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) of perovskite have 

successfully been utilized to date the eruptions of kimberlites and other melilitites and would be of great 

interest. it would also be of interest to determine if, and how, the alnöitic dykes in the area may be 

related to the Sälskär breccia.  

 

Acknowledgements  
This thesis would not have been possible without my supervisor Hannes Mattsson, Researcher in 

mineralogy and petrology, located at Uppsala University. I want to thank him for inviting me to this 

research area, giving me this project, providing the necessary material, and for his guidance along the 

way. I also want to thank Jarek Majka, associate professor at Uppsala University, for coating the thin 

sections and for his help using the electron microprobe.  



18 

 

References 
Andersson M, Malehmir A, Troll VR, Dehghannejad M, Juhlin C, Ask M. 2013. Carbonatite ring-

complexes explained by caldera-style volcanism. Scientific Reports 3: 1677. 

Berghuijs JF, Mattsson HB. 2013. Magma ascent, fragmentation and depositional characteristics of 

“dry” maar volcanoes: Similarities with vent-facies kimberlite deposits. Journal of Volcanology and 

Geothermal Research 252: 53–72. 

Bowles JFW. 2021. Oxides. In: Alderton D, Elias SA (ed.). Encyclopedia of Geology (Second Edition), 

pp. 428–441. Academic Press, Oxford. 

Brett RC, Russell JK, Moss S. 2009. Origin of olivine in kimberlite: Phenocryst or impostor? Lithos 

112: 201–212. 

Brey G, Green DH. 1977. Systematic study of liquidas phase relations in olivine melilitite +H2O +CO2 

at high pressures and petrogenesis of an olivine melilitite magma. Contributions to Mineralogy and 

Petrology 61: 141–162. 

Brooker RA, Kohn SC, Holloway JR, McMillan PF. 2001. Structural controls on the solubility of CO2 

in silicate melts. Chemical Geology 174: 225–239. 

Brueckner HK, Rex DC. 1980. K-A and Rb-Sr geochronology and Sr isotopic study of the Alnö alkaline 

complex, northeastern Sweden. Lithos 13: 111–119. 

Dawson JB. 1980. Kimberlites and their xenoliths. Springer, Berlin Heidelberg. 

Gernon TM, Brown RJ, Tait MA, Hincks TK. 2012. The origin of pelletal lapilli in explosive kimberlite 

eruptions. Nature Communications 3: 832. 

Hall A. 2000. Igneous petrology, 2. ed., 4. [repr.]. Prentice Hall, Harlow. 

Harnois L, Mineau R. 1991. Geochemistry of the Île Cadieux monticellite alnöite, Quebec, Canada. 

Canadian Journal of Earth Sciences 28: 1050–1057. 

Hawthorne JB. 1975. Model of a kimberlite pipe. Physics and Chemistry of the Earth 9: 1–15. 

Hode Vuorinen J. 2005. The Alnö alkaline and carbonatitic complex, east central Sweden: a 

petrogenetic study. Department of Geology and Geochemistry, Stockholm University 

Jung SG, Choi SH, Ji KH, Ryu J-S, Lee D-C. 2019. Geochemistry of volcanic rocks from Oldoinyo 

Lengai, Tanzania: Implications for mantle source lithology. Lithos 350–351: 105223. 

Junqueira-Brod TC, Brod JA, Gaspar JC, Jost H. 2004. Kamafugitic diatremes: facies characterisation 

and genesis—examples from the Goiás Alkaline Province, Brazil. Lithos 76: 261–282. 

Kresten P. 1980. The Alnö complex: tectonics of dyke emplacement. Lithos 13: 153–158. 

Kresten P. 1990. The Alnö Area (Alnöområdet). Beskrivning till  berggrundskartan över 

Västernorrlands län. Sveriges Geologiska  Undersökning (SGU) 

Le Bas MJ. 2008. Fenites associated with carbonatites. The Canadian Mineralogist 46: 915–932. 

Le Maitre RW, Streckeisen A, Zanettin B, Le Bas MJ, Bonin B, Bateman P (eds). 2002. Igneous Rocks: 

A Classification and Glossary of Terms, 2nd ed. doi 10.1017/CBO9780511535581. 



19 

 

Mattsson HB. 2012. Rapid magma ascent and short eruption durations in the Lake Natron–Engaruka 

monogenetic volcanic field (Tanzania): A case study of the olivine melilititic Pello Hill scoria cone. 

Journal of Volcanology and Geothermal Research 247–248: 16–25. 

Mattsson HB, Nandedkar RH, Ulmer P. 2013. Petrogenesis of the melilititic and nephelinitic rock suites 

in the Lake Natron–Engaruka monogenetic volcanic field, northern Tanzania. Lithos 179: 175–192. 

Meert JG, Walderhaug HJ, Torsvik TH, Hendriks BWH. 2007. Age and paleomagnetic signature of the 

Alnø carbonatite complex (NE Sweden): Additional controversy for the Neoproterozoic paleoposition 

of Baltica. Precambrian Research 154: 159–174. 

Mitchell RH. 1997. Kimberlites, orangeites, lamproites, melilitites, and minettes: a petrographic atlas. 

Almaz Press, Thunder Bay. 

Mitchell RH (ed). 1996. Undersaturated alkaline rocks: mineralogy, petrogenesis, and economic 

potential. Mineralogical Association of Canada, Nepean. 

Morimoto N, Fabries J, Ferguson AK, Ginzburg IV, Ross M, Seifert FA, Zussman J, Aoki K, Gottardi 

G. 1988. Nomenclature of pyroxenes. American Mineralogist 73: 1123–1133. 

Philpotts AR, Ague JJ. 2009. Principles of igneous and metamorphic petrology, 2nd ed. Cambridge 

University Press, Cambridge, UK; New York. 

Sparks RSJ, Baker L, Brown RJ, Field M, Schumacher J, Stripp G, Walters A. 2006. Dynamical 

constraints on kimberlite volcanism. Journal of Volcanology and Geothermal Research 155: 18–48. 

Strekeisen, A. (2017), Alnöite. https://www.alexstrekeisen.it/english/vulc/alnoite.php [25-05-2022] 

von Eckermann H. 1948. The alkaline district of Alnö Island. Sveriges Geologiska  Undersökning 

(SGU) 122. 

White JDL, Ross P-S. 2011. Maar-diatreme volcanoes: A review. Journal of Volcanology and 

Geothermal Research 201: 1–29. 
 

 

 







 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


	Framsida_Titelsida_MALL_engelsk
	Tryckortssida_MALL_engelsk
	RödaSerien_SistaSidan_Hjeltström_sigill_______denna

