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Abstract 
 
Baggalútar from Hvalfjörður (Iceland): Enigmatic spheroids of hydrothermally altered basaltic 

tephra 

Emmie Djuse 

 

Baggalútar are well-rounded spheroids that typically measures 16-18 mm in size and have a brown 

reddish appearance. They can be found in the Hvalfjörður bay in SW Iceland. There are many 

descriptions in literature and on the internet that Baggalútar are volcanic spherulites formed by quartz 

or cristobalite spheres growing out of a common centre and there is also a broadly accepted consensus 

of this theory. However, despite this consensus that Baggalútar are volcanic spherulites there exist no 

detailed investigation of their origin. The aim of the thesis is to investigate what Baggalútar is exactly 

and how they form. This is achieved by using a combination of petrographic observations with a 

polarization microscope, mineral chemistry from electron microprobe analysis and measurements of 

their magnetic properties. 

The results are compared with different geological and anthropological spheroids, spherulites, 

nodules and concretions. The petrographic observations show that they predominantly consist of fine-

grained basaltic tephra (groundmass) together with zeolites infilling voids. Analyses of mineral 

chemistry indicate that the groundmass consists of augitic pyroxene, plagioclase, and two different 

oxides where one classifies as titanomagnetite. The magnetic measurements support this by showing a 

Curie temperature at approximately 460-470 °C which is likely to be titano-magnetite. Although the 

different geological and anthropological processes that typically results spheroidal shapes have some 

similarities that could explain the formation of baggalútar, most of these can be excluded for different 

reasons. The internal textures of baggalútar strongly indicate that the shape is controlled by external 

factors, like weathering or erosion from beach outcrops. This could explain the spherical shape of a 

single baggalút, but it fails to explain the spheroidal shapes of individual baggalútar joined together in 

clusters. 
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Sammanfattning 
 

Baggalútar från Hvalfjörður (Island): Gåtfulla sfäroider av hydrotermiskt omvandlad basaltisk 

tefra 

Emmie Djuse 

 

Baggalútar är väl rundade sfäroider som vanligtvis mäter 16–18 mm i storlek och har ett brunt rödaktigt 

utseende. De hittas i Hvalfjörðurbukten i SW Island. Det finns många beskrivningar i litteraturen och 

på internet som säger att Baggalútar är vulkaniska sfäruliter som bildas av kvarts- eller kristobalitsfärer 

som växer fram ur ett gemensamt centrum och det finns också en allmänt accepterad konsensus om 

denna teori. Men trots denna konsensus om att Baggalútar är vulkaniska sfäruliter finns det ingen 

detaljerad undersökning av deras ursprung. Syftet med avhandlingen är att undersöka exakt vad 

Baggalútar är och hur de bildas. Detta uppnås genom att använda en kombination av petrografiska 

observationer med ett polarisationsmikroskop, mineralkemi från elektronmikrosondanalys och 

mätningar av deras magnetiska egenskaper. 

Resultaten jämförs med olika geologiska och antropologiska sfäroider, sfäruliter, noduler och 

konkretioner. De petrografiska observationerna visar att de till övervägande del består av finkornig 

basaltisk tefra (grundmassa) tillsammans med zeoliter som fyller ut tomrum. Analyser av mineralkemi 

visar att grundmassan består av augitisk pyroxen, plagioklas och två olika oxider där den ena 

klassificeras som titanomagnetit. De magnetiska mätningarna stödjer detta genom att visa en Curie-

temperatur på cirka 460–470 °C som sannolikt är titanomagnetit. Även om de olika geologiska och 

antropologiska processerna som vanligtvis resulterar i sfäroida former har vissa likheter som kan 

förklara bildandet av baggalútar, kan de flesta av dessa uteslutas av olika anledningar. Baggalútars inre 

texturer indikerar starkt att formen styrs av yttre faktorer, som väderpåverkan eller erosion från 

strandhällar. Detta kan förklara den sfäriska formen av en enda baggalút, men det misslyckas med att 

förklara de sfäriska formerna av individuella baggalútar i sammanfogade kluster. 
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1. Introduction 
Baggalútar are well-rounded spheroids that can be found along the shoreline at Hvalfjarðareyri in the 

Hvalfjörður bay (SW Iceland). They are found as individual specimens as well as clusters up to nine 

spheroids growing together (Fig. 1a, b and c). They have a smooth surface, a brown reddish appearance 

and typically have a size between 16-18 mm in diameter. 

In the Icelandic literature there is a commonly invoked theory that Baggalútar are volcanic 

spherulites formed in voids within felsic lavas (Saemundsson and Gunnlaugsson, 1999). The round 

shape is interpreted to reflect radial growth of quartz and feldspar needles from a common centre (Fig. 

3). Such features are relatively common in rhyolitic lavas from NE Iceland (Saemundsson and 

Gunnlaugsson, 1999) and resembles spherulitic devitrification of Si-rich glasses (Gránásy et.al., 2005). 

However, no detailed investigation of baggalútar from basaltic terrains, such as the Hvalfjörður area, 

has been conducted and the exact origin are currently remains unknown. 

The purpose of this study is to identify what type of geological feature the baggalútar represent and 

provide a hypothesis for their formation. This goal is achieved by detailed characterization of their 

petrography and mineral chemistry, which is used in combination with measurements of magnetic 

susceptibility to infer their primary (magmatic) and secondary (alteration) mineralogy. Also, a 

comparison with different geological and anthropological spheroids, spherulites, nodules and 

concretions will be made to possibly exclude certain processes. 

 

 
Fig, 1. Photographs of baggalútar collected in Hvalfjörður. (a) One single baggalútar and four growing together. 

(b) Polished cross-section of three Baggalútar joined in a cluster. (c) A collection of hand specimens. 
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2. Background 

2.1 Geology of the Hvalfjörður area 
Hvalfjörður bay is situated in SW Iceland, approximately 30-40 km NNE of Reykjavik (Fig. 2). The 

area lies between the Akrafjall and Esja mountains and consists of a thick (more than 1 km) sequence 

of late Tertiary to early Quaternary tholeiitic flood basalt with minor intercalations of tuffs and rhyolite 

rocks (Weisenberger and Selbekk, 2008). There are several nearby central volcanoes which have 

affected the basalt. The lava sequence in this area were initially quite flat lying but gradually increased 

its tilting towards the centre of volcanism (i.e., the active rift zones in Iceland). As rifting continued the 

material was pushed to the side and eventually it became exposed to the surface by erosion. Therefore, 

the lava layering now dips even more towards the active rift zone. The coastal area of Hvalfjörður today 

is estimated to be approximately 1100 m below the original surface due to erosion of the lava pile 

(Gudmundsson, 2017). 

 

 
Fig. 2. Modified bedrock map of SW Iceland (Jóhannesson, 2014). Red star shows where baggalútar were 

collected. 

 
The high heat flow from nearby volcanoes and burial of the lava has affected the basalt by progressive 

low-temperature metamorphism. Due to the low-temperature metamorphism the area is rich in several 

zeolite minerals. The zeolite facies of basaltic lavas are correlated to the burial of the lava pile and active 

rift zone (Weisenberger and Selbekk, 2008). 

A previous study of Weisenberger and Selbekk (2008) revealed that 11 different kinds of zeolites are 

present in the Hvalfjörður area (e.g., analcime, chabazite, heulandite, mesolite, stilbite, thomsonite and 

stellerite). Characteristic of these is that they are calcium-rich (except for analcime which is sodium-

rich) with variable amounts of potassium and sodium. This reflects the basalt in the area which has a 

high Ca/ (Na + K) ratio (Weisenberger and Selbekk, 2008). There are three distinct zeolite zones in the 

Hvalfjörður area sorted by the metamorphic prograde evolution (Weisenberger and Selbekk, 2008). In 

the lowest-temperature zone (<70 °C), located in the upper parts of the mountain and down to altitudes 

of 120-300m, zeolites like chabazite and thomsonite can be found. The middle most zone, down to the 

base of the mountain ridges, is characterized by the presence of mesolite. This zone also holds the largest 

diversity of zeolites like for example analcime, stilbite and heulandite and indicate a temperature 

between 70-110 °C (Kristmannsdottir, 1979). Chabazite and thomsonite can also coexist in the upper 

part of the mesolite zone. In the lower zone, i.e., along coastline and in beach outcrops, traces of 

laumontite and the endmember stellerite appear and this reflects the highest temperature (>110 °C) 

(Kristmannsdottir, 1979). 
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2.2 Geological and anthropological spheroids, spherulites, nodules and concretions 

Many different geological and anthropological processes can potentially form spheroidal shapes similar 

to that observed in baggalútar from Hvalfjörður. Below follows a short description of some of the most 

likely processes that could be responsible for the shape of baggalútar. 

Volcanic spherulites are spherical bodies which generally grow in voids in glassy rocks and 

especially in felsic lava. They usually have radial internal structures due to the intergrowth of quartz and 

feldspar needles and are thought to have formed due to rapid mineral growth after nucleation, possibly 

on accumulation of volatiles (Saemundsson and Gunnlaugsson, 1999). Figure 3(a) shows how mineral 

needles grow to spherical shapes (i.e., volcanic spherulites) in glass. 

“Moqui marbles” are spheroidal sandstone concretions in the Navajo Sandstone in Utah (USA). They 

appear as brownish-black spheroids that occur in sandstone (Figs. 3b and c) and are formed by 

infiltration of Fe-rich water into unconsolidated quartz-rich sand, coupled with precipitation of iron 

oxide hematite as a shell (Chan et al. 2000). 

Spherical geological features are not only restricted to Earth. In 2004, NASA's Mars Exploration 

Rover Opportunity reported of spherical inclusions (that appear similar to baggalútar) (Bonnell, 2004). 

They occur as hematite-rich concretions on the tholeiitic basalt surface on Mars and are called “Martian 

Blueberries” (Fig. 3d). Although their exact origin has not been determined, their similarities with 

Moqui marbles have been used to argue similar processes have operated on Mars and is said to be 

evidence of an ancient water- rich environment (Bonnell, 2004). 

Ferromanganese nodules are marine concretions formed by hydrothermal processes on the ocean 

floor by redox processes in the boundary layer between sediment and water (Calvert, 1978). They have 

a reddish-brown colour due to the presence of the iron oxide mineral hematite and have concentric 

internal textures and layering (Fig. 3e). 

Accretionary lapilli are small lava fragments that form during explosive phreatomagmatic eruptions 

involving external water. They form in turbulent ash clouds as a result of wet aggregation of particles 

(Gilbert and Lane, 1994). They often have rounded shapes, internal textures and can reach considerable 

sizes (Fig. 3f). 

Finally, some anthropological smelting operations use sintered material in their production (such as 

iron-smelting). Sintered materials are spheroids of iron ore concentrate that have been sintered at 

temperatures from 1175°C to 1350°C (Fig. 3g). The mineral composition consists mostly of hematite, 

magnetite and some silico-ferrite of calcium and aluminium (SFCA) that varies in amount depending 

on the temperature (Verdeja et al., 2013). 
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Fig.3. Different geological and anthropological spheroidal shapes. (a). Picture from polarization microscope 

showing volcanic spherulites showing the quartz and feldspar needles growing radially. (b). Polished cross-section 

of two Moqui marbles showing darker shell of iron-oxide. (c) Picture from polarization microscope showings the 

different grains of sandstone randomly distributed. (d). Martian spherules or “blueberries” that were discovered 

by Mars Exploration Rover Opportunity (NASA, 2012). (e). Photo of ferromanganese nodules from the seafloor 

(United States Geological Survey 2010). (f). Picture showing spheroids of accretionary lapilli. (g). Picture showing 

iron-pellets from anthropological smelting operations. 
 

3. Methods 
Samples of baggalútar were collected from Hvalfjörður, Iceland over a period of 20 years by Hannes 

Mattsson. For this study two thin sections of baggalútar were used. One with a double baggalútar or 

more particularly two spheroids joined together (BHLR-16) and one with an individual single baggalútar 

(BHL-12). To start with, petrographic observations were made with a polarization microscope to study 

the larger-scale internal features, and if possible, identify mineral phases. 
Electron microprobe analyses were used to determine mineral chemistry from the two thin sections. 

The electron microprobe was also used for backscatter imaging using backscattered electron imaging 

(BSE). The microprobe that was used was of the model JXA-8530F JEOL SUPERPROBE equipped 

with WDS spectrometers. Analyses and measurements were done using a focused beam for groundmass 

minerals and a 20 µm defocused beam for analysis of zeolites. The mineral standards used for calibration 

was: Si, Ca – wollastonite; Na – albite; K – orthoclase; Mn, Ti – pyrophanite; Fe – fayalite, and for pure 

element oxides: Al2O3, MgO, Cr2O3 and NiO were used. All elements were analyzed by Kα spectral 

lines. 

Magnetic measurements were made on pulverized Baggalútar samples to determine the temperature-

dependent magnetic susceptibility, i.e. the Curie temperature(s), for the opaque phases (at high 

temperature), and to identify possible recrystallization of opaque minerals (at low temperature). For the 

low temperature measurements, the sample was placed in a test tube and was cooled down with liquid 

nitrogen to approximately -190°C. As the sample warmed up the change in susceptibility was measured 

in intervals. For the high temperature measurement, the magnetic susceptibility was first measured first 

as the temperature was increased to 700°C, by a built-in furnace. Then, the susceptibility was measured 
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as the temperature decreased back to room temperature. The results from the magnetic measurements 

were processed in the program Cureval8. Cureval8 was downloaded from AGICO, Advanced 

Geoscience Instruments Company. 

Literature studies were also conducted by reading relevant scientific articles about the geological 

setting in Hvalfjörður and studies and analyses of older data already made on Baggalútar. 

4. Result 

4.1 Petrography  
When examined using the petrographic microscope very little information on the mineralogy of the 

baggalútar can be obtained. The largest portion of the thin sections are composed of dark material where 

individual minerals cannot be identified (Fig. 4). The voids are visible with bright white and blue crystals 

growing radially. Figure 8 shows a picture in polarization light and the zeolites can be seen as white, 

blue, and grey growing in different kind of ways with different features. Some zeolites have grown and 

infilled the voids completely and some can be seen to fill the voids only partially. What is also visible 

is that the voids have different sizes, and some can be seen to be connected to each other. In the lower 

left corner one of the larger voids is visible and this one is filled with zeolites. In the lower right corner, 

there are some smaller voids visible that look like broken pieces of a larger one. A xenolithic fragment 

can also be seen in Figure 4 (indicated by a red arrow). The xenolithic fragment has a sub-angular 

appearance with slightly coarser-grained textures that is different compared to that observed in the 

groundmass and zeolites. 
 

 
Fig. 4. Photograph in cross-polarized light showing the internal texture of a baggalútar using an optical 

microscope. Red arrow showing the unknown fracture. 
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Because the optical investigations of the thin sections reveal little information, except the dominance 

of darker areas over zeolites infilling voids, the following petrographic descriptions using backscatter 

imaging, and following paragraph on the mineral chemistry, are divided into: (4.1.1) groundmass 

mineralogy (i.e., the darker areas in Fig. 4), and (4.1.2) zeolite mineralogy (i.e., the brighter areas in Fig. 

4). 

 

4.1.1 Groundmass 

From backscatter imaging it is clear that the groundmass is very fine grained (Fig. 5), and that 

identification of individual minerals require large magnifications. 
The groundmass minerals have been identified as pyroxene, feldspar, apatite, and oxides (Fig. 6). In 

the backscatter images the plagioclase occurs as medium grey in colour and has an oblong lath-shape 

that grows in no random orientations in the groundmass and is the least common. The crystal that has 

the darkest shade of grey is identified as one of the zeolites and grows in random orientations and is 

distributed in places similar to were plagioclase is located. Pyroxene is irregularly shaped, has the 

lightest shade of grey and are well distributed in the groundmass and growing between the oblong lath-

shape minerals. The oxides images as white dots with a wide range of different shapes. 

Figure 7 shows the contact between two baggalútar joined together in a cluster and that the internal 

textures between them are continuous from one spheroid to another with no concentric texture. 

 

 
Fig. 5. Backscatter image showing the main petrographic features with the groundmass and cavities that have been 

infilled with zeolites (darker grey). 
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Fig. 6. Backscatter image showing a close-up image of the typical internal textures observed. Zeolites are observed 

in both the voids and groundmass. 

 

 
Fig. 7. Backscatter images of Baggalútar (BHLR-16) showing the internal contact between two spheroids joined 

together. 
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4.1.2 Zeolite infill 
At least four different zeolites can be distinguished based on their reflectance during backscatter 

imaging. They all grow in cavities inside and between the groundmasses. The orientation of growth is 

both towards the centre of the cavity but also away from the cavity walls into the groundmass (Fig. 8a). 

Some of the cavities are filled with zeolites whereas some are partially filled (Fig. 8b). In picture a and 

b in Figure 8 two different zeolites are identified, one zeolite (number 3) on the edge of the void. It has 

a grey colour and elongated crystals form dense masses or radiating clusters. The zeolite in darker grey 

(number 1) fills out the left of the void and occurs either as individual crystals or as clusters. In Figure 

8c the two previously mentioned zeolites are identified but also zeolite number 2 that has a tabular form.  

Fig. 8. Backscatter images of main petrographic features for zeolites. (a) Photo of different zeolites (b) Photo of 

cavities filled with zeolites in the ground mass. (c) Photo of zeolites growing in cavity. 
 

a) b) 

c) 
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4.2 Mineral chemistry 
 

4.2.1 Groundmass 
Representative analyses of pyroxene, plagioclase, and oxides in the fine-grained groundmass can be 

found in Table 1. The zeolite minerals in the groundmass could not be analysed due to the small size of 

the crystals and the need for a broad spot-size during analysis. The zeolites are water-bearing minerals 

that was disintegrated during the use of the electron microprobe. 
 

Pyroxene 

The pyroxene in the samples were identified as being a clinopyroxene. The analysed pyroxenes have 

compositions ranging from 46.3-48 wt% SiO2, 2.06–2.79 TiO2, 6.67-8.33 Al2O3, 6.59-8.4 FeO, 14.47-

15.86 MgO, 19.85-19.89 CaO and 0.43-0.77 Na2O (Table 1). When plotting the composition (appendix 

B) in a ternary classification diagram for clinopyroxenes it shows an augite composition (Fig. 9). 

 

Feldspar 

The feldspars have compositions that range from 55.95-56.34 wt% SiO2, 24.1-27.37 Al2O3, 9.76-10-96 

CaO and 4.02-5.07 Na2O (Table 1). The anorthite content, which was calculated as  

An = 100xCa/(Ca+Na) show that the plagioclase has a range between An50.0 and An58.6 (Table 1).   

 

Oxides 

The analysis from the oxides indicate that two different minerals are present. The most common oxide 

has a composition that range from 67.74-69.87 wt% FeO and 7.83-8.06 TiO2 (Table 1). Based on the 

chemistry it classifies as titano-magnetite. The other, much less common, oxide present has a 

composition of 42.78 wt% FeO and 45.4 TiO2 (Table 1). Based on the chemistry the second oxide would 

classify as titano-hematite. 

 

Table 1. Representative electron microprobe analyses of groundmass minerals in baggalútar from Hvalfjörður. 

 Pyroxene   Feldspar   Oxides   

Analysis# 19 20 35 299 303 314 267 194 278 

Mineral Augite Augite Augite Plg Plg Plg Ti-Mg Ti-Mg Ti-Hm 

SiO2 46.30 48.00 47.43 56.11 55.95 56.34 4.45 6.31 0.29 

TiO2 2.59 2.79 2.06 0.19 0.31 0.29 8.06 7.83 45.40 

Al2O3 8.33 6.67 6.87 27.28 24.10 27.37 4.53 6.20 1.55 

FeO 8.19 8.40 6.59 1.06 1.69 1.21 69.87 67.74 42.78 

MnO 0.37 0.39 0.36 0.00 0.00 0.02 0.56 0.56 0.30 

MgO 14.90 14.47 15.86 0.78 2.40 0.17 4.83 4.26 5.73 

CaO 19.89 19.87 19.85 10.73 10.96 9.76 1.65 1.66 0.46 

Na2O 0.75 0.77 0.43 4.61 4.02 5.07 0.46 0.33 0.01 

K2O 0.00 0.03 0.05 0.42 0.51 0.57 0.00 0.04 0.02 

Total 100.39 101.50 99.63 101.25 99.98 100.82 94.49 95.01 96.59 

XMg 70.1 68.9 70.9 - - - 8.2 7.5 14.7 

An - - - 54.7 58.6 50.0 - - - 

XMg= 100xMg/(Mg+Fe). An = 100xCa/(Ca+Na). 
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Fig. 9. Clinopyroxene compositions from baggalútar plotted in the ternary classification diagram (following 

Morimoto et al., 1988). 

 

4.2.2 Zeolites 

Based on analyses of their mineral chemistry using the electron microprobe four different zeolites were 

identified and those were analcime, thomsonite, chabazite and stilbite (Table 2). The most common 

zeolite that dominated in the analyses was thomsonite that occurred much more than the rest of the 

zeolites. The second most common zeolite was stilbite followed by analcime. There were smaller 

quantities of chabazite which also was the least common in the analyses. Apatite was also present in the 

zeolite assemblages but was not analysed using the microprobe for this project. 

 

Thomsonite 

The two analyses for thomsonite have a composition that range from 39.76-40.29 wt% SiO2, 29.01-29.56 

Al2O3, 12.58-12.99 CaO, 3.99-4.15 Na2O and 0.01-0.5 K2O. Thomsonite has a variation in Si/Al ratio 

that goes from 1.19 to 1.23 which is the lowest ratio of all zeolites. The total varies from 86.27 to 86.47. 

 

Stilbite 

In these samples stilbite has a composition that range from 62.89-65.38 wt% SiO2, 15.93-17.28 Al2O3, 

6.18-6.92 CaO, 0.81-1.16 Na2O and 0.32-1.06 K2O. The analyses show a variation of Si/Al that range 

from 3.22 to 3.63 and has the highest ratio of all the zeolites. The total varies from 89.12 to 89.15. 

 

Analcime 

The representative analcime analyses range from 54.74-55.17 wt% SiO2, 23.3-23.64 Al2O3, 0.59-0.88 

CaO, 12.85 wt% Na2O and 0.04-0.06 K2O. The Si/Al ratio has a variation between 2.05 and 2.09 and a 

total that varies from 92.04 to 92.29.  

 

Chabazite 

The composition of chabazite consist of 49.45-53.47 wt% SiO2, 22.37-24.29 Al2O3, 9.57-10.31 CaO, 

1.35-2.71 Na2O and 0.35-0.49 K2O. The analyses show a variation of Si/Al that range between 1.79 and 

2.11 and a total that varies from 87.22 to 87.63. 
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Table 2. Representative electron microprobe analyses of zeolites in baggalútar from Hvalfjörður. 

Analysis# 66 118 82 119 108 136 48 114 

Number# 3 3 2 2 1 1 - - 

Mineral Thomsonite Thomsonite Stilbite Stilbite Analcime Analcime Chabazite Chabazite 

SiO2 39.76 40.29 65.38 62.89 54.74 55.17 53.47 49.45 

TiO2 0.03 0.01 0 0 0.03 0.01 0 0.02 

Al2O3 29.56 29.01 15.93 17.28 23.64 23.3 22.37 24.29 

FeO 0.08 0.1 0.11 0.11 0 0.04 0.04 0.17 

MnO 0.03 0 0.03 0 0.01 0.04 0 0 

MgO 0 0 0.003 0.01 0.01 0 0.02 0.07 

CaO 12.58 12.99 6.18 6.92 0.88 0.59 9.57 10.31 

Na2O 4.15 3.99 1.16 0.81 12.85 12.85 1.35 2.71 

K2O 0.05 0.01 0.32 1.06 0.06 0.04 0.35 0.49 

Total 86.27 86.47 89.12 89.15 92.29 92.04 87.22 87.63 

Si/Al 1.19 1.23 3.63 3.22 2.05 2.09 2.11 1.79 

 

4.3 Whole rock geochemistry 
The major elements have previously been analysed for six different baggalútar samples. These six 

samples come from different baggalútar than the ones in sample BHL-12 and BHLR-16. However, there 

are great similarities in all of them so they can be used to conduct information and get an understanding 

about the forming process. 

The results show a limited variation between different samples (Table 3). SiO2 varies from 42. 39- 

44.21 wt% and Na2O content between 2.92 - 3.46 wt% and K2O from 0.44 to 0.70 wt%. The data also 

shows some loss on ignition that varies between 6.54 and 7.95. The whole rock data also shows a 

presence of P2O5 that range from 0.03 to 0.21 wt%. In a TAS-diagram, the whole rock compositions of 

baggalútar plot as basanite (Fig. 10). It plots at slightly lower SiO2 values than Icelandic basalts 

(Jakobsson 1972). 

 

Table 3. Major element data* for the analysed samples of Baggalútar (BL). 

Sample BL-1 BL-2 BL-3 BL-4 BL-5 BL-6 

SiO2 43.39 42.39 44.21 43.02 43.45 42.73 

TiO2 1.53 1.5 1.58 1.46 1.55 1.57 

Al2O3 17.25 17.77 16.94 17.88 17.22 17.33 

Fe2O3
T 10.9 10.62 11.26 10.36 10.96 11.07 

MnO 0.16 0.17 0.17 0.16 0.17 0.17 

MgO 4.51 4.63 4.81 4.4 4.66 4.69 

CaO 11.16 11.39 10.63 11.03 11.35 11.38 

Na2O 2.95 3.36 3.46 3.15 3.18 2.92 

K2O 0.7 0.56 0.69 0.82 0.44 0.57 

P2O5 0.09 0.17 0.03 0.06 0.21 0.06 

LOI 7.63 7.7 6.54 7.95 7.09 7.67 

Total: 100.29 100.26 100.35 100.31 100.31 100.17 

All Fe as Fe2O3
T. LOI=Loss On Ignition. Major elements analysed by XRF at ETH Zürich. 

*Data courtesy of H.B. Mattsson 
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Fig. 10. TAS diagram showing the composition of baggalútar in comparison to typical basalts in Iceland using the 

software of Iacovino et.al. (2021). Icelandic basalt compositions from Jakobsson (1972). Note that the whole-rock 

compositions of baggalútar classifies as basanites, with approximately 5 wt. % less SiO2 than most basalts. 

 

4.4 Magnetic measurements 
Measurements of the temperature-dependent magnetic susceptibility of two different samples of 

baggalútar (BL-3 and BL-4) shows that two trends are present. These are represented by the two drops 

in magnetic susceptibility observed in each of the samples. In BL-3 the first drop occurs around 320°C, 

and the second at just below 470°C (Fig. 11).  In BL-4 the first drop occurs just below 340°C, and the 

second at approximately 460°C (Fig. 12). The temperature by these drops of magnetic susceptibility 

also indicates the Curie temperature for the samples (Tauxe et.al., 2021). The low temperature 

measurements on both BL 4 and BL 3 show no deviating curve or change in susceptibility (Appendix 

A). 
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Fig. 11. Diagram showing the high temperature measurements for BL-3 when heating and cooling. 

 

 
Fig. 12. Diagram showing the high temperature measurements for BL-4 when heating and cooling. 

 

5. Discussion 

5.1 Origin of the groundmass 
The mineral chemistry analyses (Table 1) shows that the groundmass consists of augitic pyroxene, 

plagioclase and two different oxide minerals (titanomagnetite and titano-hematite, or possibly 

titanomagnetite with minute exsolution lamellae of ilmenite). When plotting the pyroxenes in the ternary 

classification diagram it shows an augite composition which corresponds to what would be expected in 

a fairly developed basalt (Jakobsson, 1972). Also, the An-content of plagioclase range from An50.0 to 

An58.6 (Table 1), which is also within the range of what would be expected in a moderately fractionated 
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basalt (Frost and Frost, 2013). The magnetic measurements of two different samples show similar trends 

and drops in magnetic susceptibility in each sample. 
The two trends drop at approximately the same temperature with the first drop at 320-340°C and the 

second drop at 460-470°C (Figs. 11 and 12). The temperature by these drops in the magnetic 

susceptibility indicates the Curie temperature which is the temperature where a ferromagnetic material 

becomes paramagnetic and can be used to identify which rock is present. The literature value for the 

Curie temperature of magnetite is 580°C (Tauxe et.al., 2021) which does not correspond to the 

temperatures of the drops in these samples (Figs. 11 and 12). This indicates that it is not pure magnetite 

in the samples which instead could confirm that titanomagnetite is present. This is possible because 

titanomagnetite is not pure magnetite and Ti substitutes for Fe resulting in a reduction of the Curie 

temperature (Tauxe et.al., 2021). Therefore, the drop at 460-470°C (Figs. 11 and 12) is attributed to the 

presence of titanomagnetite with a TiO2-content between 7.38-8.06 wt.% (Table 1). The drop at 320-

340°C (Figs. 11 and 12) is not as easily explained and may be due to the high-Ti phase (~45.40 wt.% 

TiO2; Table 1) or from some other mineral that was too small to analyse with the electron microprobe. 

The whole rock chemistry shows a SiO2 variation from 42.39- 44.21 wt%, which is lower than normal 

for Icelandic basalts, and variable alkali content where Na2O varies between 2.92 - 3.46 wt% and K2O 

from 0.44 to 0.70 wt% (Table 3). Thus, when plotted in the TAS-diagram the whole-rock analyses of 

baggalútar classifies as basanites (Fig. 10). The lower-than-normal SiO2-content of baggalútar compared 

with basalts is likely due to the presence of abundant zeolites in the investigated samples (Fig. 10 and 

Table 2). Thomsonite is the most common zeolite found in the samples and it also has the lowest SiO2-

content of all identified zeolites (~40 wt.%; Table 2). This means that the composition of the groundmass 

is probably nearly identical to basaltic tephra together with Si-poor zeolites due to secondary processes 

(i.e., infilling of voids by predominantly Si-poor zeolites). The whole rock chemistry also shows a P-

rich mineral which could classify as apatite and would be in a basaltic composition (Jakobsson, 1972). 

The mineral compistion of the groundmass is what could be expected in a relatively evolved basalt, 

similar to what is shown in the bedrock map from the Hvalfjörður area (Fig. 2). 

The small size of individual crystals in the groundmass and their random orientation (Figs. 5 and 6) 

is consistent with quench crystallization (Frost and Frost, 2013). This indicates that the groundmass 

cooled very rapidly. This could potentially be due to interactions between a hot magma and external 

water (e.g., seawater of groundwater). Petrographic observations indicate a crystallization sequence in 

which plagioclase is crystallized first as oblong well shaped laths (Fig. 6). Second in order is the 

subhedral pyroxenes has grown and filled out in between the plagioclase. The zeolites grow in the same 

way as the plagioclase and could have replaced volcanic glass, or plagioclase, during low temperature 

alteration and is last in order under crystallisation. The crystallisation order for titanomagnetite is more 

complex but it appears to have crystallize over most of the range due to both euhedral and dendritic 

crystals. 

 

5.2 Zeolite paragenesis – identifying the source of baggalútar within the local 

stratigraphy from the alteration temperature 
In the Hvalfjörður area there are three distinct zeolite zones that are divided by temperature and 

altitude. The most common zeolite that dominated in the analyses was thomsonite and the second most 

common stilbite followed by analcime. Thomsonite is exposed in the upper parts of the mountain and 

is one of the lowest-temperature zeolites (<70 °C). This zeolite can also be found in the middle zone 

(70-110 °C) along with analcime, stilbite and chabazite. In the middle zone, down to the base of the 

mountain ridges, there is a great diversity of zeolites and all the zeolites in baggalútar in this study are 

present in that temperature area. Considering this, and the figures in this study showing zeolites, it is 

reasonable to say that in some figures thomsonite has grown first in order and analcime second and 

that it indicates a temperature zone with approximately 70-110 °C. 
Three distinct zeolite zones have previously been identified in the Hvalfjörður area based on at which 

temperature they form and where they are situated within the local stratigraphy (Weisenberger and 

Selbekk, 2008). In the samples investigated here, thomsonite is by far the most common zeolite followed 

by stilbite, analcime, and minor chabazite. According to Weisenberger and Selbekk (2009) thomsonite 

and chabazite is present in the upper parts of the mountain and is one of the zeolites that forms at the 

lowest temperatures (Fig.13). However, this uppermost zeolite zone does not contain stilbite and 

analcime. The middle zone (i.e., the mesolite zone; Fig. 13), extends between 50 and 300 m in elevation 
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(and representing 70 to 100°C), contain thomsonite along with analcime, stilbite and chabazite 

(Weisenberger and Selbekk, 2008). In addition to the zeolite minerals identified in this study, the 

mesolite zone has mesolite throughout the zone, with additional levyne in the uppermost part and 

heulandite in the lowermost part (Fig. 13). Thus, all zeolites identified in this study are present in this 

specific temperature range. Also, unpublished XRD-analysis indicate that mesolite and heulandite are 

occasionally present in some samples of baggalútar, but not levyne (H. Mattsson, personal 

communication). The lowermost zone contains a markedly different zeolite assemblage that that 

reported here (with laumontite, yugawaralite and stellerite; Fig. 13). 

The crystallization order of individual zeolite minerals is not easy to unambiguously determine. In 

some voids thomsonite appear to be the first crystallizing phase (i.e., lining the walls of cavities; Fig. 

8a), whereas other voids within the same sample are characterized by a different order of crystallization 

(Fig. 8c). Considering this, it is only possible to conclude that the observed zeolite mineral assemblage 

is consistent with temperatures of approximately 80 to 110 °C (indicated by yellow field in Fig. 13). 

This also means that the source rock from which the baggalútar are originally derived from, should be 

located somewhere at elevations between 50 m and 250 m above the present-day sea level. 

 

Fig. 13. Distribution of zeolites in Hvalfjörður, and those observed in baggalútar (yellow field from this study). 

Modified from Weisenberger and Selbekk (2008). 

 

5.3 Comparison with other spheroidal geological/anthropological features and a 

hypothesis for the formation of baggalútar, in Hvalfjörður 
Many different kinds of geological and anthropological processes could Here, some common 

examples will be discussed in more detail. Note, however, that the processes discussed here pertain to 

baggalútar from Hvalfjörður and that other occurrences of baggalútar in Iceland could have different 

origins. 
Volcanic spherulites, like those that baggalútar have previously been interpreted as (Saemundsson 

and Gunnlaugsson, 1999), commonly form when glass is replaced with radial growth of quartz and 

feldspar needles from a common centre (Fig. 3a). The mineral needles grow to a spherical shape that is 

clearly visible. There is thus a clear difference in the internal structure of volcanic spherulites (Fig. 3a) 
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and that observed in baggalútar from Hvalfjörður (Fig. 4). In fact, baggalútar do not have any clear 

internal textures that correspond to their shape, and the quench crystallization is randomly orientated. 

Another difference is that the supposed needles consist of quartz and felspar in volcanic spherulites and 

there is no quartz present in baggalútar (Table 1). Therefore, an origin as volcanic spherulites can be 

ruled out for baggalútar from Hvalfjörður. 

Sandstone concretions, such as the “Moqui marbles” from the Navajo Sandstone in Utah, are quite 

similar in appearance to baggalútar as they both form brownish spheroids (Figs. 3b and c). The biggest 

difference is that Moqui marbles consist of quartz-rich sandstone and baggalútar of volcanic rock. The 

internal structure of Moqui marbles consist of consolidated sand that has different types of grain sizes 

randomly distributed in the whole spheroid (Fig. 3c). The shell of the Moqui consist of iron oxide 

hematite which is a mineral that is not present in baggalútar and baggalútar does not have a surrounded 

shell. Instead in the baggalútar the internal texture continues all the way to the edges. There is no sign 

of a shell around baggalútar and on the edges it is visible that the voids have been eroded (Fig. 7). 

“Martian blueberries” represent another variety of sandstone concretions that occur on the surface of 

Mars (Fig. 3d). They have been suggested to be analogous to Moqui Marbles in terms of how they form, 

indicating that similar processes as on present-day Earth have operated on Mars in the past (Bonell, 

2004). Baggalútar is very similar to Moqui marbles and therefore even, if not more, similar to the 

“Martian blueberries”. The main difference being that the sandstones on Mars most probably consist of 

basaltic material instead of quartz-rich lithologies. This could thus produce a basaltic bulk-composition 

and a basaltic mineralogy such as that observed in the baggalútar from Hvalfjörður. However, the 

measurements of magnetic susceptibility in baggalútar indicate that hematite is not present, and the 

formation of baggalútar must therefore be different than the process that form sandstone concretions. 

Ferromanganese nodules are common on the seafloor and have morphologies that are very similar to 

baggalútar, and they also have a similar brown reddish appearance (Fig. 3e). The red colour in 

ferromanganese nodules generally comes from the presence of significant amounts of hematite, which 

is absent in baggalútar based on the measurements of magnetic susceptibility (Figs. 11 and 12). Also, 

ferromanganese nodules are rich in Fe2O3
T and MnO which is not the case for baggalútar (Table 3). Yet 

another difference is that ferromanganese nodules have internal concentric layering (Calvert, 1978), 

which is lacking in baggalútar (Fig. 4). Based on this it is clear that baggalútar are not ferromanganese 

concretions. 

Accretionary lapilli often have rounded shapes and can reach considerable sizes that match 

baggalútar (Fig. 3f). An explosive origin of the groundmass ash by phreatomagmatic eruptions could 

potentially explain the basaltic composition of the groundmass and the very rapid cooling (quench 

crystallization) recorded. It is also common to find abundant xenolithic fragments representing the 

country-rock in such deposits (Gilbert and Lane, 1994). This can also be observed in some baggalútar 

(Fig. 4). However, accretionary lapilli typically have concentric internal textures which contradicts with 

what is observed in our samples. Although this hypothesis is perhaps the most likely to explain the 

formation of baggalútar, it has its drawbacks in that cannot easily explain why the internal texture is 

continuous from one spheroid to the other (Fig. 7). 

Anthropogenically produced spheroids (sinter) of iron ore concentrate used in smelting operations 

are similar to baggalútar in both overall appearance with the round shape and colour (Fig. 3g). However, 

such sinter pellets are rich in iron and consists mostly of hematite (due to oxidization during the sintering 

process). The investigated baggalútar are relatively low in iron (~11 wt.%; Table 3) and lack hematite 

(Figs. 11 and 12). Therefore, also this origin can be ruled out. 

Weathering or erosion could produce spherical shapes and it is likely that it has affected baggalútar 

to some degree as they are found along the shoreline. In fact, the internal textures of baggalútar, or lack 

thereof, strongly indicate that the shape is controlled by external factors, rather than internal pre-existing 

structures. However, while abrasion of a single baggalútar into a spherical shape is possible, it cannot 

explain clusters of baggalútar get the spherical shape and at the same time have a continuous inner 

structure (Fig. 7). 

Almost all the spheroidal geological features described here need interaction with water in some way, 

baggalútar included. Baggalútar have only be found on beach outcrops in Hvalfjörður and they have a 

large amount of water bearing minerals (zeolites). For it to be possible for the zeolites to form, good 

access to water is required. Hence, the baggalútar had to form close water, and perhaps in a marine 
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environment. Due to the fine-grained ash, it could also represent a layer of ash within the local 

stratigraphy of Hvalfjörður that was inundated by groundwater and buried by the overlying lava pile. 

 

6. Conclusions and future work  
This report provides the first detailed description of the enigmatic spheroidal Baggalútar from 

Hvalfjörður (Iceland). The largest portion of the thin sections consist of the groundmass with small 

minerals and voids that are either completely or partially infilled by zeolites. The zeolites can be seen 

growing in different ways with different features both within the voids but also out in the groundmass. 

The groundmass minerals present in the investigated samples is mainly augitic pyroxene, plagioclase, 

titanomagnetite together with secondary infilling of different types of zeolites. The primary 

mineralogy is thus consistent with the typical mineral assemblage of a normal basalt. The secondary 

mineralogy, consisting of predominantly Si-poor zeolites that formed during low temperature 

alteration of the basaltic tephra, shifts the whole-rock compositions to lower SiO2-contents which 

results in a classification as basanites (which is a rare composition for Iceland). In combination, these 

observations suggest that the material that makes up baggalútar is hydrothermally altered basaltic 

tephra. Although there are plenty of geological and anthropological processes that may explain 

spheroidal features such as those observed in baggalútar, most of these can be excluded for various 

reasons discussed in the report (such as for example volcanic spherulites, basaltic sandstone 

concretions, ferromanganese nodules and iron sinter pellets). A definitive explanation to how the 

baggalútar actually attain their spheroidal shapes remains elusive. 
Therefore, more work is needed to get a full understanding of their formation. In a basaltic 

composition olivine and apatite would be expected (Jakobsson, 1972). These minerals may still be 

present in the samples, but if they came late in the crystallization sequence, they may have formed too 

small crystals to be analysed with the electron microprobe and it would take more research on several 

samples to maybe get those results. Also, it would be helpful to do a more detailed investigation of the 

beach outcrop they have been found in and find an outcrop where they occur in-situ. The zeolite 

assemblage observed in the investigated samples gives a clue that baggalútar in the Hvalfjörður area (if 

they are locally derived) should be located somewhere between 50 and 250 m above the sea level 

(Weisenberger & Selbekk 2008). Therefore, any attempts to find outcrops with baggalútar in-situ should 

be focused on volcaniclastic beds occurring within this interval. 
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Appendix A - Geochemistry of the clinopyroxenes 
 

No. Na2O Al2O3 MgO SiO2 K2O TiO2 CaO BaO Cl NiO FeO MnO Cr2O3 Total Comment 

21 0.9669 5.1 16.69 47.69 0 1.4683 18.77 0.0281 0.0037 0 10.61 0.4541 0.0471 101.8281 BDPyx-3 

36 0.3512 2.5 19.58 52.77 0.0275 0.9605 19.65 0.0262 0.0099 0.05 5.33 0.5089 0 101.7642 

BDPyx-

16 

20 0.7699 6.67 14.47 48 0.0266 2.79 19.87 0 0 0.05 8.4 0.3894 0.0641 101.5 BDPyx-2 

33 0.5204 4.7 17.81 50.51 0.0079 1.2034 19.18 0 0.0159 0.046 6.14 0.4184 0 100.5519 

BDPyx-

13 

39 0.369 7.29 14.47 48.41 0.0118 2.33 17.85 0.0097 0.0077 0.01 9.28 0.3631 0.0895 100.4907 

BDPyx-

19 

19 0.7475 8.33 13.9 46.3 0 2.59 19.89 0.0065 0.0028 0.044 8.19 0.3669 0.0261 100.3937 BDPyx-1 

24 0.7054 7.63 12.92 46.49 0.0489 2.54 18.36 0 0 0.0639 11.17 0.3553 0.0917 100.3751 BDPyx-5 

37 0.3891 7.54 14.11 48.09 0.0094 2.62 18.99 0 0 0 8 0.431 0.071 100.2505 

BDPyx-

17 

38 0.4139 7.57 15.94 48.94 0.0413 1.77 18.65 0.025 0 0.05 6.19 0.457 0.0691 100.1162 

BDPyx-

18 

32 0.2837 3.96 16.66 49.36 0.0206 1.0815 20.86 0.0457 0 0.0639 7.38 0.3764 0 100.0917 

BDPyx-

12 

31 0.2903 9.01 13.55 46.02 0.0023 2.65 18.8 0 0 0.0059 9.26 0.2427 0.0518 99.8831 

BDPyx-

11 

41 0.4921 8.14 14.18 45.95 0 2.51 19.77 0 0.0182 0.0219 8.28 0.3882 0.0733 99.8238 

BDPyx-

21 

23 0.833 7.64 14.41 46.49 0.0347 2.39 19.85 0 0.0059 0.02 7.57 0.398 0.0333 99.6749 BDPyx-4 

40 0.5325 7.61 14.56 46.76 0 1.87 18.75 0.0011 0.0044 0.0259 9.05 0.4676 0.0283 99.6599 

BDPyx-

20 

35 0.4341 6.87 15.86 47.43 0.0469 2.06 19.85 0.0163 0.015 0.0579 6.59 0.3626 0.0381 99.631 

BDPyx-

15 

34 0.4223 5.56 16.73 49.02 0.0734 1.5823 18.97 0 0 0.024 6.52 0.5025 0.0905 99.4951 

BDPyx-

14 
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Appendix B - Results of the low-temperature magnetic measurements 
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