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Abstract 
 
Mineral Chemistry and Parageneses of Oxyborates in Metamorphosed Fe-Mn Oxide 
Deposits 
Zacharias Enholm 
 
Oxyborate minerals can represent the most important sink for boron in silica-undersaturated mineralised 
systems such as those of the Långban-type. Yet, their distribution, characteristics and parageneses are 
still not completely known. In order to test the hypothesis that the chemical compositions of oxyborates 
are essentially reflecting their local environments, the present study was set up. Additional observations 
regarding their assemblages, textures and structure would allow for a broader understanding of their 
formation and paragenetic interrelationships. A representative selection of Mg-(Fe-Mn) oxyborates and 
associated minerals have been characterised using optical microscopy, field emission electron probe 
microanalysis (FE-EPMA) with wavelength dispersive spectroscopy (WDS), and Raman spectroscopy. 
The studied samples are from a suite of carbonate-hosted Fe-Mn oxide deposits in the western part of 
the Palaeoproterozoic Bergslagen ore province, in south central Sweden and include the minerals 
blatterite [(Mn2+,Mg)35(Mn3+,Fe3+)9Sb5+

3(BO3)16O32], fredrikssonite [Mg2(Mn3+,Fe3+)BO5], chemically 
variable ludwigites [c. (Mg,Fe2+)2Fe3+BO5], orthopinakiolite [(Mg,Mn2+)2Mn3+BO5] and pinakiolite 
[(Mg,Mn2+)2(Mn3+,Sb5+)BO5]. 

The results show a correlation between the cation distribution in the oxyborates fredrikssonite, 
ludwigite, orthopinakiolite as well as pinakiolite, and their associated metal oxides consisting of 
hausmannite and spinel group minerals. This combined with the textural relationships of the phases 
suggests that the bulk contents of magnesium, manganese and iron in the oxyborates were sequestered 
from these pre-existing metal oxides. The chemically broad range of hausmannite and spinel group 
minerals associated with specifically fredrikssonite and ludwigite agrees with their more frequent 
general occurrence, compared to orthopinakiolite and pinakiolite. Raman spectroscopy verified the 
structural character of the studied oxyborates and indicates a potential connection between the presence 
of manganese and whether local BO3

3- ions are allowed to be positioned in symmetry sites which result 
in a split E´ mode. The results from this study contribute to the understanding of this family of minerals 
and their potential diversity in mineralised systems, and form a fundamental prerequisite for their 
potential application for boron isotope studies. 
 
Keywords: Oxyborates, in situ boron analysis, microchemical analysis, Raman analysis, Fe-Mn oxide 
deposits, Långban, Nordmark, Jakobsberg. 
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Populärvetenskaplig sammanfattning 
 
Mineralkemi och parageneser för oxyborater i metamorfa Fe-Mn-oxidmalmer 
Zacharias Enholm 
 
Mineral är kemiska föreningar eller rena grundämnen som har en väldefinierad kemisk sammansättning, 
ordnad kristallstruktur och är bildade av geologiska processer. Oxyborater är en typ av sådana föreningar 
vilka innehåller grundämnena bor och syre samt olika kombinationer av metalliska grundämnen. 
Oxyboratmineral kan bland annat bildas i och omkring malmfyndigheter där grundämnet kisel är 
ovanligt eller icke förekommande, och kan utgöra de viktigaste borföreningarna i vissa sådana miljöer. 
Genom att bättre förstå denna typ av mineral och de kemiska och bildningsmässiga samband som finns 
mellan dem och andra föreningar kan vi få en större kunskap om hur de bildas, samt hur olika 
grundämnen kan omfördelas i sådana geologiska system. I denna studie har ett representativt urval av 
oxyborater undersökts med hjälp av mikroskopi och mikrokemiska samt spektroskopiska metoder för 
att testa huruvida deras kemiska sammansättning är direkt kopplad till den lokala miljön. De studerade 
proven kommer från karbonatbundna mineraliseringar i den västra delen av malmprovinsen Bergslagen 
i södra Mellansverige. De mineral som undersökts närmre är oxyboraterna blatterit, fredrikssonit, 
ludwigit, ortopinakiolit och pinakiolit. 

Resultaten visar på direkta kemiska samband mellan uppträdandet av fredrikssonit, ludwigit, 
ortopinakiolit samt pinakiolit, och de lokalt bergartsbildande mineral som de samexisterar med. Den 
breda kemiska fördelningen hos de metall- och syreföreningar som finns i samma omgivning som 
fredrikssonit och ludwigit förklarar också varför dessa två oxyborater generellt är mera vanligt före-
kommande än ortopinakiolit och pinakiolit. De spektroskopiska analyserna verifierar den tidigare 
klassificeringen av de studerade oxyboraterna samt visar på ett möjligt samband mellan innehållet av 
metallen mangan, samt hur grundämnet bor förekommer i deras kristallstruktur. Resultaten från denna 
studie bidrar med en kombination av nya kemiska, paragenetiska och spektroskopiska data samt ökar 
förståelsen av dessa värdmineral för grundämnet bor i malmfyndigheter med låg eller ingen kiselhalt. 
Resultaten ger även en insikt i hur den kemiska sammansättningen potentiellt kan påverka kristall-
strukturen hos dessa oxyborater. 
 
Nyckelord: Oxyborater, in situ boranalys, mikrokemisk analys, Ramananalys, Fe-Mn-oxidmalmer, 
Långban, Nordmark, Jakobsberg. 
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1 Introduction 

Boron is one of the more scarce elements in the Solar system. It is, however, the 27th most abundant 

element in the Earth’s continental crust owing to geological processes such as plate tectonics which has 

led to its subsequent concentration. Geologically young boron mineralisations are some of the more 

easily mined deposit types in the world and boron compounds have numerous industrial as well as 

scientific applications (Grew, 2015). Even so, boron has historically been given less consideration in 

geological systems due to, among other things, the inherent analytical obstacles owing to its small mass. 

Due to new and improved analytical techniques, this has been changing slightly during the last 30 years 

(Grew & Anovitz, 1996). The need for a greater understanding of the element, its compounds and 

systematics has made research on boron more relevant today than ever. Not least because of the 

increased applications of boron isotope studies (e.g. Siegel et al., 2016), knowledge of the detailed 

mineralogy of boron in specific geological systems has become fundamental. 

Boron is present in c. 280 different mineral species (Grew, 2015), of which the vast majority are 

oxygen-rich compounds divided into silicates and non-silicates. The oxyborates are a group of the latter 

and are most commonly composed of boron polyhedra which are either isolated or sharing vertices with 

each other (Grew & Anovitz, 1996). Oxyborate minerals in silica-undersaturated, typically carbonate-

rich mineralised systems can be important indicators of the processes involved in the transport and 

deposition of boron from different sources. Oxyborates occur in these environments because the 

formation of e.g. the otherwise common boron-bearing cyclosilicate tourmaline (sensu lato) is made 

impossible due to low silica-activity. Thus oxyborates can represent the most important sink for boron 

in such geological systems. The systematics of the oxyborate distribution in a vast majority of the known 

occurrences are poorly or not completely understood today (Grew & Anovitz, 1996). This work aims to 

test the hypothesis that the nature of different oxyborate minerals is directly related to the local host rock 

assemblages, and their chemical compositions. This will be tested by mineralogical and specifically 

microchemical characterisation of a broad selection of oxyborates in different host assemblages from 

three different Fe-Mn oxide deposits in the Palaeoproterozoic ore province Bergslagen, in south central 

Sweden. Additional observations of their associated minerals, textures and structure could further yield 

information on their formation and systematics of distribution, as well as a fundamental background for 

future work on the formation and distribution of boron-rich minerals in silica-undersaturated geological 

systems. The area subjected to study is the western part of Bergslagen, and specifically the Långban-

type deposits in Värmland County. 

The study is centered on a suite of regionally occurring oxyborate phases, namely: pinakiolite, 

orthopinakiolite, ludwigite, fredrikssonite and blatterite. The distribution, chemistry and parageneses of 

these minerals are potential tools in the exploration and understanding of boron-bearing mineral systems 

with low silica-activity, comparable to the borosilicates of the tourmaline-group, which are highly 

relevant for understanding boron-bearing systems with high silica activity (e.g. Slack, 1996). However, 
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there has been a lack of a unified study of the distribution and mineral chemical variability of the 

oxyborates in these systems, towards which this study is aimed to contribute. The results of this study 

also form a pre-requisite for future boron isotope studies of the mineralised systems in western 

Bergslagen. 

1.1 Regional geology 

The Fennoscandian shield and its cover 

rocks (Fig. 1), which represents over 3 

Ga of geological evolution, comprises 

the geographical region of Norway, 

Sweden, Finland and the Kola Peninsula. 

It ranges from Archaean ages (c. 3.1–2.6 

Ga), in the northeastern nucleus, via 

early Proterozoic (c. 2.3–1.9 Ga), to 

Precambrian (c. 2.0–1.8 Ga) in the 

southwest (Gaál & Gorbatschev, 1987; 

Claesson et al., 1993; Lahtinen et al., 

2009) after which the primarily 

granitoid, Transscandinavian igneous 

belt (TIB) (1.81–1.65 Ga) predominates 

(Högdahl et al., 2004). The TIB region 

borders and partly overlaps with the 

youngest, south-western part of the 

shield, which was heavily reworked 

during the Sveconorwegian Grenvillian 

orogeny (1.14–0.9 Ga), containing some 

lithologies formed during the debated 

Gothian orogeny (1.7–1.55 Ga) (Lahtinen et al., 2009). The Bergslagen ore province, which is the area 

relevant for this study, is a part of the Precambrian of south central Sweden, housing the southern part 

of the Svecofennian domain of the Svecokarelian orogen. Bergslagen can be divided into three general 

areas; the northern and western region which is mainly made up from felsic metavolcanic formations, 

the eastern which is distinguished by an intrusive batholith and the southeastern accretionary prism area. 

The metavolcanic rocks and associated marbles and skarns houses a wide variety of ore deposits, such 

as manganiferous skarn- and carbonate-hosted iron ores, banded iron formations and apatite-bearing 

iron ores, among others (Allen et al., 1996; Korja & Hekkinen, 2005). 

Figure 1. The Fennoscandian shield and its main geological 
domains, with Bergslagen high-lighted with red square (from 
Stephens et al., 2009). 
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1.1.1 Geological setting 

According to Kähkönen et al. (1994), Allen et al. (1996), Lathinen et al. (2009) as well as Stephens et 

al. (2009) and references therein, the oldest part of the Svecofennian supracrustal sequence in the 

Bergslagen region (Fig. 1) is primarily made up by turbiditic metagreywackes deposited in a low-energy, 

deep water environment. This sedimentation was interrupted during the Palaeoproterozoic by one of the 

two distinct magmatic periods recorded in Fennoscandia at c. 1.90–1.87 Ga and c. 1.83–1.79 Ga. The 

earlier, accompanied by thermal doming, include the Bergslagen area and southern Finland’s Uusimaa 

belt, which where both partly formed in a back-arc basin of a mature continental arc where eruptions 

and deposition occurred in a shallow water and locally also subaerial environment. Predominantly 

granitoid plutonism was extensive in the region at c. 1.89–1.88, 1.87–1.85 and 1.83–1.79 Ga (Koistinen 

et al., 2001). The c. 1.90–1.87 Ga volcanism in the region generated massive sequences of volcanic 

sandstones and locally also breccias which were succeded by volcanic silt- to sandstone and carbonate 

successions representing waning volcanism and subsequent subsidence of the region (Allen et al., 1996; 

Stephens et al., 2009). These Svecofennian rocks where all variably affected by Svecokarelian 

deformation and metamorphism; the western-most part of the domain further so to a varying degree by 

the c. 1.0–0.9 Ga Sveconorwegian tectonic overprint (Stephens et al., 2009, and references therein). 

 
Figure 2. Simplified geological map of the bedrock in Bergslagen, Sweden (from Stephens et al., 2009). 

The Bergslagen ore province (Fig. 2) can be divided into three general areas; (i) the northern and 

western region which is mainly made up from rhyolitic and locally dacitic volcanic formations, (ii) the 

eastern, which is distinguished by the extensive Uppland batholith and (iii) the southeastern accretionary 

prism area, dominated by meta-sedimentary units (Allen et al., 1996; Korja & Heikkinen, 2005; Beunk 

& Kuipers, 2012). The metavolcanic rocks and associated marbles and skarns of the region host a great 
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variety of mineral deposits, which can be divided into metallic and non-metallic; the first consisting of 

iron, manganese and tungsten oxide deposits as well as base metal and other sulphide deposits, while 

the second consists of industrial minerals (e.g. Allen et al., 1996; Stephens et al., 2009). The 

metavolcanic rocks carry a more or less stratigraphically continuous iron ore succession, as well as Zn-

Pb-Ag-(Cu-Au) sulphide deposits. The lower stratigraphic part contains marble-hosted skarn iron ores 

which are relatively poor in silica and manganese compared to the higher levels. In the latter skarn iron 

ores are more rich in quartz and banded iron formations (BIF) as well as Zn-Pb-Ag-(Cu-Au) sulphides, 

and manganiferous skarn- and carbonate-hosted iron ores characteristically occur (Sundius, 1923; Geijer 

& Magnusson, 1944; Magnusson, 1970). Most of these deposits are related to the volcanic to sub-

volcanic activity. Both hydrothermal systems driven by plutonic intrusions and shallow volcanic-

hydrothermal activity including sub-seafloor replacements were important processes during the 

formation of these mineralisations (Allen et. al. 1996, and references therein). During the main 

deformation phase of the Svecokarelian orogeny, the metavolcanic and metasedimentary sequences 

were deformed into isoclinal, steeply dipping, F1 synclines which frequently, partly envelop around the 

pre- to syn-tectonic intrusions. The oldest intrusions essentially overlap in ages with the metavolcanic 

rocks, and range from granitic to gabbroic compositions, with more intermediate compositions to the 

east (Lundström, 1987). The region exhibits no known exposed pre-Svecofennian basement; however, 

clastic metasedimentary rocks contain detrital zircons of both Archaean (3.0–2.5 Ga) and 

Palaeoproterozoic (2.1–1.9 Ga) ages (Lundquist, 1987; Claesson et al., 1993; Kumpulainen et al., 1996; 

Stephens et al., 2009, and references therein). This suggests the potential existence of an older granitic 

basement, which was heavily eroded during the early Svecofennian. The western region is most likely 

underlain by a mainly Proterozoic and partially Archaean basement of felsic composition, covered by 

an, up to 8 km thick, metavolcanic succession containing metalimestone interbeds which are locally 

overlain by argillite-arenite units (Allen et al., 1996; Stephens et al., 2009, and references therein). The 

geological availability of mature, older crustal material is also suggested by Pb isotope systematics in 

western Bergslagen (cf. Jonsson & Billström, 2009, and references therein). 

1.1.2 Mineral deposits and mineralising processes 

According to Allen et al. (1996) and Stephens et al. (2009) the Bergslagen region hosts iron deposits 

with varying contents of manganese which makes up the majority of the oxide deposits in the region. 

To some extent these deposits also carry base metal sulphides as well as iron sulphides. The most 

prevailing type of iron oxide deposits are marble-hosted and associated with manganese-poor skarn. 

Moving higher up in the stratigraphy, marble-hosted, skarn-associated iron oxide deposits with locally 

more manganese-rich skarn become more common. Stratiform iron oxide deposits rich in quartz, locally 

developed as banded iron formations (BIF’s) are present mainly in the central western part of 

Bergslagen, with minor exceptions such as the Utö deposit in the easternmost part of the region. Despite 

their limited number the apatite-bearing iron oxide deposits in the Ludvika area have produced over 



5 
 

40% of all the iron ever mined in the Bergslagen region (e.g. Stephens et al., 2009). Commonly planar 

to lense-shaped, these deposits seem to be hosted in a lower stratigraphic level than the skarn iron oxide 

and BIF deposits (Allen et al., 1996; Stephens et al., 2009; Jonsson et al., 2013). The manganese oxide 

deposits of the region occur either as stratiform deposits associated with iron oxide deposits hosted by 

skarn-bearing marbles, or as breccia-hosted, epigenetic deposits. The first type is represented by, among 

others, the Långban, Nordmark and Jakobsberg deposits (Moore, 1970; Stephens et al., 2009). They are 

commonly referred to as deposits of Långban type (Geijer & Magnusson, 1944), named after the biggest 

and most complex one. The manganese deposits found as breccia or fracture-hosted deposits are minor 

and mainly occur outside of the Bergslagen province in the vicinity of the Lake Vättern lineament 

(Andréasson et al., 1987). 

The tungsten deposits of western Bergslagen typically occurs as scheelite-mineralised contact 

metasomatic skarn or, more uncommonly as quartz veins with wolframite and scheelite as the main ore 

minerals (Hübner, 1971; Ohlsson, 1979). The second type of metallic mineralisation are the iron and the 

generally Zn-rich base metal sulfide ores. The latter, i.e. Zn-Pb-Ag-(Fe-Cu-Co-Au) sulphides, are 

usually divided into two groups, the first being the stratiform, sheet-like, Zn-Pb-Ag-rich and Fe-Cu-

poor deposits normally occurring in felsic, metavolcanic, ash-siltstones together with skarn, siliceous 

chemical sediments and carbonate rocks (Stephens et al., 2009), also known as the “stratiform ash-

siltstone-hosted Zn-Pb-Ag sulphide deposits (SAS-type)” of Allen et al. (1996). The second being 

stratabound, massive and disseminated Zn-Pb-Ag-Cu deposits occurring in felsic metavolcanic rocks 

and carbonate rocks closely associated with Mg-rich skarn (Stephens et al., 2009), also known as the 

“stratabound, volcanic-associated, limestone-skarn Zn-Pb-Ag-(Cu-Au) sulphide deposits (SVALS-

type)” of Allen et al. (1996). Sparse gabbro-hosted Ni-Cu sulphide and platinum group element (PGE) 

mineralisations are also present in the Bergslagen region, as are minor molybdenum sulphide deposits 

and rare, post-svecokarelian greisen-type Sn (±Zn-Pb-Cu-Mo-W-Ag-Au-Be) deposits with oxides and 

sulphides (Stephens et al., 2009). The pegmatite mineral deposits in the Bergslagen region are primarily 

made up by the Stockholm archipelago and central Bergslagen granitic pegmatites, chiefly mined for 

quartz and feldspar. Locally, some of these pegmatites carry rare earth element (REE) minerals, 

niobium-tantalum oxides, as well as spodumene, petalite, lepidolite and beryl (e.g. Smeds, 1990). 

Graphite, commonly occurring in paragneiss, as well as wollastonite deposits are also present in the 

region (Stephens et al., 2009). 

Regional hydrothermal alteration can, among other, be seen in the distinct difference in sodium 

and potassium content in the metavolcanics, where the stratigraphically lower units are enriched in 

sodium whereas the upper units are more enriched in potassium. This is especially noticeable in the 

western, more extensively mineralised part of Bergslagen and is a result of hydrothermal alteration. This 

is further verified by other geochemical changes in these rocks, including the immobile elements, as 

well as the systematic distribution of other elements in the area (Sundius, 1923; Frietsch, 1982; 

Lagerblad & Gorbatschev, 1985). This has been explained as a result of the hydrothermal alteration of 
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originally glassy tuffaceous ash deposited as massive units, in a shallow marine volcanic environment. 

Synvolcanic, submarine, hydrothermal percolation leached the lower ash successions from ore forming 

metals, synchronously mobilising manganese and sodium. The upper strata, belonging to a lower 

temperature regime, were enriched in these metals as well as potassium and manganese, as an alkali 

exchange of sodium and potassium occurred (Allen et. al. 1996; Jansson, 2011, and references therein). 

The majority of iron oxide and polymetallic sulphide deposits of the region are today considered to have 

an essentially synvolcanic-exhalative origin, or formed by similarly volcanogenic hydrothermal, sub-

seafloor alteration or replacement processes (cf. Jansson, 2011, and references therein). 

1.1.3 Local geology and paragenetic evolution of the Långban area 

The samples studied in this work originate from the Långban, Nordmark and Jakobsberg deposits, which 

all share certain similarities, i.e. they are at least in part of Långban-type (Geijer & Magnusson, 1944; 

Moore, 1970). The focus, with regards to local geology and paragenetic evolution, will therefore be on 

the Långban locality which should be seen as a highly representative environment for hosting Fe-Mg-

Mn oxyborates. The Långban deposit, mostly known for its extreme mineral diversity (Nysten et al., 

1999), is a carbonate-hosted iron and manganese oxide ore deposit with 32–65% and 0.7–14% grades, 

respectively (Allen et al., 1996), occurring within a c. 3 x 1 km large dolomite body. It was mainly 

mined for iron and manganese ore between 1667 and 1972; the last 15 years for dolomite only (Carlborg, 

1931; Björk, 1986). Its origin and type was originally subjected to debate (e.g. Sjögren, 1891; Lindgren, 

1919; Magnusson, 1930) but later, the deposit was increasingly recognized as being primarily of a 

sedimentary exhalative origin (e.g. Brotzen, 1955; Boström, 1973; Boström et al., 1979). Still, the 

presence of a number of metals in the deposit has been argued as to whether of early syngenetic, i.e. 

synvolcanic, or late, granitic origin (Moore, 1970; Boström et al., 1979; Jonsson, 2004; Jonsson & 

Billström, 2009). The local meta-supracrustal lithologies consist of dolomite, spilitic metabasalts and 

metarhyolites as well as clastic metasedimentary rocks (Björk, 1986). The metavolcanic to 

metasubvolcanic system in the area consists of the primarily subvolcanic to volcanic Horrsjö complex 

(1.89–1.88 Ga) (Högdahl & Jonsson, 2004), the essentially TIB-coeval Hyttsjö granite (1.79 Ga) 

(Högdahl et al., 2007) and the Filipstad (TIB) granite (1.78 Ga) (Jarl & Johansson, 1988). 

A first extensive paragenetic sequence for the Långban deposit was presented by Magnusson 

(1930) and entailed four periods of evolution from A to D. Today it is viewed upon by many workers as 

somewhat generalized, nevertheless, it may still be useful in a modified form and applied in an updated 

metallogenic and geochronological framework (e.g. Jonsson, 2004). Period A represents the formation 

of the primary ore and host minerals, as well as their early recrystallization products, and most likely 

took place in a marine environment. Here, volcanic-hydrothermal processes generated the stratabound 

Fe-Mn oxide proto-ores with deposition controlled by variable redox regimes. During period B, peak 

metamorphism was reached and most of the skarn was formed as well as early vein assemblages. Vein 

assemblages continued to form during the post peak-metamorphic C period. Period D was restricted to 
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the formation of fissure hosted assemblages, probably during multiple intervals (Magnusson, 1930; 

Bollmark, 1999; Jonsson, 2004). The overall time span of mineral-forming processes is likely to have 

been at least 1 Ga (Jonsson, 2004). The peak metamorphic conditions during period B have been 

estimated to temperatures of 500–600°C with pressure reaching 2–4 Kbars, i.e. amphibolite facies (e.g. 

Björk, 1986; Charalampides, 1988; Ketefo, 1989; Grew et al., 1994). A suggested, later, potentially 

TIB-induced thermal episode reaching 300°C may be responsible for retrograde alterations in the 

deposit (Magnusson, 1930; Grew, et al., 1996). Magnusson (1930), Magnusson (1970) and Moore 

(1970) suggested that the initial element repository of the deposit would have included Fe, Mn, Mg, Ca, 

Si, C, Al, Na, K and a readily available amount of oxygen. Further, they proposed the possibility, that a 

later overprinting process could explain the presence of Ba, Pb, As, Sb, Cu, Ag, Zn, Bi, Mo, V, W and 

S. Magnusson (1930) also advocated that F, Be and B, the latter at this time only described in hyalotekite 

and pinakiolite at Långban, would have been introduced during the latter part of the skarn formation, 

i.e. period B, hence viewing it as a “secondary” element. This has later been refuted as there, was 

seemingly no addition of metals post-dating primary ore formation, but rather primarily successive 

stages of remobilization of the already deposited elements (Jonsson & Billström, 2009, and references 

therein). This is not only shown by the Ba, As, Pb, Sb, W and V minerals being typically linked to Fe 

and Mn oxidic ores in the Långban-type deposits (Holtstam, 2001a; Holtstam & Mansfeld, 2001), but 

also suggested by the δ13C and δ18C systematics in both ore-associated carbonates and vein-hosted 

calcites together with the lead isotope evolution of the deposit (Jonsson, 2004; Jonsson & Billström, 

2009). 
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2 Oxyborates 

In this section a suite of oxyborate minerals will be reviewed to show the general systematics and 

similarities within the groups and their associated phases (Tab. 1). Ludwigite [Mg2Fe3+BO5] was the 

first mineral discovered of this suite of Fe-Mg-(Mn) oxyborate minerals, and was originally described 

by Tschermak (1874) from the Banat mining area in Romania (e.g. Marincea, 1999). Since then, it has 

been recognized as one of the more frequently occurring oxyborates (Marincea, 1999). It belongs to the 

same mineral group as fredrikssonite, and together they represent a large portion of the samples 

investigated in the current study. The pinakiolite minerals, which are divided between the pinakiolite 

group and orthopinakiolite group, make up the rest of the studied sample suite, and include both 

pinakiolite and orthopinakiolite as well as blatterite. 

Gustaf Flink was the first worker to 

describe an oxyborate mineral from 

Bergslagen (Fig. 3) (Flink, 1890). Flink 

named the mineral pinakiolite 

[(Mg,Mn2+)2(Mn3+, Sb5+)BO5] (Tab. 2, 4) from 

the Greek for “small tablet”, in allusion to its 

distinct thin tabular habit after the {100} 

pinacoid (Flink, 1890). The chemical 

composition was determined to B2O3 = 16.71, 

MgO = 28.64, MnO = 16.94 and Mn2O3 = 

37.71 weight percent (wt.%). Boron was 

determined by using Gooch’s method, a type 

of quantitative distillation, to separate and 

determine the amount of boric acid in the 

sample (Gooch, 1887; Flink, 1890). 

Pinakiolite is a monoclinic, pseudo-

orthorhombic mineral forming rectangular, up to two centimeter long crystals. On {011} twinning is 

common and sometimes forms contacts and cross-like interpenetration twins; the mineral is opaque to 

slightly translucent and occurs in silica-poor Fe-Mn deposits, often associated with hausmannite, 

tephroite, berzeliite [NaCa2(Mg,Mn2+)2(AsO4)3], Mn-bearing phlogopite as well as calcite and dolomite 

(Flink, 1890; Anthony et al., 2003). Pinakiolite is an uncommon mineral but still more frequently 

occurring than its sibling orthopinakiolite [(Mg,Mn2+)2Mn3+BO5]  (Tab. 2, 4) which is usually occurring 

in dolomite-hosted veins, often associated with Mn-bearing phlogopite and hausmannite, but rarely also 

with pinakiolite (Bäckström, 1895: Randmets, 1960). 

  

Figure 3. Map showing the locations of the Långban, 
Nordmark, Norberg and Stabby ore districts as well as the 
Garpenberg and Svärdsjö area (e.g. Flink, 1890; Geijer, 
1939; Bovin et al., 1996; Appel & Brigatti, 1999) which 
together with the Sala area (E. Jonsson, pers. comm., 2015) 
are known oxyborate localities in Bergslagen, Sweden (from 
Stephens et al., 2009). 
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Table 1. Minerals commonly associated with blatterite, fredrikssonite, jimboite, kotoite, ludwigite, 
orthopinakiolite, sakhaite, suanite, szaibélyite, takéuchiite, and warwickite (based on data from this study as well 
as Anthony et al., 2003). 

 Blatterite Fredrikssonite Jimboite Kotoite Ludwigite Orthopinakiolite Pinakiolite Sakhaite Suanite Szaibélyite Takéuchiite Warwickite 

Adelite  x     x      
Alabandite   x          
Apatite         x   x 
Aragonite          x   
Barytocalcite      x       
Berzeliite       x      
Boracite        x  x   
Braunite      x       
Brucite  x   x     x   
Brugnatellite          x   
Calcite x x   x x x  x  x  
Chalcopyrite   x          
Chondrodite     x       x 
Chlorite (sensu lato)  x           
Clinohumite  x  x x   x x x   
Diopside            x 
Dolomite  x   x x x   x x  
Dravite            x 
Fluoborite    x    x  x   
Fluorite            x 
Galaxite   x          
Galena   x          
Graphite            x 
Halite          x   
Hausmannite x x    x x      
Hedyphane     x x       
Hematite     x        
Hulsite          x   
Ilmenite            x 
Iwakiite  x     x      
Jacobsite  x x  x        
Kainite          x   
Katoptrite x            
Kinoshitalite  x    x x      
Kotoite        x x    
Kutnohorite       x      
Ludwigite    x    x x x   
Macedonite  x           
Magnetite     x     x  x 
Manganoan calcite  x           
Manganosite x            
Nordenskiöldine          x   
Norsethite       x      
Olivine (sensu lato) x x x x x x x x x    
Phlogopite  x   x x x      
Pyrite            x 
Pyrochroite x            
Pyrrhotite   x  x       x 
Rhodochrosite   x          
Sakhaite         x    
Scapolite series            x 
Sinhalite          x  x 
Sphalerite        x     
Spinel    x    x x   x 
Spinel (sensu lato) x            
Suanite    x    x     
Sylvite          x   
Szaibélyite    x x   x x   x 
Titanite            x 
Warwickite    x      x   
Vonsenite     x     x   
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As the name implies orthopinakiolite is orthorhombic with very similar physical properties to 

pinakiolite. It is opaque and has a different crystallography as well as a contrasting morphology, lacking 

the characteristic pinakiolite twinning and pinacoids (Bäckström, 1895; Randmets, 1960). Being Mn3+ 

and vacancy-deficient, orthopinakiolite is not a polymorph of pinakiolite but a modification, or rather, 

a chemical twin of the latter and an example of so-called tropochemical twinning (Takéuchi, 1978a; 

Takéuchi, 1978b; Bovin et al., 1981). This is a type of polysynthetic twinning which is induced by 

chemical variations in a given chemical system, giving rise to a great number of various structures from 

just a few basic types. It occurs on the unit cell level as a change in chemical composition is followed 

by a change in structure, thus creating a series of phases as twins with the array of structures being 

geometrically controlled by the periodicity of the twin planes within the system (Takéuchi, 1978b; Bovin 

et al., 1981; Raade et al., 1988). These aspects combine during the crystallization process as the 

concentration of various cation species can fluctuate in the growth environment. If these fluctuations 

are unsystematic or if contaminants enter the system, errors in the period of the twin operation may 

occur (Bovin et al., 1981), leading to the tropochemical twinning mechanism becoming extant 

(Takéuchi, 1978b). Despite this chemical twinning relation, pinakiolite and orthopinakiolite are not 

members of the same mineral group, but belong to the pinakiolite and orthopinakiolite groups, 

respectively (Back, 2014). Together with e.g. takéuchiite, ludwigite and fredrikssonite they share the 

general formula M3BO5 where M mostly consists of Mg2+, Mg3+, Fe2+, Fe3+, Mn2+ or Mn3+ (Bovin et al., 

1981). 

Except for obvious similarities in physical, optical and crystallographical properties, takéuchiite 

[(Mn2+,Mg)2Mn3+BO5] (Tab. 3, 4) (Anthony et al., 2003) shows the same type of structural defects 

caused by missing twin operations, as seen in orthopinakiolite, which is allocated to the same mineral 

group (Back, 2014). Because of these properties takéuchiite could also be considered as a chemical 

twinning-relation of pinakiolite (Bovin et al., 1981). Ludwigite does not show the same structural defects 

(Bovin et al., 1981), and is allocated to its own mineral group, namely the ludwigite group. Ludwigite 

[Mg2Fe3+BO5] (Tab. 2, 4) is an orthorhombic and opaque mineral with fibrous, unterminated crystals. It 

is somewhat softer than the other oxyborates (Marincea, 1999). It is probably ferromagnetic (Tilley, 

1951; Leonard et al., 1962; Uyeda et al., 1963), with Mössbauer spectroscopy showing 

superparamagnetic properties, i.e. the possibility for ferromagnetic nanoparticles or domains to change 

spin direction during thermal variations (Marincea, 1999). Ludwigite does not readily incorporate 

manganese and typically forms during contact metamorphism of dolomitic carbonate rocks, i.e. 

associated with iron-bearing magnesian skarns. It is usually associated with forsterite, as well as 

clinohumite and the spinel magnetite. It also forms a series with vonsenite [Fe2
2+Fe3+BO5], through 

substitution of Mg2+ with Fe2+ (Anthony et al., 2003). Not members of the same mineral group, ludwigite 

still displays many similarities to both pinakiolite and e.g. the orthorhombic oxyborate warwickite 

[(Mg,Ti,Al)2O(BO3)] (Tab. 3, 4), especially when considering the arrangement of oxygen atoms 

(Takéuchi et al., 1950; Anthony et al., 2003). The ludwigite group member fredrikssonite 
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[Mg2Mn3+(BO3)O2] (Tab. 2, 4) is also orthorhombic (Dunn et al., 1983) with crystals elongated on {001} 

with a diamond shape when cross-cut perpendicular to the c-axis. The weak cleavage is only visible in 

smaller, crushed grains and the mineral is next to opaque and normally associated with hausmannite, 

brucite, adelite [CaMg(AsO4)(OH)], clinohumite, manganoan calcite and the spinel mineral jacobsite 

[Mn2+,Fe2+,Mg)(Fe3+,Mn3+)2O4]. Fredrikssonite was originally described as polymorphous with 

pinakiolite, orthopinakiolite and takéuchiite (Dunn et al., 1983) although crystal structure analysis, as 

previously discussed, has shown that these minerals are in fact not (cf. Takéuchi, 1978a). 

Further oxyborate minerals with the general formula M3BO5 are kotoite [Mg3(BO3)2] (Tab. 2, 4) 

and its manganese analogue jimboite [Mn2+
3(BO3)2] (Tab. 2, 4). Both minerals have a vitreous luster 

and are orthorhombic with perfect cleavage on {110} and a parting on {101}; this is however where the 

similarities starts to end (Watanabe et al., 1963a; Watanabe et al., 1963b). Kotoite is transparent and 

colourless to white, resembling forsterite, with a hardness of 6.5 (Watanabe et al., 1963a) while jimboite 

is semitransparent with a light purplish brown colour appearing almost colourless in transmitted light 

microscopy; the manganese analogue also has a lower hardness of 5.5 (Watanabe et al., 1963b). Both 

minerals occur as granular aggregates, but kotoite is generally massive while jimboite sometimes forms 

platy, anhedral crystals in veinlets. Kotoite occurs in borate-bearing, magnesium-rich contact skarn 

zones in dolomite, often associated with forsterite, clinohumite and spinel. It also occurs together with 

other oxyborates, namely ludwigite, szaibélyite, fluoborite [Mg3(BO3)(F,OH)3], suanite and warwickite; 

the latter two only in Neichi Mine, Japan (Watanabe et al., 1963a; Anthony et al., 2003). Jimboite was 

first observed in banded carbonate ore together with cherts, slate and contact-metamorphosed mafic 

rocks. Typical assemblages associated with the jimboite were tephroite, alabandite [Mn2+S], pyrrhotite 

as well as chalcopyrite and galena. The most intimate associations were jacobsite, galaxite 

[(Mn2+,Fe2+,Mg)(Al,Fe3+)2O4] and rhodochrosite, the latter believed to have reacted with boric acid to 

form jimboite. Postulated by Watanabe et al. (1963b), the idea is that manganese carbonate rocks were 

syngenetically formed with thinly bedded and massive cherts by exhalative processes. During later 

hydrothermal activities and gaseous emanations derived from a felsic intrusion, the jimboite would have 

formed through associated boron metasomatism as follows: 3MnCO3 + B2O3 = Mn3(BO3)2 + 3CO2 

(Watanabe et al., 1963b). This reaction highly resembles what has been suggested for kotoitization in 

dolomite and links the genesis of the two respective oxyborates, where expelled volatiles from a felsic 

igneous intrusion introduces boron into the system, in the latter case resulting in formation of kotoite-

marble. In some cases the kotoite has been further hydrothermally altered into szaibélyite (Watanabe et 

al., 1963a). Szaibelyite [Mg2(B2O4OH)(OH)] (Tab. 3, 4) is also a magnesium borate as fluoborite, 

suanite, ludwigite and kotoite, but differs from the latter two as it is monoclinic. Szaibélyite, which can 

be locally found in e.g. Nordmark and Norberg, occurs as radiating, acicular crystals, either in fan-

shaped or felted aggregates, and is typically associated with ludwigite, hulsite 

[(Fe2+,Mg)2(Fe3+,Sn)BO5], fluoborite, brucite, vonsenite, warwickite, magnesite, dolomite and calcite 
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among others (Marincea, 2001; Anthony et al., 2003). It is characteristic for boron-bearing Mg-skarns, 

but also occur sparsely in some metaevaporites (Marincea, 2001). 

A mineral not only resembling, but also locally strongly associated with szaibelyite is suanite 

[Mg2B2O5] (Tab. 3, 4); a monoclinic oxyborate (Watanabe, 1953). The mineral is, like szaibélyite, 

translucent and perfectly colourless in transmitted light. The crystals appear as prismatic to fibrous 

aggregates which are elongated along {010} and very slender. The mineral is also characteristically 

associated with kotoite, ludwigite, warwickite and the hydrated borate sakhaite 

[Ca12Mg4(BO3)7(CO3)4Cl(OH)2·H2O] (Tab. 2, 4) (Watanabe, 1953; Anthony et al., 2003). Sakhaite is 

an oxyborate of the sakhaite-harkerite series and is a cubic mineral (Dunn et al., 1990) compared with 

harkerite [Ca24Mg8Al2(SiO4)8(BO3)6(CO3)10·2H2O] which is a hexagonal, pseudocubic mineral, 

observed in e.g. Nordmark (Holtstam & Langhof, 1995). Sakhaite is usually associated with e.g. kotoite, 

szaibélyite as well as ludwigite and occurs as massive crystals in veinlets and as replacement (contact) 

skarn in meta-limestone (Anthony et al., 2003). The mineral is transparent with grey to greyish white 

colour (Anthony et al., 2003). A sakhaite-like mineral was described from the Kombat Mine, Namibia, 

where hausmannite, kombatite [Pb14O9(VO4)2Cl4], calcite and native copper together with glaucochroite 

[CaMn2+SiO4] and vesuvianite are intimately associated with it (Dunn et al., 1990), i.e. an assemblage 

strongly reminiscent of the Långban-type deposits. 

Another borate which deviates from the M3BO5 stoichiometrical form is blatterite 

[(Mn2+,Mg)35(Mn3+, Fe3+)9Sb5+
3(BO3)16O32] (Tab. 2, 4), however, it is still an orthorhombic member of 

the orthopinakiolite group. It is opaque with a perfect cleavage on {001} and exhibits an imperfect 

parting on {100}. Blatterite is associated with manganosite and pyrochroite, the latter forming at the 

expense of the former. Also hausmannite and katoptrite [(Mn2+,Mg)13(Al,Fe3+)4Sb2
5+Si2O28] are to be 

expected in the metamorphosed Fe-Mn environments where blatterite occurs. Blatterite is often slightly 

curved and similar to fredrikssonite it has a diamond-shaped cross-section perpendicular to the c-axis. 

The mineral also differ from the other Långban-type oxyborates in its very high manganese content, and 

its direct association with manganosite [Mn2+O] (Raade et al., 1988; Bovin et al., 1996, Anthony et al., 

2003). 

The occurrence of the oxyborates discussed above can vary greatly between different types of 

silica-undersaturated deposits. This is due to several controlling factors, such as the metamorphic 

evolution and availability of boron in the system, the latter either being remobilized from within the host 

sequence to the deposit, or introduced through later, e.g. granite-derived, metasomatism. Besides the 

availability of boron, the most important factor as to which specific oxyborate will form is the bulk 

composition of the local assemblages within that specific system. 

  



13 
 

Table 2. Formulae and key properties for blatterite, fredrikssonite, jimboite, kotoite, ludwigite, orthopinakiolite, 
pinakiolite and sakhaite (based on data from Anthony et al., 2003). 

 
 Blatterite Fredrikssonite Jimboite Kotoite 

Chem. 
form. 

(Mn2+,Mg)35(Mn3+, 
Fe3+)9Sb5+

3(BO3)16 

O32 
Mg2(Mn3+,Fe3+)BO5 Mn2+

3(BO3)2 Mg3(BO3)2 

Crystal 
system Orthorhombic Orthorhombic Orthorhombic Orthorhombic 

Opt. prop. 
and colour 
 
 
 
 
α 
β 
γ 
2V 
Opt. sign 

Opaque. Black w. 
red to orange int. 
reflections in 
reflected light. 
 
 
 
 
 
 
(-) 

Opaque to 
translucent. Black. 
Reddish brown in 
transmitted light. 
 
 
1.822 
<1.86 
~1.99 
>60° 
(+) 

Semitransparent. 
Pale purplish 
brown in 
transmitted light. 
 
 
1.792 
1.794 
1.821 
35° 
(+) 

Transparent. 
Colourless to 
white in 
transmitted light. 
 
 
1.652 
1.653 
1.673-1.674 
21-22° 
(-) 

Cleavage 
Hardness 

{001}, {100} 
~6 

Poor 
~6 

{110}, {101} 
5.5 

{110, 101} 
6.5 

a0 
b0 
c0 
Z 
Space group 

37.65 Å 
12.62 Å 
6.23 Å 
2 
Pnnm 

9.20 Å 
12.53 Å 
2.97 Å 
4 
Pbam 

5.64 Å 
8.71 Å 
4.63 Å 
2 
Pnmn 

5.40 Å 
8.42 Å 
4.51 Å 
2 
Pnmn 

 
 Ludwigite Orthopinakiolite Pinakiolite Sakhaite 

Chem. 
form. Mg2Fe3+BO5 (Mg,Mn2+)2Mn3+BO5 (Mg,Mn2+)2 

(Mn3+, Sb5+)BO5 
Ca12Mg4(BO3)7(CO3)4 

Cl(OH)2·H2O 

Crystal 
system Orthorhombic Orthorhombic 

Monoclinic, 
pseudo-
orthorhombic 

Cubic 

Opt. prop. 
and colour 
 
 
 
 
 
α 
β 
γ 
2V 
Opt. sign 

Opaque. 
Black, olive-
black in hand 
specimen. 
 
 
 
1.83-1.85 
1.83-1.90 
1.97-2.03 
Small 
(+) 

Opaque. Black in 
hand specimen. 
 
 
 
 
 
n.d. 
n.d. 
n.d. 
n.d. 
 

Opaque to 
translucent. Black, 
olive-green. Deep 
reddish brown in 
transmitted light. 
 
 
1.908 
2.05 
2.06 
32° 
(-) 

Transparent. Grey to 
greyish white. 
Colourless in 
transmitted light. 
 
 
 
 
 
 
 
 

Cleavage 
Hardness 

 
5-5.5 

 
6 

{010} 
6 

 
5 

a0 
b0 
c0 
Z 
Space group 

9.24 Å 
12.29 Å 
3.02 Å 
4 
Pbam 

18.36 Å 
12.60 Å 
6.07 Å 
16 
Pnnm 

21.77-21.81 Å 
5.98-6.16 Å 
5.33-5.34 
8 
C2/m 

14.69 Å 
 
 
4 
Fd3m 
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Table 3. Formulae and key properties for suanite, szaibelyite, takéuchiite and warwickite (based on data from 
Anthony et al., 2003). 

 
 Suanite Szaibelyite Takéuchiite Warwickite 

Chem. 
form. Mg2B2O5 MgBO2(OH) (Mn2+,Mg)2Mn3+BO5 (Mg,Ti,Al)2O(BO3) 

Crystal 
system Monoclinic Monoclinic Orthorhombic Orthorhombic 

Opt. prop. 
and colour 
 
 
 
 
 
α 
β 
γ 
2V 
Opt. sign 

Translucent. 
White, pale-
grey. 
Colourless in 
transmitted 
light. 
 
1.596 
1.639 
1.670 
70° 
(-) 

Translucent. White, 
straw-yellow. 
Colourless in 
transmitted light. 
 
 
 
1.575 
1.646 
1.650 
25° 
(-) 

Opaque. Black in 
hand specimen. 
 
 
 
 
 
n.d. 
n.d. 
n.d. 
n.d. 
 

Opaque to 
transparent. Dark 
brown to black. 
Deep yellow, 
reddish brown in 
transmitted light. 
 
1.806 
1.809 
1.830 
Small 
(+) 

Cleavage 
Hardness 

{010} 
5.5 

 
3-3.5 

 
~6 

{100} 
3.5-4 

a0 
b0 
c0 
Z 
Space group 

12.30 Å 
3.12 Å 
9.92 Å 
4 
P21/c 

12.58 Å 
10.39 Å 
3.14 Å 
8 
P21/a 

27.59 Å 
12.56 Å 
6.03 Å 
24 
Pnnm 

9.04-9.26 Å 
9.36-9.45 Å 
3.1-3.12 Å 
4 
Pnam 
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Table 4. Overview of geological environments for characteristic oxyborates (based on data from Anthony et al., 
2003). 

Mineral Typical occurrence 

Blatterite Formed in and associated with metamorphosed Fe-Mn orebodies. 

Fredrikssonite Formed in and associated with metamorphosed Fe-Mn orebodies. 

Jimboite Formed from rhodochrosite by metasomatic reactions in banded Mn deposits. 

Kotoite Formed in contact zones of Mg-rich borate skarn deposits. 

Ludwigite Formed in and associated with Mg-Fe skarn as well as contact metamorphic 

deposits. 

Orthopinakiolite Formed in and associated with metamorphosed Fe-Mn orebodies, typically in 

veinlets. 

Pinakiolite Formed in and associated with metamorphosed Fe-Mn orebodies. 

Sakhaite Formed in and associated with marble in contact metamorphic deposits. 

Suanite Formed in skarn, in contact metasomatic hydrothermal boron deposits. 

Szaibelyite Formed in contact metasomatized B- and Mg-bearing marble and skarn. Also 

in metamorphosed BIF:s and as marine evaporates as well as in and 

associated with metamorphosed Fe±Mn orebodies. 

Takéuchiite Formed in and associated with metamorphosed Fe-Mn orebodies. 

Warwickite Formed in B-metasomatized limestones and associated skarns. 

  



16 
 

3 Methodology 

The initial characterisation of the oxyborate phases and their host rock assemblages was made using 

optical and scanning electron microscopy (SEM) with energy-dispersive scanning (EDS) analysis. High-

resolution microchemical analyses were done by means of field emission electron probe microanalysis 

(FE-EPMA) with wavelength dispersive spectroscopy (WDS). Raman spectroscopy was also employed 

to further characterise the oxyborates. 

3.1 Sampling and preparation 

Sampling was made from the mineral collection of the Swedish Museum of Natural History in 

Stockholm as well as from private collections, covering material collected from the late 19th century to 

the early 21st century. The aim was to assemble as wide and representative a variety of assemblages as 

possible from the relevant borate localities (Tab. 5). Among the studied samples, material from Flink’s 

(1890) pinakiolite holotype can be found, as well as many, previously unstudied associations. Field 

visits included both Långban and “Kittelgruvan” in Nordmark. 

Table 5. List of the studied samples, abbreviations: Jkb = Jakobsberg, Lbn = Långban, Nrd = Nordmark, PTS = 
polished thin section, PS = polished section. 

Sample ID Locality Oxyborate mineral Preparation Sample ID Locality Oxyborate mineral Preparation 

20000070 Jkb Mn-bearing ludwigite PS 20110047 Lbn Fredrikssonite PTS 

19950165 Jkb Fredrikssonite PTS 19850003 Lbn Fredrikssonite PTS 

19950267 Jkb Fredrikssonite PS 20080369 Lbn Ludwigite PTS 

20140113#5 Lbn Pinakiolite PS 19062098 Nrd Sb-bearing 

pinakiolite 

PS 

LbnTrgv1 Lbn Ludwigite PS 20060474 Nrd Ludwigite PS 

EJ-M3237 Lbn Fredrikssonite PTS 18870077 Nrd Fe-rich 

fredrikssonite 

PTS 

EJ-M3247 Lbn Orthopinakiolite PTS 20060489 Nrd Fe-rich ludwigite PTS 

19720054 Lbn Fe-bearing pinakiolite PS 20060490 Nrd Fe-rich ludwigite PTS 

19740475 Lbn Fe-bearing pinakiolite PTS 20020096 Nrd Fe-rich ludwigite PS 

19890399 Lbn Orthopinakiolite PTS 20060491 Nrd Fe-rich ludwigite PS 

19531838 Lbn Pinakiolite PS BC 171 Nrd Ludwigite PS 

19880030 Lbn Sb-bearing pinakiolite PS NordKit1 Nrd Fredrikssonite PS 

19840002 Lbn Fredrikssonite PS 19940016 Nrd Blatterite PTS 

19840003 Lbn Fredrikssonite PS 19880023 Nrd Blatterite PS 
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Twelve of the samples were selected for polished thin section preparation at the Minoprep 

laboratory, Sweden, while the remaining samples were prepared by the author as polished sections. This 

was done using EpoFix which is a two component cold mounting system that hardens into an epoxy 

resin once mixed. The mounts where prepared in 25 mm, standard two piece molds. After 48 hours of 

hardening the mounts where removed from the molds and ground, on a glass plate covered with silicon 

carbide powder and deionized water, to a 12 µm finish. Finally, they were polished going from a 6 µm 

to a 0.25 µm Kemet diamond suspension on a set of VerduTex cloths. 

3.2 Optical microscopy 

When performing normal petrographic microscopy, plane polarized light is allowed to pass through an 

approximately 30 µm thin sample, attached with resin to a glass plate, called a thin section. This 

technique is called transmitted light microscopy. Depending on whether the operator adjusts the light to 

be plane polarized or cross polarized different optical properties of the mineral can be studied. The 

oscillation direction of all light is governed by Snell’s law; 

r sinrni sinin =  

where n is the refractive index, i.e. the ratio between the speed of light in vacuum and the speed of light 

in a specific material,  i is the photons incoming angle and r its refracted angle. This means that in 

isotropic minerals, where the refractive index does not vary, i.e. there is no retardation in the photon 

propagation, a cross polarized setup would simply give a dark image. Hence, for isotropic substances, 

the operator will be restricted to observation of colour, cleavage and hardness using only plane polarized 

light. Minerals that are anisotropic only share this tendency in the direction of their optical axis, meaning 

that when unpolarized light enters the crystal at a 0° angle it will transform into two perpendicular, but 

disparate propagation vectors. One of these vectors will conform to Snell’s law while the other will 

refract in discordance with it. They will both still relate to each other in a perpendicular manner of 

vibration in reference to the privileged direction of the crystal. If the mineral only has one optical axis, 

it is referred to as uniaxial, and biaxial if it has two. Because of these optical phenomena there will be a 

highest and lowest value of the refractive indices denoted, ω and ε for uniaxial minerals and a unique 

low, mid and high value, denoted α, β and γ for the biaxial minerals. The measurements of the refractive 

indices as well as optical sign, the 2V-angle between the optical axes of the mineral, the birefringence 

and other properties can be combined in characterising the mineral species being studied. 

For opaque minerals reflected light microscopy is used. Here the light is not passed through the 

sample but on to it, through the very lens that instantaneously carries the mirrored light back through 

the microscope. Since the photons are not passed through the entire sample but only interacts with its 

very surface or near-surface part, the optical variability and wave length absorption is not always as 

distinct as in minerals being studied using transmitted light. Reflectance, colour and change in colour 

during rotation of anisotropic minerals, are some of the key parameters when determining mineral 
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species using reflected light. For further reading on optical microscopy see Ineson (1989), Klein & 

Dutrow (2007) and Gribble & Hall (2013). 

3.3 SEM-EDS & WDS-EMPA 

As described by e.g. Reed (2005) the scanning electron microscope (SEM) and electron microprobe 

both utilize the same principals to function, namely an electron cannon or field emission gun that 

produces an electron beam which generates X-rays, back scattered electrons (BSE) and secondary 

electrons (SE) in the sample. As the electron beam hits an atom in the sample it interacts with its inner 

electrons, effectively expelling one of them from its orbital (Reed, 2005). The orbital affected depends 

on the beam current which should be adjusted in relation to the weight of the element; that is, to a lower 

current for lighter elements and vice versa. As one of the orbitals loses an electron, Pauling’s principle 

will no longer apply. Since the intrusive electrons carry way too much energy to incorporate into the 

electron cloud an electron from a higher orbital must “fall down” in its place. As the replacing electron 

moves to a lower energy quanta, it releases energy which is discharged as X-rays (Reed, 2005). The 

previously expelled electron will move away from the atom, over the surface of the sample; it is then 

called a secondary electron. These electrons as well as the back scattered electrons are used to produce 

an image of the sample being analyzed. However, the secondary and back scattered electrons have a 

different origin. Back scattered electrons hail from the electron beam as some of these electrons are 

slingshot back out around the nucleus of the probed atoms. If the density of the material is high, a larger 

amount of backscattering will occur according to Newton’s law of universal gravitation; 

2
21
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GF =  

where F is the force between the masses, G is 6.67384×10-11 N(m/kg)2, m1 the mass of the electron, m2 

the mass of the nucleus and r the center distance between the two, thus resulting in a higher electron 

detection rate, i.e. a lighter image of the observed material. When performing analyses with the SEM 

system, an energy-dispersive scanning (EDS) is typically used (Reed, 2005). Here the measured energy 

of the X-rays are compared to those of recorded standards and a suggested element is presented to the 

operator. When utilizing EDS the analysis is only semi-quantitative since peak overlaps are very 

common. Hence the operator must make the decision whether the indicated element is present or not, 

leaving room for error and misinterpretation. High-resolution microchemical analyses must instead be 

done by wavelength-dispersive spectroscopy (WDS) in an electron microprobe where the generated X-

rays are measured utilizing Bragg’s law (Reed, 2005); 

sinθ 2dnλ =  

Here n is an integer, λ is the wave length, d is the spacing between the planes in the atomic lattice and 

θ is the X-rays incident angle towards the synthetic crystal used to receive it. This method is more time-

consuming than EDS as the X-ray count is measured over time and compared to that of a known 

standard. However, adding the temporal resolution to the analysis gives a very good qualitative and 
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quantitative result, even though some overlapping may still occur. For further reading on SEM/EPMA 

techniques see Reed (2005). In this study the analysis was performed using a JXA-8530F Field emission 

electron probe microanalyzer with an accelerating voltage of 15.0 kV and a probe current of 15.0 nA. 

Counting times where 10 s for the peak and 5 s for the +/- background; correction method was PRZ 

ARMSTRONG (Armstrong, 1995). The peaks messured and crystals used for each element was: Na – 

Kα (TAP), Ca – Kα (PETH), Si – Kα (TAP), Al – Kα (TAP), As – Lα (TAP), Mg – Kα (TAP), Mn – Kα 

(PETJ), Ti – Kα (PETJ), Pb – Mβ (PETJ), K – Kα (PETH), Sb – Lα (PETH), Fe – Kα (LIFH), Ba – Lα 

(PETH), V – Kα (LIFH) and B – Kα (LDE2). The following standards where used: Na – Albite; Ca, Si – 

Wollastonite; Al – Al2O3; As – GaAs; Mg – MgO; Mn, Ti – Pyrophanite; Pb – PbS; K – Orthoclase; Sb 

– Sb2S3; Fe – Fe2O3; Ba – Baryte; V – Vanadinite and B – Boron nitride. For sample 20110047 and 

19950165 metallic boron was used instead of boron nitride to test if there would be any marked 

difference in the analytical results. The experiment showed no difference in the results for boron 

between the two standards, neither for the amount determined, nor in the statistical numbers of valid 

points of analysis. For further reading on boron analysis see McGee & Anovitz (1996). 

3.4 Raman spectroscopy 

As described by Nasdala et al. (2004) electromagnetic radiation can be scattered either elastically or 

inelastically when interacting with a polarizable solid, liquid or gaseous phase. Elastic scattering is 

called Rayleigh scattering while the 

inelastic scattering is usually referred to 

as Raman scattering, after its discoverer, 

Nobel Prize laureate Sir Chandrasekhara 

Venkata Raman. When light scatters 

elastically it means that there is no 

change in wavelength during scattering 

in comparison to the incoming radiation. 

However, if the light is scattered in an 

inelastic manner there is a transfer in 

momentum and energy between the 

particular polarizable phase and the 

electromagnetic radiation; this is 

referred to as the Raman effect (Nasdala 

et al., 2004). Raman spectroscopy makes 

use of this effect as monochromatic light 

interacts with a dipole molecule and is partially scattered into new directions as inelastic scattering, 

revealing information about the modes of vibration in the system. As the light interacts with the 

polarizable electron cloud and the bonding of a molecule, it instantly moves into a different rovibronic 

Figure 4. Different possibilities of light scattering where (i) is 
Rayleigh scattering, (ii) Stokes scattering and (iii) anti-Stokes 
scattering (modified after Nasdala et al., 2004). 
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state, i.e. different vibrational level or rotational sublevel correlated to a specific electronic state. This 

represents a condition of virtual energy which generates an inelastically scattered photon of shifted 

energy as it relaxes. The shift can be of higher or lower energy, referred to as anti-Stokes or Stokes 

scattering respectively, in contrast to the excitation wavelength, i.e. the Rayleigh line (Fig. 4). The 

intensity of the inelastic scattering is directly proportional to the polarizability of the induced dipole, 

hence correlating to the rovibronic states of the sample, making it possible to fingerprint the material 

being subjected to the Raman spectroscopic study. A Raman spectrum is normally not reported in 

frequency (v) but in wavenumbers (ṽ) which unit is cm-1. The definition of the wavenumber is; 

λ
1

c
vν ==~  

where c is the speed of light (Nasdala et al., 2004). Because the band positions in both Raman 

spectroscopy and infrared spectroscopy (IR) reflects vibrational energy depending on the force between 

the contributing masses (Libowitzky & Beran, 2004) their spectra show a degree of correlation; a useful 

tool for spectroscopic interpretations. 

The experiment was conducted in the Raman laboratory at the Department of Earth Sciences in 

Uppsala using a 532.4 nm diode laser which was directed on the unoriented sample for periods of 60 

and 120 seconds. The scattered photons were then passed through an optical lens and a holographic 

notch filter before reaching the holographic spectrograph. The light, filtered from the Rayleigh 

scattering, was then dispersed on a charged coupled device (CCD) detector connected to a computer 

which produces the Raman spectrum. Measurements were made at 25°C and the system was calibrated 

using a silicon wafer. For further reading on Raman spectroscopy see Beran & Libowitzky (2004). 
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4 Results 

In this section the results from the optical microscopy as well as the microchemical analyses and the 

Raman spectroscopy are presented. The first part deals with the sample characterisation while the second 

part concerns the 28 oxyborates studied, and reports the calculated formula for each sample. The third 

part deals with the mineral chemistry of the host rock assemblages, divided into groups of spinel (sensu 

lato), olivine (sensu lato), carbonate and mica minerals. Lastly the results from the Raman spectroscopic 

analyses is presented. 

4.1 Character and parageneses of oxyborates and associated minerals 

In this section the sample characterisation, which includes the main phases found in the thin and polished 

sections, will be presented in groups based on locality. The majority of the samples are from the Långban 

and Nordmark mines while three samples are from the Jakobsberg mine. In general the sample 

assemblages are quite “simple” containing only a small number of major phases. First, a general 

overview of the textures, the oxyborates and their general assemblages from the different localities is 

given, followed by individual descriptions of each sample. 

The characterisation of individual minerals is based on a combination of optical and microbeam 

methods. When describing the different minerals the classification “bearing” is used here for elements 

present at over 3 wt.%, but not incorporated into the ideal formula. The 3 wt.% boundary was chosen 

partly because no elements were detected in relevant amounts below that level, but also because the 

classification as “bearing” for contents just over 3 wt.% has been implemented in previous publications 

(e.g. Jonsson & Hålenius, 2010). The classification “rich” for an element is used when the element is 

present in much higher amounts then in the ideal formula. An exception is made for pinakiolite which 

can occur with or without antimony as a major component; “Sb-bearing” is applied here when the 

antimony content is above 3 wt.%. For groundmass carbonates the name “dolomite” is given when 

magnesium constitutes more than 13 wt.% and the name “kutnohorite” when manganese constitutes 

more than 13 wt.%, as this would fill more than 50% of the metal cation position in the ideal formulae 

(Anthony et al., 2003). 

For olivines (sensu lato) the normalized forsterite (Fo), fayalite (Fa) and tephroite (Te) component 

is given in percent, e.g. (Fo75 > Fa15 > Te10) means that the olivine (sensu lato) has a composition 

representing 75% of the forsterite, 15% of the fayalite and 10% of the tephroite composition. If the 

component does not exceed 0.099 wt.% it is not taken into account. From here on olivine always refers 

to olivine (sensu lato). Furthermore, the classification clinohumite/humite refers to the “humite series” 

as no distinction can be made between the minerals in polished sections. Table 6 shows the ideal 

formulae for some of the minerals found in association with the oxyborates in this study. 

  



22 
 

Table 6. Ideal formulae for some of the minerals associated with the studied oxyborates. 

Mineral Formula Mineral Formula 

Adelite CaMg(AsO4)(OH) Hedyphane Pb3Ca2(AsO4)3Cl 

Barytocalcite BaCa(CO3)2 Hematite Fe2O3 

Braunite Mn2+Mn3+
6 SiO12 Iwakiite Mn2+(Fe3+,Mn3+)2O4 

Brucite Mg(OH)2 Jacobsite (Mn2+, Fe2+, Mg)(Fe3+,Mn3+)2O4 

Calcite CaCO3 Kinoshitalite (Ba,K)(Mg,Mn,Al)3Si2Al2O10(OH)2 

Chondrodite (Mg,Fe2+)5(SiO4)2(F,OH)2 Kutnohorite Ca(Mn2+,Mg,Fe2+)(CO3)2 

Clinohumite (Mg,Fe2+)9(SiO4)4(F,OH)2 Macedonite PbTiO3 

Dolomite CaMg(CO3)2 Magnetite Fe2+Fe3+
2O4 

Humite (Mg,Fe2+)7(SiO4)3(F,OH)2 Norsethite BaMg(CO3)2 

Hausmannite Mn2+Mn3+
2O4 Phlogopite KMg3Si3AlO10(F,OH)2 

4.1.1 Overview 

Overview of textural relations: Typically, the oxyborates occur as variably euhedral blasts in the studied 

samples, often oriented subparallel to the main foliation or lineation of the host rock. The oxyborate 

crystals are locally poikiloblastic with inclusions of hausmannite, braunite as well as other phases. They 

are generally fractured, and in many cases, corroded or replaced. Their intimate occurrence with 

hausmannite and spinel group oxides is characteristic. Many of the associated minerals, not least the 

silicates, are also corroded and some are altered. The commonly occurring carbonate groundmass 

typically exhibits a granoblastic recrystallization texture, often featuring characteristic deformation 

twinning. 

The Långban pinakiolites: The Långban pinakiolites examined in this work range from euhedral 

to subhedral crystals. The monoclinic to pseudo-orthorhombic pinakiolite plates (Fig. 5a, 5b) are black 

in hand specimen and mostly opaque under the microscope, yet with translucency occurring locally. In 

the latter case they tend to absorb all wave lengths except the longer, yellow-orange to reddish brown. 

The crystals are more or less fractured in all cases with fragmentation occurring locally. Colour in 

reflected plane polarized light is light grey and the anisotropy varies in shades of bluish grey with 

inclined extinction. They are always associated with hausmannite, calcite and commonly with olivine. 

The Långban orthopinakiolites: The orthopinakiolites occur as black, prismatic crystals, which 

are euhedral to subhedral and partially fragmented. They are opaque to translucent with deep red to 

brownish colour in translucent zones. They are always associated with hausmannite and calcite. 
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Figure 5. (a) Pinakiolite crystals (longest crystal c. 2.5 mm) in calcite groundmass. Sample 20140113#5. (b) Fe-
bearing pinakiolite (longest crystal c. 3 mm) in Mg-bearing calcite groundmass. Sample 19740475. 

The Långban fredrikssonites: Like the pinakiolites, the fredrikssonites generally have a euhedral 

to subhedral crystal morphology. The orthorhombic crystals (Fig. 6a, 6b) occur as prismatic, fractured 

needles. The mineral is opaque to translucent with blood red to deep red colour in transmitted light. 

Bireflectance occurs in shades of whitish grey while anisotropy colours are bluish grey to light grey; 

extinction is straight. If internal reflections are present they are brownish-red. The mineral is strongly 

associated with hausmannite and commonly also with olivine. The groundmass carrying fredrikssonite 

varies from calcite to Mg-bearing calcite and dolomite with emphasis on calcite. 

  
Figure 6. (a) Slender needles of fredrikssonite (longest crystal c. 3 mm) occurring in calcite groundmass rich in 
rounded anhedral manganoan brucite. Sample 20110047. (b) Fredrikssonite (longest crystal c. 5 mm) in calcite 
and kinoshitalite groundmass. Sample EJ-M3237. 

The Långban ludwigites: The ludwigites (Fig. 7) in the examined Långban samples are in 

comparison to the Nordmark ludwigites often sparsely distributed in the groundmass and heavily 

corroded. The crystals have a longer short axis relative to the long axis than both the pinakiolites and 

fredrikssonites, with poorly terminating, subhedral crystals. The ludwigite from this locality shows 

variable anisotropy in shades of bluish-grey to purplish blue. The presence of red internal reflections 

mirrors the iron content, which in those cases are low. The crystals are black to reddish-black in hand 

specimen and opaque under the microscope. They only become translucent in very thin fragments, then 

exhibiting a greenish-brown to reddish-brown colour. The ludwigites in Långban are very typically 

A B 

A B 
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associated with jacobsite and commonly also hematite. The groundmass varies from calcite to Mg-

bearing calcite. 

The Nordmark pinakiolite: One sample containing an Sb-bearing pinakiolite has been studied 

from the Nordmark locality. The subhedral crystals are heavily corroded. Bireflectance is weak but the 

anisotropy is strong in bluish-grey tones. The internal reflections feature yellowish colour. Major 

associated minerals are olivine, Sb-bearing iwakiite [Mn2+(Fe3+,Mn3+,Sb5+)2O4] and kutnohorite which 

composes the groundmass. 

 
Figure 7. Prismatic red/reddish oxidised crystal of ludwigite, indicated by black arrow (longest crystal c. 0.5 mm) 
intergrown with metal oxides in calcite groundmass. Sample 20080369. 

The Nordmark fredrikssonites: Fredrikssonite has been studied in two samples from the 

Nordmark deposit. The present, fractured crystals vary from poorly terminated prisms to large, 

subhedral needles. The mineral is opaque with some translucent areas that exhibit a brownish red colour. 

Bireflectance is weak but anisotropy is apparent in shades of bluish grey to greenish blue. Internal 

reflections are uncommon but when occurring they exhibit an orange-yellow colour. Commonly 

associated minerals are iwakiite and hausmannite as well as olivine. The groundmass carbonate 

composition ranges from calcite to dolomite. 

The Nordmark ludwigites: Ludwigite is the most common oxyborate in the sample material from 

Nordmark. Here, ludwigite occurs as two major types; (i) massive fibrous aggregates and (ii) randomly 

distributed prismatic crystals. Both of these are black in hand specimen (Fig. 8a, 8b). 
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Figure 8. (a) Fibrous ludwigite aggregates (longest crystals c. 2-3 mm) with associated olivine. Sample 20020096. 
(b) Ludwigite as prismatic crystals randomly distributed (longest crystal c. 2.5 mm) with associated magnetite in 
calcite groundmass. Sample 20060490. 

Generally the Nordmark ludwigites are very high in iron, ranging between c. 50–60 wt.% in all 

but two samples. This is reflected in their optical properties as they exhibit stronger reflection-pleochroic 

and anisotropic effects as the iron content increases. Here distinct variations between deep blue, purplish 

red, tan to light beige with deep red internal reflections can be seen with crossed polars. The ludwigite 

is very typically associated with olivine and magnetite but also other Fe- and Mg-bearing phases. The 

groundmass composition varies greatly from calcite, Mg-bearing calcite to dolomite. 

The Nordmark blatterites: Two samples containing blatterite have been examined, one only as a 

single crystal. In the matrix sample the distribution of the needles is sparse (Fig. 9). The colour is deep 

red in translucent areas and extinction is straight. Associated phases are hausmannite, olivine and calcite. 

The Jakobsberg fredrikssonites: Two samples of fredrikssonite have been examined from the 

Jakobsberg locality. The crystals vary from thick to slightly more slender (Fig. 10a). Colour is reddish 

brown when the crystals are thin enough to be translucent and anisotropy colours vary from bluish grey 

to dark purplish blue. Associated phases are hausmannite, olivine, clinohumite/humite, and calcite 

which makes up the groundmass in both cases. 

  

A B 



26 
 

 
Figure 9. Prismatic blatterite crystal, indicated by black arrow (crystal c. 1 mm), in calcite groundmass. Sample 
19940016. 

The Jakobsberg ludwigite: The studied ludwigite sample from this locality carries sparsely 

distributed Mn-bearing ludwigite (Fig. 10b). The subhedral crystals are partially corroded and fractured. 

Anisotropy is strong with colours of dark blue. Associated minerals are chondrodite and calcite. 

  
Figure 10. (a) Fredrikssonite (longest crystal c. 2 mm) associated with hausmannite and phlogopite in calcite 
groundmass. Sample 19950267. (b) Mn-bearing ludwigite (longest crystal c. 2 mm) in calcite groundmass. Sample 
20000070. 
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4.1.2 Individual sample characterisation 

The Långban thin sections 

Sample 19850003, Långban: This sample has a groundmass composed of anhedral Mg-bearing calcite, 

and carries fredrikssonite (Fig. 11a, 11b) in distinct bands, oriented systematically. The orthorhombic 

crystals occur as prismatic needles. They are translucent to nearly opaque and the colour is deep reddish 

brown to blood red both in plane polarized light and with crossed polars; extinction is straight and 

distinct. Much of the fredrikssonite is fragmented and replaced by a mixture of hausmannite and a 

brucite containing small amounts of aluminium, iron and manganese. The hausmannite is present 

throughout the entire specimen but is concentrated around the borate phases, both as a primary, 

subhedral to anhedral phase, and as a secondary mineral, with smaller grain size, replacing 

fredrikssonite. Olivine (Fo92.8>Te7.2) is also fairly common as subhedral crystals. Narrow fracture 

fillings are present in the sample, holding brucite and calcite with undulating extinction. 

Sample 20110047, Långban: This sample carries prismatic needles of fredrikssonite with 

rounded, diamond-shaped cross sections. The crystals are translucent to opaque with deep red to 

brownish-red colour and distinct, straight extinction, both in plane polarized light and with crossed 

polars. The fredrikssonite is fragmented but not as extensively affected by alteration and replacement as 

in sample 19850003. The crystal orientation is random and no apparent banding is present in the 

specimen. The groundmass consists of calcite. Olivine (Fo97.7>Te2.3) is common and Mg-bearing 

hausmannite is disseminated throughout the sample, locally accumulating in smaller clusters. Brucite is 

also present (Fig. 11c), most likely as a pseudomorph after periclase. Unevenly fractured adelite 

(chemical composition based on a somewhat low total) is also fairly common in the sample, occurring 

as anhedral grains. One sparsely occurring opaque Al-Mg-Fe-Mn-oxide (Al 12.5, Mg 12.5, Fe 17.5, Mn 

52.3 wt.%) with anisotropy colours in shades of grey can also be found; the grains are anhedral, ranging 

up to 200 µm in size. 

Sample 19740475, Långban: This sample contains a distinct band of large platy Fe-bearing 

pinakiolite crystals in its groundmass which consists of Mg-bearing calcite with low interference colours 

and abundant twinning. The pinakiolite is almost opaque (Fig. 11d), with a weak reddish-brown colour 

that can be seen in some of the crystals. Some of the pinakiolites are partially corroded and contain 

minor amounts of hausmannite inclusions, a phase which is otherwise absent in this band. Two types of 

anhedral hausmannite are however present in bands adjacent on both sides of the pinakiolite. The first 

type is a typical hausmannite which is heavily scratched with well-developed twinning. The second type 

has a very low content of iron and is therefore classified as an Fe-bearing hausmannite; it lacks both 

twinning as well as the typical “scratched” appearance and has grey colour. Another common phase is 

olivine (Fo95.2>Te4.8) which appears as anhedral grains with conchoidal cracks (Fig. 11e); it is weakly 

pleochroic from colourless to light green. Accessory minerals are a Pb-Mg-silicate (Pb 66.4, Mg 13.0 
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wt.%), present as very small crystals locally surrounding the olivine grains, which are sometimes also 

occurring with sparse amounts of norsethite that contains minor quantities of lead. 

Sample 20080369, Långban: This sample contains very small amounts of ludwigite (Fig. 11f) 

and only three partial crystals could be found in the thin section. The hand specimen however, contains 

areas with local ludwigite concentrations. The ludwigite is fragmented and partially corroded. The 

crystals are opaque to translucent with greenish-brown and reddish-brown colour on rotation in plane 

polarized transmitted light, extinction is straight. The groundmass consists of calcite with two altogether 

predominant phases, which are anhedral to subhedral jacobsite and anhedral to subhedral hematite. 

Phlogopite is common and dispersed throughout the sample as small subhedral platy crystals. 

Sample 19890399, Långban: This sample contains black orthopinakiolite occurring as prismatic 

crystals that are partially fragmented. Bireflectance appears in shades of grey and in transmitted light 

the crystals are opaque. There are, however, some translucent areas where the colour is deep red to 

brownish, extinction is straight. The sometimes curved crystals are subhedral to euhedral (Fig. 12a). A 

common phase is anhedral hausmannite which is abundantly twinned, and exhibiting yellow, light blue 

and brownish-purple anisotropy colours. The second phase is braunite which occurs as small, irregularly 

shaped inclusions in the orthopinakiolite. The groundmass consists of calcite and a fair amount of 

anhedral hedyphane which has low yellow to dark blue interference colour. A corroded grain of a 

translucent, pinkish-grey Pb-phase (Pb 89.2 wt.%) was also found. It could, however, not be identified 

due to faulty boron-related microprobe data. In the hand specimen there are local occurrences of what 

could be pinakiolite. The identification can, however, not been verified as the phase is not present in the 

polished thin section. 
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Figure 11. (a) Fredrikssonite (Fre) associated with hausmannite (Hsm). Reflected light with crossed polars, scale 
bar 100 µm, sample 19850003. (b) Reddish brown fredrikssonite needles (Fre) in carbonate groundmass, opaque 
phase is hausmannite. Transmitted light, scale bar 1000 µm, sample 19850003. (c) Brucite, most likely as a 
pseudomorph after periclase (center), in carbonate groundmass. Transmitted light with crossed polars, scale bar 
100 µm, sample 20110047. (d) Almost opaque pinakiolite crystal in carbonate groundmass. The reddish-brown 
colour can only be seen in very thin edges of the crystal. Transmitted light with crossed polars, scale bar 500 µm, 
sample 19740475. (e) Olivine (center) in carbonate groundmass, opaque phase is pinakiolite. Transmitted light 
with crossed polars, scale bar 500 µm, sample 19740475. (f) Ludwigite (Lud) with jacobsite (Jcb) and hematite 
(Hem) in carbonate groundmass. Reflected light, scale bar 500 µm, sample 20080369. 
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Sample EJ-M3237, Långban: This sample contains fairly large, sub- to euhedral, fractured and 

sometimes partially fragmented, fredrikssonite crystals with well-developed to poor termination (Fig. 

12b). Some opaque areas exist even though the phase is mostly translucent with blood red colour. 

Interference colours vary in brownish red tones and extinction is straight. There is no bireflectance nor 

pleochroism but anisotropy shows colours from dark grey to dark steel-blue. The sample groundmass is 

dominated by calcite, kinoshitalite and a Mg-Al-silicate phase (Mg 37.5, Al 15.4, Si 34.4 wt.%), most 

likely chlorite (sensu lato). The kinoshitalite has a distinct orange colour both in hand specimen and 

under the microscope. It has perfect cleavage and high interference colours. The calcite is medium-

grained with well to poorly developed twinning. The chlorite (sensu lato) has white to grey interference 

colours. Olivine (Fo98.9 > Te1.1) is common as single or locally clustered large grains which are anhedral 

to subhedral and rounded with conchoidal cracks. Some of the grains are heavily corroded and partially 

fragmented. The predominant accessory phase consists of sparsely distributed Mg-bearing iwakiite 

which occurs as subhedral grains spread throughout the sample. The colour is grey and a weak 

anisotropic effect is present in shades of very dark grey. The phase is sometimes associated with very 

small amounts of hausmannite. Macedonite is very uncommon and present as small cubic crystals with 

a greenish yellow colour in transmitted light. Small amounts of one incompletely quantified Mg-Al-

silicate is also present in the sample. 

Sample EJ-M3247, Långban: This sample contains large, fractured and fragmented, intergrown 

crystals of orthopinakiolite, which have poor terminations. They are mostly translucent with minor 

opaque patches and have a blood red colour and straight extinction in transmitted light. There is no 

visible bireflectance but anisotropy is present in shades of violet blue. The most abundant associated 

phase is kinoshitalite (Fig. 12c) which is orange in colour. It has high interference colours and perfect 

cleavage. Small amounts of a second mica group mineral, most likely phlogopite, was noted with optical 

microscopy. Fe-bearing hausmannite is fairly common in the sample and it exhibits well-developed 

twinning and strong anisotropy featuring colours in golden brown to blue and purple. Olivine 

(Fo92.1>Te7.9) is also present, generally as small, sometimes fragmented grains with a subhedral to 

anhedral habit that exhibits conchoidal cracks. The groundmass consists of kinoshitalite and twinned 

calcite. Anhedral barytocalcite is also present as an accessory mineral. It is colourless in plane polarized 

light with bluish-grey to greyish-blue interference colours and indistinct extinction (Fig. 12d). 

The Långban polished sections 

Sample 19720054, Långban: This sample contains elongated, partly fragmented crystals of Fe-bearing 

pinakiolite. The colour is light grey in plane polarized light while the weak anisotropy varies in bluish-

grey colours. The internal reflections are ranging from orange to red. The sample contains kinoshitalite 

and olivine (Fo85.4 > Te14.6), where the kinoshitalite occurs as large, commonly rectangular sheets and 

the olivine as sizeable, subhedral grains with distinct conchoidal cracks. Hausmannite is occurring very 

sparsely as subhedral to anhedral grains that exhibit blue and purplish to greenish-brown anisotropy 
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colours and sparse red internal reflections. Even though the groundmass is dominated by olivine and 

kinoshitalite, calcite is dispersed throughout the sample. 

Sample 19840003, Långban: The fredrikssonite in this sample is infrequently present as small 

needles with pointed pyramidal terminations. Crystals are fractured and sometimes fragmented. 

Bireflectance varies from dark-white to grey, and the anisotropy colour is bluish-grey, with some 

brownish-red internal reflections. Extinction is distinct and straight. Anhedral hausmannite frequently 

occures in the sample. The dominant groundmass phase in the sample is a twinned dolomite. 

Clinohumite/humite, is also present as an accessory mineral in the form of small rounded grains sparsely 

spread throughout the sample. A very rare anisotropic Mg-Mn-Al-phase (Mg 16.0, Mn 17.0, Al 52.8 wt.%) 

was also observed (Fig. 12e). 

Sample 19840002, Långban: This section contains euhedral fredrikssonite with, fractured and 

sometimes fragmented crystals, narrowing down to pointed pyramidal terminations along the c-axis. 

The bireflectance is strong in shades of grey while the anisotropy colours varies between a very light 

grey to bluish-grey; extinction is straight. Hausmannite is quite common as anhedral, fairly large crystals 

with well-developed twinning. It is distinctly anisotropic in colours of dark purplish and “dirty” brown. 

Olivine (Fo89.2 > Te10.8) is common as rounded anhedral grains with conchoidal cracks. The groundmass 

consists of twinned calcite. 

Sample 19880030, Långban: This sample consists of a few crystal aggregates which where 

mounted in a polished section. Because of this the sample description is limited and should not be seen 

as representative of the entire paragenesis. The groundmass, which consist of Mn-bearing calcite 

contains a very small amount of Sb-bearing pinakiolite occurring as aggregates of curved crystals. 

Hausmannite is also present and has well-developed twinning and a subhedral to euhedral habit. One of 

the calcite crystals contain a Pb-Ba-Mg-silicate (Pb 7.3, Ba 19.1, Mg 20.9 wt.%), with small amounts of 

aluminium, manganese and antimony, occurring along its cleavage planes. 

Sample 19531838, Långban: This specimen consists of two crystals of the pinakiolite holotype 

(Flink, 1890). The crystals are tabular and black in hand specimen. In reflected light the anisotropy is 

weak along the c-axis and distinct along the a-axis; no reflection or bireflectance pleochroism could be 

observed. Internal reflections are yellow-orange in colour turning more reddish when the light is allowed 

to reflect from deeper within the crystal. 

Sample 20140113#5, Långban: This sample contains irregularly twinned pinakiolite, showing 

bluish-grey anisotropic colours and weak bireflectance. The crystals are heavily corroded and only 

rounded and uneven grains remain. Subhedral hausmannite is commonly occurring in the groundmass 

as well as inclusions inside the pinakiolite. It shows anisotropy colours of light blue and yellowish-

brown or bluish white to steel-grey. Twinning is well-developed. The groundmass consists of coarse 

grained calcite with very poorly developed twinning. The sample most likely contains small amounts of 

olivine which was only tentatively identified through optical microscopy. 
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Sample LbnTrgv1, Långban: This sample carries heavily corroded and altered ludwigite, often 

with only one tenth remaining of the original phase; now only indicated by small, grains of later formed 

hematite, displaying the original crystal shape (Fig. 12f). However, some subhedral to anhedral, 

fragmented, narrow crystals, still remain locally. The anisotropy colour of the ludwigite is bluish-grey 

with red internal reflections. The pattern of the replacing hematite shows that the ludwigite was massive 

before the corrosion took place. The quite commonly occurring hematite occurs as twinned anhedral to 

subhedral crystals which shows a strong anisotropy. The other common phase is jacobsite which is 

isotropic and anhedral to subhedral. The groundmass consists of medium to small grained Mg-bearing 

calcite with poorly developed twinning. 
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Figure 12. (a) Orthopinakiolite (Opk) associated with hausmannite (Hsm) in carbonate groundmass. Reflected 
light, scale bar 1000 µm, sample 19890399. (b) Slightly translucent, red fredrikssonite crystal in kinoshitalite and 
carbonate groundmass. Transmitted light, scale bar 1000 µm, sample EJ-M3237. (c) Kinoshitalite (Kin) with minor 
amounts of olivine and opaque hausmannite, opaque crystal to the right is orthopinakiolite. Transmitted light with 
crossed polars, scale bar 1000 µm, sample EJ-M3247. (d) Barytocalcite with kinoshitalite and opaque hausmannite 
forms associated species to orthopinakiolite. Transmitted light with crossed polars, scale bar 100 µm, sample EJ-
M3247. (e) Anisotropic Mg-Mn-Al-phase (center) with hausmannite (Hsm) in carbonate groundmass. Reflected 
light with crossed polars, scale bar 100 µm, sample 19840003. (f) Heavily corroded and altered ludwigite (center) 
associated with hematite (Hem) and jacobsite (Jcb) in carbonate groundmass. Reflected light, scale bar 1000 µm, 
sample LbnTrgv1. 
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The Nordmark thin sections 

Sample 18870077, Nordmark: This sample contains Fe-rich fredrikssonite, occurring as needles with 

poorly developed terminations. The prisms are opaque with some translucent areas in brownish red 

colour. The interference colours are in shades of dark grey with a hint of blue; extinction is straight. 

Most of the needles have the same orientation and are concentrated in a band. The groundmass consists 

of medium grained Mn-bearing calcite. Slightly anisotropic iwakiite grains occur in a band adjacent to 

the fredrikssonite as well as throughout the rest of the sample. The grains are subhedral to euhedral and 

smaller inclusions are also present in the fredrikssonite. Olivine (Fo86.7>Te13.3) is also commonly 

occurring throughout the sample as rounded grains with conchoidal cracks. Colourless brucite with low 

contents of manganese and arsenic is also present in moderate amounts. The shape and cleavage is that 

of mica, with speckled and undulating extinction. One accessory mineral is a Ca-As-phase (Ca 23.1, As 

20.1 wt.%), possibly a carbonate, with minor amounts of magnesium and lead. Its interference colour is 

reminiscent of calcite with a very indistinct extinction; colour is “dirty” brownish in plane polarized 

light. A suspected fredrikssonite pseudomorph (Fig. 13a), indicated by crystal morphology, is also 

present in this sample. The crystal is too altered and corroded to obtain a good chemical analysis. The 

material is fine-grained and extremely heterogeneous and represents a mixture of magnesium, 

manganese and iron-bearing phases. 

Sample 19940016, Nordmark: This sample is primarily dominated by Mn-bearing calcite and 

hausmannite. The sparsely occurring blatterite (Fig. 13b) is opaque to translucent with deep red colour 

in transmitted light and straight extinction under crossed polars. The euhedral crystals are needle-

shaped. In the carbonate groundmass, olivine (Te50.8>Fo49.2) and the anhedral, moderately twinned 

hausmannite, are the dominant phases beside the Mn-bearing calcite. The hausmannite often appears in 

association with small isotropic grains of translucent, brownish-golden to yellow spinel (sensu lato) 

which incorporates both magnesium and manganese (Mg 13.0, Mn 14.6 wt.%). The chemical composition 

for this phase is, however, based on a somewhat low total. The phase is also closely associated with 

blatterite. 

Sample 20060490, Nordmark: This sample contains massive Fe-rich ludwigite as fragmented 

subhedral crystals, occurring as needles. The Fe-rich ludwigite is black in hand specimen and opaque 

with strong anisotropic colours in blue, purple and beige. Larger aggregates of anhedral magnetite is 

common but also occur as smaller inclusions inside the ludwigite. The ludwigite also appears as minor 

inclusions in the magnetite. Small subhedral grains of olivine (Fo97.2>Fa2.5>Te0.3) are also present as 

dense, sometimes broken up aggregates throughout the sample. The groundmass primarily consists of 

large calcite crystals with well-developed twinning. Many areas of the groundmass is however 

fragmented and deformed to an unstructured and fine-grained texture. 

Sample 20060489, Nordmark: This sample contains an even more massive Fe-rich ludwigite 

then sample 20060490. It occurs as fragmented subhedral crystals, typically shaped as large needles. 

The Fe-rich ludwigite is black in hand specimen and opaque with strong anisotropic colours in purple, 
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blue and beige. Large grains of subhedral olivine (Fo96.4>Fa3.3>Te0.3) is present as in sample 20060490; 

however, here it also constitutes the groundmass (Fig. 13c) with magnetite only present as small 

inclusions in the ludwigite and as small grains. Also occurring in the sample is lesser amounts of a mica-

group mineral with perfect clevage and third order bifringence colours, tentatively identified as 

phlogopite. 

The Nordmark polished sections 

Sample 20020096, Nordmark: This specimen comprises a several kg-mass of oxyborate, and was 

originally found as a part of a stone fence in Nordmark. It contains massive fibrous aggregates of Fe-

rich ludwigite which makes up a good eight-tenths of the total whole rock assemblage. The fragmented 

ludwigite crystals are subhedral with cross sections shaped like elongated diamonds. Pleochroism is 

strong, with colours of light steel-blue to pinkish grey, as well as the anisotropy which has a pinkish 

beige and brown to deep blue colour turning purplish red at the extinction angles (Fig. 13d). Subhedral 

magnetite with a very weak anisotropy effect is present in the sample, but not overly common, 

sometimes also occurring as small inclusions in the ludwigite. All the interstitial space in the ludwigite 

aggregate is composed of coarse-grained, subhedral olivine (Fo94.2>Fa5.2>Te0.6). 

Sample 19062098, Nordmark: The subhedral Sb-bearing pinakiolite crystals in this sample are 

heavily corroded. Bireflectance is weak but the anisotropy is strong in bluish-grey colour and extinction 

is inclined. Internal reflections are common and feature a golden yellow colour. Inside the pinakiolite, 

there are small subhedral grains with orthorhombic morphology, which could possibly contain 

filipstadite [(Mn2+,Mg)4Sb5+Fe3+O8] (Fig. 13e). The colour is light grey in plane polarized light while 

the anisotropy effect exhibits shades of dark grey and distinct extinction. The groundmass consist of 

medium-grained kutnohorite with no twinning. In it, large subhedral grains of adelite are common, 

locally clustered together. Olivine (Fo68.4>Te31.6) is also common as rounded grains which are scattered 

throughout the sample. Narrow, terminated bands of Sb-bearing iwakiite can also be found locally. The 

small, anhedral to subhedral grains have a light-greyish white colour; anisotropy is very weak. 

Sample 20060491, Nordmark: In this specimen the Fe-rich ludwigite occurs as subhedral 

crystals with equant rectangular cross sections. Pleochroism is strong with colours of light steel-blue to 

pinkish grey. The anisotropy is also very strong in colours of pinkish beige and brown to deep blue with 

purplish red. Some of the ludwigite crystals are partially or completely broken down and altered. 

Magnetite is common as subhedral grains in the groundmass which consists of medium-grained 

dolomite that lacks twinning. Altered pyrrhotite (Fig. 13f) is also occurring and has a characteristic 

bird’s eye texture. 

Sample 20060474, Nordmark: In this sample ludwigite occurs as subhedral, partially corroded, 

fractured crystals with poorly developed terminations. The reflection pleochroism is weak in colours of 

bluish grey, while the anisotropy is strong in bluish grey to dark, deep purplish blue with red internal 

reflections. Cubic, subhedral jacobsite is common as locally massive aggregates, but also often as 



36 
 

inclusions in the ludwigite. Clinohumite/humite occurs quite commonly as heavily corroded, almost 

skeletonized, subhedral grains in the groundmass which consists of medium grained Mg-bearing calcite 

that has poorly developed to no twinning. 

Sample 19880023, Nordmark: This blatterite specimen consists of three crystal fragments. The 

colour is grey in reflected light with varying amount of anisotropy effect depending on the crystal 

orientation. No internal reflections can be observed. 

Sample BC 171, Nordmark: This material was obtained as two small shards which where 

prepared as an epoxy mount; hence it is worth noting that it might not give a completely accurate view 

of the whole lithology. The ludwigite in this sample is subhedral, consisting of elongated crystals with 

poor terminations. The anisotropy colours are purplish blue and extinction is straight. Jacobsite is 

common, occurring as fractured, fairly large subhedral crystals with a greyish white colour. Hedyphane 

occurs as subhedral grains. The groundmass consists of a medium grained dolomite. 

Sample NordKit1, Nordmark: This sample contains subhedral fredrikssonite needles which are 

fractured and partially corroded. Bireflectance is weak but anisotropy is strong in greenish blue colours 

with straight extinction. Internal reflections are infrequent, in orange-yellow colours. Hausmannite is 

sparsely distributed as subhedral grains, with strong steel-blue and “dirty” greenish-brown anisotropy 

colours as well as red internal reflections. One incompletely quantified accessory phases is present in 

the sample. It is a white, translucent Fe-Mg-phase (Fe 16.3, Mg 49.5 wt.%) with minor amounts of 

aluminium occurring as small grains. It is closely associated with a hausmannite-filled vein extending 

through a small region of the sample. Unfortunately the phase has been left in such poor condition after 

preparation that reliable microchemical analysis was impossible. The groundmass consists of a medium-

grained Mn-bearing dolomite with poorly developed twinning. It contains sparse rounded inclusions of 

a humite or olivine group mineral, only tentatively identified through optical microscopy. 
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Figure 13. (a) Possible fredrikssonite pseudomorph in carbonate groundmass. Transmitted light with crossed 
polars, scale bar 500 µm, sample 18870077. (b) Blatterite (Bla) needle associated with hausmannite (Hsm) in 
carbonate groundmass. Reflected light with crossed polars, scale bar 100 µm, sample 19940016. (c) Olivine (Ol) 
interstitial to ludwigite. Transmitted light, crossed polars, scale bar 100 µm, sample 20060489. (d) Massive Fe-
rich ludwigite (Lud) intergrowth in olivine groundmass. Reflected light, crossed polars, scale bar 500 µm, sample 
20020096. (e) Small subhedral grains (circle) of possible filipstadite as inclusions in a second unidentified phase. 
Reflected light, scale bar 50 µm, sample 19062098. (f) Altered pyrrhotite with characteristic bird’s eye texture. 
Reflected light with crossed polars, scale bar 100 µm, sample 20060491. 
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The Jakobsberg thin section 

Sample 19950165, Jakobsberg: This sample contains fredrikssonite (Fig. 14a) which is translucent 

with opaque patches and shaped as elongated prisms with poorly to well-developed terminations. There 

is no banded structure in the sample but the majority of the fredrikssonite crystals are oriented in a 

uniform direction. The colour is reddish-brown under plane polarized light and extinction is straight. 

The locally fractured crystals are subhedral to euhedral. Anhedral grains of hausmannite are also present 

throughout the sample; some with very low to indistinct anisotropy colours. The groundmass consists 

of abundantly twinned calcite and olivine (Fo94.9>Te5.1) which is colourless with high interference 

colours. Colourless brucite with low contents of manganese and arsenic is also present with shape and 

cleavage similar to mica. An incompletely quantified Ca-As-Mg-phase, possibly a carbonate, with low 

greenish-blue interference colours occurs in small amounts as corroded and fractured grains. A 

colourless Ba-Mg-Al-silicate (Ba 17.8, Mg 22.6, Al 22.3 wt.%) is also present as an accessory mineral. 

  
Figure 14. (a) Translucent fredrikssonite needle (Fre) in carbonate groundmass. Transmitted light, scale bar 500 
µm, sample 19950165. (b) Pb-As-phase (center) with greenish-yellow colour under crossed polars. Reflected light 
with crossed polars, scale bar 100 µm, sample 20000070. 

The Jakobsberg polished sections 

Sample 20000070, Jakobsberg: This specimen carries a sparsely distributed Mn-bearing ludwigite, 

previously examined by Holtstam (2001b). It occurs as subhedral crystals that are partially corroded and 

fractured; cross sections are shaped like elongated diamonds. The anisotropy effect is strong with shades 

of dark blue and extinction is straight. Internal reflections are weak and rare showing orange-yellow 

colours. Chondrodite is very common throughout the sample as small subhedral grains. Sparse amounts 

of a Pb-As-phase (Pb 92.4, As 5.5 wt.%) is also present and occurs as small, translucent, rounded grains 

with white colour in plane polarized light and greenish-yellow colour using crossed polars (Fig. 14b). 

The groundmass consists of medium-grained calcite which has no twinning. Holtstam (2001b) also 

found brucite and spinel in this association, however spinel could not be detected in the currently used 

polished section and brucite was only tentatively identified through optical microscopy. 
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Sample 19950267, Jakobsberg: This sample contains large, fractured crystals of subhedral, 

fredrikssonite without visible cross sections. Some bireflectance is seen in plane polarized light while 

the anisotropy is strong with dark purplish blue colours, extinction is straight. The internal reflections 

are weak with brownish red colour. Hausmannite is fairly common as subhedral to anhedral crystals 

with bluish purple and greenish brown anisotropy colours, commonly exhibiting red internal reflections. 

The twinning is poorly developed, if present. Clinohumite/humite is common as small rounded 

subhedral grains throughout the groundmass which consists of calcite of medium grain size and poorly 

developed twinning. One small grain of an unidentified Mg-Mn-Al-phase similar to the one in sample 

19840003 is also present. A mica group mineral, most likely phlogopite, was noted with optical 

microscopy. 
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4.2 Mineral chemistry 

The chemistry of the studied oxyborates will be presented below as recalculated empirical formulae; for 

complete analytical data see appendix, table A1. Because there is no possibility to make a distinction 

between multiple valence states during microprobe analyses, the calculations for Mn2O3 and Fe2O3 have 

been performed in order that the sum of cations equals the stoichiometrically expected totals per 

positions for each species type, while retaining charge balance (e.g. Raade & Folvik, 2013). 

Table 7. Empirical formulae for the studied pinakiolites and orthopinakiolites. Note that sample 19890399 is based 
on a low total. 

Sample name Locality 

Formula 

Mineral 

19531838 Långban Pinakiolite 

(Mg1.59Mn2+
0.46)Σ=2.05(Mn3+

0.72Fe3+
0.04Sb5+

0.01Al0.01As0.01)Σ=0.79B1.16O5 

20140113#5 Långban Pinakiolite 

(Mg1.56Mn2+
0.50)Σ=2.06(Mn3+

0.60Fe3+
0.03Al0.02As0.01)Σ=0.66B1.28O5 

19740475 Långban Fe-bearing pinakiolite 

(Mg1.70Mn2+
0.36)Σ=2.06(Mn3+

0.66Fe3+
0.18Al0.01As0.01)Σ=0.86B1.08O5 

19062098 Nordmark Sb-bearing pinakiolite 

(Mg1.33Mn2+
0.67)Σ=2.00(Mn2+

0.49Sb5+
0.23Mn3+

0.14Fe3+
0.05Al0.02As0.02)Σ=0.95B1.05O5 

19880030 Långban Sb-bearing pinakiolite 

(Mg1.64Mn2+
0.36)Σ=2.00(Mn2+

0.49Sb5+
0.22Mn3+

0.05Si0.04Ca0.02Al0.01As0.02)Σ=0.85B1.15O5 

19720054 Långban Fe-bearing pinakiolite 

(Mg1.37Mn2+
0.67)Σ=2.04(Mn3+

0.61Fe3+
0.18Al0.01As0.01)Σ=0.81B1.15O5 

19890399 Långban Orthopinakiolite 

(Mg1.57Mn2+
0.46)Σ=2.03(Mn3+

0.83Fe3+
0.21Al0.01As0.01)Σ=1.06B0.91O5 

EJ-M3247 Långban Orthopinakiolite 

(Mg1.59Mn2+
0.43)Σ=2.02(Mn3+

0.67Fe3+
0.17Al0.03As0.01Ti0.01Na0.01)Σ=0.90B1.08O5 

Ideal mineral formulae can be found in table 2 (p. 13). Data selection has been made based on 

totals between 98 and 101 weight percent. Two samples could not meet these requirements but will still 

be presented; sample 19890399 has a low total of 95.72 weight percent and sample 20080369 has a high 

total of 102.21 weight percent. The formulae for the pinakiolites and orthopinakiolites are presented 

first, in table 7. The two studied blatterites are presented below in table 8. The calculated formulae are 

based on blatterite having a cation and anion sum of 63 and 80 atoms per formula unit respectively. 

Note that oxygen is not included in the number of atoms per formula unit given for the BO3 group. 
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Table 8. Empirical formulae for the blatterites. 

Sample name Locality 

Formula 

Mineral 

19880023 Nordmark Blatterite 

(Mn2+
19.68Mg15.20)Σ=34.88(Mn3+

7.81Fe3+
0.85Al0.22As0.19Ti0.05Ca0.07Na0.02Si0.01)Σ=9.22Sb2.78(BO3)16.12O32 

19940016 Nordmark Blatterite 

(Mn2+
13.99Mg20.74)Σ=34.73(Mn3+

8.77Fe3+
0.66Al0.39As0.23Ti0.20Ca0.04Pb0.01V0.01)Σ=10.31Sb2.57(BO3)15.39O32 

The fredrikssonites are presented in table 9. Formula calculation has been made with the 

assumption that all iron is in the ferric state. The positioning of Mn2+ in the M1 position has been made 

to accommodate cation balance. 

Table 9. Empirical formulae for the fredrikssonites. 

Sample name Locality 

Formula 

Mineral 

19950267 Jakobsberg Fredrikssonite 

(Mg1.85Mn2+
0.19)Σ=2.04(Mn3+

0.60Fe3+
0.14Al0.07Ti0.01As0.02)Σ=0.84B1.12O5 

19840003 Långban Fredrikssonite 

(Mg1.87Mn2+
0.16)Σ=2.03(Mn3+

0.62Fe3+
0.07Al0.11Ti0.01As0.02)Σ=0.83B1.14O5 

19840002 Långban Fredrikssonite 

(Mg1.96Mn2+
0.07)Σ=2.03(Mn3+

0.65Fe3+
0.20Al0.06As0.02)Σ=0.93B1.04O5 

NordKit1 Nordmark Fredrikssonite 

(Mg1.69Mn2+
0.36)Σ=2.05(Mn3+

0.48Fe3+
0.17Al0.09Sb0.01As0.01)Σ=0.76B1.19O5 

EJ-M3237 Långban Fredrikssonite 

(Mg1.79Mn2+
0.23)Σ=2.02(Mn3+

0.67Fe3+
0.15Al0.04As0.01Na0.01)Σ=0.88B1.10O5 

19850003 Långban Fredrikssonite 

(Mg2.02Mn2+
0.03)Σ=2.05(Mn3+

0.76Fe3+
0.12Al0.05As0.02)Σ=0.95B1.00O5 

18870077 Nordmark Fe-rich fredrikssonite 

(Mg1.85Mn2+
0.19)Σ=2.04(Mn3+

0.51Fe3+
0.39Al0.03As0.01)Σ=0.94B1.02O5 

20110047 Långban Fredrikssonite 

(Mg2.01Mn2+
0.02)Σ=2.03(Mn3+

0.67Fe3+
0.13Al0.07As0.02Ti0.01)Σ=0.90B1.07O5 

19950165 Jakobsberg Fredrikssonite 

(Mg1.95Mn2+
0.08)Σ=2.03(Mn3+

0.65Fe3+
0.13Al0.09As0.01Ti0.01)Σ=0.89B1.08O5 

The ludwigites are presented below in table 10. The general trend for the Nordmark ludwigites is 

that the iron content is high at the expense of magnesium (Fig. 22a). Hence these species are somewhere 

on the luwigite-vonsenite series line with an inclination towards ludwigite in all cases except for sample 

20060491 which has more iron than magnesium as calculated for the M1 position. Considering the fact 

that a more appropriate analysis method such as Mössbauer spectroscopy should be applied to fully 

characterise the valence state distribution in the species, it is sounder to classify this phase as an iron-

rich ludwigite, rather than a magnesian-vonsenite. 
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Table 10. Empirical formulae for the ludwigites. Note that sample 20080369 is based on a high total. 

Sample name Locality 

Formula 

Mineral 

20060474 Nordmark Ludwigite 

(Mg1.85Fe2+
0.18Mn2+

0.01)Σ=2.04(Fe3+
0.73Al0.10As0.02)Σ=0.85B1.11O5 

LbnTrgv1 Långban Ludwigite 

(Mg1.86Mn2+
0.15)Σ=2.01(Fe3+

0.75Al0.02As0.02)Σ=0.79B1.20O5 

20080369 Långban Ludwigite 

(Mg1.94Fe2+
0.06Mn2+

0.04)Σ=2.04(Fe3+
0.78Al0.01As0.02)Σ=0.81B1.15O5 

20000070 Jakobsberg Mn-bearing ludwigite 

(Mg1.97Mn2+
0.10)Σ=2.07(Fe3+

0.50Al0.11Ti0.02As0.02Mn3+
0.19)Σ=0.84B1.09O5 

BC 171 Nordmark Ludwigite 

(Mg1.80Fe2+
0.24Mn2+

0.01)Σ=2.05(Fe3+
0.64Al0.08As0.02)Σ=0.74B1.21O5 

20060491 Nordmark Fe-rich ludwigite 

(Mg0.96Fe2+
1.06Mn2+

0.01)Σ=2.03(Fe3+
0.79Al0.10As0.01)Σ=0.90B1.07O5 

20060489 Nordmark Fe-rich ludwigite 

(Mg1.53Fe2+
0.49Mn2+

0.01)Σ=2.03(Fe3+
0.90Al0.07As0.01)Σ=0.98B0.99O5 

20060490 Nordmark Fe-rich ludwigite 

(Mg1.55Fe2+
0.47Mn2+

0.01)Σ=2.03(Fe3+
0.85Al0.08As0.01Ca0.01)Σ=0.95B1.02O5 

20020096 Nordmark Fe-rich ludwigite 

(Mg1.39Fe2+
0.63Mn2+

0.01)Σ=2.03(Fe3+
0.87Al0.07As0.01)Σ=0.95B1.02O5 

To give an idea of the chemical variations within the different oxyborate species an analytical 

overview of five different samples is presented below (Tab. 11–13). The data is based on valid analysis 

points only, i.e. analysis points that have a total between 98 and 101 weight percent. 
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Table 11. Chemical variations within one pinakiolite and one orthopinakiolite sample. 

Sample 20140113#5 (Pinakiolite) 

Element    B2O3      Al2O3     As2O5     MgO       MnO       TiO2      Sb2O5     FeO    

Min. 20.99 0.46 0.68 30.76 40.56 0.08 0.05 1.19 

Max. 24.61 0.64 0.91 34.27 41.85 0.18 1.08 1.60 

Mean 22.78 0.56 0.79 32.00 41.30 0.14 0.33 1.31 

n-Analyses 9        

       

Sample EJ-M3247 (Orthopinakiolite) 

Element    B2O3      Al2O3     As2O5     MgO       MnO       TiO2      Sb2O5     FeO    

Min. 18.43 0.67 0.53 31.41 40.64 0.25 0.30 6.49 

Max. 18.46 0.73 0.57 31.54 41.05 0.28 0.42 6.92 

Mean 18.45 0.70 0.55 31.48 40.85 0.27 0.36 6.71 

n- Analyses 2        

Table 12. Chemical variations within one blatterite sample. 

Sample 19880023 (Blatterite) 

Element    B2O3      Al2O3     As2O5     MgO       MnO       TiO2      Sb2O5     FeO    

Min. 13.89 0.29 0.50 15.75 52.56 0.05 11.69 1.74 

Max. 15.74 0.31 0.63 16.68 53.10 0.14 11.97 1.83 

Mean 14.73 0.30 0.57 16.08 52.79 0.10 11.81 1.78 

n- Analyses 3        

Table 13. Chemical variations within one fredrikssonite and one ludwigite sample. 

Sample 19840003 (Fredrikssonite) 

Element    B2O3      Al2O3     As2O5     MgO       MnO       TiO2      Sb2O5     FeO    

Min. 18.97 2.92 0.83 39.04 30.31 0.17 0.00 2.77 

Max. 22.95 3.12 1.04 40.52 32.21 0.35 0.62 3.23 

Mean 20.83 2.99 0.95 39.64 31.66 0.23 0.29 2.95 

n- Analyses 11        

        

Sample 20060474 (Ludwigite) 

Element    B2O3      Al2O3     As2O5     MgO       MnO       TiO2      Sb2O5     FeO    

Min. 18.80 2.53 0.82 38.02 0.34 0.10 0.00 35.57 

Max. 21.31 2.96 1.08 39.65 0.58 0.21 0.10 36.82 

Mean 20.04 2.74 0.93 38.76 0.47 0.15 0.02 36.32 

n- Analyses 17        

Minerals commonly associated with various oxyborates were presented in table 1. In table 14 the 

associations from the current study are presented. The most common associated minerals for the 

examined oxyborates are calcite, olivine and hausmannite. 
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Table 14. Observed associated minerals for the examined oxyborates. 

 Pinakiolite Orthopinakiolite Fredrikssonite Ludwigite Blatterite 

Adelite x  x   

Barytocalcite  x    

Braunite  x    

Brucite   x x  

Calcite x x x x x 

Chondrodite    x  

Chlorite (sensu lato)   x   

Clinohumite/humite   x x  

Dolomite   x x  

Hausmannite x x x  x 

Hedyphane  x  x  

Hematite    x  

Iwakiite x  x   

Jacobsite    x  

Kinoshitalite x x x   

Kutnohorite x     

Macedonite   x   

Magnetite    x  

Norsethite x     

Olivine x x x x x 

Phlogopite  x x x  

Pyrrhotite    x  

Spinel (sensu lato)     x 
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4.3 Mineral chemistry of oxyborates and associated minerals 

The most important cation group in this study is the magnesium-manganese-iron system. It makes up 

the bulk of the main phase cations in all the examined borate assemblages, with the exceptions of those 

carrying blatterite and Sb-bearing pinakiolite, which both also contain antimony as a major component. 

The magnesium-manganese-iron system is plotted below, first for the borates in figure 15, and then in 

groups of spinels (sensu lato), olivines (sensu lato), carbonates and micas. Each data point plotted in the 

ternary diagrams have been normalized against its own cation total for the relevant elements. For 

analytical data and stoichiometrical formulae see appendix, table A2–A5. Minerals plotted in the spinel 

group include hausmannite and iwakiite as they also have the general formula A2+E2
3+O4 where A is a 

metal ion and E is either Al, Fe or Cr. Furthermore, the humite group minerals are plotted together with 

the olivine group minerals. Blatterite is only represented by two samples, one of them being a single 

crystal. Hence it cannot be treated as fully representative when characterising the host assemblage of 

that particular phase. All the ternary diagrams were made using TRI-PLOT (Graham & Midgley, 2000). 

 
Figure 15. Plot showing the magnesium, manganese and iron distribution for all the studied oxyborates. Each 
specific point shows the mean value for all analyses made for that particular sample (Triplot from Graham & 
Midgley, 2000). 

As shown in figure 15 the oxyborates plot together with a concentration towards the magnesium-

manganese line for all species except ludwigite which, as can be expected from its general composition, 

is positioned on and in the vicinity of the magnesium-iron line. All the species occur within a 30% 

compositional range apart from two ludwigites, one fredrikssonite and one blatterite sample, which stray 

away from the trend by no more than 10%. 
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Figure 16. (a) Plot showing the magnesium, manganese and iron distribution for all spinel group minerals plus 
hausmannite and iwakiite in respective oxyborate assemblage. Each specific point shows the mean value for all 
analyses made for that particular sample and mineral. (b) Showing a blow up of the data cluster in the lower right 
corner (Triplot from Graham & Midgley, 2000). 

In figure 16a and 16b the spinel group minerals are plotted. As seen in figure 16a the spinel group 

minerals associated with pinakiolite, orthopinakiolite and blatterite tend to be high in manganese. This 

is true in all cases except for the spinel group mineral associated with pinakiolite from Nordmark, which 

is higher in iron. In some cases the spinels (sensu lato) associated with fredrikssonite have a broader 

compositional range incorporating more magnesium and iron. The spinels (sensu lato) associated with 

ludwigite are located in the iron rich area of the diagram. 

 
Figure 17. Plot showing the magnesium, manganese and iron distribution for all the olivine group minerals 
including the humite group minerals in respective oxyborate assemblage. Blue arrow indicates the location of the 
second “Pinakiolite – Lbn” data point. Each specific point shows the mean value for all analyses made for that 
particular sample and mineral (Triplot from Graham & Midgley, 2000). 
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In figure 17 the olivine group minerals associated with pinakiolite, orthopinakiolite, 

fredrikssonite, blatterite and Jakobsberg ludwigite are more or less restricted to the magnesium-

manganese line. The Nordmark ludwigites occur with olivine group minerals higher in iron. In figure 

18a the cation distribution for the groundmass carbonates are plotted. All samples are more or less 

located on the magnesium-manganese line except for the carbonates hosting ludwigite. These tend to be 

more inclined towards being magnesium-rich. Figure 18b shows the mica group minerals being 

clustered together as they are all high in magnesium. 

  
Figure 18. (a) Groundmass carbonates in respective oxyborate assemblage, plotted for magnesium, manganese 
and iron content. Note that magnesium, manganese and iron only represents a lesser fraction of the whole 
groundmass composition. Each specific point shows the mean value for all analyses made for that particular sample 
and mineral. (b) Plot showing the magnesium, manganese and iron distribution for all the mica group minerals. 
Each specific point shows the mean value for all analyses made for that particular sample and mineral (Triplot 
from Graham & Midgley, 2000). 
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4.4 Raman spectroscopy 

In this part of the study, Raman spectroscopy has been used to examine a representative selection of 

oxyborates including one pinakiolite and one fredrikssonite from Långban, one Mn-bearing ludwigite 

from Jakobsberg and finally one ludwigite and one blatterite from Nordmark (Tab. 15, 16). All the 

minerals are orthorhombic except for the monoclinic, pseudo-orthorhombic pinakiolite. The purpose of 

this part of the thesis is to fill in the currently existing gap of data regarding the combination of 

microchemistry and Raman spectra for these minerals, as well as to relate the spectroscopic data and its 

interpretation to the molecular structure of these phases. In order to interpret the Raman results the 

structural characteristics of the borate anion will first be reviewed briefly. 

Table 15. Crystallographic data, including space group and point group for the borate phases selected for Raman 
analysis (data from Anthony et al., 2003). 

Mineral Pinakiolite Fredrikssonite Ludwigite 
Mn-bearing 

ludwigite 
Blatterite 

Sample name 19531838 19840002 BC 171 20000070 19880023 

Crystal system 

Monoclinic, 

pseudo-

orthorhombic 

Orthorhombic Orthorhombic Orthorhombic Orthorhombic 

Space group C2/m Pbam Pbam Pbam Pnnm 

Point group 2/m 2/m 2/m 2/m 2/m 2/m 2/m 2/m 2/m 2/m 2/m 2/m 2/m 

It has been formulated that the polyhedral coordination around the boron atom must either be 

trigonal or tetrahedral depending on the coordination number of the boron. By sharing corners these 

polyhedrons allows for the formation of polynuclear anions consisting of either 3-, 4-, or both 3- and 4-

coordinated boron atoms, making up a rudimentary six-component ring unit (Wells, 1960; Christ, 1960; 

Edwards & Ross 1960; Valyashko & Valsova, 1969; Ross, 1974, in Farmer, 1974; Hawthorne et al., 

1996) in a higher hierarchy of compact anion groups with a low to intermediate negative charge (Christ, 

1960, in Farmer, 1974). Further sub-classifications can be made based on this atom coordination, both 

for hydrated and non-hydrated borate polyions. Relevant to this study is the 3-coordinated, isolated 

orthoborate BO3
3- ion which has a D3h symmetry with four basic vibrations, namely A´1 (R), A´´2 (IR) 

and 2E´ (R, IR) where R is Raman active and IR is infrared active. This symmetry is however reduced 

to C1 or C1h for numerous borates including pinakiolite (C1) and ludwigite (C1h). Based on infrared 

spectra from synthetic orthoborates, it can be concluded that the frequency spans from 870-944 cm-1 for 

the symmetric (A´1) ν1 stretching and from 1166-1285 cm-1 as well as 570-672 cm-1 for the (E´) ν3 

stretching and ν4 bending, respectively. Because the borate ions sometimes occupy sites with a less than 

three-fold symmetry, there is an occasional split in the two E´ modes. Further there is a possibility that 

the M-O bonds will stretch, causing bands in the lower wavenumber range (Farmer, 1974). Leite et al. 

(2001) reported that, based on previous data on planar equilateral XY3 molecules having D3h symmetry, 

the BO3 group ν1, ν3 and ν4 modes should have wavenumbers at 1017, 1370 and 610 cm-1 respectively. 
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Figure 19. Raman spectra of pinakiolite, fredrikssonite, ludwigite, Mn-bearing ludwigite and blatterite in the 150 
– 1650 cm-1 region (this study). 
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These wavenumbers exhibit no more than an 85 cm-1 difference in comparison to the 

corresponding infrared frequencies presented above. In figure 19 all five spectra are compared in order 

to emphasize the correlation for the approximately 520-680 cm-1 ν4 (E´) band generated by the BO3
3- 

bending. For pinakiolite the split ν4 band is assigned to the 656 cm-1 and 701 cm-1 positions. Data from 

Moenke (1962, 1966), Alexandrov et al. (1965) and Povarennykh (1970) published in Farmer (1974) 

show splitting behavior in the E´ modes for infrared analysis of pinakiolite with a 40 cm-1 difference 

between the bands due to local borate ions, in less than three-fold symmetry sites. This splitting behavior 

can, to some extent, be observed for fredrikssonite, Mn-bearing ludwigite and blatterite as well, having 

their peaks at 585 cm-1, 593 cm-1 and 573 cm-1, respectively. Infrared data published by Chukanov (2014) 

also shows splitting behavior for pinakiolite and fredrikssonite in this general region. The ludwigite 

shows no splitting behavior for its 667 cm-1 ν4 band which correlates well with data from previous 

infrared spectroscopic studies; also showing no splitting behavior for the ν4 mode (Moenke, 1962, 1966; 

Alexandrov et al. 1965; Povarennykh, 1970, in Farmer, 1974; Chukanov, 2014). 

Table 16. Empirical formulae for the pinakiolite, fredrikssonite, ludwigite, Mn-bearing ludwigite and blatterite 
samples subjected to Raman spectroscopic study. 

The resemblances of these spectra confirm the classification of these species containing the BO3
3- 

ion and, in all cases except of ludwigite, having local borate ions positioned in symmetry sites which 

result in a split ν4 (E´) mode. Figure 20a and 20b shows the 200-550 cm-1 and 1000-1500 cm-1 range 

respectively in more detail. The ν3 (E´) stretching mode is assigned to the higher c. 1100-1400 cm-1 

frequency range for all five species. The mode is very weak, especially for pinakiolite and ludwigite. 

The ν1 mode was not observed in any of the five minerals. The lower wavenumber part of the spectrum 

of pinakiolite shows bands at 214 cm-1 and 279 cm-1 which are interpreted as external vibrations, i.e. 

movement of all the BO3
3- groups as well as their adjoining ions (Nasdala et al., 2004). The 412 cm-1 

and 453 cm-1 positions are interpreted as M-O stretching. The fredrikssonite shows one band at 212    

cm-1 and two bands at 317 cm-1 and 489 cm-1. The first one is assigned to external vibrations and the 

two latter are assigned to the M-O stretching. The ludwigite has one distinct peak at 212 cm-1 which is 

assigned to external BO3 vibrations. The 229 cm-1 peak correlates well with previously published data 

for the iron end-member vonsenite, where the 233 cm-1 peak occurs due to interaction between the FeO6 

and BO3 groups (Leite et al., 2001). The Mn-bearing ludwigite appears to show Raman activity in the 

212-214 cm-1 area but no distinct peaks can be distinguished. The activity is, however, assigned to 

external BO3 vibrations. The three peaks at 349 cm-1 and 430 cm-1 are assigned to the M-O polarization. 

The 497 cm-1 band is assumed to be due to the Mn-O interaction since it is not present in the ludwigite 

Pinakiolite (Mg1.59Mn2+
0.46)Σ=2.05(Mn3+

0.72Fe3+
0.04Sb5+

0.01Al0.01As0.01)Σ=0.79B1.16O5 
Fredrikssonite (Mg1.96Mn2+

0.07)Σ=2.03(Mn3+
0.65Fe3+

0.20Al0.06As0.02)Σ=0.93B1.04O5 
Ludwigite (Mg1.80Fe2+

0.24Mn0.01)Σ=2.05(Fe3+
0.64Al0.08As0.02)Σ=0.74B1.21O5 

Mn-bearing ludwigite (Mg1.97Mn2+
0.10)Σ=2.07(Fe3+

0.50Al0.11Ti0.02As0.02Mn3+
0.19)Σ=0.84B1.09O5 

Blatterite (Mn2+
19.68Mg15.2)Σ=34.88(Mn3+

7.81Fe3+
0.85Al0.22As0.19Ti0.05Ca0.07Na0.02Si0.01)Σ=9.22Sb2.78(BO3)16.12O32 
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spectrum. The blatterite yields a distinct 214 cm-1 band which is assigned to external BO3 vibrations. 

The rest of the 200-550 cm-1 region has very weak band intensities and will therefore not be subjected 

to interpretation. 

   

   

   

   

   

Figure 20. (a) The 200-550 cm-1 range in more detail. (b) The 1000-1500 cm-1 range in more detail (this study). 
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5 Discussion and conclusions 

In this section the microchemical analysis of boron using WDS-EPMA as well as the results for the 

oxyborate chemistry will be discussed. Further, the paragenetic position of the oxyborates, their 

correlation to the host rock mineral assemblages and the results from the Raman analysis will be 

discussed. The conclusions will be summarized at the end of the section. 

5.1 WDS-EPMA boron analysis and oxyborate chemistry 

Boron has always been a complicated element to analyse quantitatively in geological materials using 

electron microbeam techniques. Early efforts to apply this on minerals containing boron were made with 

electron probe microanalysis (EPMA), using the conventional Pb-stearate (STE) analysing crystal 

(McGee & Anovitz, 1996). This, however, revealed the overall complex nature that such a task carries 

with it and therefore most workers have since tackled the problem either by using the ion 

microprobe (e.g. Domanik et al., 1993; Smith & Yardley, 1996) or, more simply, by calculating the 

boron concentration from the ideal stoichiometry (true or not) of the investigated species. The latter 

solution is, albeit time saving, but rarely accurate (e.g. Povondra, 1981; Deer et al., 1986, in McGee & 

Anovitz, 1996). More lately, boron analysis by LA-ICP-MS coupled with EPMA has been applied, but 

still typically suffers from rather large uncertainties (e.g. Siegel et al., 2016). One of the aims of this 

study was to analyse not only boron but the full element composition of the mineral simultaneously. In 

theory, the best way of achieving a satisfactory EPMA result for (boron and) boron only, is to use a 

lower accelerating voltage and a relatively high beam current in order to achieve better counting 

statistics, as suggested by McGee & Anovitz (1996). They claim that an accelerating voltage of 10 kV 

and a beam current as high as 50 nA can be used to analyse boron in tourmaline; a methodology that 

would generate a substantial amount of heat in the sample. Tourmaline analysis with positive results 

has, however, been made with an accelerating voltage of 15 kV and a beam current of 10 nA, i.e. 

“standard system settings”, using an LDE2 crystal in the JXA-8530F microprobe system (Pieczka et al., 

2011). For the present study, multiple experiments were performed to determine the optimal settings to 

achieve good analytical results, i.e. different standards, beam currents, beam sizes from << 1 µm to 10 

µm as well as varying counting times, ranging from 6 to 40 seconds. The results of these experiments 

showed no statistical homogeneity in regards to the measured boron contents, and in the end an 

accelerating voltage of 15.0 kV and a probe current of 15.0 nA were used. The analytical results show 

that the chance of attaining good element analyses of boron in oxyborates varies greatly and generally 

several analyses are required in order to produce a good data set. 

Another problem encountered was that the microprobe sometimes detects boron seemingly at 

random in minerals which do not actually incorporate the element. Two examples describing this 

problem can be formulated as follows: (i) when analyzing forsterite a total of 126.50 wt.% is produced, 

of which the amount of boron is 26.50 wt.%. (ii) An analysis of anorthite would result in a total of 
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100.00 wt.% with a boron content of 18.00 wt.%, but with no calcium present. Because of this 

systematically inconsistent and unpredictable performance of the microprobe it is important to carefully 

examine the data manually to separate valid and corrupt measurements from each other. Considering 

that Pieczka et al. (2011) got good results in their boron analyses on tourmaline, using not only the same 

system (JXA-8530F) but the very same microprobe as in the current study, and that there is no apparent 

chemical anisotropy in the examined oxyborates, it is vexing that consistently good analytical results 

could not be achieved. 

The characterisation of pinakiolite and orthopinakiolite has primarily been based on a 

combination of optical data and mineral chemistry. The characterisation as orthopinakiolite or 

fredrikssonite were made based on the contents of MgO, FeO, MnO and Mn2O3 versus stoichiometry 

(e.g. Anthony et al., 2003). The presence of both Mn2+ and Mn3+ in these systems is well-established 

(cf. Jonsson & Hålenius, 2010, and references therein). 

One of the blatterite specimens (19880023) only consists of three very small crystal fragments 

that were mounted in a polished epoxy mount. Because of this, the symmetry could not be determined 

using optical properties. Therefore the determination as blatterite for this sample was made using a 

combination of mineral chemistry and comparison of Raman spectra with the other blatterite specimen. 

The blatterites exhibit only minor variations in their chemistry, with larger deviations only seen in 

manganese and magnesium contents. Sample 19880023 has a higher content of manganese and a lower 

content of magnesium, while sample 19940016 contains more magnesium and less manganese. 

The investigated fredrikssonites all contain manganese that has been allocated as Mn2+ to the M1 

position. The ideal stoichiometric formula for fredrikssonite does not include Mn2+ (Dunn et al., 1983), 

but when calculating the empirical formulae this modification had to be made in order to maintain charge 

balance. Sample NordKit1 has a somewhat low magnesium content, but the amount of boron is 

characteristic of fredrikssonite. The oxyborate in sample 18870077 has an iron content of 15.7 wt.%, 

which is somewhat high, and indicative of it being an orthopinakiolite. The magnesium content is, 

however, too high. Taken together with the boron content, which is characteristic of fredrikssonite, it is 

classified as an Fe-rich fredrikssonite. 

In four out of six ludwigite samples from Nordmark, the oxyborates have high contents of iron in 

them, and are therefore classified as Fe-rich ludwigites. Three of these samples also contain associated 

olivines with the fayalite component ranging between 2.5–5.2%. This is a characteristic feature for the 

Fe-rich ludwigites when compared to the other ludwigite samples investigated. The only Fe-rich 

ludwigite not associated with these types of olivines is sample 20060491, which instead is (uncommonly 

so) associated with pyrrhotite. The oxyborate in sample 20060491 has more iron than magnesium as 

calculated for the M1 position. A more specific analytical method such as Mössbauer spectroscopy 

should be applied in order to fully determine these variable oxidation states. Here, it is classified as an 

Fe-rich ludwigite, rather than a magnesian vonsenite. 
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The new identifications made based on the parameters discussed above show that 20% of the 

oxyborates that had been identified earlier where classified incorrectly. The original identifications, 

made primarily without microchemical analysis (Fig. 21a), versus the identifications based on this study 

(Fig. 21b) are presented below. 

  
Figure 21. (a) Original mineral identifications from the NRM collection. (b) The classifications in this study. 

5.2 Paragenetic position of the oxyborates 

The textural character of the oxyborates show that they mainly occur as blasts, sometimes oriented along 

a predominating lineation or foliation, occasionally forming banded structures in the host rocks. In many 

cases they occur intimately with their associated metal oxides, comprising spinel group minerals 

including hausmannite and iwakiite. Many of the oxyborate crystals are also poikiloblastic as they have 

overgrown hausmannite and braunite as well as other pre-existing minerals, including groundmass 

carbonates and silicates. The metal oxides constitutes parts of the recrystallized primary ore which 

formed during period A in the modified paragenetic sequence (cf. p. 6–7), placing the crystallization of 

the oxyborates after the initial formation of the ore and host minerals. In many cases the oxyborates are 

corroded and sometimes also replaced by e.g. later-formed hausmannite and hematite. This textural 

relationship indicates that mineral-forming processes must have been active after the crystallisation of 

the oxyborates, most likely positioning their time of formation before period C. In Magnusson’s 

paragenetic sequence for Långban, pinakiolite was positioned at the end of peak-metamorphism, 

transitioning and continuing through post peak-metamorphic conditions (Magnusson, 1930; Jonsson, 

2004). A modified relative position for the formation of the oxyborates is during the main phase of 

regional (Svecokarelian) metamorphism. It is, however, important to bear in mind that presently no 

physicochemical stability data are available for the absolute majority of oxyborates and only a few 

publications are at hand (e.g. Bloise & Barrese, 2009; Bloise et al., 2010). The textural character of the 
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oxyborates from the Nordmark field is of the same pattern, with the general difference that they occur 

in more Fe-rich assemblages, comprising e.g. magnetite and iwakiite. 

The close paragenetic relationship of the oxyborates and their associated metal oxides compare 

well with the mineral-chemical results discussed below (5.3). The textural relations and the correlation 

between the distribution of magnesium, manganese and iron imply that the oxyborates in many cases 

may have formed through the sequestration of remobilized metals from their associated oxide minerals. 

5.3 Mineral-chemical relations between oxyborates and associated minerals 

The magnesium, manganese and iron distribution for all analysed oxyborates can be seen in figure 22a, 

which shows the same diagram as in figure 15. The pinakiolites, orthopinakiolites and blatterites plot 

together, close to and alongside the magnesium-manganese line. This is consistent with the chemical 

classification of these phases. Ludwigite plots along and close to the magnesium-iron line while 

fredrikssonite in general plots close to the pinakiolite group-members. Ludwigite and fredrikssonite are 

both members of the ludwigite group and their chemical relationship is highlighted through their 

distribution pattern along the center area of the ternary diagram (blue circle, Fig. 22a). The ludwigite 

and fredrikssonite can be seen as “sub-endmembers” for iron and manganese respectively, among the 

magnesium-dominated members of the ludwigite group. However, it is clear that a range of 

compositions are present between the two. The distribution is not as broad for the pinakiolites and 

orthopinakiolite group minerals. Furthermore the Fe-rich Nordmark ludwigites (green circle, Fig. 22a) 

trend towards the true iron end-member composition, vonsenite. 

Figure 22b shows the same diagram as in figure 16 where the associated spinel group minerals 

(including hausmannite and iwakiite) are plotted, from now on referred to only as spinels (sensu lato). 

Here, the same pattern can be seen as in the previous diagram; the spinels associated with the pinakiolite 

and orthopinakiolite group minerals, except for one spinel associated with pinakiolite from Nordmark, 

plot together. Spinels associated with ludwigite plot in the iron rich area of the diagram while the spinels 

associated with fredrikssonite plot closer to the pinakiolite-associated spinels. The range of chemical 

variability among the spinels associated with the ludwigite-group minerals (red circle, Fig. 22b) is very 

similar to the distribution seen amongst the associated oxyborates (illustrated by the blue and red circles 

in figures 22a and 22b). This reveals a systematic pattern between the spinels and the oxyborates 

pinakiolite, orthopinakiolite, ludwigite and fredrikssonite; correlating well with the previously discussed 

textural relationship between these phases. Furthermore, the broad chemical variation of the spinels 

associated with ludwigite and fredrikssonite indicate that these oxyborates should be more commonly 

occurring in general since they can form within much more chemically diversified systems than 

pinakiolite and orthopinakiolite. 
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Figure 22. (a) Plot showing the magnesium, manganese and iron distribution for all the studied oxyborates. Blue 
circle contains ludwigites and fredrikssonites, green circle contains Fe-rich Nordmark ludwigites. (b) Plot showing 
the magnesium, manganese and iron distribution for all the spinel group minerals including hausmannite and 
iwakiite. Red circle highlights the distribution pattern of the spinels associated with the ludwigite-group along the 
lower central area of the diagram (Triplot from Graham & Midgley, 2000). 

The olivines and humite group minerals (from here on referred to only as olivines sensu lato) 

associated with pinakiolite, orthopinakiolite, fredrikssonite, blatterite and Jakobsberg ludwigite all plot 

on the magnesium-manganese line. The olivines associated with Nordmark ludwigites plot along the 

magnesium-iron line with a preference towards magnesium. The pattern shows that the Nordmark 

ludwigites, which are high in iron, coexists with olivines that have a more fayalitic composition. 

Furthermore, there is no systematic pattern between the olivines and oxyborates. 

The groundmass carbonates associated with the different oxyborates studied shows significant 

systematic patterns only for those samples containing ludwigite and blatterite. The occurrence of 

ludwigite is much more distinctly linked to Mg-rich/dolomitic environments than any other oxyborate 

phases in this study. The singular studied blatterite sample is located close to the Mn-enriched part of 

the diagram but since only one sample was examined, no further conclusions should be drawn. 

No patterns can be observed in the case of the mica group minerals and their associations. The 

kinoshitalites are all high in barium with only minor fluctuations between them. The phlogopite has a 

higher content of potassium and only very small amounts of barium. All the micas are high in 

magnesium and have low contents of iron. 

5.4 Raman spectroscopy 

Linking paragenesis and mineral chemistry with potential contrasts in structural features of the 

oxyborate minerals, Raman spectroscopy was applied. Since boron isotope fractionation is highly 

dependent on site symmetry, it was motivated to complement and expand the current knowledge 

regarding the molecular structures of the oxyborates. Overall, known Raman studies on the pinakiolite 

and ludwigite group minerals are limited to very few publications (e.g. Leite et al., 2001; Frost, 2011). 

Leite et al. (2001) did temperature-dependent Raman scattering studies on the ludwigite iron-
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endmember vonsenite while Frost (2011) presented Raman spectroscopic data on a selection of 

oxyborates. Further to this, the work done by Frost (2011) was in itself enough to encourage a new 

study, as it has notable shortcomings. 

The first problem with Frost’s data set is that it lacks information on how the individual phases 

were characterised and identified, including mineral chemical data. This becomes even more relevant 

when observing his results. Frost was not able to observe the ν4 bending mode for pinakiolite. This mode 

was, however, reported by Ross (in Farmer, 1974) and observable in both the infrared spectrum later 

published by Chukanov (2014) and the Raman spectrum available from the RRUFF data base 

(rruff.info). In general, there is very little to no correlation between Frost’s data and the spectra presented 

in this work. Frost also interpreted Raman bands for the ν2 out-of-plane bending mode, which he himself 

clearly states is an infrared-active mode only. Hence, the current study mainly refutes that of Frost 

(2011) and complements with a new, broader investigation. 

The interpretation of the Raman spectra has been based on previous studies using infrared 

spectroscopy published in Farmer (1974) and Chukanov (2014). The Raman study on vonsenite by Leite 

et al. (2001), as well as additional data on planar equilateral XY3 molecules having D3h symmetry 

reported therein, have also been implemented to interpret the spectra. The results presented compare 

well, not only with Farmer (1974), Leite et al. (2001) and Chukanov (2014), but also with Raman spectra 

of pinakiolite (Fig. 23) and ludwigite (Fig. 24), available from the RRUFF database (rruff.info). 

Vonsenite is the iron end-member in the ludwigite group, so similarities between its spectrum and 

the results from the current study should exist. During their Raman study of vonsenite, Leite et al. (2001) 

did not observe the ν1 and ν3 modes, but only one ν4 band at 610 cm-1. In the current study the ludwigite 

ν3 mode was very weak, bordering to nonexistent, which matches the results from Leite et al. (2001) 

well. Furthermore, the ν1 mode could not be observed for any of the examined oxyborates. 

 
 

Figure 23. Unoriented spectrum (532 nm) of pinakiolite in the 150 – 1300 cm-1 region, RRUFF ID: R050636 
(from rruff.info, 2015). 
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Figure 24. Unoriented spectrum (532 nm) of ludwigite in the 150 – 1300 cm-1 region, RRUFF ID: R060010 (from 
rruff.info, 2015). 

The distinct splitting behavior of the E´ mode can be seen clearly, especially for pinakiolite (Fig. 

19) and correlates well with what could be expected from previous studies using infrared spectroscopy 

(Farmer, 1974; Chukanov, 2014). The splitting behavior is due to local borate ions positioned in less 

than three-fold symmetry sites (Ross, 1974). A lower symmetry creates more peaks in the Raman spectra 

as there is more freedom of movement within the crystal structure. Based on the combination of EPMA 

and Raman data, there is potentially a correlation between the E´ splitting behavior and the manganese 

distribution in the mineral. All the phases examined have some amount of manganese in them. However, 

the ludwigite (sample BC 171) contains very small amounts, only c. 0.3 wt.%, which is very low in 

comparison to the other examined oxyborates, as well as to the Mn-bearing ludwigite (sample 

20000070) which has 11.6 wt.%. This ludwigite is also the only phase examined not showing E´ splitting 

behavior, i.e. no borate ions positioned in symmetry sites which result in a split ν4 mode. If manganese 

is incorporated into the structure, as in the Mn-bearing ludwigite, the BO3
3- ion is allowed to be 

positioned in low-symmetry sites which result in a split E´ mode. If the site symmetry of boron in the 

studied oxyborates was controlled by any other factor than the amount of manganese incorporated, this 

should also be observable in the fredrikssonite. Furthermore, there are distinct similarities between the 

spectra of the ludwigite group members fredrikssonite and Mn-bearing ludwigite (Fig. 25) once again 

emphasizing the relevance of whether or not manganese is present in the crystal structure. 
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Figure 25. Comparison between Raman spectra of fredrikssonite and Mn-bearing ludwigite in the 150 – 1650   
cm-1 region. 

It appears that there is a structural difference between ludwigite and Mn-bearing ludwigite related 

to the variation in chemistry. The Mn-bearing ludwigite not only contains less boron but also 

incorporates titanium in its crystal structure. Further there is also a clear difference in the ν3 mode 

intensity. As can be seen in figure 24 there is no splitting behavior in the RRUFF data base (rruff.info) 

ludwigite spectrum either. 
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5.5 Conclusions and final remarks 

The results show that the chemical compositions of the oxyborate minerals pinakiolite, orthopinakiolite, 

ludwigite and fredrikssonite are directly related to those of their local host assemblages, and specifically 

to the metal oxides and their chemical compositions. This, together with the textural relationship of the 

phases, indicate that the bulk contents of magnesium, manganese and iron in the oxyborates were 

sequestered from their local environments, during syn-metamorphic (Svecokarelian) conditions. 

Ludwigite shows an overall tendency to coexist with metal oxides that are more iron-rich, while 

pinakiolite and orthopinakiolite are restricted to manganese-rich assemblages. Fredrikssonite is 

commonly associated with manganese-rich oxides that have marked contents of iron and magnesium. 

The wide range of metal distribution among the oxide assemblages associated with the examined 

ludwigite-group minerals shows that they form in a broader range of chemical environments. This 

certainly also suggests the generally more frequent occurrence of ludwigite-group minerals compared 

to pinakiolite and orthopinakiolite, which are associated with more specific metal oxides. 

The combined mineral chemical and Raman spectroscopic study presented complements, and also 

partially refutes previously published data. It also forms a prerequisite for future work on boron isotopes 

in mineralised systems with low silica-activity. The Raman study verifies the structural characteristics 

of boron incorporation in the examined oxyborates with regards to the BO3
3- anion, but also indicates 

that manganese needs to be incorporated into the crystal structure in order for local borate ions to be 

positioned in symmetry sites which result in a split ν4 (E´) mode. 

Recommended future studies of the oxyborates include more detailed work performed on a 

smaller selection of samples, by means of structural (X-ray) methods and Mössbauer spectroscopy. 
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Appendix 

Table A1 contains full analytical data for the oxyborates in section 4.2 and 4.3. Tables A2–A5 contain 

original and normalized data used for the host rock phases in section 4.3 as well as calculated formulae. 

Table A1. Full analytical data for the oxyborates. Results are presented in weight percent. 

No. B2O3 SiO2 Al2O3 As2O5 MgO  Na2O MnO TiO2 Sb2O5 K2O BaO CaO PbO FeO V2O3 Total 

Sample 20000070                             

1 20.13 0.07 3.05 1.11 41.34 0.00 12.94 1.03 0.00 0.00 0.00 0.10 0.13 19.10 0.01 99.01 

2 19.95 0.02 2.98 1.18 41.54 0.00 12.76 1.25 0.42 0.00 0.01 0.04 0.09 19.00 0.00 99.24 

3 20.48 0.08 2.64 1.05 41.80 0.04 10.76 0.90 0.30 0.00 0.01 0.01 0.00 21.67 0.00 99.74 

4 18.96 0.03 2.84 0.96 42.24 0.00 10.74 0.74 0.56 0.01 0.00 0.06 0.00 21.89 0.01 99.04 

5 20.06 0.09 2.89 0.89 41.74 0.00 10.70 0.69 0.55 0.00 0.07 0.09 0.09 21.27 0.01 99.15 

Mean 19.92 0.06 2.88 1.04 41.73 0.01 11.58 0.92 0.37 0.00 0.02 0.06 0.06 20.59 0.01 99.24 

Sample 20020096                             

1 17.06 0.17 1.46 0.56 25.85 0.00 0.22 0.04 0.00 0.02 0.02 0.04 0.00 53.68 0.00 99.12 

2 16.74 0.07 1.54 0.65 26.29 0.01 0.39 0.00 0.00 0.00 0.00 0.02 0.01 53.77 0.00 99.49 

3 17.62 0.04 1.59 0.58 25.91 0.00 0.27 0.00 0.02 0.00 0.00 0.00 0.00 54.27 0.00 100.30 

4 17.10 0.07 1.59 0.65 25.88 0.00 0.29 0.00 0.00 0.00 0.00 0.04 0.00 53.91 0.00 99.53 

5 16.34 0.05 1.55 0.62 26.45 0.00 0.34 0.00 0.06 0.01 0.08 0.00 0.00 53.92 0.00 99.43 

6 17.39 0.08 1.60 0.58 26.08 0.00 0.23 0.05 0.00 0.01 0.00 0.04 0.01 54.28 0.01 100.36 

7 17.10 0.04 1.59 0.61 25.96 0.00 0.22 0.01 0.00 0.00 0.02 0.00 0.02 54.27 0.01 99.85 

8 15.32 0.10 1.53 0.52 26.26 0.00 0.25 0.02 0.02 0.00 0.03 0.00 0.00 54.51 0.01 98.58 

9 16.59 0.07 1.58 0.61 26.12 0.00 0.24 0.01 0.05 0.00 0.07 0.01 0.02 54.42 0.00 99.78 

10 17.88 0.04 1.51 0.64 25.65 0.02 0.35 0.04 0.06 0.00 0.03 0.04 0.00 54.45 0.00 100.72 

11 16.26 0.07 1.50 0.60 25.81 0.00 0.39 0.05 0.05 0.01 0.05 0.00 0.00 54.51 0.00 99.31 

12 16.19 0.07 1.54 0.61 25.95 0.00 0.30 0.07 0.01 0.00 0.01 0.02 0.00 54.38 0.00 99.15 

13 15.79 0.05 1.57 0.82 25.92 0.02 0.18 0.02 0.05 0.02 0.03 0.00 0.07 53.82 0.00 98.35 

14 16.24 0.07 1.54 0.73 26.14 0.00 0.37 0.03 0.00 0.00 0.00 0.00 0.11 54.00 0.02 99.25 

15 16.33 0.06 1.59 0.68 26.08 0.00 0.34 0.00 0.00 0.00 0.04 0.00 0.00 54.22 0.02 99.35 

16 16.07 0.08 1.58 0.61 25.92 0.00 0.27 0.03 0.00 0.00 0.01 0.00 0.00 53.89 0.01 98.48 

17 16.01 0.06 1.91 0.75 27.97 0.00 0.11 0.00 0.00 0.00 0.11 0.00 0.08 52.25 0.00 99.25 

18 17.80 0.12 2.08 0.73 27.62 0.00 0.43 0.01 0.06 0.01 0.00 0.05 0.03 51.37 0.03 100.35 

19 18.03 0.00 2.17 0.71 28.43 0.00 0.17 0.00 0.04 0.00 0.00 0.00 0.00 50.75 0.00 100.30 

Mean 16.73 0.07 1.63 0.65 26.33 0.00 0.28 0.02 0.02 0.00 0.03 0.01 0.02 53.72 0.01 99.52 
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Table A1 continued. Full analytical data for the oxyborates. Results are presented in weight percent. 

No. B2O3 SiO2 Al2O3 As2O5 MgO  Na2O MnO TiO2 Sb2O5 K2O BaO CaO PbO FeO V2O3 Total 

Sample 19950267                             

1 18.93 0.05 2.48 0.78 39.27 0.00 31.43 0.41 0.37 0.00 0.00 0.01 0.00 4.38 0.00 98.12 

2 20.41 0.04 2.50 1.16 38.91 0.00 31.49 0.36 0.26 0.00 0.04 0.00 0.11 4.34 0.02 99.64 

3 21.46 0.08 2.10 0.96 38.90 0.01 31.02 0.44 0.28 0.00 0.05 0.00 0.12 4.99 0.00 100.40 

4 21.28 0.07 1.87 0.93 38.39 0.03 31.23 0.09 0.06 0.00 0.00 0.02 0.00 6.33 0.00 100.29 

5 19.89 0.05 1.55 0.91 38.29 0.05 32.45 0.05 0.06 0.00 0.04 0.10 0.02 6.39 0.00 99.84 

6 21.25 0.06 1.60 0.92 38.52 0.00 32.03 0.11 0.06 0.00 0.00 0.13 0.02 6.15 0.00 100.86 

7 19.78 0.00 1.58 1.06 38.44 0.00 32.28 0.13 0.05 0.00 0.00 0.01 0.09 6.55 0.03 100.00 

8 20.88 0.03 1.66 1.14 38.63 0.00 30.88 0.11 0.06 0.00 0.00 0.00 0.00 6.21 0.00 99.59 

9 19.86 0.11 1.71 0.92 38.58 0.00 32.19 0.15 0.08 0.00 0.00 0.10 0.00 5.69 0.00 99.38 

10 19.42 0.08 2.44 0.99 38.96 0.00 30.16 0.42 0.24 0.00 0.06 0.20 0.00 5.63 0.00 98.59 

Mean 20.32 0.06 1.95 0.98 38.69 0.01 31.52 0.23 0.15 0.00 0.02 0.06 0.04 5.67 0.01 99.67 

Sample 19720054                             

1 18.91 0.07 0.24 0.59 25.64 0.01 46.82 0.09 0.12 0.00 0.00 0.08 0.00 6.82 0.00 99.38 

2 18.88 0.08 0.17 0.60 27.18 0.00 44.82 0.10 0.25 0.00 0.00 0.00 0.00 7.36 0.03 99.48 

3 21.23 0.11 0.20 0.51 26.46 0.02 44.38 0.08 0.20 0.00 0.00 0.03 0.06 7.46 0.00 100.73 

4 18.86 0.00 0.20 0.82 26.57 0.00 44.15 0.05 0.38 0.00 0.00 0.04 0.00 7.26 0.02 98.34 

5 21.54 0.10 0.18 0.75 26.30 0.02 44.13 0.12 0.16 0.00 0.00 0.00 0.03 7.44 0.01 100.76 

6 17.81 0.10 0.23 0.56 27.32 0.00 45.15 0.12 0.31 0.00 0.07 0.01 0.09 7.07 0.00 98.86 

7 18.49 0.11 0.23 0.61 25.42 0.00 47.31 0.01 0.10 0.00 0.01 0.02 0.01 6.26 0.00 98.58 

8 19.40 0.16 0.25 0.77 25.55 0.00 46.86 0.06 0.14 0.00 0.02 0.03 0.09 6.52 0.00 99.85 

9 19.29 0.11 0.24 0.58 25.94 0.00 45.98 0.12 0.20 0.00 0.02 0.00 0.35 6.49 0.01 99.34 

10 17.55 0.08 0.30 0.73 26.12 0.05 46.45 0.11 0.12 0.00 0.00 0.04 0.30 6.47 0.03 98.35 

11 17.20 0.09 0.17 0.66 26.29 0.00 47.43 0.07 0.07 0.00 0.00 0.00 0.06 6.42 0.00 98.46 

12 19.01 0.09 0.20 0.56 26.10 0.00 46.28 0.13 0.07 0.00 0.00 0.02 0.00 6.63 0.02 99.12 

13 19.62 0.17 0.28 0.66 26.64 0.02 43.72 0.01 0.07 0.00 0.06 0.02 0.00 7.29 0.00 98.57 

14 19.25 0.08 0.32 0.64 26.50 0.04 44.21 0.04 0.14 0.02 0.01 0.01 0.07 7.07 0.00 98.41 

15 18.78 0.09 0.25 0.63 26.52 0.02 44.85 0.10 0.27 0.00 0.06 0.02 0.03 7.14 0.01 98.77 

16 21.23 0.03 0.26 0.75 26.79 0.00 43.84 0.00 0.35 0.00 0.00 0.00 0.00 7.19 0.00 100.43 

17 17.60 0.10 0.23 0.51 26.66 0.00 45.42 0.04 0.12 0.00 0.14 0.00 0.00 8.01 0.01 98.84 

Mean 19.10 0.09 0.23 0.64 26.35 0.01 45.40 0.07 0.18 0.00 0.02 0.02 0.07 6.99 0.01 99.19 
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Table A1 continued. Full analytical data for the oxyborates. Results are presented in weight percent. 

No. B2O3 SiO2 Al2O3 As2O5 MgO  Na2O MnO TiO2 Sb2O5 K2O BaO CaO PbO FeO V2O3 Total 

Sample 19840003                             

1 20.69 0.07 3.03 0.83 39.76 0.00 31.92 0.22 0.31 0.00 0.06 0.11 0.19 3.05 0.03 100.27 

2 21.22 0.01 2.97 0.88 39.61 0.01 31.65 0.21 0.31 0.00 0.00 0.06 0.03 2.93 0.00 99.90 

3 22.95 0.06 2.93 0.97 39.21 0.00 31.22 0.19 0.43 0.00 0.04 0.05 0.00 2.94 0.00 100.99 

4 20.88 0.06 2.96 0.94 39.71 0.06 31.66 0.26 0.62 0.00 0.04 0.01 0.03 2.99 0.01 100.23 

5 21.62 0.06 3.07 0.98 39.04 0.04 32.21 0.21 0.36 0.00 0.03 0.04 0.00 3.11 0.00 100.76 

6 20.03 0.06 2.97 0.89 39.72 0.00 31.76 0.35 0.22 0.00 0.00 0.07 0.00 3.23 0.05 99.35 

7 20.21 0.08 2.97 1.03 39.51 0.02 31.84 0.17 0.24 0.00 0.00 0.12 0.10 2.77 0.00 99.05 

8 20.68 0.05 2.92 0.97 40.52 0.00 30.31 0.27 0.23 0.00 0.03 0.37 0.00 2.93 0.00 99.29 

9 18.97 0.02 3.12 1.04 39.75 0.00 31.93 0.22 0.00 0.00 0.04 0.08 0.08 2.82 0.05 98.11 

10 21.38 0.06 2.96 0.97 39.41 0.02 31.82 0.20 0.34 0.00 0.00 0.09 0.09 2.82 0.00 100.16 

11 20.55 0.04 3.02 0.99 39.77 0.00 31.94 0.29 0.16 0.00 0.00 0.26 0.00 2.91 0.00 99.92 

Mean 20.83 0.05 2.99 0.95 39.64 0.01 31.66 0.23 0.29 0.00 0.02 0.11 0.05 2.95 0.01 99.82 

Sample 19062098                             

1 16.70 0.00 0.42 0.75 23.45 0.00 40.41 0.00 16.79 0.00 0.00 0.37 0.00 1.73 0.00 100.61 

2 16.11 0.00 0.49 0.72 23.12 0.00 40.37 0.00 15.88 0.01 0.00 0.00 0.00 1.95 0.00 98.64 

3 14.67 0.00 0.44 0.76 23.68 0.02 41.57 0.00 16.59 0.00 0.00 0.02 0.44 2.07 0.00 100.26 

4 16.56 0.00 0.41 0.80 23.28 0.02 41.05 0.00 16.65 0.00 0.00 0.06 0.14 1.92 0.02 100.91 

5 16.80 0.00 0.49 0.79 23.37 0.00 40.14 0.00 16.49 0.00 0.00 0.02 0.00 1.74 0.00 99.84 

6 15.27 0.00 0.41 0.83 23.24 0.02 41.28 0.00 17.00 0.00 0.00 0.06 0.00 1.78 0.03 99.92 

7 17.02 0.00 0.49 0.81 23.48 0.02 40.19 0.02 16.11 0.00 0.00 0.03 0.02 1.90 0.03 100.12 

8 14.99 0.00 0.67 0.73 24.07 0.01 41.28 0.00 16.84 0.00 0.00 0.10 0.03 1.41 0.03 100.17 

Mean 16.02 0.00 0.48 0.77 23.46 0.01 40.79 0.00 16.54 0.00 0.00 0.08 0.08 1.81 0.01 100.06 

Sample 20060491                             

1 18.22 0.08 2.30 0.46 17.00 0.00 0.19 0.09 0.00 0.00 0.04 0.00 0.21 61.85 0.00 100.45 

2 15.69 0.04 2.18 0.55 17.16 0.00 0.35 0.07 0.00 0.01 0.00 0.28 0.00 61.76 0.01 98.10 

3 15.32 0.01 2.63 0.48 18.10 0.00 0.24 0.00 0.14 0.00 0.01 0.00 0.00 62.01 0.01 98.96 

4 16.35 0.08 2.34 0.45 17.61 0.00 0.25 0.04 0.03 0.02 0.01 0.11 0.02 62.04 0.00 99.35 

5 16.75 0.08 2.26 0.62 17.35 0.00 0.33 0.00 0.00 0.01 0.05 0.05 0.00 62.22 0.01 99.73 

6 18.18 0.05 2.39 0.48 17.06 0.00 0.34 0.09 0.00 0.01 0.00 0.02 0.00 62.04 0.00 100.66 

7 16.12 0.05 2.06 0.46 17.35 0.00 0.28 0.00 0.00 0.00 0.02 0.11 0.00 62.61 0.00 99.06 

8 17.49 0.10 2.28 0.47 16.92 0.00 0.41 0.00 0.07 0.00 0.01 0.10 0.00 61.88 0.00 99.74 

9 17.43 0.00 2.57 0.34 17.52 0.00 0.29 0.05 0.00 0.02 0.03 0.02 0.00 62.23 0.03 100.54 

10 16.66 0.05 2.17 0.43 17.44 0.00 0.32 0.03 0.12 0.01 0.00 0.15 0.12 62.17 0.00 99.69 

11 15.85 0.03 2.32 0.49 17.36 0.00 0.29 0.00 0.02 0.00 0.01 0.13 0.14 62.13 0.00 98.78 

12 15.35 0.05 2.44 0.42 17.46 0.00 0.49 0.00 0.08 0.02 0.00 0.17 0.04 62.04 0.00 98.56 

Mean 16.62 0.05 2.33 0.47 17.36 0.00 0.32 0.03 0.04 0.01 0.02 0.10 0.04 62.08 0.01 99.47 
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Table A1 continued. Full analytical data for the oxyborates. Results are presented in weight percent. 

No. B2O3 SiO2 Al2O3 As2O5 MgO  Na2O MnO TiO2 Sb2O5 K2O BaO CaO PbO FeO V2O3 Total 

Sample 20060474                             

1 18.82 0.04 2.75 0.82 39.00 0.00 0.49 0.14 0.10 0.00 0.00 0.09 0.00 36.71 0.05 99.02 

2 19.93 0.01 2.96 0.86 39.19 0.00 0.36 0.16 0.00 0.00 0.12 0.16 0.00 36.02 0.00 99.76 

3 20.74 0.07 2.76 0.85 38.02 0.00 0.34 0.16 0.00 0.00 0.07 0.10 0.11 36.08 0.09 99.39 

4 19.77 0.03 2.86 0.88 38.91 0.00 0.38 0.13 0.06 0.03 0.05 0.04 0.06 36.02 0.00 99.23 

5 19.82 0.00 2.67 1.01 38.37 0.02 0.55 0.15 0.00 0.00 0.00 0.04 0.13 36.82 0.00 99.58 

6 18.80 0.02 2.71 1.08 39.17 0.00 0.46 0.16 0.01 0.00 0.00 0.00 0.02 36.40 0.00 98.82 

7 20.92 0.05 2.66 0.85 38.71 0.00 0.38 0.20 0.02 0.00 0.00 0.00 0.00 36.17 0.03 99.98 

8 19.14 0.03 2.71 0.86 39.30 0.00 0.46 0.21 0.00 0.00 0.02 0.01 0.00 35.91 0.00 98.66 

9 19.04 0.06 2.81 0.99 39.65 0.00 0.53 0.20 0.00 0.02 0.00 0.00 0.05 35.57 0.00 98.91 

10 20.13 0.00 2.91 1.00 38.87 0.00 0.58 0.14 0.00 0.00 0.00 0.06 0.11 36.34 0.03 100.17 

11 21.31 0.00 2.84 0.96 38.38 0.00 0.55 0.13 0.04 0.03 0.00 0.01 0.07 36.60 0.03 100.94 

12 20.10 0.07 2.77 0.95 39.00 0.00 0.37 0.11 0.00 0.00 0.00 0.05 0.22 36.65 0.01 100.29 

13 20.33 0.07 2.77 0.89 38.46 0.01 0.56 0.15 0.00 0.00 0.00 0.01 0.00 36.44 0.00 99.69 

14 20.87 0.03 2.57 0.99 38.15 0.00 0.52 0.10 0.04 0.02 0.00 0.12 0.00 36.73 0.00 100.13 

15 19.95 0.13 2.53 0.95 38.51 0.00 0.57 0.20 0.00 0.00 0.02 0.03 0.00 36.58 0.00 99.48 

16 20.01 0.07 2.62 0.91 38.29 0.05 0.42 0.15 0.00 0.01 0.00 0.05 0.20 35.91 0.00 98.69 

17 20.99 0.03 2.76 1.02 38.95 0.00 0.47 0.15 0.08 0.01 0.00 0.07 0.00 36.42 0.01 100.95 

Mean 20.04 0.04 2.74 0.93 38.76 0.00 0.47 0.15 0.02 0.01 0.02 0.05 0.06 36.32 0.01 99.63 

Sample 19840002                             

1 18.46 0.03 1.42 1.01 40.03 0.00 28.99 0.01 0.10 0.00 0.03 0.07 0.00 8.08 0.02 98.25 

2 18.14 0.03 1.50 1.02 40.12 0.04 28.97 0.01 0.08 0.00 0.00 0.16 0.06 7.88 0.04 98.04 

Mean 18.30 0.03 1.46 1.01 40.08 0.02 28.98 0.01 0.09 0.00 0.01 0.11 0.03 7.98 0.03 98.14 

Sample 19880030                             

1 20.02 0.87 0.22 0.82 30.69 0.00 30.90 0.00 16.49 0.02 0.04 0.28 0.41 0.14 0.00 100.91 

2 18.79 3.36 0.68 0.96 29.04 0.00 30.05 0.00 15.39 0.07 0.60 0.24 0.88 0.23 0.00 100.27 

3 16.82 1.66 0.33 0.96 32.80 0.04 30.02 0.00 16.30 0.03 0.08 1.00 0.26 0.18 0.00 100.48 

4 18.86 0.01 0.08 1.04 31.69 0.04 30.03 0.00 17.72 0.00 0.00 0.15 0.12 0.09 0.00 99.82 

5 19.62 0.28 0.05 0.87 31.46 0.04 30.37 0.00 16.57 0.00 0.00 0.35 0.13 0.16 0.03 99.94 

6 19.74 0.00 0.00 1.02 31.33 0.00 30.78 0.00 16.89 0.00 0.00 0.89 0.00 0.17 0.00 100.83 

Mean 18.98 1.03 0.23 0.94 31.17 0.02 30.36 0.00 16.56 0.02 0.12 0.48 0.30 0.16 0.00 100.37 

Sample 19531838                             

1 19.81 0.00 0.27 0.80 31.74 0.00 44.57 0.20 0.34 0.00 0.08 0.02 0.00 1.48 0.00 99.31 

2 18.88 0.07 0.43 0.75 31.83 0.00 44.65 0.24 0.09 0.00 0.00 0.00 0.00 1.43 0.01 98.37 

3 19.90 0.04 0.42 0.76 31.70 0.00 44.50 0.12 0.25 0.00 0.00 0.01 0.00 1.40 0.00 99.11 

4 21.26 0.02 0.32 0.78 31.58 0.00 44.36 0.22 0.49 0.00 0.06 0.01 0.13 1.43 0.01 100.68 

5 20.97 0.01 0.40 0.68 32.30 0.00 44.22 0.13 0.74 0.00 0.00 0.00 0.05 1.38 0.00 100.88 

6 20.48 0.04 0.37 0.74 31.27 0.00 44.51 0.18 0.15 0.00 0.00 0.02 0.06 1.51 0.00 99.33 

7 20.28 0.07 0.37 0.74 32.08 0.02 44.72 0.13 0.36 0.00 0.00 0.00 0.09 1.41 0.00 100.27 

8 18.36 0.01 0.39 0.83 32.33 0.00 43.70 0.26 1.21 0.00 0.05 0.01 0.04 1.31 0.02 98.52 

9 20.82 0.00 0.31 0.76 31.41 0.01 44.71 0.18 0.26 0.00 0.00 0.01 0.02 1.38 0.02 99.89 

Mean 20.08 0.03 0.36 0.76 31.80 0.00 44.44 0.18 0.43 0.00 0.02 0.01 0.04 1.41 0.01 99.60 
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Table A1 continued. Full analytical data for the oxyborates. Results are presented in weight percent. 

No. B2O3 SiO2 Al2O3 As2O5 MgO  Na2O MnO TiO2 Sb2O5 K2O BaO CaO PbO FeO V2O3 Total 

Sample 19880023                             

1 14.55 0.00 0.29 0.63 15.75 0.02 53.10 0.05 11.69 0.00 0.00 0.28 0.00 1.83 0.00 98.19 

2 15.74 0.00 0.31 0.57 15.80 0.00 52.56 0.14 11.77 0.00 0.00 0.03 0.00 1.74 0.00 98.66 

3 13.89 0.04 0.29 0.50 16.68 0.04 52.72 0.09 11.97 0.00 0.00 0.01 0.00 1.78 0.01 98.03 

Mean 14.73 0.01 0.30 0.57 16.08 0.02 52.79 0.10 11.81 0.00 0.00 0.11 0.00 1.78 0.00 98.29 

Sample BC 171                             

1 22.09 0.01 2.20 1.05 38.36 0.00 0.40 0.09 0.06 0.00 0.09 0.09 0.01 35.35 0.01 99.81 

2 22.42 0.07 2.30 0.92 38.31 0.03 0.27 0.07 0.09 0.00 0.03 0.01 0.19 35.63 0.01 100.36 

Mean 22.26 0.04 2.25 0.98 38.34 0.01 0.34 0.08 0.07 0.00 0.06 0.05 0.10 35.49 0.01 100.09 

Sample 20140113#5                             

1 23.12 0.00 0.51 0.86 32.77 0.01 40.56 0.10 1.08 0.00 0.00 0.03 0.03 1.60 0.00 100.67 

2 20.99 0.04 0.60 0.84 32.46 0.03 41.40 0.18 0.33 0.00 0.06 0.01 0.04 1.50 0.00 98.49 

3 21.90 0.04 0.46 0.80 34.27 0.00 40.56 0.08 0.48 0.00 0.04 0.10 0.01 1.26 0.00 100.00 

4 23.31 0.10 0.54 0.70 31.59 0.02 41.61 0.18 0.17 0.00 0.05 0.03 0.00 1.23 0.00 99.54 

5 23.98 0.03 0.53 0.75 31.88 0.00 41.42 0.09 0.07 0.00 0.00 0.05 0.00 1.36 0.00 100.16 

6 21.84 0.07 0.61 0.91 31.29 0.04 41.62 0.17 0.13 0.00 0.00 0.09 0.00 1.25 0.00 98.00 

7 22.04 0.06 0.60 0.78 31.99 0.00 41.06 0.15 0.31 0.00 0.00 0.08 0.00 1.20 0.03 98.31 

8 23.23 0.07 0.55 0.81 31.03 0.00 41.66 0.16 0.36 0.00 0.04 0.10 0.00 1.19 0.00 99.21 

9 24.61 0.02 0.64 0.68 30.76 0.01 41.85 0.16 0.05 0.00 0.10 0.10 0.10 1.19 0.00 100.26 

Mean 22.78 0.05 0.56 0.79 32.00 0.01 41.30 0.14 0.33 0.00 0.03 0.07 0.02 1.31 0.00 99.40 

Sample LbnTrgv1                             

1 20.39 0.04 0.66 1.02 39.73 0.00 5.71 0.03 0.03 0.00 0.04 0.12 0.00 30.59 0.02 98.38 

2 24.92 0.06 0.58 0.98 37.58 0.00 5.96 0.06 0.09 0.00 0.00 0.06 0.07 29.88 0.00 100.25 

3 20.44 0.03 0.71 0.97 39.53 0.00 5.69 0.03 0.30 0.00 0.05 0.05 0.00 30.28 0.00 98.08 

4 21.43 0.00 0.68 0.88 40.18 0.00 5.77 0.00 0.00 0.02 0.07 0.09 0.07 31.03 0.00 100.24 

5 21.65 0.00 0.63 0.98 39.30 0.00 5.95 0.00 0.13 0.00 0.00 0.16 0.02 29.98 0.00 98.79 

6 22.70 0.00 0.71 0.97 39.68 0.00 5.42 0.00 0.26 0.00 0.02 0.13 0.01 30.61 0.03 100.55 

Mean 21.92 0.02 0.66 0.97 39.33 0.00 5.75 0.02 0.14 0.00 0.03 0.10 0.03 30.40 0.01 99.38 

Sample NordKit1                             

1 20.61 0.04 2.28 0.89 34.91 0.00 32.75 0.15 0.63 0.00 0.00 0.00 0.20 6.79 0.00 99.25 

2 21.38 0.03 2.22 0.86 34.42 0.00 32.82 0.07 0.52 0.00 0.00 0.01 0.00 6.87 0.00 99.21 

3 20.33 0.00 2.26 1.00 36.13 0.00 31.37 0.44 1.17 0.00 0.00 0.04 0.03 6.45 0.00 99.23 

4 21.95 0.00 2.49 0.75 33.13 0.00 31.63 0.09 0.51 0.00 0.06 0.05 0.00 7.48 0.00 98.14 

Mean 21.07 0.02 2.31 0.88 34.65 0.00 32.14 0.19 0.71 0.00 0.02 0.03 0.06 6.90 0.00 98.96 
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Table A1 continued. Full analytical data for the oxyborates. Results are presented in weight percent. 

No. B2O3 SiO2 Al2O3 As2O5 MgO  Na2O MnO TiO2 Sb2O5 K2O BaO CaO PbO FeO V2O3 Total 

Sample 19890399                             

1 14.30 0.03 0.17 0.70 28.49 0.00 44.17 0.00 0.00 0.00 0.04 0.02 0.05 6.95 0.00 94.92 

2 14.86 0.09 0.08 0.65 28.37 0.00 44.65 0.03 0.00 0.02 0.02 0.03 0.41 7.10 0.00 96.29 

3 13.81 0.09 0.12 0.53 28.96 0.00 43.81 0.02 0.00 0.01 0.00 0.12 0.00 8.45 0.01 95.94 

Mean 14.32 0.07 0.12 0.63 28.61 0.00 44.21 0.02 0.00 0.01 0.02 0.06 0.15 7.50 0.01 95.72 

Sample EJ-M3237                             

1 19.57 0.02 0.96 0.73 36.79 0.10 35.21 0.20 0.00 0.00 0.01 0.01 0.17 6.14 0.00 99.91 

Mean 19.57 0.02 0.96 0.73 36.79 0.10 35.21 0.20 0.00 0.00 0.01 0.01 0.17 6.14 0.00 99.91 

Sample 19940016                             

1 13.76 0.00 0.54 0.82 23.20 0.00 46.43 0.44 11.46 0.00 0.00 0.07 0.00 1.52 0.02 98.27 

2 15.95 0.00 0.56 0.61 23.16 0.00 47.01 0.45 11.55 0.00 0.00 0.05 0.12 1.42 0.01 100.90 

Mean 14.86 0.00 0.55 0.72 23.18 0.00 46.72 0.45 11.51 0.00 0.00 0.06 0.06 1.47 0.02 99.59 

Sample 19850003                             

1 18.59 0.04 1.39 0.89 42.00 0.00 32.28 0.06 0.27 0.00 0.00 0.01 0.16 5.01 0.00 100.71 

2 17.42 0.08 1.40 0.91 41.96 0.02 31.63 0.03 0.05 0.00 0.00 0.13 0.00 4.98 0.01 98.62 

Mean 18.01 0.06 1.40 0.90 41.98 0.01 31.96 0.05 0.16 0.00 0.00 0.07 0.08 5.00 0.00 99.66 

Sample EJ-M3247                             

1 18.43 0.02 0.67 0.53 31.54 0.10 40.64 0.28 0.42 0.00 0.00 0.01 0.00 6.92 0.01 99.58 

2 18.46 0.02 0.73 0.57 31.41 0.09 41.05 0.25 0.30 0.00 0.07 0.00 0.00 6.49 0.00 99.43 

Mean 18.45 0.02 0.70 0.55 31.48 0.09 40.85 0.27 0.36 0.00 0.04 0.01 0.00 6.71 0.00 99.51 

Sample 19740475                             

1 19.32 0.01 0.16 0.69 34.01 0.00 37.31 0.20 0.42 0.00 0.04 0.00 0.00 7.72 0.00 99.88 

2 19.05 0.05 0.38 0.65 33.68 0.00 38.18 0.27 0.18 0.00 0.03 0.02 0.00 7.05 0.00 99.53 

3 18.19 0.04 0.43 0.61 34.37 0.00 38.42 0.10 0.15 0.00 0.07 0.02 0.01 7.16 0.00 99.58 

4 18.25 0.01 0.41 0.73 34.06 0.09 38.35 0.14 0.08 0.00 0.08 0.09 0.00 7.00 0.01 99.31 

Mean 18.70 0.03 0.35 0.67 34.03 0.02 38.07 0.18 0.21 0.00 0.05 0.03 0.00 7.23 0.00 99.57 

Sample 20080369                             

1 21.43 0.07 0.37 1.14 42.13 0.00 1.44 0.00 0.00 0.00 0.02 0.02 0.03 35.48 0.00 102.12 

2 21.61 0.03 0.28 1.03 41.95 0.00 1.45 0.00 0.00 0.00 0.00 0.06 0.11 35.77 0.00 102.30 

Mean 21.52 0.05 0.33 1.08 42.04 0.00 1.45 0.00 0.00 0.00 0.01 0.04 0.07 35.63 0.00 102.21 

Sample 20060489                             

1 17.41 0.09 1.75 0.63 29.83 0.00 0.19 0.00 0.00 0.00 0.01 0.02 0.35 50.49 0.00 100.77 

2 15.34 0.02 1.69 0.75 29.83 0.05 0.18 0.02 0.00 0.01 0.01 0.01 0.00 51.07 0.01 99.00 

3 16.44 0.02 1.60 0.58 29.62 0.00 0.29 0.00 0.00 0.00 0.00 0.00 0.11 51.39 0.00 100.06 

4 17.04 0.04 1.62 0.59 29.36 0.00 0.25 0.01 0.00 0.00 0.03 0.00 0.42 51.30 0.01 100.67 

Mean 16.56 0.05 1.66 0.64 29.66 0.01 0.23 0.01 0.00 0.00 0.01 0.01 0.22 51.06 0.00 100.12 

Sample 20060490                             

1 18.00 0.04 2.17 0.73 31.08 0.00 0.31 0.05 0.00 0.00 0.00 0.28 0.00 48.43 0.01 101.10 

2 16.80 0.05 2.06 0.69 30.12 0.04 0.23 0.00 0.00 0.00 0.00 0.01 0.00 50.15 0.00 100.17 

Mean 17.40 0.05 2.12 0.71 30.60 0.02 0.27 0.03 0.00 0.00 0.00 0.14 0.00 49.29 0.01 100.63 

Sample 18870077                             

1 17.76 0.06 0.79 0.79 37.35 0.00 26.16 0.00 0.00 0.00 0.00 0.12 0.00 15.69 0.00 98.73 

Mean 17.76 0.06 0.79 0.79 37.35 0.00 26.16 0.00 0.00 0.00 0.00 0.12 0.00 15.69 0.00 98.73 
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Table A1 continued. Full analytical data for the oxyborates. Results are presented in weight percent. 

No. B2O3 SiO2 Al2O3 As2O5 MgO  Na2O MnO TiO2 Sb2O5 K2O BaO CaO PbO FeO V2O3 Total 

Sample 20110047                             

1 19.88 0.02 0.97 0.92 41.92 0.00 30.33 0.18 0.00 0.00 0.00 0.07 0.03 6.05 0.00 100.37 

2 17.99 0.03 0.87 0.99 42.21 0.02 29.81 0.25 0.01 0.00 0.00 0.05 0.08 6.05 0.02 98.37 

3 20.57 0.04 2.55 1.11 42.68 0.02 27.95 0.19 0.00 0.00 0.01 0.13 0.15 5.46 0.00 100.85 

4 20.02 0.10 2.59 0.98 43.36 0.01 27.41 0.26 0.00 0.00 0.00 0.35 0.00 5.24 0.05 100.37 

5 19.39 0.02 1.70 0.91 42.27 0.00 28.94 0.18 0.00 0.00 0.05 0.08 0.20 5.58 0.00 99.32 

6 18.76 0.06 1.88 0.85 42.31 0.02 28.93 0.24 0.00 0.01 0.00 0.06 0.00 5.15 0.00 98.27 

Mean 19.44 0.04 1.76 0.96 42.46 0.01 28.90 0.22 0.00 0.00 0.01 0.12 0.08 5.59 0.01 99.59 

Sample 19950165                             

1 19.90 0.01 2.23 0.98 40.85 0.03 29.53 0.36 0.06 0.01 0.00 0.01 0.08 4.80 0.00 98.85 

2 19.17 0.05 2.37 0.75 40.81 0.09 29.49 0.28 0.26 0.00 0.00 0.04 0.00 5.75 0.00 99.07 

Mean 19.54 0.03 2.30 0.87 40.83 0.06 29.51 0.32 0.16 0.01 0.00 0.02 0.04 5.28 0.00 98.96 
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Table A2. The magnesium, manganese as well as iron contents and empirical formulae for host rock phases used 
to plot the ternary diagrams for the magnesium-manganese-iron system in section 4.3. The chemistry is shown 
both as the actual weight percent values and as the normalized values that are used in the plot. The data is for the 
spinel group minerals including hausmannite and iwakiite associated with pinakiolite in Långban. 

Sample 19880030    

Mineral Hausmannite    

     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 0.71 90.70 0.43  

Normalized values 0.78 98.75 0.47  

     

Formula (Mn2+0.94Mg0.05Fe0.02)Σ=1.01(Mn3+1.99)Σ=1.99O4 

n-Analyses 3    

          

Sample 20140113#5    

Mineral Hausmannite    

     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 3.89 87.01 0.64  

Normalized values 4.25 95.06 0.70  

     

Formula (Mn2+0.75Mg0.23Fe0.02)Σ=1.00(Mn3+1.98)Σ=1.98O4 

n-Analyses 5    

          

Sample 19740475 (1)    

Mineral Hausmannite    

     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 2.49 85.86 3.96  

Normalized values 2.70 93.01 4.29  

     

Formula (Mn2+0.72Mg0.15Fe0.13)Σ=1.00(Mn3+1.99Al0.01)Σ=2.00O4 

n-Analyses 3    
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Table A2 continued. The magnesium, manganese as well as iron contents and empirical formulae for host rock 
phases used to plot the ternary diagrams for the magnesium-manganese-iron system in section 4.3. The chemistry 
is shown both as the actual weight percent values and as the normalized values that are used in the plot. The data 
is for the spinel group minerals including hausmannite and iwakiite associated with pinakiolite in Långban. 

Sample 19740475 (2)    

Mineral Hausmannite    

     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 2.18 88.39 2.18  

Normalized values 2.35 95.30 2.35  

     

Formula (Mn2+0.80Mg0.13Fe0.07)Σ=1.00(Mn3+1.99)Σ=1.99O4 

n-Analyses 3    

     

Sample 19720054    

Mineral Hausmannite    

     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 0.73 90.48 2.52  

Normalized values 0.78 96.53 2.69  

     

Formula (Mn2+0.87Mg0.05Fe0.09)Σ=1.01(Mn3+1.99)Σ=1.99O4 

n-Analyses 5    
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Table A2 continued. The magnesium, manganese as well as iron contents and empirical formulae for host rock 
phases used to plot the ternary diagrams for the magnesium-manganese-iron system in section 4.3. The chemistry 
is shown both as the actual weight percent values and as the normalized values that are used in the plot. The data 
is for the spinel group minerals including hausmannite and iwakiite associated with orthopinakiolite in Långban. 

Sample 19890399    

Mineral Hausmannite    

     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 0.87 87.41 3.59  

Normalized values 0.94 95.15 3.91  

     

Formula (Mn2+0.82Mg0.05Fe0.12Na0.01)Σ=1.00(Mn3+1.99)Σ=1.99O4 

n-Analyses 4    

          

Sample EJ-M3247    

Mineral Hausmannite    

     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 1.49 87.29 3.32  

Normalized values 1.62 94.78 3.60  

     

Formula (Mn2+0.79Mg0.09Fe0.11Na0.01)Σ=1.00(Mn3+1.99Al0.01)Σ=2.00O4 

n-Analyses 4    
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Table A2 continued. The magnesium, manganese as well as iron contents and empirical formulae for host rock 
phases used to plot the ternary diagrams for the magnesium-manganese-iron system in section 4.3. The chemistry 
is shown both as the actual weight percent values and as the normalized values that are used in the plot. The data 
is for the spinel group minerals including hausmannite and iwakiite associated with fredrikssonite in Långban. 

Sample 19840003    

Mineral Hausmannite    

     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 2.53 88.53 1.24  

Normalized values 2.74 95.92 1.34  

     

Formula (Mn2+0.81Mg0.15Fe0.04)Σ=1.00(Mn3+1.97Al0.02)Σ=1.99O4 

n-Analyses 7    

          

Sample 19840002    

Mineral Hausmannite    

     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 5.52 60.66 23.52  

Normalized values 6.16 67.63 26.22  

     

Formula (Mg0.32Fe0.71)Σ=1.03(Mn3+1.78Al0.15Fe3+0.04Si0.01)Σ=1.98O4 

n-Analyses 9    

          

Sample EJ-M3237    

Mineral Iwakiite    

     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 9.95 47.79 35.55  

Normalized values 10.67 51.23 38.11  

     

Formula (Mn2+0.46Mg0.56)Σ=1.02(Fe3+1.00Mn3+0.95Si0.01Al0.01)Σ=1.97O4 

n-Analyses 1    
  



80 
 

Table A2 continued. The magnesium, manganese as well as iron contents and empirical formulae for host rock 
phases used to plot the ternary diagrams for the magnesium-manganese-iron system in section 4.3. The chemistry 
is shown both as the actual weight percent values and as the normalized values that are used in the plot. The data 
is for the spinel group minerals including hausmannite and iwakiite associated with fredrikssonite in Långban. 

Sample 19850003    

Mineral Hausmannite    

     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 3.17 88.19 1.66  

Normalized values 3.41 94.81 1.78  

     

Formula (Mn2+0.75Mg0.19Fe0.06)Σ=1.00(Mn3+1.98Al0.02)Σ=2.00O4 

n-Analyses 4    

          

Sample 20110047    

Mineral Hausmannite    

     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 6.32 83.40 2.61  

Normalized values 6.85 90.33 2.83  

     

Formula (Mn2+0.56Mg0.36Fe0.08Ca0.01)Σ=1.01(Mn3+1.95Al0.04)Σ=1.99O4 

n-Analyses 4    
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Table A2 continued. The magnesium, manganese as well as iron contents and empirical formulae for host rock 
phases used to plot the ternary diagrams for the magnesium-manganese-iron system in section 4.3. The chemistry 
is shown both as the actual weight percent values and as the normalized values that are used in the plot. The data 
is for the spinel group minerals including hausmannite and iwakiite associated with ludwigite in Långban. 

Sample LbnTrgv1    

Mineral Jacobsite    

     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 10.54 19.34 61.08  

Normalized values 11.58 21.26 67.16  

     

Formula (Mn2+0.43Mg0.60)Σ=1.03(Fe3+1.74Mn3+0.17Al0.05As0.01)Σ=1.97O4 

n-Analyses 3    

     

Sample 20080369    

Mineral Jacobsite    

     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 13.17 11.55 68.24  

Normalized values 14.16 12.42 73.41  

     

Formula (Mn2+0.30Mg0.73)Σ=1.03(Fe3+1.90Mn3+0.06Al0.01As0.01)Σ=1.98O4 

n-Analyses 3    
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Table A2 continued. The magnesium, manganese as well as iron contents and empirical formula for one host 
rock phase used to plot the ternary diagrams for the magnesium-manganese-iron system in section 4.3. The 
chemistry is shown both as the actual weight percent values and as the normalized values that are used in the plot. 
The data is for the spinel group minerals including hausmannite and iwakiite associated with pinakiolite in 
Nordmark. 

Sample 19062098    

Mineral Iwakiite    

     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 4.22 43.10 38.15  

Normalized values 4.94 50.43 44.64  

     

Formula (Mn2+0.92Mg0.24)Σ=1.16(Fe3+1.11Mn3+0.44Al0.19Sb5+0.08Ca0.01Ti0.01)Σ=1.84O4 

n-Analyses 2    
 

Table A2 continued. The magnesium, manganese as well as iron contents and empirical formulae for host rock 
phases used to plot the ternary diagrams for the magnesium-manganese-iron system in section 4.3. The chemistry 
is shown both as the actual weight percent values and as the normalized values that are used in the plot. The data 
is for the spinel group minerals including hausmannite and iwakiite associated with fredrikssonite in Nordmark. 

Sample NordKit1    

Mineral Hausmannite    

     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 0.35 87.24 4.66  

Normalized values 0.38 94.57 5.05  

     

Formula (Mn2+0.81Mg0.02Fe0.16Ca0.01)Σ=1.00(Mn3+1.99)Σ=1.99O4 

n-Analyses 2    

          

Sample 18870077    

Mineral Iwakiite    

     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 4.54 46.54 40.34  

Normalized values 4.97 50.91 44.12  

     

Formula (Mn2+0.75Mg0.27)Σ=1.02(Fe3+1.19Mn3+0.72Al0.07)Σ=1.98O4 

n-Analyses 4    
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Table A2 continued. The magnesium, manganese as well as iron contents and empirical formulae for host rock 
phases used to plot the ternary diagrams for the magnesium-manganese-iron system in section 4.3. The chemistry 
is shown both as the actual weight percent values and as the normalized values that are used in the plot. The data 
is for the spinel group minerals including hausmannite and iwakiite associated with ludwigite in Nordmark. 

Sample 20020096    

Mineral Magnetite    

     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 1.17 0.31 92.18  

Normalized values 1.25 0.33 98.42  

     

Formula (Fe2+0.93Mg0.07Mn0.01)Σ=1.01(Fe3+1.98Al0.01)Σ=1.99O4 

n-Analyses 9    

          

Sample 20060491    

Mineral Magnetite    

     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 0.56 0.24 91.98  

Normalized values 0.61 0.26 99.13  

     

Formula (Fe2+0.96Mg0.03Mn0.01)Σ=1.00(Fe3+1.97Al0.02)Σ=1.99O4 

n-Analyses 4    

          

Sample 20060474    

Mineral Jacobsite    

     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 11.57 5.95 75.07  

Normalized values 12.50 6.43 81.07  

     

Formula (Mn2+0.19Fe2+0.20Mg0.64)Σ=1.03(Fe3+1.91Al0.06As0.01)Σ=1.98O4 

n-Analyses 9    

          

Sample 20060489    

Mineral Magnetite    

     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 1.05 0.27 91.73  

Normalized values 1.13 0.29 98.58  

     

Formula (Fe2+0.94Mg0.06Mn0.01)Σ=1.01(Fe3+1.98)Σ=1.98O4 

n-Analyses 4    
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Table A2 continued. The magnesium, manganese as well as iron contents and empirical formulae for host rock 
phases used to plot the ternary diagrams for the magnesium-manganese-iron system in section 4.3. The chemistry 
is shown both as the actual weight percent values and as the normalized values that are used in the plot. The data 
is for the spinel group minerals including hausmannite and iwakiite associated with ludwigite in Nordmark. 

Sample 20060490    

Mineral Magnetite    

     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 2.52 0.44 90.17  

Normalized values 2.71 0.47 96.82  

     

Formula (Fe2+0.84Mg0.15Mn0.02)Σ=1.01(Fe3+1.98Al0.01)Σ=1.99O4 

n-Analyses 4    

     

Sample BC 171    

Mineral Jacobsite    

     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 13.13 5.25 72.59  

Normalized values 14.43 5.78 79.79  

     

Formula (Mn2+0.16Fe2+0.14Mg0.72)Σ=1.02(Fe3+1.90Al0.07As0.01)Σ=1.98O4 

n-Analyses 7    
 

Table A2 continued. The magnesium, manganese as well as iron contents and empirical formula for one host 
rock phase used to plot the ternary diagrams for the magnesium-manganese-iron system in section 4.3. The 
chemistry is shown both as the actual weight percent values and as the normalized values that are used in the plot. 
The data is for the spinel group minerals including hausmannite and iwakiite associated with blatterite in 
Nordmark. 

Sample 19940016    

Mineral Hausmannite    

     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 0.49 89.58 2.13  

Normalized values 0.54 97.16 2.31  

     

Formula (Mn2+0.91Mg0.03Fe0.07)Σ=1.01(Mn3+1.94Al0.04)Σ=1.98O4 

n-Analyses 4    
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Table A2 continued. The magnesium, manganese as well as iron contents and empirical formulae for host rock 
phases used to plot the ternary diagrams for the magnesium-manganese-iron system in section 4.3. The chemistry 
is shown both as the actual weight percent values and as the normalized values that are used in the plot. The data 
is for the spinel group minerals including hausmannite and iwakiite associated with fredrikssonite in Jakobsberg. 

Sample 19950267    

Mineral Hausmannite    

     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 1.40 88.66 1.96  

Normalized values 1.53 96.35 2.13  

     

Formula (Mn2+0.84Mg0.09Fe0.07Ca0.01)Σ=1.01(Mn3+1.97Al0.02)Σ=1.99O4 

n-Analyses 6    

     

Sample 19950165    

Mineral Hausmannite    

     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 2.00 85.20 2.47  

Normalized values 2.23 95.01 2.76  

     

Formula (Mn2+0.77Mg0.12Fe0.09Na0.01Ca0.01)Σ=1.00(Mn3+1.98Al0.02)Σ=2.00O4 

n-Analyses 3    
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Table A3. The magnesium, manganese as well as iron contents and empirical formulae for host rock phases used 
to plot the ternary diagrams for the magnesium-manganese-iron system in section 4.3. The chemistry is shown 
both as the actual weight percent values and as the normalized values that are used in the plot. Some of the olivines 
have a slightly low or high total which are annotated with (-) and (+) respectively. The data is for the olivine group 
minerals including clinohumite/humite associated with pinakiolite in Långban. 

Sample 19740475    

Mineral Olivine    

(+)     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 56.79 2.84 0.01  

Normalized values 95.22 4.77 0.01  

     

Formula (Mg1.93Mn0.05As0.01)Σ=1.99Si0.99O4 

n-Analyses 3    

     

Sample 19720054    

Mineral Olivine    

     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 49.23 8.41 0.03  

Normalized values 85.37 14.58 0.04  

     

Formula (Mg1.79Mn0.17As0.02)Σ=1.98Si1.00O4 

n-Analyses 1    
 

Table A3 continued. The magnesium, manganese as well as iron contents and empirical formula for one host 
rock phase used to plot the ternary diagram for the magnesium-manganese-iron system in section 4.3. The 
chemistry is shown both as the actual weight percent values and as the normalized values that are used in the plot. 
Some of the olivines have a slightly low or high total which are annotated with (-) and (+) respectively. The data 
is for the olivine group minerals including clinohumite/humite associated with orthopinakiolite in Långban. 

Sample EJ-M3247    

Mineral Olivine    

(+)     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 55.25 4.73 0.09  

Normalized values 91.97 7.87 0.15  

     

Formula (Mg1.89Mn0.09As0.01)Σ=1.99Si0.99O4 

n-Analyses 2    
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Table A3 continued. The magnesium, manganese as well as iron contents and empirical formulae for host rock 
phases used to plot the ternary diagrams for the magnesium-manganese-iron system in section 4.3. The chemistry 
is shown both as the actual weight percent values and as the normalized values that are used in the plot. Data for 
the humite group mineral is presented as oxide weight percent as no distinction could be made between humite 
and clinohumite in polished section. Some of the olivines have a slightly low or high total which are annotated 
with (-) and (+) respectively. The data is for the olivine group minerals including clinohumite/humite associated 
with fredrikssonite in Långban. 

Sample 19840003    

Mineral Clinohumite/humite    

     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 53.87 3.79 0.01  

Normalized values 93.42 6.57 0.01  

     

Wt.% SiO2 37.92; Al2O3 0.01; As2O5 1.23; MgO 53.87; Na2O 0.01; MnO 3.79; TiO2 0.19; 
Sb2O5 0.01; BaO 0.01; PbO 0.02; FeO 0.01; V2O3 0.01; H2O 2.73 

n-Analyses 3    

          

Sample 19840002    

Mineral Olivine    

     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 51.52 6.27 0.00  

Normalized values 89.15 10.85 0.00  

     

Formula (Mg1.85Mn0.13As0.02)Σ=2.00Si0.99O4 

n-Analyses 1    

          

Sample EJ-M3237    

Mineral Olivine    

(+)     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 59.16 0.68 0.00  

Normalized values 98.86 1.14 0.00  

     

Formula (Mg2.00Mn0.01As0.02)Σ=2.03Si0.97O4 

n-Analyses 2    
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Table A3 continued. The magnesium, manganese as well as iron contents and empirical formulae for host rock 
phases used to plot the ternary diagrams for the magnesium-manganese-iron system in section 4.3. The chemistry 
is shown both as the actual weight percent values and as the normalized values that are used in the plot. Some of 
the olivines have a slightly low or high total which are annotated with (-) and (+) respectively. The data is for the 
olivine group minerals including clinohumite/humite associated with fredrikssonite in Långban. 

Sample 19850003    

Mineral Olivine    

     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 56.25 4.35 0.02  

Normalized values 92.79 7.17 0.04  

     

Formula (Mg2.03Mn0.09As0.02)Σ=2.14Si0.92O4 

n-Analyses 6    

     

Sample 20110047    

Mineral Olivine    

(-)     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 57.31 1.38 0.04  

Normalized values 97.59 2.35 0.07  

     

Formula (Mg2.15Mn0.03As0.02)Σ=2.20Si0.88O4 

n-Analyses 3    
 

Table A3 continued. The magnesium, manganese as well as iron contents and empirical formula for one host 
rock phase used to plot the ternary diagram for the magnesium-manganese-iron system in section 4.3. The 
chemistry is shown both as the actual weight percent values and as the normalized values that are used in the plot. 
Some of the olivines have a slightly low or high total which are annotated with (-) and (+) respectively. The data 
is for the olivine group minerals including clinohumite/humite associated with pinakiolite in Nordmark. 

Sample 19062098    

Mineral Olivine    

(-)     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 42.54 19.65 0.08  

Normalized values 68.32 31.56 0.13  

     

Formula (Mg1.75Mn0.46As0.01Ca0.01)Σ=2.23Si0.87O4 

n-Analyses 2    
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Table A3 continued. The magnesium, manganese as well as iron contents and empirical formula for one host 
rock phase used to plot the ternary diagrams for the magnesium-manganese-iron system in section 4.3. The 
chemistry is shown both as the actual weight percent values and as the normalized values that are used in the plot. 
Some of the olivines have a slightly low or high total which are annotated with (-) and (+) respectively. The data 
is for the olivine group minerals including clinohumite/humite associated with fredrikssonite in Nordmark. 

Sample 18870077    

Mineral Olivine    

(-)     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 53.48 8.22 0.07  

Normalized values 86.59 13.30 0.11  

     

Formula (Mg2.04Mn0.18As0.02)Σ=2.24Si0.87O4 

n-Analyses 3    
 

Table A3 continued. The magnesium, manganese as well as iron contents and empirical formula for one host 
rock phase used to plot the ternary diagrams for the magnesium-manganese-iron system in section 4.3. The 
chemistry is shown both as the actual weight percent values and as the normalized values that are used in the plot. 
Some of the olivines have a slightly low or high total which are annotated with (-) and (+) respectively. The data 
is for the olivine group minerals including clinohumite/humite associated with ludwigite in Nordmark. 

Sample 20020096    

Mineral Olivine    

(-)     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 55.34 0.35 3.07  

Normalized values 94.19 0.59 5.22  

     

Formula (Mg2.07Fe3+0.06As0.02Mn3+0.01)Σ=2.16Si0.89O4 

n-Analyses 4    
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Table A3 continued. The magnesium, manganese as well as iron contents and empirical formulae for host rock 
phases used to plot the ternary diagrams for the magnesium-manganese-iron system in section 4.3. The chemistry 
is shown both as the actual weight percent values and as the normalized values that are used in the plot. Data for 
the humite group mineral is presented as oxide weight percent as no distinction could be made between humite 
and clinohumite in polished section. Some of the olivines have a slightly low or high total which are annotated 
with (-) and (+) respectively. The data is for the olivine group minerals including clinohumite/humite associated 
with ludwigite in Nordmark. 

Sample 20060474    

Mineral Clinohumite/humite    

     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 56.42 0.55 0.62  

Normalized values 97.97 0.95 1.07  

     

Wt.% SiO2 37.31; Al2O3 0.02; As2O5 1.66; MgO 56.51; Na2O 0.01; MnO 0.53; TiO2 0.26; 
Sb2O5 0.04; BaO 0.01; CaO 0.03; PbO 0.01; FeO 0.57; H2O 3.04 

n-Analyses 5    

          

Sample 20060489    

Mineral Olivine    

(-)     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 58.26 0.19 1.98  

Normalized values 96.42 0.31 3.27  

     

Formula (Mg2.19Fe0.04As0.02)Σ=2.25Si0.86O4 

n-Analyses 4    

          

Sample 20060490    

Mineral Olivine    

(-)     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 58.61 0.19 1.50  

Normalized values 97.20 0.32 2.48  

     

Formula (Mg2.20Fe0.03As0.02Ca0.01)Σ=2.26Si0.86O4 

n-Analyses 4    
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Table A3 continued. The magnesium, manganese as well as iron contents and empirical formula for one host 
rock phase used to plot the ternary diagrams for the magnesium-manganese-iron system in section 4.3. The 
chemistry is shown both as the actual weight percent values and as the normalized values that are used in the plot. 
The data is for the olivine group minerals including clinohumite/humite associated with blatterite in Nordmark. 

Sample 19940016    

Mineral Olivine    

     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 32.50 33.59 0.07  

Normalized values 49.12 50.77 0.11  

     

Formula (Mg1.33Mn0.78As0.01Ca0.01)Σ=2.13Si0.93O4 

n-Analyses 5    
 

Table A3 continued. The magnesium, manganese as well as iron contents and empirical formulae for host rock 
phases used to plot the ternary diagrams for the magnesium-manganese-iron system in section 4.3. The chemistry 
is shown both as the actual weight percent values and as the normalized values that are used in the plot. Data for 
the humite group mineral is presented as oxide weight percent as no distinction could be made between humite 
and clinohumite in polished section. Some of the olivines have a slightly low or high total which are annotated 
with (-) and (+) respectively. The data is for the olivine group minerals including clinohumite/humite associated 
with fredrikssonite in Jakobsberg. 

Sample 19950267    

Mineral Clinohumite/humite    

     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 52.76 4.36 0.02  

Normalized values 92.33 7.62 0.04  

     

Wt.% SiO2 34.45; Al2O3 0.01; As2O5 3.00; MgO 52.76; Na2O 0.02; MnO 4.36; TiO2 0.05; 
Sb2O5 0.03; BaO 0.02; CaO 0.15; PbO 0.02; FeO 0.02; V2O3 0.01; H2O 5.09 

n-Analyses 3    

          

Sample 19950165    

Mineral Olivine    

(-)     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 55.76 3.01 0.01  

Normalized values 94.86 5.13 0.01  

     

Formula (Mg2.11Mn0.06As0.02)Σ=2.19Si0.89O4 

n-Analyses 3    
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Table A3 continued. The magnesium, manganese as well as iron contents and empirical formula for one host 
rock phase used to plot the ternary diagrams for the magnesium-manganese-iron system in section 4.3. The 
chemistry is shown both as the actual weight percent values and as the normalized values that are used in the plot. 
The data is for the olivine group minerals including clinohumite/humite associated with ludwigite in Jakobsberg. 

Sample 20000070    

Mineral Chondrodite    

     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 54.70 2.99 0.05  

Normalized values 94.74 5.17 0.09  

     

Formula (Mg4.06Mn0.13As0.05Ti0.01Ca0.01)Σ=4.26Si1.84O8[F(OH)]Σ=0.91 

n-Analyses 4    
 

Table A4. The magnesium, manganese as well as iron contents and empirical formula for one host rock phase 
used to plot the ternary diagrams for the magnesium-manganese-iron system in section 4.3. The chemistry is shown 
both as the actual weight percent values and as the normalized values that are used in the plot. The data is for the 
mica group minerals associated with pinakiolite in Långban. 

Sample 19720054    

Mineral Kinoshitalite    

     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 22.77 1.26 0.91  

Normalized values 91.31 5.05 3.64  

     

Formula (Ba0.62Na0.28K0.05)Σ=0.95(Mg2.69Mn2+0.08Fe2+0.06Ti0.02Pb0.02As0.02)Σ=2.89Si2.28Al1.81O10(OH)0.07 

n-Analyses 2    
 

Table A4 continued. The magnesium, manganese as well as iron contents and empirical formula for one host 
rock phase used to plot the ternary diagrams for the magnesium-manganese-iron system in section 4.3. The 
chemistry is shown both as the actual weight percent values and as the normalized values that are used in the plot. 
The data is for the mica group minerals associated with orthopinakiolite in Långban. 

Sample EJ-M3247    

Mineral Kinoshitalite    

     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 23.58 2.50 1.09  

Normalized values 86.80 9.19 4.01  

     

Formula (Ba0.41Na0.36K0.10)Σ=0.87(Mg2.67Mn2+0.16Fe2+0.07Ti0.03Pb0.03As0.02)Σ=2.98Si2.27Al1.85O10(OH)0.03 

n-Analyses 5    
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Table A4 continued. The magnesium, manganese as well as iron contents and empirical formula for one host 
rock phase used to plot the ternary diagrams for the magnesium-manganese-iron system in section 4.3. The 
chemistry is shown both as the actual weight percent values and as the normalized values that are used in the plot. 
The data is for the mica group minerals associated with fredrikssonite in Långban. 

Sample EJ-M3237    

Mineral Kinoshitalite    

     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 24.15 1.69 1.09  

Normalized values 89.67 6.26 4.06  

     

Formula (Ba0.50Na0.25K0.12)Σ=0.87(Mg2.77Mn2+0.11Fe2+0.07Ti0.03As0.02Pb0.01)Σ=3.01Si2.21Al1.87O10(OH)0.04 

n-Analyses 3    
 

Table A4 continued. The magnesium, manganese as well as iron contents and empirical formula for one host 
rock phase used to plot the ternary diagrams for the magnesium-manganese-iron system in section 4.3. The 
chemistry is shown both as the actual weight percent values and as the normalized values that are used in the plot. 
The data is for the mica group minerals associated with ludwigite in Långban. 

Sample 20080369    

Mineral Phlogopite    

     

 MgO MnO FeO  

Mg, Mn, Fe content (wt.%) 29.15 0.09 1.67  

Normalized values 94.33 0.28 5.39  

     

Formula (K0.88Na0.02Ba0.02)Σ=0.92(Mg3.01Fe2+0.10As0.02Mn2+0.01Ca0.01)Σ=3.15Si2.92Al1.01O10(OH)0.01 

n-Analyses 2    
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Table A5. The calcium, magnesium, manganese as well as iron and lead contents for the groundmass carbonates 
used to plot the ternary diagrams for the magnesium-manganese-iron system in section 4.3. The chemistry is shown 
both as the actual weight percent values and as the normalized values for magnesium, manganese and iron that are 
used in the plot. The CO2 contents were calculated from stoichiometry. 

Sample 20000070       

Mineral Calcite       

 CaO    MgO    MnO    FeO    PbO    CO2 

Ca, Mg, Mn, Fe, Pb, CO2 content (wt.%) 53.16 1.62 1.06 0.01 1.67 42.49 

Normalized values  60.10 39.36 0.55   

n-Analyses 2       

              

Sample 19950267       

Mineral Calcite       

 CaO    MgO    MnO    FeO    PbO    CO2 

Ca, Mg, Mn, Fe, Pb, CO2 content (wt.%) 50.77 1.74 1.85 0.01 1.50 44.13 

Normalized values  48.48 51.34 0.18   

n-Analyses 3       

              

Sample 19720054       

Mineral Calcite       

 CaO    MgO    MnO    FeO    PbO    CO2 

Ca, Mg, Mn, Fe, Pb, CO2 content (wt.%) 55.34 0.61 1.05 0.00 0.85 42.15 

Normalized values  36.94 62.84 0.22   

n-Analyses 3       

              

Sample 19840003       

Mineral Dolomite       

 CaO    MgO    MnO    FeO    PbO    CO2 

Ca, Mg, Mn, Fe, Pb, CO2 content (wt.%) 37.59 13.62 2.01 0.00 0.52 46.25 

Normalized values  87.14 12.84 0.02   

n-Analyses 3       

              

Sample 19062098       

Mineral Kutnohorite       

 CaO    MgO    MnO    FeO    PbO    CO2 

Ca, Mg, Mn, Fe, Pb, CO2 content (wt.%) 36.25 6.77 15.07 0.01 0.31 41.60 

Normalized values  30.97 68.97 0.07   

n-Analyses 4       
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Table A5 continued. The calcium, magnesium, manganese as well as iron and lead contents for the groundmass 
carbonates used to plot the ternary diagrams for the magnesium-manganese-iron system in section 4.3. The 
chemistry is shown both as the actual weight percent values and as the normalized values for magnesium, 
manganese and iron that are used in the plot. The CO2 contents were calculated from stoichiometry. 

Sample 20060491       

Mineral Dolomite       

 CaO    MgO    MnO    FeO    PbO    CO2 

Ca, Mg, Mn, Fe, Pb, CO2 content (wt.%) 29.82 20.29 0.29 0.93 0.04 48.63 

Normalized values  94.31 1.37 4.33   

n-Analyses 2       

              

Sample 20060474       

Mineral Mg-bearing calcite       

 CaO    MgO    MnO    FeO    PbO    CO2 

Ca, Mg, Mn, Fe, Pb, CO2 content (wt.%) 46.69 7.95 0.29 0.02 0.39 44.66 

Normalized values  96.27 3.49 0.24   

n-Analyses 3       

              

Sample 19840002       

Mineral Calcite       

 CaO    MgO    MnO    FeO    PbO    CO2 

Ca, Mg, Mn, Fe, Pb, CO2 content (wt.%) 52.67 1.85 1.92 0.01 1.53 42.03 

Normalized values  48.87 50.86 0.28   

n-Analyses 2       

              

Sample 19880030       

Mineral Mn-bearing calcite       

 CaO    MgO    MnO    FeO    PbO    CO2 

Ca, Mg, Mn, Fe, Pb, CO2 content (wt.%) 52.00 1.73 3.25 0.03 1.08 41.91 

Normalized values  34.65 64.83 0.52   

n-Analyses 2       

              

Sample BC 171       

Mineral Dolomite       

 CaO    MgO    MnO    FeO    PbO    CO2 

Ca, Mg, Mn, Fe, Pb, CO2 content (wt.%) 30.37 18.70 0.21 0.01 0.15 50.56 

Normalized values  98.85 1.12 0.04   

n-Analyses 3       
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Table A5 continued. The calcium, magnesium, manganese as well as iron and lead contents for the groundmass 
carbonates used to plot the ternary diagrams for the magnesium-manganese-iron system in section 4.3. The 
chemistry is shown both as the actual weight percent values and as the normalized values for magnesium, 
manganese and iron that are used in the plot. The CO2 contents were calculated from stoichiometry. 

Sample 20140113#5       

Mineral Calcite       

 CaO    MgO    MnO    FeO    PbO    CO2 

Ca, Mg, Mn, Fe, Pb, CO2 content (wt.%) 53.45 0.85 0.30 0.00 2.20 43.21 

Normalized values  74.16 25.66 0.19   

n-Analyses 2       

              

Sample LbnTrgv1       

Mineral Mg-bearing calcite       

 CaO    MgO    MnO    FeO    PbO    CO2 

Ca, Mg, Mn, Fe, Pb, CO2 content (wt.%) 49.93 3.86 1.04 1.39 3.44 40.34 

Normalized values  61.40 16.49 22.11   

n-Analyses 1       

              

Sample NordKit1       

Mineral Mn-bearing dolomite       

 CaO    MgO    MnO    FeO    PbO    CO2 

Ca, Mg, Mn, Fe, Pb, CO2 content (wt.%) 28.61 16.68 4.86 0.03 0.23 49.60 

Normalized values  77.36 22.52 0.12   

n-Analyses 2       

        

Sample 19890399       

Mineral Calcite       

 CaO    MgO    MnO    FeO    PbO    CO2 

Ca, Mg, Mn, Fe, Pb, CO2 content (wt.%) 55.21 1.01 2.38 0.00 3.27 38.13 

Normalized values  29.71 70.21 0.08   

n-Analyses 3       

              

Sample EJ-M3237       

Mineral Calcite       

 CaO    MgO    MnO    FeO    PbO    CO2 

Ca, Mg, Mn, Fe, Pb, CO2 content (wt.%) 49.01 1.13 0.27 0.02 2.56 47.00 

Normalized values  79.36 19.26 1.37   

n-Analyses 4       
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Table A5 continued. The calcium, magnesium, manganese as well as iron and lead contents for the groundmass 
carbonates used to plot the ternary diagrams for the magnesium-manganese-iron system in section 4.3. The 
chemistry is shown both as the actual weight percent values and as the normalized values for magnesium, 
manganese and iron that are used in the plot. The CO2 contents were calculated from stoichiometry. 

Sample 19940016       

Mineral Mn-bearing calcite       

 CaO    MgO    MnO    FeO    PbO    CO2 

Ca, Mg, Mn, Fe, Pb, CO2 content (wt.%) 53.80 1.01 5.02 0.02 0.06 40.09 

Normalized values  16.67 83.07 0.26   

n-Analyses 6       

              

Sample 19850003       

Mineral Mg-bearing calcite       

 CaO    MgO    MnO    FeO    PbO    CO2 

Ca, Mg, Mn, Fe, Pb, CO2 content (wt.%) 50.88 5.23 2.70 0.01 0.94 40.24 

Normalized values  65.83 34.01 0.17   

n-Analyses 6       

              

Sample EJ-M3247       

Mineral Calcite       

 CaO    MgO    MnO    FeO    PbO    CO2 

Ca, Mg, Mn, Fe, Pb, CO2 content (wt.%) 50.31 0.34 0.44 0.01 0.81 48.09 

Normalized values  43.78 55.52 0.71   

n-Analyses 3       

       

Sample 19740475       

Mineral Mg-bearing calcite       

 CaO    MgO    MnO    FeO    PbO    CO2 

Ca, Mg, Mn, Fe, Pb, CO2 content (wt.%) 46.56 8.04 0.83 0.02 2.53 42.02 

Normalized values  90.39 9.35 0.25   

n-Analyses 3       

              

Sample 20080369       

Mineral Calcite       

 CaO    MgO    MnO    FeO    PbO    CO2 

Ca, Mg, Mn, Fe, Pb, CO2 content (wt.%) 51.18 0.95 0.25 0.02 0.80 46.81 

Normalized values  78.22 20.41 1.37   

n-Analyses 2       
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Table A5 continued. The calcium, magnesium, manganese as well as iron and lead contents for the groundmass 
carbonates used to plot the ternary diagrams for the magnesium-manganese-iron system in section 4.3. The 
chemistry is shown both as the actual weight percent values and as the normalized values for magnesium, 
manganese and iron that are used in the plot. The CO2 contents were calculated from stoichiometry. 

Sample 20060490       

Mineral Calcite       

 CaO    MgO    MnO    FeO    PbO    CO2 

Ca, Mg, Mn, Fe, Pb, CO2 content (wt.%) 53.28 1.59 0.18 0.09 0.02 44.84 

Normalized values  85.47 9.69 4.84   

n-Analyses 5       

              

Sample 18870077       

Mineral Mn-bearing calcite       

 CaO    MgO    MnO    FeO    PbO    CO2 

Ca, Mg, Mn, Fe, Pb, CO2 content (wt.%) 54.99 1.39 3.33 0.00 0.12 40.17 

Normalized values  29.36 70.54 0.10   

n-Analyses 3       

              

Sample 20110047       

Mineral Calcite       

 CaO    MgO    MnO    FeO    PbO    CO2 

Ca, Mg, Mn, Fe, Pb, CO2 content (wt.%) 54.05 1.06 0.45 0.03 0.31 44.10 

Normalized values  69.00 29.06 1.94   

n-Analyses 5       

       

Sample 19950165       

Mineral Calcite       

 CaO    MgO    MnO    FeO    PbO    CO2 

Ca, Mg, Mn, Fe, Pb, CO2 content (wt.%) 51.61 1.88 1.52 0.01 1.74 43.24 

Normalized values  55.10 44.53 0.36   

n-Analyses 3       
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