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Introduction 

This PhD thesis focuses on pegmatites situated in alkaline rocks belonging to 

the intrusive complex termed Larvik Plutonic Complex (LPC), Norway. The 

LPC is exposed in an area of roughly 50 km E-W and 20 km N-S in the Oslo 

graben system, referred to as the Oslo Rift. In comparison to the LPC other and 

more famous alkaline complexes, such as the Ilímaussaq intrusion (Greenland) 

and Khibiny and Lovozero massifs (Kola Peninsula, Russia), are approximately 

<30 km by 20 km large. However, a quick search of LPC related keywords on 

the Web of Science provides < 20 professional peer reviewed articles (accessed 

May 8th, 2019). In fact, published papers related to the LPC from approximately 

1850 and to the present cover cf. < 60 papers, where the majority of the papers 

are descriptions of mineral species in LPC pegmatites. In comparison, a similar 

search with Ilímaussaq as key word provides over 200 results and the Russian 

alkaline complexes 300+ results. The lack of research in the LPC is surprising 

for several reasons; i) it is one of the first alkaline complexes to be identified ii) 

more than 100 years of quarry activity that provides new exposures and easy 

access, and iii) it is situated close to the University of Oslo. Nepheline syenite 

pegmatites in the LPC consist of unique mineral assemblages that have complex 

chemical compositions. Therefore, to understand these rocks such complex 

minerals must be thoroughly characterised qualitatively and quantitatively. 

A few publications stand out as contributions that made an impact on the 

current understanding of LPC genesis and evolution of the pegmatites. Brøgger 

(1890) provided a detailed compilation of pegmatite mineral assemblages and 

field observations of pegmatites occurring along the coastline in the Stavern and 

Langesundsfjord area. In particular, Brøgger invoked the idea that pegmatites 

belong to two principle categories; syenite pegmatites and nepheline syenite 

pegmatites. The key point of Brøgger was that syenite pegmatites were directly 

related to the bulk LPC monzonites, whereas nepheline syenite pegmatites were 

derived from younger nepheline syenite confined within the western contact 

facies of the complex. It was not until Petersen (1978) that the general 

architecture of the LPC was revealed. He showed that the bulk monzonites were 

not one singular massif, but in fact built up by several semi-concentric ring 

sections. Neumann (1980) showed that these ring sections changed in 

composition through intermediate successions of weakly silica saturated- to 

under-saturated rocks. 
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Historically, pegmatites in the LPC were accessible along the shorelines south of 

Stavern and along the western margin in the Langesund archipelago. However, 

since the early 1900 dimension-stone quarries have given unique access to rock 

exposures of areas otherwise inaccessible. In this respect numerous pegmatites 

have been discovered by the removal of larvikite, however the possibility to 

study them in-situ is limited because they are considered a waste rock by the 

industry. Fortunately, mineral assemblages of such pegmatites have been 

systematically collected and documented by dedicated collectors from whom the 

Natural Museum in Oslo has received several specimens for research. Such 

newly exposed pegmatites have revealed greater abundance and distribution of 

minerals, including boron-bearing minerals such as hambergite (Larsen, 2010). 

Although Brøgger (1890) provided a comprehensive overview over the 

pegmatites, his work was biased by exposures within a limited section of the 

LPC. Nepheline syenite along the western margin has later been found as dikes 

further inland (Dahlgren, 2010; Groome, 2017). Dahlgren (2010) proposed that 

this nepheline syenite form the roof facies of an interconnected pluton hidden at 

depth. Piilonen (2012) proposed that pegmatites could be divided into 

characteristic types, and thereby classified them according to morphology, 

accessory mineral assemblages, and geographical location.  

In summary our current understanding of LPC pegmatites and their genesis is 

confined to the original ideas of Brøgger, whereas the petrogenesis of the bulk 

LPC monzonites is better understood by recent studies. The work presented in 

this thesis aims to re-evaluate LPC pegmatites in light of modern knowledge, 

and include a broad field in geology applying mineralogy, petrology, fieldwork, 

and isotope geochemistry. Specifically it will explore the following questions: 

- Do the pegmatites reflect their host rock or do they have a common 

source?  

- Is there any difference between pegmatites associated with or without 

nepheline syenite? 

- Can pegmatites be classified based on mineralogy, size, texture, or spatial 

orientation? 

- Can we utilize boron-bearing minerals to explore late processes in 

alkaline pegmatites? 
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Theoretical background 

Pegmatite-forming magmas 

The term pegmatite refer to coarse grained igneous rocks with average crystal 

size > 2 cm (London, 2008), however a full review of pegmatite formation is 

beyond the scope of this thesis. Below follows a short overview of theoretical 

background relevant to this study. 

In general, pegmatites are interpreted as coarse grained igneous rocks formed 

from highly differentiated residual melts. Such melts are typically related to a 

parental source pluton, and may be emplaced internally or in external to the 

source pluton. Progressive crystallisation of a plutonic parent alters the residual 

melt by enrichment of elements that are incompatible to the rock-forming 

minerals. Elements at trace-concentrations (μg/g) may thereby become enriched 

at concentration levels where unique mineral assemblages crystallise. Such 

minerals are typically expressed by essential high field strength elements (HFSE), 

volatiles (e.g., H2O, OH, F, Cl). Pegmatites therefore represent rocks that are 

important petrological indicators for evolved late magmatic systems. 

In this respect contrasting melt compositions (e.g., peraluminous or peralkaline) 

yield pegmatites with characteristic mineral assemblages. This principle has led 

to an elaborate classification system of granitic pegmatites, whereas alkaline 

pegmatites remain less constrained. Chemical compositions of primary and 

secondary mineral assemblages of pegmatite therefore provide information 

about chemical evolution and potentially source constraints of the source melt. 

The advances in analytical instruments provide quantitative analyses of trace-

elements, which can be utilised as proxies to petrogenetic associations of 

pegmatites and source rocks. For instance, major and trace-element 

geochemistry of mineral assemblages of the Mt. Mica pegmatite (Maine, USA) 

were utilized to correlate pegmatite and host rock, and led to a new model for 

pegmatite genesis by anatexis (Simmons et al., 2016). 
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Geological setting 

 

Oslo Rift 

The Oslo Rift comprises the Norwegian on-shore section of an intra-continental 

rift system which developed in Northern Europe in late the Carboniferous and 

early Permian (Neumann et al., 2004). The Oslo Rift consist of three half-graben 

segments with opposite polarities that formed from crustal thinning and 

lithospheric stretching related to the Tornquist fault system (Neumann et al., 

2004; Larsen et al., 2008). Felsic to intermediate magmas in the Oslo Rift are 

products of polybaric fractionation of a mantle-derived, alkali basaltic parent 

magma that was ponded in magma chambers in the deep to middle crust (6.5-10 

kbar, Neumann, 1994; Neumann et al., 2004). Fractional crystallisation in the 

higher part of this pressure range yielded silica under-saturated residual liquids; 

silica-saturated to over-saturated differentiates formed at lower pressures 

(Neumann, 1980). Mafic to ultramafic cumulates formed in this process have 

given rise to a large, positive gravity anomaly along the rift (Ramberg, 1976). 

Present-day erosion-level indicates that the plutons were emplaced at shallow 

depths around 3-4 km, i.e. < 2-3 kbar (Rohrman et al. 1994). 

 

Larvik Plutonic Complex 

The Larvik Plutonic Complex (LPC) is a differentiated batholith of monzonitic 

rocks emplaced between 298 ± 0.4 and 289.7 ± 0.5 Ma (Rämö & Andersen, 

2011). Brøgger (1890) named these rocks larvikite, but in modern petrological 

terms it is a monzonite carrying ternary feldspar (i.e., microperthite; Le Maitre et 

al., 2002). Relative to other plutonic rocks in the Oslo Rift the LPC is the oldest 

and was emplaced during early rifting (Neumann, 1980; Neumann et al., 2004). 

During the approximately 9 million years of magmatic activity batches of 

larvikite were emplaced leading to an overall architecture consisting of 10 semi-

concentric plutons, here referred to as ring sections (RSs) or ring section (RS) 

(Petersen, 1978, Fig.1). 
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Figure 1. Simplified geological map of the LPC (from Figure 1, Paper II) modified from Petersen (1978) and 

Lutro & Nordgulen (2008). Numbers 1-10 represent individual ring sections, inset map shows location of 

the Oslo Rift in Southeast Norway. Arrow indicates area of enlarged map and star show the location of 

Stavern. Langesundsfjord (LSF) is referred to in the text. 

Although zircon U-Pb ages reveal an overall trend of decreasing age from RS 1-

10, this picture is complicated by a relatively old age for RS 9 (296.5±0.9 Ma) 

and multiple ages for RS 5 (297 and 289 Ma) (Dahlgren et al., 1998; Rämö & 

Andersen, 2011). According to Neumann (1980), each RS represents an 

individual pluton derived from batches of a common parental magma which 

ponded at deep, but varying crustal levels. In-situ fractionation of feldspar led to 

monzonite varieties carrying either quartz (RS 1-2), nepheline (RS 4, 6-8), or 

neither quartz nor nepheline (RS 3 and 5). However different monzonite 

varieties within one RS may carry quartz or nepheline, and between RSs colour 

and texture of monzonites varies (Raade, 1973; Neumann 1980; Heldal et al., 

1999; 2008). Ring section 9 and 10 consist of a nepheline syenite termed lardalite, 

which is a coarse grained nepheline syenite consisting of primarily nepheline and 

feldspar. Among the youngest rocks of the LPC are pegmatites, nepheline 

syenite (Groome, 2017; RS 6), and foyaite ± sodalite in RS 9 and 10. 
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Pegmatites in the LPC 

Numerous pegmatites (> 1000) occur in the LPC where the majority of 

pegmatites are confined within the complex and host RS (Fig. 2). Some 

pegmatites have been reported intruded in country rocks along the western 

margin (e.g., Segalstad & Larsen, 1978).  

 

Figure 2. Overview of pegmatite localities in the LPC. Each point represents an area with 

multiple pegmatites (modified from Fig. 1, Paper II). Numbers refer to ring sections. 

The pegmatites form two groups of compositionally different types: miaskitic 

and agpaitic pegmatites depending on the mineral composition. Miaskitic 

pegmatites contain modally abundant microcline (microperthite to 

cryptoperthite, often schillerising) and black amphibole (hastingsite, 

magnesiohastingsite or magnesiokatophorite), ± nepheline, ± magnetite, biotite, 

± a suite of accessory minerals. The number of accessory minerals is, with few 

exceptions, rather limited. The miaskitic pegmatites are characterized by high 

field strength elements (HFSE; e.g., Zr and Ti) occupied in primary zircon, 

titanite, or zirconolite. Agpaitic pegmatites carry mineral assemblages where 

HFSE are occupied in complex Na-Ca-Zr silicate minerals (eudialyte s.l., 

catapleiite, wöhlerite, rosenbuschite, hiortdahlite, låvenite, grenmarite and others) 

instead of zircon. The main minerals of agpaitic pegmatites are typically white or 

greyish microcline, nepheline, sodalite (often more or less altered to spreustein), 

aegirine, ferro-edenite (barkevikite), magnetite, and biotite. Eudialyte group 
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minerals (EGM; e.g., ferrokentbrooksite and zirsilite-(Ce)) are characteristic in 

agpaitic pegmatites where they form primary subhedral grains. In agpaitic like, 

intermediate pegmatites, EGM is a late phase associated with interstitial albite. 

In addition to the modally abundant minerals described above, a large variety of 

minor to accessory minerals may be present, and the abundance of Zr-, Ti-, Nb-, 

REE- and Be-minerals are conspicuous. 

Miaskitic pegmatites may attain large dimensions with thickness of 10-20 m and 

120 m long. They have sharp borders against the wall-rock, and are usually 

coarse grained with feldspar crystals up to 2 m in size. Agpaitic pegmatites are 

commonly exposed on islands in the Langesundsfjord and on the mainland 

adjacent to the fjord. Close to the border of the larvikite complex, basaltic rocks 

are locally intruded by huge pegmatite dikes, such as the famous Låven 

pegmatite (Larsen, 2010). In most agpaitic pegmatites, apart from the primary, 

magmatic stage, a secondary, hydrous stage is discernible in some of the 

pegmatites.  

The hydrous stage is characterised by extensive zeolitisation and alteration of the 

magmatic minerals, and crystallisation of low-temperature hydroxides and 

hydrous silicates. Many of the rare REE-minerals and Be-minerals belong to this 

late stage of pegmatite formation. Natrolite and analcime are the most abundant 

zeolites in agpaitic pegmatites, where it typically occurs as alteration after 

primary feldspathoids such as nepheline and sodalite. Natrolite replacement 

typically forms radiating white to faint reddish pseudomorphs after the primary 

feldspathoid. This type of secondary natrolite was called spreustein by Brøgger 

(1890). Cavities in spreustein can host a series of Al-hydroxides such as diaspore, 

böhmite, and gibbsite. Alteration involving carbonate-rich fluids lead to 

secondary cancrinite partly replacing nepheline and sodalite. Saccharoidal albite 

typically occurs in late stage of pegmatite formation, and in some pegmatites 

contains fine grained leucophanite. 

 

The LPC in respect to alkaline rocks 

Peralkaline igneous rocks are defined by the alkalinity index (AI), where molar 

(Na + K)/Al > 1. Such rocks include silica-saturated and under-saturated 

compositions of intrusive and extrusive origin (Sørensen, 1997; Marks & Markl, 

2017). Classical alkaline complexes such as Ilímaussaq, Khibiny, and Lovozero 
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consist of rocks with AI > 1.2 (Ussing, 1912; Sørensen, 1997). In this sense LPC 

rocks yield a wide range AI (0.79 – 1.06; Neumann, 1980; Groome, 2017) 

expressed by peralkaline monzonites, peralkaline nepheline syenite, and the 

pegmatites where the two latter carry agpaitic mineral assemblages. This rock 

series is therefore transitional relative to strongly under-saturated compositions 

associated with alkaline complexes such as Ilímaussaq rocks. In a global 

comparison of alkaline rocks Marks & Markl (2017) modelled the setting of LPC 

as miaskitic rocks intruded by minor agpaitic units (e.g., Type B). Their 

interpretation however, presumes an agpaitic nepheline syenite pluton hidden at 

depth below the LPC such as proposed by Dahlgren (2010). 

 

Boron isotopes 

A review of boron isotopes is beyond the scope of this work; however some 

important considerations in respect to alkaline rocks are briefly discussed below.  

Boron consists of the two stable isotopes 10B and 11B with a relative mass 

difference that leads to isotopic fractionation in rock-forming processes (Barth, 

1993). Isotopic ratios are commonly reported as permil δ11B values relative to 

the NIST SRM-951 standard, where δ11B ={[(11B/10B)sample/(11B/10B)NIST SRM 951]-

1}·1000 (Kowalski & Wunder, 2018). Boron isotopic ratios are collected by in-

situ measurements utilizing mass spectrometers with high mass resolution. This 

study conducted boron isotope measurements using a secondary ion mass 

spectrometer (SIMS) with M/ΔM = 1900, which is sufficient to resolve 

molecular interferences by 10B1H and 9Be1H on masses 10B and 11B, respectively. 

Boron ratios obtained by secondary ion mass spectrometer (SIMS) 

measurements must be corrected for instrumental mass fractionation (IMF) that 

occurs internally in the instrument during analysis. To correct for IMF, the 

analytical session must include measurement of reference material with known 

δ11B composition and 11B/10B ratios. The reference material must also match the 

chemical composition of the unknown sample. The difference between 

measured and known 11B/10B ratios of the reference material is thereby used to 

correct measured boron ratios of an unknown sample. 

For tourmaline, several reference samples exist depending on which tourmaline 

specie is being analysed. The tourmaline group includes several species 

according to their major element composition (e.g., Fe, Mg, Al). For SIMS 



- 7 - 

measurements schorl, dravite, and elbaite are routinely employed as reference 

material. However, boron-bearing minerals that are uncommon may not have 

any suitable reference material for boron isotope analyses. Therefore available 

reference material can be a limiting factor and the use of reference material with 

different matrix can lead to large error in analytical data. Pegmatites are highly 

fractionated rocks where rare and uncommon mineral species are more common 

relative to other crustal rocks. 

Experiments and computational methods have advanced the understanding of 

boron isotope systematics considerable in recent years (Kowalski & Wunder, 

2018; Trumbull & Slack, 2018). The magnitude of boron isotope fractionation is 

sensitive to temperature, pressure, and speciation of boron among the reacting 

phases. This includes boron fractionation in the systems; water-tourmaline 

(Meyer et al., 2008; Marschall et al., 2009) and water-mica (Wunder et al., 2005). 

These studies show that fractionation of boron isotopes is large when boron 

partitions between trigonal and tetrahedral coordination. Trigonal boron (BO3) 

species are stable in a fluid phase over a large pH range; however in strongly 

basic fluids BO4 complexes stabilize (Schmidt et al., 2004). These studies show 

two important aspects to consider when interpreting boron isotopes in alkaline 

systems; i: the magnitude of boron fractionation is based on experiments with 

tourmaline, and ii: the conditions of these experiments are acidic. Therefore, 

boron isotope data from alkaline rocks are important to further develop the 

application of boron isotopes to alkaline system. 

For this study a new δ11B hambergite reference sample was developed for boron 

isotope analyses of hambergite samples, and the entire procedure is presented in 

detail under Methodology in Paper III. 
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Summary of papers and main conclusions 

Paper I 

Sunde, Ø., Friis, H. & Andersen, T. 2018: Variation in major and trace elements 

of primary wöhlerite as indicator for origin of pegmatites in the Larvik plutonic 

complex, Norway. The Canadian Mineralogist 56, 529-542. 

https://doi.org/10.3749/canmin.1700050 

This paper presents major- and trace element composition of primary wöhlerite 

from pegmatites situated in different ring sections. Wöhlerite is the most 

abundant primary Na-Zr-silicate among LPC pegmatites of different 

morphology, size, and relation to host rock. The crystal chemistry of wöhlerite 

accommodates cations with different size and charge (e.g., Na, Ca, Zr, Nb). The 

rationale to use this mineral was to explore chemical variation between samples 

as a proxy to the conditions at which pegmatites formed. Therefore, wöhlerite 

was systematically separated from pegmatites situated in different types of host 

rocks (nepheline syenite, larvikite), and from pegmatites having a nepheline 

syenite zone along the contact to its host rock.  

The results show limited chemical variation of wöhlerite major element 

composition between ring sections and in relation to nepheline syenite. Trace 

elements, in particular the rare earth elements (REE), show slight variation in 

chondrite normalised plots. All samples had strong negative Eu anomalies and 

two discrete groups could be recognized based on light REE vs. heavy REE 

variations. The data support a common source of pegmatites irrespective of size, 

spatial orientation, or relation to nepheline syenite. The chemical variation is 

interpreted to be related to the host RS, and attributed to the degree of silica 

under-saturated composition of host larvikite. Although wöhlerite is a relatively 

rare mineral on a global scale it can be utilized as a petrogenetic indicator in 

place of other agpaitic minerals where geochemical stability favour wöhlerite. 
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Paper II 

Sunde, Ø., Friis, H. & Andersen, T. 2019. Pegmatites of the Larvik plutonic 

complex, Oslo rift, Norway: Field relations and characterisation. Norwegian 

Journal of Geology 99 (in press). 

During fieldwork undertaken in this project several large pegmatites (> 20 m in 

length) situated in quarries were exposed for a limited time in the Tvedalen area. 

This included pegmatite exposures that were temporarily drained for 

groundwater or scheduled for blasting. Such exposures provided three-

dimensional representation of orientation and complete cross-sections. It was 

therefore possible to map out internal mineral distribution, textural variations, 

alteration zones and general structure of pegmatites. Such detailed 

characterisation and comparison of pegmatites have not previously been 

conducted for any pegmatites within the LPC. 

The results of this paper show that emplacement of pegmatites are controlled by 

pre-existing fractures in the host larvikite, and thereby leading to different 

morphologies. The study shows that miaskitic pegmatites are different from 

agpaitic pegmatites where the latter contains assemblages of late saccharoidal 

albite with EGM minerals formed at conditions of peak alkalinity. Extensive 

crystallisation of anhydrous minerals such as albite is followed by melt-degassing 

and exsolution of a hydrous fluid. The exsolved hydrous fluid is the main 

mechanism of zeolite alteration of early formed feldspathoids. This feature is 

characteristic of agpaitic LPC pegmatites, and we introduced a division of LPC 

pegmatites into miaskitic, intermediate, and agpaitic. Miaskitic pegmatites do not 

evolve to the stage at which fluid separates, whereas intermediate pegmatites 

contain agpaitic mineral assemblages embedded in saccharoidal albite. The most 

evolved agpaitic pegmatites contain EGM as an early primary mineral, i.e., prior 

to saccharoidal albite. 
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Paper III 

Sunde, Ø., Friis, H., Andersen, T., Trumbull, R.B., Wiedenbeck, M., Lyckberg, 

P., Agostini, S., Casey, W.H. & Ping, Y. 2019. Boron isotope composition of 

coexisting tourmaline and hambergite in alkaline and granitic pegmatites. Lithos, 

in review. 

Boron minerals are not common accessory minerals in alkaline rocks, whereas 

boron minerals are relatively abundant among late stage mineral assemblages in 

LPC pegmatites. The most common boron bearing mineral is hambergite, 

whereas tourmaline occurs in some pegmatites. Boron isotope composition of 

these minerals could therefore be used to explore late stage hydrous processes in 

LPC pegmatites and source of boron bearing fluids. Hambergite and tourmaline 

were collected from pegmatites situated in different ring sections and from 

multiple localities within the same quarry. In order to apply boron isotope 

systematics on a new boron host such as hambergite, we developed a new 

analytical protocol with a δ11B hambergite reference sample. Since hambergite is 

stable at high pH relative to tourmaline it was necessary to empirically determine 

equilibrium partitioning of boron isotopes between tourmaline and hambergite. 

Therefore we also analysed tourmaline and hambergite pairs from other 

localities and pegmatites to compare fractionation trends of other geological 

settings. 

The results show that hambergite and tourmaline from LPC pegmatites consist 

of heavy boron ratios, which are interpreted as a result of externally-sourced 

boron. Heavy boron-bearing fluids were likely introduced into the pegmatite-

forming magma at an early stage prior to final consolidation. Fractionation of 

boron isotopes between hambergite and tourmaline is small because boron is 

trigonal in both minerals. Hambergite from peraluminous and peralkaline 

systems is approximately 3 ‰ heavier than associated tourmaline, and records 

differences between geological setting reliably. The study shows that hambergite 

is a potential indicator mineral for boron isotopes in alkaline systems where 

tourmaline is not stable or granitic systems where tourmaline is not present. 
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Summary and general conclusions 

The work compiled in this thesis applies different aspects of geology to explore 

the petrogenetic relationship between LPC pegmatites and their host-rock. The 

work presented in Paper I and III provide new chemical data on minerals that 

are poorly known on a global scale. Paper II provides detailed descriptions of 

alkaline pegmatites and interpretation of their internal evolution. Such 

descriptions have not previously been documented for LPC pegmatites. 

Pegmatites in the LPC have traditionally been divided into two groups, syenite 

and nepheline syenite pegmatites, of which were interpreted to be derived from 

two separate sources. The combined work of this Phd thesis does not support 

this view where two distinctly different sources led to miaskitic or agpaitic 

pegmatites. The data presented here suggest that these pegmatites share a 

common source irrespective of association to nepheline syenite. Miaskitic, 

intermediate, and agpaitic pegmatites are related to and governed by the 

compositional variation of the host RS. Pegmatites that are classified as 

intermediate and agpaitic are situated in RS 3, 4, and 6, whereas miaskitic 

pegmatites occur in RS 5, 7, and 8. 

Our current understanding of the LPC and the general evolution of ring sections 

1 - 10 is highly simplified, as suggested by Neumann (1980). The pegmatites do 

not support any progressive evolution throughout the ring sections. The data 

obtained from wöhlerite further suggest that pegmatite-forming magmas were 

derived from RSs that are internally heterogeneous. 

Hambergite and tourmaline from LPC pegmatites consist of heavy boron ratios 

which are derived from boron of an external source. As a boron host, 

hambergite tracks variations in boron isotope composition between contrasting 

geochemical systems.  
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Suggestions for future studies 

The work presented in this thesis would benefit from future studies related to 

the following topics: 

1) Paper III concludes that an external boron source led to heavy boron 

ratios recorded in hambergite and tourmaline from LPC pegmatites. 

Determination of boron isotope composition of the carbonate rocks 

situated along the western LPC margin would therefore additional 

insights to the source of boron bearing fluids. 

2) Study variations of larvikite whole-rock composition within ring sections. 

The distribution of different larvikite varieties within RSs have been 

mapped out in detail by Heldal et al. (1999), which therefore provides a 

good starting point for collecting rock samples. 

3) Conduct experiments on boron isotope fractionation in the system 

water-hambergite and water-tourmaline at basic to strongly-basic fluid 

pH. 

4) Crystallisation temperatures of primary and late mineral assemblages are 

poorly understood. Thermodynamic modelling of crystallisation 

temperature and condition of mineral formation would therefore benefit 

the interpretation of boron isotope fractionation among late boron 

bearing assemblages.  
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