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Abstract

ABSTRACT
Long-lived high temperature terranes can be difficult to quantify as a consequence of containing 

complex and potentially perturbed data sets. Increased rates of diffusion, partial melting and fluid 

interaction can modify geochronological and geochemical data, obscuring the exact timing of discrete 

events. By applying a multidisciplinary petrochronological approach two prolonged high-T terranes are 

investigated to provide new constraints on the duration of high-T conditions. The effect of prolonged 

high-T on the common geochronometers zircon and monazite is examined and new petrochronological 

tools for future studies are presented.

 Orthopyroxene, the foundation of the charnockite assemblage, is shown to potentially grow 

during high-T metamorphism at ca 590–540 Ma (reaching 830–925°C and 6–9 kbar) at Kakkod, 

Southern India based on the three key lithologies recording overlapping P–T conditions and mineral 

textures. Contrasting with previous interpretations of charnockite formation being an exclusively post-

peak fluid-related process. The crystallisation of the local melt system (ca 540–510 Ma) is interpreted 

to be the source of a later localised fluid event (ca 525–490 Ma), that altered the already existing 

orthopyroxene and caused coupled dissolution-reprecipitation of monazite. Charnockite formation 

likely occurs on a localised scale due to differences in fluid composition and event ages with a similar 

nearby locality.

 A petrochronological approach shows that the Rogaland–Vest Agder Sector followed a high-T 

polymetamorphic evolution, with regional metamorphism between ca 1070–955 Ma (peaking at 850–

900°C and 7–8 kbar between ca 1035–995 Ma). Samples closer to the Rogaland Igneous Complex (RIC) 

also experienced later contact metamorphism (at 3–6 kbar and 900°C (2 km) to ~1100°C (at contact)) 

and display a continuum of ages (from regional to younger), with no clear melt crystallisation until 

ca 900 Ma, 30 Myr after the emplacement of the RIC. High temperature conditions were prolonged, 

extending previous estimates, remaining at elevated geothermal conditions for at least 100 Myr to ~150 

Myr, with implications for the stability of high-grade crust. Based on the results of this study and an 

assessment of current literature the earlier continent-continent collisional model cannot satisfactorily 

explain the metamorphic and magmatic evolution of the Sveconorwegian Belt. A long-lived subduction-

accretionary model better explains the distribution of magmatism and metamorphism.

 Osumilite is successfully dated using the 40Ar/39Ar method for the first time with a measured 

closure temperature of ~770°C for a grain radius of 175 μm and a cooling rate of 10°C/Myr. Osumilite 

presents an opportunity to directly date portions of a high-T P–T path by being a datable mineral with 

quantified thermodynamic activity models, a feat zircon is currently unable to do directly. Diffusion 

modelling of the age distribution preserved in osumilite provided additional constraints on the maximum 

temperatures experienced by the sample.

 REE-in-zircon diffusion modelling can provide additional constraints on the duration and 

conditions of high-temperature metamorphism in rocks dominated by recrystallisation and shows, 
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Abstract
under appropriate conditions and time-scales, REE in zircon are not immobile and can be potentially 

modified or equilibrated. This modelling also provided constraints on the method of emplacement of the 

RIC, requiring a rapid assembly as a series of pulses over 1–5 Myr to achieve appropriate temperatures, 

differing to previous two pulse models.

 Whilst both case studies produced geochronological data sets that initially appear similar, 

the generation of these data sets resulted from unique combinations of processes. The combination 

of processes generating the resulting data set were resolvable by careful petrochronological analysis. 

Zircon at Kakkod was controlled by the presence of melt and neocrystallisation whereas in Rogaland 

zircon was primarily modified by recrystallisation. Monazite recorded the fluid processes at Kakkod 

whereas high-T fluid-absent conditions were recorded by monazite in Rogaland. Combining a number 

of techniques and multiple geochronometers was highly beneficial in unravelling high temperature 

systems due to variable responses to different geodynamic and geochemical factors by each mineral, 

providing new constraints on high-T processes. Zircon and monazite are not impervious to modification 

by high-grade processes but the resultant effects can be recognised in a number of ways and may also 

be used to provide additional constraints.





‘Science is nothing but storytelling under rigorous circumstances’

–Adam Savage

“In the beginning the Universe was created. This has made many people very angry and has been widely 

regarded as a bad move.”

“The Hitchhiker’s Guide to the Galaxy is an indispensible companion to all those who are keen to make 

sense of life in an infinitely complex and confusing Universe, for though it cannot hope to be useful 

or informative on all matters, it does at least make the reassuring claim, that where it is inaccurate it is 

atleast definitively inaccurate.”

“Forty-two!... Is that all you’ve got to show for seven and a half million years’ work? I checked it very 

thoroughly, said the computer, and that quite definitely is the answer. I think the problem, to be quite 

honest with you, is that you’ve never actually known what the question is.”

“Don’t Panic. It’s the first helpful or intelligible thing anybody’s said to me all day.”

“Life... is like a grapefruit. It’s orange and squishy, and has a few pips in it, and some folks have half a 

one for breakfast.”

“I only know as much about myself as my mind can work out under its current conditions. And its 

current conditions are not good.”

“We’ll be saying a big hello to all intelligent life forms everywhere.. and to everyone else out there, the 

secret is to bang the rocks together, guys.”

– Douglas Adams “The Hitchhikers Guide to the Galaxy

“Mischeif Managed.”

– J. K. Rowling
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Thesis aims and structure

THESIS AIMS
Petrochronology is a relatively young research field, integrating geochemistry, geochronology and 

petrography to create a firm connection between age constraints and phase equilibria modelling, with the 

aim of unravelling complex terranes and geological problems. High temperature terranes push the limits 

of petrochronology and many mineral phases due to the interconnected involvement of fluids, melt and 

higher rates of diffusion, resulting in complex reaction textures as well as complex geochronological 

and geochemical information. Southern India and Southwestern Norway are two complex metamorphic 

regions where the metamorphic evolutions of both regions have been highly debated, with contrasting 

interpretations on the timing, duration and P–T conditions as well as the involvement of melt and fluid 

processes and factors controlling metamorphism. SW Norway also has two contrasting tectonic models 

representative of two very different geodynamic settings, with potential implications for the formation of 

magmatic suites hosted within the region. This thesis will apply current analytical techniques (SHRIMP 

U–Pb, LA–ICP–MS) and a newly updated thermodynamic modelling dataset (‘ds62’) to these regions 

to evaluate previous data and provide new constraints and interpretations.

Using these two regions as case studies, this thesis has three main aims:

• Quantify the timing, conditions and factors controlling high-T metamorphic processes in            

____S India and SW Norway through a petrochronological approach.

• Investigate the behaviour of traditional geochronometers during high-T conditions.

• Highlight the importance of a petrochronological approach in assessing high-grade terranes.

Additional aims and side projects:

• Tectonic implications for SW Norway based on this study.

• Test osumilite as a new potential thermochronometer.

THESIS STRUCTURE
This thesis has been written as a series of individual manuscripts investigating the aims of this thesis 

within two case studies: one within southern India (Chapter 2) and one within SW Norway (Chapter 

3–5). These manuscripts are either published in peer review journals, in preparation for submission 

or under review. The formatting of each chapter within this thesis may vary due to the requirements 

and formatting guidelines of each individual journal as well as the requirements of this thesis. Due to 

the composite nature of this thesis there is some repetition in the methodology. Regional geological 

backgrounds with relevant information for the contents of each manuscript are given within each 

pertinent chapter. Supplementary information for each manuscript is provided in appendices at the end 

of this thesis.
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Thesis aims and structure
Introduction: Chapter 1

This chapter provides a review of U–Pb petrochronological techniques as applied to metamorphic rocks, 

with a focus on the application of accessory minerals and how various forms of analytical data may be 

combined and interpreted. This chapter is written in the style of a review paper.

Southern India: Chapter 2

Chapter 2 provides a case study from Kakkod, southern India. Kakkod is a previously unstudied 

quarry located in the Trivandrum Block (TB) within the Southern Granulite Terrane (SGT). The P–T–t 

history of the TB has been subject to debate for many years. The occurrence and generation of incipient 

charnockites has also been highly debated, with many key localities within the TB. Kakkod quarry 

provided an opportunity to evaluate the P–T conditions and timing of metamorphism on a local scale, 

as well as increase understanding of charnockite formation due to the fact that all three of the key rock 

types of the TB were present within one exposure (unique from other exposures). Chapter 2 applies the 

techniques of SHRIMP U–Pb geochronology and LA–ICP–MS REE and trace element geochemistry of 

zircon and monazite, petrography and phase equilibria modelling (‘ds62’).

This chapter is published in the Journal of Metamorphic Geology as: 

Blereau, E., Clark, C., Taylor, R. J. M., Johnson, T. E., Fitzsimons, I. C. W., and Santosh M., 2016. 

Constraints on the timing and conditions of high-grade metamorphism, charnockite formation and 

fluid-rock interaction in the Trivandrum Block, southern India. Journal of Metamorphic Geology, 34, 

527–549. doi:10.1111/jmg.12192.

Southwestern Norway: Chapter 3–5

Chapters 3–5 provide a case study from the Rogaland–Vest Agder (RVA) Sector of SW Norway. The 

RVA sector is a high-grade metamorphic province with two contrasting tectonic models (collisional 

vs. prolonged subduction/accretionary) as well as two different P–T–t models (polymetamorphic vs. 

singular metamorphic evolution) that have been proposed by previous studies. The RVA sector is also 

host to the ~1000 km2 Rogaland Igneous Complex (RIC) which has been postulated in some studies to 

be intrinsically related to the metamorphic evolution in the form of a contact metamorphic event.

Chapter 3 combines detailed petrographic observation with phase equilibria modelling (‘ds62’) on a 

suite of samples collected at different distances from the RIC (30 km, 10 km and at the RIC contact). 

This sampling approach was used to re-evaluate the P–T conditions of the RVA on a regional scale 

and evaluate the temporal affect of the RIC on the metamorphic evolution. An assessment of the two 

tectonic models based on previous literature and the metamorphic evolution proposed in this paper was 

also conducted with implications for the tectonic setting of the Sveconorwegian Orogeny.
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This chapter is published in Geoscience Frontiers as:

Blereau, E., Johnson, T. E., Clark, C., Taylor, R. J. M., Kinny, P. D., and Hand, M., 2017. Reappraising 

the P–T evolution of the Rogaland–Vest Agder Sector, southwestern Norway. Geoscience Frontiers, 8, 

1–14. doi: 10.1016/j.gsf.2016.07.003.

Chapter 4 provides the first attempt of 40Ar/39Ar dating on osumilite, a silicate mineral found in HT/

UHT metamorphic rocks and volcanic rocks. Comparisons are made between 40Ar/39Ar osumilite 

ages and U–Pb monazite geochronology from a previous study on the same sample. Phase equilibria 

modelling (‘ds55’) are compared with P–T conditions from Chapter 3. The applicability of osumilite 

as a thermochronometer is accessed and the closure temperature from diffusion experiments is also 

reported for the first time. The implications and additional constraints on the metamorphic evolution of 

the RVA are also discussed.

This chapter is under review in Geology as: 

Blereau, E., Clark, C., Jourdan, F., Johnson, T. E., Taylor, R. J. M., Kinny, P. D., Hand, M. and Eroglu, 

E. Constraining the timing of prograde metamorphism in long-lived hot orogens. (Since 7/6/2017)

Chapter 5 applies SHRIMP U–Pb geochronology and LA–ICP–MS REE and trace element 

geochemistry to the samples as in Chapter 3 as well as two additional samples (at 2 km from the RIC 

(same sample used in Chapter 4) and at the contact of the RIC). The affects of anorthosite emplacement 

on the country rocks of the RVA are investigated as well as refining the timing of different events. 

Diffusion modelling was conducted to evaluate and quantify diffusion modification of REE in zircon 

due to high-grade metamorphism. REE data from Rogaland are interpreted using the aforementioned 

model, providing additional constraints on the method of emplacement of the RIC.

This chapter is under review in the Journal of Metamorphic Geology as:

Blereau, E., Clark, C., Taylor, R. J. M., Kinny, P. D., Johnson, T. E., E. Sansom, Hand, M. Using accessory 

minerals to unravel thermal histories in polymetamorphic terranes: an example from Rogaland, SW 

Norway. (Since 23/6/2017)

Conclusions and future research directions: Chapter 6

Chapter 6 summarises the key findings of each case study and future research suggestions.

Bibliography: Chapter 7

Complete bibliography of all references included in this thesis.
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Chapter 1

INTRODUCTION

An overview of U–Pb petrochronology and its application in high-grade rock 

systems
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1. INTRODUCTION

The stability of zircon and monazite in 

most geological settings, the typically low 

concentrations of common lead (204Pb) in these 

minerals and their high closure temperatures 

(Tc) (>900°C: Ashwal et al., 1999; Cherniak and 

Watson, 2001; Cherniak et al., 2004; Cherniak 

and Pyle, 2008) have made these accessory 

minerals the two most commonly used U–Pb 

geochronometers. As a result of forming from 

the interplay of a variety of processes, both 

zircon and monazite have a high degree of 

inherent complexity in terms of growth zones and 

geochemical signatures, with individual grains 

often recording multiple ages. Petrochronology 

uses this internal complexity, petrography and 

geochronology to connect accessory minerals 

like zircon and monazite to the silicate mineral 

evolution, forming a strong connection between 

recorded age data and P–T conditions. Linking 

age data to the silicate mineral evolution is 

crucial for increasing understanding on the 

time-scales and rates of orogenic processes (e.g. 

Hermann and Rubatto, 2003; Janots et al., 2009), 

unravelling complex metamorphic terranes (e.g. 

Rubatto et al., 2013) and generating quantitative 

P–T–t paths (e.g. Foster et al., 2004). However, 

the age data recorded by accessory minerals are 

further complicated in high temperature terranes 

due to increased rates of diffusion (e.g. Kohn and 

Penniston-Dorland, 2017), partial melting (e.g. 

Bea and Montero, 1999) and fluid influx (e.g. 

Kelly et al., 2012), perturbing recorded age and 

geochemical data and resulting in complex data 

sets. Polymetamorphic terranes take this a step 

further, potentially removing earlier parageneses 

and overprinting recorded age data. This overview 

highlights how petrochronology may be used to 

unravel complex high-grade and polymetamorphic 

terranes, by providing a resource for interpreting 

a range of textural, geochemical and partitioning 

data from accessory minerals. It also provides 

an overview of the history of petrochronology, a 

relatively young field of research, including the 

main high-resolution in situ analytical techniques 

used and their relative advantages and limitations. 

The range of zoning and geochemical signatures 

within zircon and monazite and their use in 

petrochronological studies are characterised 

in terms of high temperature processes. The 

importance of rare earth elements (REE) and their 

partitioning behaviour for petrochronological 

studies is discussed. Examples of how accessory 

mineral information can be integrated with 

forward modelling is demonstrated using synthetic 

P–T–t paths of high-grade lithologies related to 

natural examples of textures, geochemistry and 

REE relationships. The current limitations and 

complications when using accessory minerals in 

high-grade rocks are also discussed.

2. PETROCHRONOLOGICAL 

TECHNIQUES

The importance of the petrochronological 

approach was first put forward by Fraser et al. 

(1997), shortly after the recognition of complex 

internal structures in accessory minerals previously 

described as featureless in transmitted light through 

the application of BSE and CL imaging (Vavra, 

1990; Hanchar and Rudnick, 1995). Previously, 

analysing these featureless grains using earlier 

dissolution methods could provide minimal whole 

grain chemical information. However, as described 
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by Hanchar and Rudnick (1995), the presence of 

multiple growth zones would make it difficult 

to date individual events through dissolution 

and to isolate structures such as thin rims from 

older cores. The ability to measure an array of 

major and trace elements by in situ targeting was 

essential in order to properly characterise different 

domains and avoid age mixing, as this would open 

up a complex array of geological information 

within individual grains (Ireland and Williams, 

2003). The application of in situ Secondary Ion 

Mass Spectrometry (SIMS) analysis to accessory 

minerals and later Laser Ablation Inductively 

Coupled Plasma Mass Spectrometry (LA–ICP–

MS) saw these techniques become the most 

widely used and foundational petrochronological 

technique(s) due to their high spatial resolution 

and ability to measure a range of isotopes in situ 

within a small analytical volume. The application 

and types of interpretations that can be made using 

these techniques will be covered in the most detail, 

with the use of SIMS for U–Pb and LA–ICP–MS 

for REE of particular focus for this thesis. Other 

techniques such as EPMA and their advantages 

and disadvantages compared to SIMS and/or LA–

ICP–MS will also be discussed. 

2.1 The path to petrochronology

Earlier dissolution techniques (e.g. ID–TIMS) 

provided age information from the dissolution 

of a single grain, and therefore were unable to 

resolve useful information from grains with high 

levels of internal complexity (Ireland et al., 2008; 

Nemchin et al., 2013). The development of SIMS 

instruments with high spatial resolution made it 

possible to study several age domains or growth 

generations within a single grain, providing an 

alternative to dissolution methods. The Sensitive 

High Resolution Ion MicroProbe (SHRIMP I) was 

developed between 1974–1981 and was the first 

SIMS instrument fully dedicated to the evaluation 

of geological materials (Fig. 1), with some of the 

first U–Pb SHRIMP data published in the early 

80’s by Compston et al. (1982), Froude et al. 

(1983) and Williams et al. (1983). The SHRIMP 

II became operational in 1992, with four times the 

sensitivity of its predecessor and faster analysis 

Fig. 1: Timeline of important petrochronological developments from the 1970’s till present. 1: Davis et al. (2003), 2:  

Vavra (1990), 3: Suzuki and Adachi (1991), 4: Jackson et al. (2004), 5: Fraser et al. (1997), 6: Rubatto (2002), 7: Rubatto 

and Hermann (2007), 8: Yuan et al. (2008), 9: Kylander-Clark et al. (2013)
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speeds, increasing the number of grains analysable 

in one session (Davis et al., 2003; Ireland et al., 

2008). Targeting of identified internal textures 

from cathodoluminescence (CL) and back 

scattered electron (BSE) imaging in the early 

1990’s (Vavra, 1990; Hanchar and Miller, 1993) 

facilitated analysis of different growth zones that 

are not visible under typical light sources, with 

the added bonus of reducing mixed analyses and 

avoiding potential problems such as cracks. These 

forms of imaging have been combined with all 

techniques (i.e. LA–ICP–MS, SIMS, EPMA) and 

have become crucial for interpreting geological 

processes behind analysed age domains, such 

as protolith ages (Hanchar and Rudnick, 1995), 

metamorphism (Rubatto et al., 2001) or fluid 

infiltration (Taylor et al., 2014). The early 1990’s 

were also important with the development of 

EPMA dating (Suzuki and Adachi, 1991) as well 

as the start of LA–ICP–MS in 1993 (Feng et al., 

1993; Fryer et al., 1993; Jackson et al., 2004)(Fig. 

1). LA–ICP–MS was first used to measure in situ 
207Pb/206Pb ages (Feng et al., 1993; Fryer et al., 

1993; Jackson et al., 2004)(Fig. 1), with increasing 

applications from the mid 90’s for both ages and 

trace element geochemistry (Hirata and Nesbitt, 

1995; Fernández-Suárez et al., 1998; Horn et al., 

2000; Ketchum et al., 2001; Li et al., 2001; Košler 

et al., 2002; Tiepolo, 2003). The use of REE 

geochemistry to categorise zircon textures and 

associated formative processes through correlating 

geochemistry and textures with microstructures 

was highlighted by Rubatto (2002), and saw the 

growth of REE in petrochronological applications. 

In response to the growth in the application of REE 

geochemistry, experimental studies to provide 

quantitative constraints on REE partitioning 

between accessory minerals and other minerals 

were conducted, e.g. zircon and garnet (Rubatto 

and Hermann, 2007; Taylor et al., 2015a). These 

experiments increased understanding on the 

partitioning of these elements between minerals 

and provided a framework to interpret REE 

distributions in natural samples. Until the late 

2000’s the collection of both REE and age data 

required the use of multiple analytical spots. 

Laser Ablation Split Stream (LASS) provided 

a new tool to analyse both geochemical and 

geochronological information from the same 

analytical volume. The premise for LASS was 

first described in 2008 (Yuan et al., 2008) and was 

adopted by Xie et al. (2008) and Chen et al. (2010) 

with improved precision and changes to ablation 

volume. In 2013, the key paper of Kylander-Clark 

et al. (2013) underpinned the widespread uptake of  

LASS, due to its flexibility and wide applicability 

to a variety of accessory and major minerals as 

well as its petrochronological applications.

2.2 SIMS & LA–ICP–MS

SIMS (and more specifically the SHRIMP) allows 

measurement of small domains for isotopic and 

elemental abundance and has been instrumental 

to petrochronology as a tool for resolving 

complicated growth histories of accessory 

minerals. For the analysis of minerals such as 

zircon and monazite a primary oxygen ion beam is 

used to ablate material within a small diameter spot 

(~5–30 µm), forming a very shallow pit (<5 µm) 

with ionised positive material accelerated using 

a charge differential into a multi-collector mass 

spectrometer (when first designed the SHRIMP 

II used a single collector). SIMS requires very 
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high mass resolution to separate between ions of 

all elements as well as accompanying oxides and 

hydroxides within the ionised material. Analysis 

times are long (~20 minutes per spot) in order to 

achieve the required high resolution without the 

loss of precision.

 LA–ICP–MS applies a more destructive 

laser instead of an ion beam to ablate the sample, 

resulting in an ablated aerosol transported by a 

carrier gas (e.g. Argon) to a mass spectrometer. 

LA–ICP–MS has high spatial resolution, analysing 

spot sizes of ~10–30 µm to a depth of ~5–15 µm, 

which is a larger analytical volume than analysed 

by SIMS. By ablating a larger analytical volume, 

shorter analysis times are possible (~1 min) whilst 

achieving resolution on par with SIMS under 

ideal conditions. LA–ICP–MS can apply either a 

quadrapole or a multi-collector mass spectrometer: 

the quadrapole’s ability to analyse a large range of 

elemental masses with low detection limits is best 

applied to trace and major elements, and the multi-

collector’s high precision and narrow mass range 

is most suited for isotope ratios for age derivation 

and Hf isotopes. 

 The derivation of isotopic ages measured 

by SIMS and LA–ICP–MS require the collection 

of primary and secondary standards with known 

ages throughout an analytical session to correct 

for fractionation in combination with other 

uncertainties (Schmitt and Vazquez, 2017). SIMS 

and LA–ICP–MS are capable of measuring U–Pb 

and REE individually, but there are advantages 

and disadvantages to this approach which will 

be discussed below. SIMS and LA–ICP–MS 

may be integrated with other techniques such 

as EBSD, EPMA, CL/BSE imaging and can be 

used to collect data from experiments involving 

accessory minerals. Within this thesis SIMS is 

combined with LA–ICP–MS through initial SIMS 

analysis for U–Pb followed by LA–ICP–MS for 

trace elements on top of the SIMS analytical 

spots, with this combination of techniques 

being widely in a number of other studies (e.g. 

Rubatto, 2002; Hermann and Rubatto, 2003; 

Rubatto and Hermann, 2003; Rubatto et al., 2006; 

Taylor et al., 2014; Johnson et al., 2015). The 

application of SIMS and LA–ICP–MS provided 

a foundation for how REE and U–Pb vary in 

zircon and monazite in different geological and 

mineralogical environments and the measurement 

other diagnostic geochemical features.

 

2.3 Electron Probe geochronology

EPMA dating provides an alternative to SHRIMP 

and LA–ICP–MS and is applicable to monazite 

(Suzuki and Adachi, 1991, 1994; Braun et al., 

1998; Cocherie et al., 1998; Dahl et al., 2005; 

Mahan et al., 2006; Williams et al., 2006; Zhou 

et al., 2008)(also known as CHIME dating), but 

is rarely applied to zircon (Santosh et al., 2003), 

generating chemical Th–U–total Pb ages. EPMA 

offers high spatial resolution as it is capable of 

analysing features on the micron scale (~1–2 μm)

(Cocherie et al., 1998; Williams et al., 2017). This 

makes the technique very useful for analysing 

small textural features visible only on high-

resolution geochemical maps. This technique is 

non-destructive as it relies on the application of  

an electron beam to the sample causing atoms to 

release characteristic X-rays, as opposed to the 

destructive ionisation of sample material utilised 

by previously described techniques. This makes 

EPMA perferable for use when analysing rare 
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and important samples where minimal sample 

destruction is desired. However, by analysing 

a small analytical volume this technique can 

only achieve a low compositional resolution 

(detection limit of a few tens of ppm: Engi et al., 

2017). EPMA analysis can be conducted in situ 

as spot analyses, arrays of spots or as maps (e.g. 

Sanislav, 2011; Williams and Jercinovic, 2012). 

Using the mapping approach, areas of particular 

geochemistry can be selected as irregular domains 

to target with later spot analyses (Williams et 

al., 1999; Buick et al., 2010; Dumond et al., 

2015; Shazia et al., 2015). EPMA dating requires 

a number of assumptions: that the sample 

contains no common Pb and that the sample has 

experienced no Pb loss or modification to U/Th/Pb 

contents except through radioactive decay. These 

assumptions are required due to the inability of 

EPMA to measure individual elemental isotopes, 

with only total elemental concentrations being 

measured. This is particularly problematic for 

non-radiogenic common lead, which is corrected 

in isotopic studies to determine the amount of 

radiogenic lead (206, 207, 208). Processing Pb 

ratios without making this correction will result 

in overall higher amounts of Pb and anomalously 

old ages. Whilst EPMA dating may be applicable 

to some samples, many high-grade metamorphic 

samples experience partial to complete Pb loss 

and U and Th concentrations may be modified 

during the metamorphic evolution by processes 

such as fluid infiltration (Williams et al., 2011).

2.4 Laser Ablation Split Stream Petrochronology

LASS is the most recent petrochronological 

technique, becoming available for analytical studies 

in ~2013 (Kylander-Clark et al., 2013). While 

LA–ICP–MS applies a single mass spectrometer 

at a time, LASS splits the ablated aerosole laser 

stream across two mass spectrometers. One stream 

is used for collecting isotopes for age information 

(typically using a multi-collector) and the other 

is used for collecting many different trace and 

major elements (typically using a quadrapole 

detector), with the important point being all data 

are collected from the same analytical volume. By 

collecting data from the same analytical volume all 

data is directly comparable, as opposed to having 

to apply multiple analytical sites or analytical 

spots on top of previous analysis sites to collect 

the same information. LASS has been applied to 

both monazite (e.g. Holder et al., 2015; Štípská 

et al., 2015) and zircon (e.g. Gordon et al., 2013; 

Zhao et al., 2015), simultaneously collecting 

trace elements and isotopic ratios. LASS was 

not applied in this study due to the timing of the 

project research. LASS was in its infancy at the 

beginning of this project (early 2014) and was not 

as widely available as SIMS and LA–ICP–MS 

techniques.

2.5 Advantages and limitations

The small and shallow analysis spots of SIMS 

cause minimal sample destruction with good 

spatial resolution in terms of targeting specific 

textural or chemical domains (Ireland and 

Williams, 2003). However, in order to maintain 

high resolution without the loss of precision, SIMS 

analysis (i.e. SHRIMP) times are slow (~20 mins 

per spot) limiting the number of analytical spots 

per session (~50 analytical spots). LA–ICP–MS on 

the other hand with its fast analysis times thanks 
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to analysing a larger ablation volume is perfect for 

evaluating large sample sizes (>100 grains) and, 

under ideal conditions, can achieve similar levels 

of precision. U–Pb and REE are both collectable 

via SIMS or LA–ICP–MS individually, but both 

techniques require multiple analytical spots 

adjacent to each other or repolishing in between 

analytical sessions. As  isotopic variations can 

occur on the micron scale within the sample this 

limitation can introduce discrepancies between 

data sets. The combination of SIMS for U–Pb 

and LA–ICP–MS for REE lessens the effect of 

different analytical volumes by placing laser spots 

over previous SHRIMP spots. 

 EPMA has the best spatial resolution 

of all techniques, acheiving spots sizes up to 10 

times smaller than ion probe and laser ablation 

spot sizes (Cocherie et al., 1998; Cocherie and 

Albarede, 2001; Engi et al., 2017). EPMA is less 

destructive than all the other techniques, is widely 

available and has shorter analysis times than SIMS 

(Cocherie and Albarede, 2001; Santosh et al., 

2003; Williams et al., 2006). Nevertheless, EPMA 

dating is limited to monazite as well as samples 

with (or assumed to have) no common lead due to 

an inability of measure individual isotopes, with 

no way to correct for common lead or unusual 

amount of other Pb isotopes due to parent isotope 

modification.

 The main advantage of LASS is that 

by splitting the aerosole stream between two 

mass spectrometers isotope ratios and trace 

element concentrations may be measured within 

the same analytical volume. LASS has the same 

disadvantages as LA–ICP–MS with deeper 

analytical pits, increasing the risk of mixed 

analyses due to heterogeneity with depth, but 

any heterogeneities can be resolved through 

time-resolved data. LASS, like LA–ICP–MS, 

is relatively inexpensive per spot compared to 

SIMS due to faster analysis times, allowing the 

collection of very large volumes of data within 

one session (~500 analytical spots).

 All of the above limitations and 

advantages are also dependant on the properties 

of the sample in question and the aim of the 

research. Is the desired sample area very small and 

therefore spot size is the limitation? Are precise 

trace element concentrations more important than 

isotopic ratios? Is the sample rich in elements 

that will cause problems for the instruments 

collectors? All of the above mentioned techniques 

and the applicable parameters must be evaluated 

on a case-by-case basis, in order to determine the 

most appropriate method that will allow the best 

results to be achieved.

3. THE CHEMISTRY OF 

PETROCHRONOLOGY

3.1 Internal textures of metamorphic zircon and 

monazite

Zircon and monazite have been shown to form 

from a range of geological processes within 

different geodynamic environments, with a related 

empirical catalogue of internal textural features 

(Corfu et al., 2003; Taylor et al., 2016), allowing 

processes to be dated based on associated textures. 

Under CL or BSE imaging internal textures are 

generated in response to internal variations in 

chemistry or average atomic number respectively 

(Corfu et al., 2003). Metamorphic rocks display 

the widest array of internal textures within 
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Fig. 2:  Catalogue of zircon and monazite textures and a synthetic geochronological data set. a- Zircon textures modified 

from Corfu et al. (2003) (i, ii, v), Möller et al. (2002) (iii), Nutman et al. (2002) (iv), Johnson et al. (2015) (vi, x), Taylor 

et al. (2016) (vii, xiii), Hermann and Rubatto (2003) (viii), Taylor et al. (2015b) (ix), Vavra et al. (1996) (xi), Taylor et 

al. (2014) (xii, xiv) and Hoskin and Black (2000) (xv). b- Synthetic Terra Wasserburg plot with suggestions of potential 

interpretations based on analysed textures. §- enlarged inset of younger range of ages. c- Monazite textures modified from 

Taylor et al. (2015b) (xvi), Kohn et al. (2005) (xvii), Johnson et al. (2015) (xix), Ayers et al. (1999) (xx), Rasmussen and 

Muhling (2007) (xxi), Rubatto et al. (2001) (xxii), Erickson et al. (2015) (xxiii), Williams et al. (2011) (xxiv) and Taylor 

et al. (2014) (xxv). 
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accessory minerals due to the large range of 

possible protoliths as well as numerous processes 

during metamorphism capable of modifying 

geologically resilient minerals like zircon. 

 As a result of their resilient nature, 

sometimes accessory minerals are the only 

available source of protolith information, typically 

in the form of magmatic or detrital zircon with 

oscillatory zoning (Pidgeon, 1992; Möller et al., 

2002; Corfu et al., 2003; Taylor et al., 2016) (Fig 

2a i–iii). Following initial crystallisation these 

grains may be extracted through erosion and 

incorporated as detrital zircon into sedimentary 

protoliths (Friend et al., 2003) or metamorphosed 

as magmatic zircon within an igneous protolith 

(Hoskin and Black, 2000), recording ages 

predating metamorphism related to crystallisation 

or deposition of the protolith (Fig. 2b). 

 Whilst largely inert during lower grades 

of metamorphism, the introduction of partial 

melts at higher temperatures and the compatibility 

for elements within accessory minerals makes 

melt crucial for the growth of new material, but 

can also cause the dissolution of pre-existing 

phases (Harley et al., 2007). The ability of melt 

to partially dissolve oscillatory zoned zircon was 

highlighted by Rubatto et al. (2001), with zircon 

located within in the leucosome of a metapelite 

displaying embayments cross cutting original 

internal zoning that was in-filled by later growth. 

Irregular shaped relict cores are also associated 

with melt interaction (Fig. 2a ii–v) (Corfu et al., 

2003; Taylor et al., 2016). Within melt bearing 

rocks most zircon growth is related to post-peak 

melt crystallisation based on empirical trends 

(Taylor et al., 2016) and modelling (Roberts 

and Finger, 1997; Yakymchuk and Brown, 

2014a), resulting in overgrowths on pre-existing 

grains (Taylor et al., 2014) (Fig. 2a v–viii). The 

occurrence of multiple melt forming reactions 

during a metamorphic evolution can generate 

multiple stages of zircon overgrowths as shown 

by Hermann and Rubatto (2003), who interpreted 

three periods of zircon growth in relation to two 

partial melting events separated by cooling. High 

temperature neocrystallised metamorphic zircon 

are characterised by sector zoning (aka ‘soccer 

ball’ zircon) as well as more equant grain shapes 

compared to igneous zircon (Fig. 2a ix–xi). The 

formation of ‘soccer ball’ zircon has been shown to 

occur from prograde anatexis (Vavra et al., 1996) 

and crystallisation from high-T (Schaltegger et 

al., 1999) to UHT supersolidus melts (Kelly and 

Harley, 2005).

 Melt is very important to zircon growth 

and modification but the volume of internally 

or externally derived fluids is just as important. 

Whilst most melt related zircon growth is related 

to post-peak crystallisation, Gauthiez-Putallaz et 

al. (2016) showed that fluids can permit prograde 

zircon growth in connection to dehydration 

reactions. The capability of fluids to modify 

metamict zircon domains was described by 

Kirkland et al. (2009), leaving altered domains 

susceptible to further diffusional modification 

(Cherniak and Watson, 2003). Many studies have 

noted the importance of fluids in the modification 

of zircon by coupled dissolution-reprecipitation 

(e.g. Pidgeon, 1992; Vavra et al., 1996; Williams 

et al., 1996; Schaltegger et al., 1999; Geisler et 

al., 2007), creating zircon that may retain original 

grain shapes but show regions replacing original 

textures (Fig. 2a xii).

 In melt-depleted and fluid-poor areas 
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increased temperatures during high-grade 

metamorphism can cause recrystallisation of 

existing zircon. Recrystallisation is promoted due 

to increased diffusion rates in connection to high 

temperatures, causing internal zoning in zircon to 

become diffuse (Pidgeon, 1992; Vavra et al., 1996; 

Hoskin and Black, 2000; Hoskin and Schaltegger, 

2003), forming ‘ghost’ zoning as termed by 

Hoskin and Black (2000) (Fig. 2a xiii–xv). 

Recrystallisation processes can cause problems 

in interpreting zircon from high-grade rocks. As 

shown by Möller et al. (2002), recrystallisation can 

be incomplete (or partial), resulting in Pb and other 

trace elements being inherited from the original 

grain, generating mixed ages. Pb loss during 

metamorphism associated with recrystallisation 

can be recognised within a concordia plot, with 

recrystallised regions typically falling along a 

discordant trend from older inherited ages towards 

younger concordant ages dating the Pb loss event 

(i.e. metamorphism)(Fig. 2b)(Taylor et al., 2014). 

Currently there is no definitive way to know if a 

zircon has undergone complete Pb loss other than 

age trends (recrystallisation towards a younger 

age intercept or population) and homogenisation 

of internal textures potentially coupled with 

variations in chemistry.

 Monazite does not have as many 

textural variations as zircon but can still contain 

high levels of textural complexity such as five 

individual monazite generations with unique 

ages as identified by Kohn et al. (2005) (Fig. 2c 

xvi, xvii). Monazite has also been reported with 

limited to no internal structures (e.g. Johnson et 

al., 2015) (Fig. 2c xix). Zoning in monazite can 

record both metamorphic (Zhu et al., 1997) or 

igneous (re)crystallisation events (Ayers et al., 

1999) (Fig. 2c xx) depending on the lithologies 

involved. Textures in monazite should not be 

the sole basis for interpreting different events, 

with a study by Martin et al. (2007) reporting 

monazite where internal textural variations did 

not correlate at all with age and Tucker et al. 

(2015) showed that age does not always correlate 

with internal compositional variations. Monazite 

can be used to date a range of different processes 

such as the emplacement of thrust sheets (Kohn 

et al., 2005), crustal thickening (Cottle et al., 

2009b), anatexis (Cottle et al., 2009a) and Walsh 

et al. (2015) showed monazite can record long 

periods of growth (e.g. ≥80 Myr) even at UHT 

conditions. Inherited monazite is possible within 

metamorphic rocks including those reaching 

upper greenschist (Rasmussen and Muhling, 

2007)(Fig 2c xxi), amphibolite facies (Rubatto 

et al., 2001)(Fig 2c xxii) as well as high-grade 

conditions (Cutts et al., 2013), but is less common 

than inherited zircon due to its more reactive 

nature (Yakymchuk et al., 2017). In connection 

to its reactive nature, monazite has been shown 

to grow during a variety of metamorphic mineral 

reactions including the appearance of staurolite 

(Kohn and Malloy, 2004). Pyle and Spear (2003) 

documented monazite growth in relation to four 

whole-rock reactions including both xenotime-

bearing and absent reactions. This connection to 

metamorphic reactions makes monazite a great 

tool in dating petrological evolutions (e.g. Janots 

et al., 2008; Kelsey et al., 2008; Spear and Pyle, 

2010) as well as deformation events in relation to 

tectonic fabrics (Williams and Jercinovic, 2002), 

deformation twins and distortion (Erickson et al., 

2015)(Fig. 2c xxiii). Monazite is also very adept 

at recording fluid events, seen as lobate internal 



11

 Chapter 1 An overview of U–Pb petrochronology
features formed through coupled-dissolution 

reprecipitation (Vavra and Schaltegger, 1999; 

Williams et al., 2011; Taylor et al., 2014) (Fig. 

2c xxiv, xxv) or irregular alteration textures from 

hydrothermal alteration (Poitrasson et al., 1996; 

Poitrasson et al., 2000). Fluids also affect the 

recorded compositional information (e.g. Taylor 

et al., 2014) but can also modify U–Pb systematics 

through Pb loss (Vavra and Schaltegger, 1999; 

Williams et al., 2011; Kirkland et al., 2016) as 

well as U and Th loss (Williams et al., 2011) or Th 

gain (Harlov, 2011). The lobate internal features 

have been replicated through experiments to 

gain additional constraints on the types of fluids 

responsible including alkali-bearing fluids such as 

Na2Si2O5 + H2O (Harlov and Hetherington, 2010; 

Harlov et al., 2011; Williams et al., 2011).

  

3.2 Within mineral chemical variation

Whilst internal textures alone can provide a lot 

of information, these textures can be further 

characterised by chemical variations that may 

correlate with particular geological processes, 

growth or breakdown of particular minerals or 

with respect to age. One of the commonly used 

chemical variations is the ratio between Th and U. 

This is routinely measured during dating processes 

as a means of checking for excess 206Pb in relation 

to Th decay (Schärer, 1984). The Th/U ratio has 

mainly been used to classify zircon as either 

‘metamorphic’ or ‘magmatic’, following initial 

observations and trends noted in different rock 

types (Ahrens, 1965; Williams et al., 1996; Hoskin 

and Ireland, 2000). Zircon is typically classified as 

‘metamorphic’ with a Th/U ratio of <0.1, which 

has been shown to associate with featureless CL 

zones associated with metamorphic modification 

(Williams et al., 1996; Rubatto, 2002). However, 

the classification of metamorphic zircon based 

purely on a Th/U ratio of <0.1 is not robust as 

the ratio has been shown to be strongly affected 

by other Th-bearing phases such as monazite 

(Stepanov et al., 2012) and xenotime (Rubatto, 

2017), resulting in low Th/U ratios regardless 

of the growth environment (Möller et al., 2003; 

Kelly and Harley, 2005). Studies in the Napier 

Complex have reported Th/U>>0.1 from zircon 

due to zircon acting as the main sink for Th as a 

result of no other Th-bearing phases being present 

(Kelly and Harley, 2005). Kelly and Harley 

(2005) showed metamorphic zircon with high 

Th/U ratios can be formed from syn-metamorphic 

anatectic melts. Metamorphic melts and fluids 

tend to fractionate U over Th resulting in higher 

Th/U ratios (Kohn and Kelly, 2017). Another 

possible interpretation for Th/U>0.1 is presented 

by Möller et al. (2002) and Harley et al. (2007) 

where the Th/U ratio of analysed metamorphic 

zircons was inherited from the original igneous 

zircon that was recrystallised. Many HT–UHT 

metamorphic samples also show exception to the 

<0.1 classification including orthogneisses (Kelly 

and Harley, 2005), metapelites (Schaltegger et al., 

1999; Möller et al., 2003) and metapsammites 

(Vavra et al., 1996). Th/U ratios have also been 

used in monazite to differentiate between different 

age populations. Taylor et al. (2014) related the 

increase in Th/U with age to fluid modification 

causing the incorporation of Th + Si and age 

modification. Monazite in the study by Johnson et 

al. (2015) showed a continuum of ages, however, 

these were dividable into two populations based 

on texture and Th/U ratio (dark BSE response 
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+ low Th/U = older population, bright BSE 

response + high Th/U ratio = younger population) 

corresponding to prograde growth and melt 

crystallisation. All of these studies highlight the 

complexity and care that must be taken when 

classifying and interpreting minerals the Th–U–

Pb system.

 Yttrium is highly compatible in both 

monazite and garnet, but garnet with its larger 

volume exerts greater pressure on the available Y 

budget (Gibson et al., 2004). This pressure on the 

available Y budget by garnet has a roll-on effect 

to monazite due to its sensitivity to available Y. 

By analysing Y within different age domains, 

measured ages may be correlated with garnet 

growth (low Y) or garnet breakdown (high Y) 

reactions (Bea et al., 1994; Foster et al., 2002; 

Rubatto, 2002; Foster et al., 2004). 

 By quantifying the variation of internal 

chemistry with temperature, minerals may be 

used to estimate temperature conditions (i.e. 

geothermometers). Zircon has become a valuable 

high-temperature (mineral pair) thermometer 

related to the integration of titanium into zircon 

at high–T accompanied by zirconium substitution 

in rutile (Zack et al., 2004; Watson and Harrison, 

2005; Watson et al., 2006; Ferry and Watson, 2007). 

However, this technique requires the presence 

of both of these minerals in a sample otherwise 

only a minimum temperature may be estimated 

(Watson and Harrison, 2005). This thermometer 

can also suffer from temperature overestimates 

when used in rocks experiencing low-pressure 

conditions (<5 kbar)(Rubatto, 2017). For samples 

that are zircon free, monazite can be used within 

two thermometers. The behaviour of yttrium 

at different temperatures within garnet-bearing 

lithologies has been calibrated as the garnet-

monazite-xenotime thermometer and is applicable 

to rocks with only monazite or xenotime as well 

as rocks containing both (Pyle and Spear, 1999, 

2000; Pyle et al., 2001; McFarlane et al., 2005; 

Tomkins and Pattison, 2007). For garnet-free 

assemblages monazite-xenotime thermometry 

may be used, but if no xenotime is present only 

a minimum temperature estimate may be derived 

(Gratz and Heinrich, 1997; Andrehs and Heinrich, 

1998). 

3.3 REE partitioning between minerals

With the aim of unifying zircon with the 

mineralogical evolution and in-turn metamorphic 

conditions Rubatto (2002) categorised trace 

element variations in zircon and accompanying 

minerals from different textural settings, showing 

geochemical relationships between REE bearing 

minerals such as zircon and garnet. This work built 

a foundation for the petrochronological approach 

and the usefulness of integrating REE and U–Pb 

data from accessory minerals. This was achieved 

by characterising the geochemical response of 

REE minerals to each other and to metamorphic 

processes, tying accompanying geochronology 

to different processes. Once quantified, the 

distribution of REE between two minerals (i.e. 

elemental partitioning) can be used to infer 

the progression of mineral growth, the state of 

equilibrium between two phases, as well as the 

presence or absence of a particular phase during a 

portion of the metamorphic evolution. Partitioning 

of REE between two minerals is controlled by 

the degree of fit of the pertinent element, with 

one mineral more readily accepting that element 
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into its lattice based on ionic radius, charge and 

substitution mechanisms. The partitioning of 

REE (DREE) between different minerals has been 

quantified through the analysis and observation 

of natural lithologies such as eclogites (Rubatto, 

2002), paragneisses (Hokada and Harley, 2004; 

Kelly and Harley, 2005) and orthogneisses 

(Villaseca et al., 2003) as well as experimental 

studies to quantify relationships such as zircon/

garnet, zircon/melt (Rubatto and Hermann, 2007; 

Fig. 3: Partition coefficient plots of experimental (colour) and empirical data (black) (references within figure). a- 

Partitioning between zircon and garnet (Modified after Taylor et al., 2016). b- Partitioning between zircon and melt 

(Modified after Taylor et al., 2015a). c- Partitioning between monazite and melt (Modified after Stepanov et al., 2012). 

d- Partitioning between monazite and xenotime (Modified after Andrehs and Heinrich, 1998). e- Partitioning between 

monazite and K-feldspar (Modified after Villaseca et al., 2003). f- Partitioning array plot of zircon/garnet compared to the 

experimental data of Taylor et al., 2015a, *- The axis of this plot are: x: log(DYb), y: log(Dslope)= log(DYb/DGd) (Modified 

after Taylor et al., 2017).



14

 Chapter 1 An overview of U–Pb petrochronology
Taylor et al., 2015a), monazite/melt (Stepanov et 

al., 2012) and monazite/xenotime (Andrehs and 

Heinrich, 1998).

 The partitioning of REE between zircon 

and garnet (DREE (Zrc/Grt))(Fig. 3a) is widely 

used in high-grade metamorphic rocks such as 

pelitic granulites (Rubatto, 2002; Whitehouse 

and Platt, 2003; Clark et al., 2009), associated 

leucosomes (Hokada and Harley, 2004; Harley 

and Nandakumar, 2014) and granulites reaching 

UHT conditions (Baldwin and Brown, 2008). 

As this technique is reliant on zircon and garnet, 

this technique is not applicable to rocks that are 

completely garnet- or zircon-absent; potential 

alternatives are discussed below. By characterising 

the REE distribution of certain zircon textures as 

well as texturally different garnet populations, the 

REE profiles of each mineral can be compared in 

terms of relative chondrite normalised abundances 

or as a ratio of each element (e.g. YbZrc/YbGrt). As 

both garnet and zircon are minerals rich in mid-to-

heavy REE (M–HREE) over light REE (LREE), 

they compete for the same elements when 

equilibrating within the same system, resulting in 

similar REE patterns if equilibrium is reached. By 

comparing the REE patterns between zircon and 

garnet, zircon ages can be attributed to a particular 

stage of the metamorphic evolution based on the 

presence or absence of equilibrium with garnet 

(i.e. pre-dating or post-dating garnet growth). The 

partitioning of REE between zircon and garnet is 

largely controlled by garnet, an important sink for 

trace elements (Bea et al., 1994; Hermann and 

Rubatto, 2003). Although both garnet and zircon 

compete for M–HREE, garnet preferentially 

incorporates M–HREE easier than zircon into its 

structure. This relationship has been empirically 

observed in rocks (e.g. granulite to UHT/UHP) 

where zircon growing in the presence of garnet 

have flat to slightly depleted REE patterns due to 

competition for M–HREE from the existing garnet 

(Fig. 4a) (Whitehouse and Platt, 2003; Hokada and 

Harley, 2004; Kelly and Harley, 2005; Harley and 

Kelly, 2007; Wu et al., 2008a; Wu et al., 2008b; 

Fornelli et al., 2014; Whitehouse et al., 2014). 

Partitioning coefficients (DREE) for zircon over 

garnet (Zrc/Grt) may be graphically presented 

on a logarithmic plot with the growth of zircon 

in the presence of garnet seen as a curve with a 

M–HREE (Yb/Gd slope) slope of ~1 to a slightly 

curved profile (Fig. 3a; Taylor et al., 2015a). This 

logarithmic plot allows the comparison between 

REE partitioning patterns from empirical and 

experimental studies (Fig. 3a).

 Experimental studies were conducted 

to quantify the partitioning of REE between 

zircon and garnet at set temperature conditions 

to link T–t constraints to empirical studies. 

The first experimental study was conducted 

by Rubatto and Hermann (2007) and looked at 

migmatitic granulites and eclogites. Experiments 

were conducted at ~20 kbar and granulite–UHT 

temperatures with Ca-rich garnet. The results of 

the experiments by Rubatto and Hermann (2007) 

showed a temperature-dependant control on the 

partitioning of M–HREE: a M–HREE slope of 

near 1 at ~1000°C but heavily favouring zircon 

at lower temperatures (Fig. 3a). The second 

experimental study was conducted by Taylor et al. 

(2015a) on pelitic migmatites with experiments 

conducted at 7 kbar and 900–1000°C. In contrast 

to the first experiments, the experimental results 

of Taylor et al. (2015a) showed no significant 

correlations between temperature and M–HREE 
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partitioning, with a M–HREE slope of near 1 for all 

temperatures. Whilst the two experiments alternate 

between two M–HREE partitioning patterns (more 

convex to a flatter pattern), this variation has also 

been noted in empirical studies (Fig. 3a). This 

variation in M–HREE partitioning patterns may 

reflect the pressure differences between the two 

studies or variations in garnet chemistry (Taylor 

et al. 2015a). The addition of more experiments 

testing the control of pressure and garnet chemistry 

may resolve this discrepancy and shed light on 

the factors controlling REE partitioning. These 

experiments still provide valuable information 

for empirical studies by relating partitioning 

patterns to ones generated through experiments at 

certain temperatures (using the experiment with 

appropriate bulk composition). If an empirical 

partitioning pattern matches one generated from 

an experiment this may be interpreted as the 

empirical partitioning relationship equilibrating 

at the temperature defined by the experimental 

pattern. A lack of partitioning relationships is 

also useful as shown by Harley and Nandakumar 

(2016) who interpreted garnet porphyroblast cores 

to predate zircon growth by a lack of partitioning 

between REE in zircon/garnet.

 Zircon and garnet-bearing rocks, 

while abundant, are only some of the wide 

array of metamorphic parageneses. Partitioning 

relationships between zircon and melt (DREE(Zrc/

Melt)) are applicable to garnet-free rocks in 

supra-solidus conditions. DREE(Zrc/Melt) have 

been experimentally quantified for pelitic (Taylor 

et al., 2015a), granulite and eclogite (Rubatto 

and Hermann, 2007) lithologies (Fig 3b). Many 

zircon-bearing rocks also contain monazite, but 

monazite can also be present in zircon-absent 

assemblages (Morrissey et al., 2016) and has been 

shown to be affected by bulk composition (Wing 

et al., 2003; Fitzsimons et al., 2005; Kelsey et 

al., 2008). Partitioning relationships have been 

experimentally quantified for monazite and melt 

(DREE(Mnz/Melt))(Fig. 3c) within a peraluminous 

granitic composition (Stepanov et al., 2012) as well 

as within a number of empirical studies: Yurimoto 

et al. (1990) (pegmatitic granite), Ward et al. 

(1992) (granitic), Bea et al. (1994) (peraluminous 

migmatite). Andrehs and Heinrich (1998) 

experimentally quantified monazite and xenotime 

(DREE(Mnz/Xen)) partitioning relationships for 

amphibolite to granulite temperatures using a bulk 

composition modelled from a metapelitic granulite 

(Fig. 3d), allowing additional T–t constraints 

from zircon-free rocks. Monazite and K-feldspar 

(DREE(Mnz/Kfs)) has also been quantified but only 

empirically from granulites and felsic igneous 

rocks (Villaseca et al., 2003)(Fig. 3e).

 All of the aforementioned partitioning 

relationships are typically applied by generating 

REE averages of certain textures or populations 

of each mineral and relating those in turn to 

experimental information if available. While 

this approach may be applicable for a simple 

interrogation of the dataset, the natural complexity 

and variability of the sample is lost. A new 

approach described by Taylor et al. (2017) uses 

data arrays with the capability of resolving large 

data. This array approach incorporates all zircon 

analyses from a sample to visualise partitioning 

relationships or trends within a logarithm plot 

of M–HREE slope (log(DYb/DGd)) versus HREE 

partitioning values (log(DYb)) (Fig. 3f). Natural 

samples may be compared to experimental data 

graphically, with each zircon analysis and their 
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respective ages comparable to different garnet or 

orthopyroxene compositions within the sample 

(Taylor et al., 2017). Zircon analyses that partition 

with the selected garnet composition form linear 

arrays of data comparable to that defined by 

experimental data (Fig. 3f). By interrogating 

each individual analysis instead of averages this 

approach provides additional resolution to the 

timing of petrologic events (e.g. garnet resorption 

or orthopyroxene growth). Currently, partitioning 

relationships are only considered between two 

phases where in reality multiple phases may 

be interacting within an equilibration volume, 

potentially causing additional complications 

and unquantified relationships. Nonetheless, 

partitioning of REE between major and accessory 

Fig. 4: Rare Earth Element patterns. a- 

Representative chondrite normalised REE 

patterns for different types of zircon. i- Schematic 

of different zircon REE patterns in relation to 

different processes. b- Representative chondrite 

normalised REE patterns for different types of 

monazite. ii- Schematic of different monazite 

REE patterns in relation to different processes. 

c- Representative chondrite normalised REE 

patterns for different types of garnet.
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minerals is a key and important technique to 

petrochronological study.

3.4 The controls on the chemistry of high-grade 

accessory minerals

Rare Earth Element patterns can provide 

information on the formation geochemical 

environment at the time of mineral growth but are 

also controlled by growth and break down of other 

minerals, partial melts, fluids and diffusion. Zircon 

and monazite favour different REE, M–HREE and 

LREE respectively and can exert slight reductions 

in the concentration of their favoured elements in 

the opposing mineral during growth. However, 

many other minerals have stronger influences on 

the chemistry in zircon and monazite. 

 Garnet is a key REE-bearing mineral in 

metamorphic rocks and by having a huge capacity 

for REE (in particular M–HREE) has recognised 

influences on both zircon and monazite. Zircon 

grown in igneous lithologies (i.e. garnet-free) 

are characterised by steep M–HREE slopes e.g. 

(Schaltegger et al., 1999; Rubatto, 2002; Taylor 

et al., 2015b) (Fig 4a, i), reflecting incorporation 

of any available REE in the geochemical system 

if no other REE-bearing phases are present. In 

the presence of garnet, zircon shows flat M–

HREE slopes representative of the competition 

for M–HREE regardless of the overall lithology 

(Fig. 4a, i): metapelites (Hermann and Rubatto, 

2003; Taylor et al., 2015b), eclogites (Rubatto, 

2002) and felsic gneisses (Taylor et al., 2015b). 

An important caveat to consider is flat M–

HREE patterns in zircon can occur when zircon 

forms coevally with garnet as well as following 

garnet growth. This can result in chronology 

issues, with the only definitive interpretation 

based on REE data alone being the presence of 

garnet during zircon growth or modification. The 

textural location of the accessory mineral is also 

important as garnet can effectively shield even 

more reactive monazite from later modification 

as described by Montel et al. (2000), preserving 

earlier populations. Zhu and O’Nions (1999) 

showed monazite growing in the presence of or 

coeval with garnet can show depletion in M–

HREE (Fig 4b, ii), a feature recognised in other 

studies (Foster et al., 2000; Foster et al., 2002; 

Kohn et al., 2005; McFarlane et al., 2005; Rubatto 

et al., 2006), and can be used as a complimentary 

or comparative indicator of garnet to zircon if both 

phases record similar ages. Other REE patterns 

in addition to flat M–HREE patterns occur in 

garnet and can provide information on processes 

predating zircon and monazite growth, such as the 

growth of garnet in zircon-absent, melt-present 

conditions which displays a convexity to the 

MREE (Fig. 4c) (Rubatto and Hermann, 2003). 

Increased concentrations of Y and HREE can occur 

in residual garnet resulting from resorption of 

available REE released during garnet breakdown 

(Baxter et al., 2017) resulting in enriched rims or 

‘annuli’ structures in elemental maps (Pyle and 

Spear, 1999). The wide array of documented REE 

patterns of garnet permit detailed examinations of 

the geochemical evolution during metamorphism, 

including recognising multiple melting events 

during stages of growth (forming a ‘bell curve’ 

M–HREE pattern: Hermann and Rubatto, 2003).

One of the most common controls on REE is 

feldspar due to its wide P–T stability except 

for extreme P or T. The presence or absence of 

feldspar (plagioclase more so than K-feldspar 
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(Nagasawa, 1971)) can affect both zircon and 

monazite due to feldspar strongly partitioning 

Eu. When growing with plagioclase or in a rock 

with high amounts of plagioclase, zircon (Bea 

and Montero, 1999; Rubatto, 2002; Hermann and 

Rubatto, 2003; Möller et al., 2003) and monazite 

(Zhu and O’Nions, 1999; Hermann and Rubatto, 

2003; Rubatto et al., 2006) are characterised 

by negative Eu anomalies (Fig. 4b, i–ii). Eu 

anomalies can be used to demonstrate increasing 

crystallisation of plagioclase in connection to 

partial melt crystallisation, as shown by Johnson 

et al. (2015) with a direct correlation between the 

negativity of the Eu anomaly in monazite with 

age. When growing in a feldspar-free rock, as 

long as the bulk composition is not already Eu 

depleted, crystallising zircon and monazite will 

have a positive Eu anomaly (Fig. 4 i).

 Zircon readily grows within melt-bearing 

environments including metamorphic and igneous 

systems, however the two systems are readily told 

apart based on internal zircon textures and REE 

patterns. Zircon growing within partial melt formed 

during metamorphism in the absence of garnet 

will show steep M–HREE patterns with wholesale 

depletion in REE compared to igneous zircon 

(Schaltegger et al., 1999; Rubatto, 2002; Möller 

et al., 2003)(Fig. 4a, i). Whitehouse and Kamber 

(2003) showed there is a relationship between the 

REE composition of zircon growing in anatectic 

melts and the volume and composition of melt, 

resulting in the deviation from characteristically 

igneous REE patterns to steep REE patterns that 

are relatively depleted (Fig. 4 i).

 Fluids have also shown to have variable 

influence on REE, with fluid altered zircon from 

Taylor et al. (2014) displaying increased scatter 

to the HREE but zircon related to a hydrothermal 

event from Kirkland et al. (2009) show uniformly 

enriched REE (Fig. 4a). As shown by Rubatto and 

Hermann (2003) zircon forming from a fluid under 

eclogite-facies can show wholesale depletion 

in nearly all trace elements and lacks a negative 

Eu anomaly (Fig. 4a). Despite the varied effects 

on REE composition, likely caused by variable 

fluid compositions, fluid related processes can be 

easily identified via internal textures (see earlier). 

The same fluids that modified zircon in Taylor 

et al. (2014) were also shown to affect HREE in 

monazite but to a lesser extent than in zircon due 

to the lower initial concentrations (Fig. 4b). This 

fluid event caused internal textural modification to 

both zircon and monazite that also correlated with 

age (Taylor et al., 2014). 

 All of the aforementioned REE patterns 

are dependant on the geochemical environment 

and diffusion. Recrystallisation (i.e. solid state) 

is a diffusion related process, with the effected 

mineral expelling elements that don’t fit well 

within the atomic lattice or that are located within 

low energy sites in order for the mineral to reach 

equilibrium with the surrounding geochemical 

environment. Each element has its own unique 

diffusivity in a particular mineral which is a 

function of ionic radius and activation energy 

(which is inversely affected by temperature), 

causing complications to re-equilibrating systems 

as no two elements will re-equilibrate at the same 

rate. Due to very slow rates of diffusion in most 

geological settings REE are largely immobile 

within zircon, but diffusion is enhanced at elevated 

temperatures due to the positive exponential 

relationship between diffusivity and temperature 

as shown by Cherniak and Watson (2003). This 
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results in REE in recrystallised zircon largely 

representing the REE composition of the original 

zircon and not representing the surrounding 

evolving geochemical system. Recrystallised 

zircon may have steep REE patterns to relatively 

depleted REE patterns and may be associated with 

uniform low CL response textures, ghost zoning 

and discordant trends or spreads of ages (Fig. 2b)

(Taylor et al., 2014). The REE patterns seen in 

recrystallised zircon are largely dependant on the 

starting composition of the zircon (measurable 

from relict regions or based on internal textures) as 

well as the conditions of metamorphism by being a 

diffusion related process. The bulk rock chemistry 

of the rock also exerts a first-order control over 

the available trace elements, so consideration of 

the rock bulk composition associated with the 

interpreted textural and geochemical context 

of accessory minerals is of key importance in 

order to avoid missleading interpretations when 

comparing different samples.

 Higher temperatures, whilst increasing 

rates of diffusion, also affects equilibration 

volume and the associated effective bulk 

composition. Equilibration volume is an added 

level of complexity to a metamorphic system. 

Most interpretations are based purely on the 

overall mineral assemblage, i.e. garnet-bearing 

or garnet-absent, with the assumption that zircon 

growing in the rock was interacting with all the 

minerals within the whole rock. Conversely, it 

has been recognised that many metamorphic 

rocks can equilibrate on a smaller scale, forming 

subdomains within which minerals interact with 

an effective bulk composition that may differ 

on the small scale to a neighbouring domain 

(Palin et al., 2016; Lanari and Engi, 2017). 

This is important for accessory phases growing 

within such domains as mineral assemblages 

and recorded geochemical information may 

vary due to the absence or presence of phases 

rich in REE, resulting in range of potential REE 

patterns recorded in the same rock but from 

different bulk compositions or assemblages. The 

presence of different sized equilibrium domains 

is why establishing textural context of accessory 

minerals and their accompanying trace element 

geochemistry is essential in high-grade rocks.

4. LINKING PETROCHRONOLOGY TO 

METAMORPHIC FORWARD MODELS

The ultimate end point of petrochronology is 

forming the connection between various types 

of geochronological and geochemical data 

and P–T conditions built on phase equilibria 

and petrological interpretations. As discussed 

above, accessory minerals provide a wealth of 

information, in particular within high-grade rocks, 

surviving high temperatures whilst recording 

information on melt, fluids and remaining 

geochronologically and geochemically robust even 

after long timescales at high–T. Accessory mineral 

information (i.e. ages, chemistry) is commonly 

connected to metamorphic forward modelling (i.e. 

pseudosections) by using categorised relationships 

(through empirical and experimental studies) in 

regards to texture, chemistry and microstructures 

to form a connection between dated but not 

directly modelled minerals (e.g. monazite or 

zircon) and modelable minerals. Methods of 

linking accessory minerals to forward models will 

be illustrated using two synthetic models (Fig. 5) 

showing how this information can be coalesced 

into a qualitative P–T–t path, as well as evaluating 
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and discussing limitations. These two P–T 

evolutions shown in the synthetic models could be 

produced from real samples. Such paths may be 

identified through forward modelling: generating 

a modelled P–T diagram from which associated 

mineral assemblages and microstructures within 

the sample may be linked to form a P–T path 

along which the sample evolved. Some of the 

assumptions and limitations of forward modelling 

will be discussed later.

 The first P–T evolution (Fig. 5a) is 

representative of a standard granulite facies 

clockwise P–T evolution of a pelitic protolith 

containing inherited zircon (Fig. 5a i). Along 

the prograde path any inherited zircon may 

start to recrystallise as temperatures increase, 

coeval with primary garnet growth (Fig. 5a ii). 

Prograde information in high-grade rocks tends 

to be either difficult to constrain or completely 

absent from the preserved paragenesis and is one 

of the frequent gaps in the petrochronological 

record. Minerals growing during prograde 

metamorphism may have once dated prograde 

heating, but upon reaching peak conditions can 

be modified due to closure temperatures typically 

being exceeded (closure temperature below the 

metamorphic temperature = mineral is diffusively 

open) as well as due to high-grade processes (e.g. 

dissolution, fluid alteration) and perturbation will 

continue until cooling. No evidence of prograde 

metamorphism may be present at all due to no 

subsolidus geochronometer growth or complete 

overprinting by later metamorphism. Minor 

crystallisation of zircon during the prograde to 

peak metamorphic evolution has been shown 

to occur through the introduction of externally 

derived melts (Andersson et al., 2002; Flowerdew 

et al., 2006; Wu et al., 2007) as well as through 

local migration of melt (Harley and Nandakumar, 

2014; Harley, 2016), but preservation of such 

phases is dependent on the evolution of the 

individual system and the location of the phase. 

 Upon crossing the solidus and with the 

generation of partial melts, inherited zircon may be 

Fig. 5: Synthetic P–T evolutions with associated types of zircon and monazite, garnet growth/breakdown and potential 

REE systematics. a- Singular clockwise P–T evolution. (i) Incorporation of inherited zircon into metamorphic protolith. 

(ii) Primary garnet with sillimanite inclusions, recrystallisation of inherited zircon. (iii) Generation of relict zircon cores, 

initial monazite growth. (iv) Additional garnet growth and peritectic grains start to grow. (v) Neocrystallised ‘soccer ball’ 

zircon, continued monazite growth and recrystallisation of zircon. (vi) Garnet breakdown to cordierite forming micro-

zircon within the breakdown texture. (vii) Melt crystallisation and majority of zircon growth (overgrowths) and final 

monazite growth, recrystallised zircon modification slows due to crystallisation of melt and cooling temperatures. (viii) 

A later fluid event causes modification to zircon and monazite forming lobate textures. b- A residual protolith along a 

clockwise polymetamorphic P–T path. (i) Inherited zircon starts to recrystallise. (ii) Subsolidus monazite growth along the 

prograde path in the presence of relict garnet, recrystallisation of zircon continues. (iii) Upon crossing an elevated solidus 

the generation of minor melt causes additional monazite growth and promotes recrystallisation of existing zircon but is 

insufficient to see new zircon growth. (iv) Garnet breakdown to plagioclase + orthopyroxene with neocrystallised micro-

zircon, final monazite growth and complete ‘ghost zoning’ to recrystallised zircon. After a later localised hydration event, 

the hydrated areas followed the grey P–T path during a second metamorphic event. (v) Following localised hydration melt 

embays previously recrystallised zircon and previously grown monazite becoming relict cores stable with relict garnet 

grains. (vi) Neocrystallised zircon and monazite in equilibrium with minor garnet growth. (vii) Final melt crystallisation 

seen as zircon overgrowths.
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consumed/dissolved by the melt phase generating 

relict oscillatory zoned cores (Fig. 5a iii) or 

embayed grains (Keay et al., 2001; Rubatto et al., 

2001; Andersson et al., 2002; Wu et al., 2007). 

First quantified by Watson and Harrison (1983) 

and more recently re-evaluated by Boehnke et al. 

(2013) and Gervasoni et al. (2016), inherited zircon 

may be completely dissolved if it is introduced to a 

melt phase rich in zirconium, resulting in a lack of 

inherited ages and promoting recrystallisation of 

pre-existing zircon over additional zircon growth. 

Monazite has been shown in natural samples to 

grow along both the prograde and retrograde path 

(Rubatto, 2002; Johnson et al., 2015) as well 

as during peak conditions (Kelsey et al., 2008; 

Rubatto et al., 2009) and just following peak 

conditions (Clark et al., 2014) (Fig. 5a iii, v, vii). 

However, this is contrary to predictive modelling 

by Kelsey et al. (2008) which show majority of 

monazite growth upon crossing the solidus and 

that prograde supersolidus monazite growth is 

unlikely and should be consumed instead (Kelsey 

et al., 2008; Yakymchuk, 2017). Modelling by 

Spear and Pyle (2010) showed monazite growing 

continuously throughout the high-T metamorphic 

evolution. Apatite breakdown to form monazite 

has been reported from experiments (Wolf and 

London, 1994) and has been proposed as a 

potential source of prograde monazite (Johnson 

et al., 2015), but recent forward modelling by  

Yakymchuk (2017) showed that only minor and 

small prograde monazite growth may occur at the 

interface between apatite and melt but would be 

unlikely to survive in the matrix of the rock unless 

shielded within peritectic minerals. A mechanism 

to grow and preserve large prograde monazite in 

the matrix following partial melting is still elusive. 

 Prograde garnet cores may see additional 

growth with the addition of partial melts as well 

as the formation of peritectic garnet (Fig. 5a iv), 

typically identifiable from large quartz inclusions 

or euhedral grain shapes, with both types of 

garnet showing similar REE patterns as a result 

of growing within the same geochemical system. 

The use of REE partitioning is one of the most 

common methods of linking zircon ages to an 

event such as peritectic garnet growth. In this 

example metamorphic ‘soccer ball’ zircon is 

growing during super/supra-solidus conditions 

(Schaltegger et al., 1999; Vavra and Schaltegger, 

1999; Taylor et al., 2016) and shares similar 

REE as rims on peritectic garnet, which can be 

inferred to have grown and equilibrated at the 

same time as zircon (Fig. 5a v). Partitioning 

relationships are based on the assumption of 

equilibrium being achieved between minerals and 

the recorded information has not been perturbed 

since the end of metamorphism.  As discussed 

above, the scale to which a metamorphic rock will 

achieve equilibrium is related to the equilibration 

volume which is typically at its largest during 

peak conditions due to the highest temperatures 

and highest rates of diffusion from the presence 

of fluids, melts as well as temperature. These 

factors lend themselves to the interpretation that 

in metamorphic rocks partitioning relationships 

are most likely achieved during peak conditions, 

but this is purely dependant on the occurrence 

of reactions causing new mineral growth, 

modification, or peak conditions being sufficient 

to re-equilibrate pre-existing minerals. Earlier 

relationships may be preserved but this must be 

investigated and evaluated on a case-by-case 

basis. 
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 The stability of ferromagnesian minerals 

is an important control on the formation of 

zircon and monazite, as these contain elements 

necessary for crystallisation along the retrograde 

path (Brown and Korhonen, 2009). Following 

peak conditions during decompression Zr-bearing 

phases such as garnet may breakdown (e.g. to 

cordierite; Fig. 5a vi) and release Zr which has the 

potential to grow new micro-zircon (Fraser et al., 

1997; Degeling et al., 2001; Tomkins et al., 2005; 

Wu et al., 2007) but only within the region directly 

adjacent to garnet as Zr is relatively insoluble 

and therefore difficult to transport (Whitehouse 

and Platt, 2003). This requirement of adjacency 

has also been illustrated by Bingen et al. (2001) 

with ilmenite breakdown forming new zircon in 

close proximity. However, the same relationships 

between garnet breakdown and zircon growth 

could not be replicated in predictive modelling 

by Kelsey and Powell (2011), with melt and rutile 

showing a greater control on zircon growth than 

garnet. 

 When approaching the solidus the 

majority of zircon growth occurs (Kelsey et 

al., 2008), nucleating on existing relict cores to 

form overgrowths such as low CL response rims 

reported by Taylor et al. (2014) and Johnson et 

al. (2015) (Fig. 5a vii) and potentially as entirely 

new grains at the initial stages of the cooling path 

(Roberts and Finger, 1997). A later subsolidus 

fluid event (e.g. fluids released from crystallisation 

of plutons) causes additional modification to 

zircon and monazite, forming lobate cross 

cutting textures (Fig. 5a viii), perturbing age and 

geochemical data (Kröner et al., 2014; Taylor et 

al., 2014). Fluids have been shown by Poitrasson 

et al. (2000) and Seydoux-Guillaume et al. (2012) 

to perturb monazite and zircon even at low–T 

(<400°C).

 The second scenario is representative 

of metamorphism of a residual (already partially 

melted) pelitic protolith (Fig. 5b). Due to the 

residual nature of the protolith, the solidus 

temperature is more elevated than in the first 

scenario, with most of the prograde path staying at 

subsolidus conditions and the lack of melting along 

the prograde path promoting recrystallisation 

(Fig. 5b i, ii). White and Powell (2002) showed 

that melt loss will increase the preservation but 

limit the generation of new assemblages following 

initial high-grade metamorphism. Accessory 

minerals are also affected by melt loss as most 

trace elements from granitic melts are taken up by 

accessory minerals (Bea and Montero, 1999; White 

and Powell, 2002; Brown and Korhonen, 2009), 

limiting the growth of new accessory minerals 

but also increasing the potential of dissolution of 

existing phases to accommodate the growth of any 

new assemblages. The behaviour of monazite in 

high–T environments has been shown to contrast 

with zircon. For example, McFarlane et al. (2006) 

and Rubatto et al. (2013) both documented larger 

amounts of monazite growth with limited zircon 

growth during metamorphism. Monazite may 

grow despite the lack of zircon growth in a melt 

poor environment due to its higher reactivity 

(Morrissey et al., 2016)(Fig. 4b ii), resulting in 

monazite potentially recording information that 

might be missed by zircon. Högdahl et al. (2012) 

demonstrated that monazite was more capable 

than zircon at recording changing host rock 

conditions, permitting detailed time constraints 

from complex tectonic events. Monazite grew, 

dissolved and reprecipitated under both sub- and 



24

 Chapter 1 An overview of U–Pb petrochronology
supersolidus conditions with zircon restricted to 

melt-producing events, missing some of the age 

populations recorded by monazite (Högdahl et al., 

2012). 

 Upon crossing the solidus, due to the 

residual bulk composition, melting is minimal, 

promoting additional recrystallisation (especially 

at elevated T) of zircon but no neocrystallisation 

(Fig. 5b iii). Morrissey et al. (2016) showed the 

importance of melt in residual compositions 

with new growth of zircon restricted to 

originally residual regions that experienced 

later retrogression, generating a more ‘fertile’ 

composition that produced more melt upon 

heating; the non-retrogressed remaining residual 

regions did not record the second event at all. 

The low abundance of neocrystallisation in 

residues compared to leucosomes has also been 

illustrated in predictive models by Yakymchuk 

and Brown (2014a). Similar to scenario one, 

relict garnet decompression breakdown to 

plagioclase + orthopyroxene permits micro-zircon 

growth dating decompression but due to the low 

volume of melt in scenario two no overgrowths 

representative of melt crystallisation occurs (Fig. 

5b iv). The behaviour of zircon and monazite in 

melt bearing conditions are well categorised, being 

affected by factors such as the proportion (Rubatto 

et al., 2001) as well as chemistry (Watson and 

Harrison, 1983; Rapp et al., 1987) of melt and the 

rate of melt extraction (Watt et al., 1996). There 

is limited understanding as to what information 

geochronometers can record in prolonged, hot, 

residual systems with scare amounts of melt 

and fluids. Understanding the behaviour and 

responsiveness of geochronometers in anhydrous 

conditions is important for constraining the 

duration of geodynamic processes in the lower 

crust as well as generating quantitative P–T–t 

paths from residual lithologies, key to generating 

accurate geodynamic models of the crust. 

 Understanding the potential heterogeneity 

on a range of scales within a sample as well as the 

studied outcrop (e.g. microscopic, local, regional) 

is also important, as different ages may be preserved 

within different rocks from the same region due 

to melt loss and fluid incorporation (Morrissey 

et al., 2016). In scenario two, a later localised 

hydration event cause localised retrogression 

(e.g. introduction of externally derived fluid 

along fractures/shear zones), reducing the solidus 

temperature within the retrogressed areas (Fig. 

5b). Retrogression permitted, during a second 

lower temperature event, additional melting only 

within these domains, similar to interpretations 

by Kelly et al. (2006) and Morrissey et al. (2016). 

This additional melting during the second event 

caused embayment of pre-existing grains (Fig. 5b 

v), followed by neocrystallisation of zircon (in 

equilibrium with relict garnet) and monazite only 

within the more ‘fertile’ compositions (Fig. 5b vi, 

vii), with the non-retrogressed samples showing 

no additional modification or younger ages. 

 High-grade terranes pose an additional 

problem, with geochronometers in most terranes 

recording a spread of ages rather than a singular 

statistical population, potentially related to 

prolonged thermal conditions or resetting from 

separate events (Taylor et al., 2016). Determining 

the process(es) responsible for the range of ages 

can be done petrochronologically, categorising the 

textures associated with the distribution of ages as 

well as any geochemical trends. As mentioned 

earlier if the spread of ages is associated 
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with recrystallisation or coupled dissolution-

reprecipitation Pb loss has likely occurred. Pb 

loss through recrystallisation is one of the hardest 

processes to constrain as the amount of Pb loss can 

only be estimated through indirectly associated 

features (e.g. textures), with no quantitative 

method for estimating the volume of Pb lost as the 

whole system has likely been perturbed. The rate 

by which Pb is lost is dependent on diffusivity, 

which can vary in relation to temperature and 

grain size (Cherniak and Watson, 2003; Cherniak 

et al., 2004) but also features such as radiation 

damage (Mezger and Krogstad, 1997; Cherniak 

and Watson, 2001), fluids (Harlov et al., 2011; 

Williams et al., 2011) and deformation (Piazolo 

et al., 2016), implying that no two grains will 

evolve in the same way. Lead loss through 

diffusion may be further assisted through the 

presence of fractures as described by Ashwal et 

al. (1999). The simplest assumption is that the 

youngest recorded ages from modified grains are 

representative of complete Pb loss, and those with 

in-between ages are only partially modified. This 

kind of interpretation may be strengthened with 

relationships between Pb loss and internal texture 

or Pb loss and modifications of trace or major 

elements but there is still a degree of uncertainty 

to keep in mind.

 Being able to accurately quantify 

the time-scales of events is key to accurately 

modelling geologic processes. However, there are 

two different interpretations in regard to the nature 

and time-scales of prolonged regional high-grade 

metamorphism recorded by geochronometers: 

(1) high-temperatures are regionally sustained 

throughout an entire event (>10 Myr) or (2) 

prolonged regional high–T events are made up of 

short temperature bursts. Korhonen et al. (2011) 

and Korhonen et al. (2013) used zircon and 

monazite to show that the Eastern Ghats Province 

potentially stayed continuously at UHT conditions 

for up to 200 Myr. Another example of prolonged 

high temperatures was documented by Walsh et al. 

(2015) and Smithies et al. (2011) who constrained 

the duration of high-grade metamorphism to ~100 

Myr in the Musgrave Province with zircon and 

monazite. Diffusion experiments by Cherniak et al. 

(1997), Cherniak and Watson (2001) and Cherniak 

et al. (2004) quantified the resilience of zircon and 

monazite to perturbation via diffusion, requiring 

very-high and long-lived temperatures to cause 

modification and re-equilibration via diffusion. 

The implication of this for melt- and fluid-poor 

high–T terranes with limited new geochronometer 

growth but a wide spread of recorded ages is these 

regions must have sustained high–T in order to 

sufficiently modify geochronometers like zircon. 

Contrastingly, Viete and Lister (2017) propose 

that high-grade regional metamorphism represent 

transient thermal anomalies (1–10 Myr) related to 

localised heat production rather than prolonged 

‘normal’ conditions within the associated 

tectonic setting. Walsh et al. (2015) suggested 

that a protracted spread of monazite ages could 

possibly represent crystallisation after multiple 

individual events occurring over short timescales 

that cannot be resolved with current analytical 

resolution, but could not rule out the possibility 

that the spread resulted from continuous elevated 

thermal conditions, similar to Korhonen et al. 

(2013). Clark et al. (2011) showed with numerical 

modelling that in order to achieve high-grade 

regional metamorphism the effected crust within a 

collisional orogen must be radiogenic element rich 
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and requires long time periods with low erosion 

rates, requiring extended periods at appropriate 

conditions for the achievement of wide-spread 

metamorphism without large scale magmatism or 

other heat sources that could potentially generate 

high temperatures over shorter time scales. Whilst 

short durations (<5–40 Myr: Kelsey and Hand, 

2015; <10 Myr: Harley, 2016) of high-grade 

metamorphism are recognised (e.g. Kaapvaal 

Craton, 5–10 Myr: Schmitz and Bowring, 2003; 

Southern Madagascar, ~5 Myr: Jöns and Schenk, 

2011), what types of internal textures have been 

dated in connection to the short metamorphic 

event is an important factor. Short durations 

of metamorphism would be best recorded by 

neocrystallisation but this requires the system to 

be primed to readily grow new accessory minerals. 

If the short range of ages were associated with 

recrystallisation either extreme temperatures 

would be required for equilibration of existing 

phases or potentially the data set has been over 

interpreted and the resolution of the techniques 

used (i.e. uncertainties on individual ages) should 

be questioned/considered (are the uncertainties 

small enough to separate two or multiple events?). 

These differing theories on the duration of high 

temperatures during metamorphism highlight 

the importance of resolution in terms of the 

duration of events and the limited nature of 

our current understanding of how responsive 

geochronometers are to an evolving high-T 

system. Does metamorphism occur over orogenic 

timescales (e.g. 10–100 Myr) or only as short 

thermal perturbations punctuating long-term 

subdued tectonism?

 While very comprehensive, both of the 

posed synthetic scenarios are resolvable due to the 

application of petrochronological methodology, 

but are by no means absolute in their interpretation 

due to the high number of factors involved 

within even a simple metamorphic evolution. 

It is important keep in mind the number of 

factors affecting the information displayed here, 

in particular trace element geochemistry. REE 

signatures are dependant on a number of factors 

including bulk rock composition and the volume 

of REE minerals. A bulk composition enriched 

in HREE will allow zircon and garnet growing 

together within this bulk composition to have 

relatively high concentrations of these elements 

compared to a system within which these minerals 

would have to compete for limited volumes of 

these elements (Rubatto, 2017). Hermann et al. 

(2001) and Gauthiez-Putallaz et al. (2016) showed 

a similar bulk composition affect with zircon in 

a high pressure feldspar-free rocks where newly 

grown zircon still had an negative Eu anomaly 

despite the absence of feldspar due to the bulk 

composition being overall depleted in Eu. The 

volume of REE minerals (e.g. minor garnet) 

present within the sample can permit accessory 

minerals to have higher REE (i.e. HREE in terms 

of garnet) values than expected when growing in 

the presence of a REE bearing phase (Rubatto, 

2017). 

 The petrochronological record is, put 

simply, a function of protolith, the presence of melt 

and P–T–t evolution. Different protoliths on the 

same P–T–t evolution will likely record different 

parts of and/or may not record parts of the P–T–t 

evolution if one protolith is more reactive than 

the other (more reactive = more likely to record 

more of the P–T–t evolution), as long as both have 

the ability to grow new geochronometers during 
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metamorphism. Conversely, similar protoliths 

on a singular vs. polymetamorphic evolution, 

if the rock remains sufficiently melt bearing 

during the whole evolution, may record one or 

multiple periods respectively of accessory mineral 

crystallisation during periods of cooling* (*– as 

long as cooling occurs between events in the 

polymetamorphic scenario). However, it is also 

possible that both a high-T protracted singular 

evolution and a polymetamorphic evolution with 

limited cooling could foreseeably produce similar 

geochronological data sets depending on a number 

of factors, but a petrochronological approach 

could be used to verify which kind of scenario 

likely occurred.

4.1 Limitations and complications with forward 

modelling

There is a large degree of complexity to consider 

when evaluating accessory minerals but there 

is also a degree of uncertainty involved in the 

generation of P–T models. Forward metamorphic 

models are inherently simplified in order to allow 

constraints to be quantified from complex natural 

processes. This simplification is applied through 

the use of a bulk composition that within P–T 

space does not vary (i.e. a closed system) and 

is modelled using a thermodynamic dataset of 

activity-composition models (a–x) that constrain 

mineral stability within a chosen chemical system 

of major elements. No natural chemical system is 

ever truly closed, but the degree to which they are 

open can vary and can only be estimated. Studies 

by Yakymchuk and Brown (2014b) have modelled 

conditionally open systems to replicate the 

extraction of partial melts which is a key process 

in the evolution of high-grade metamorphic 

rocks. Partial melting and melt loss however is 

a one-way process, resulting in evolved bulk 

compositions that experienced an unclear amount 

of melt loss. Forward modelling alone cannot 

quantify melt loss as the system models the 

rock ‘forward’ through time towards its current 

state. This is also why prograde conditions are 

typically not constrainable using metamorphic 

forward models as the modelled bulk composition 

represents an evolved composition, resulting 

in none to limited constraints on the prograde 

evolution. Attempts have been made to ‘rewind’ 

metamorphic processes such as Korhonen et 

al. (2010) and Yakymchuk and Brown (2014b), 

however this is still an evolving branch of 

research. The interrogation of a forward modelled 

P–T pseudosection by creating temperature- or 

pressure-composition (T– or P–X) diagrams 

allows the potential control of compositional 

factors on the modelled equilibrium assemblage 

to be assessed. As explained by Korhonen et al. 

(2012) T–X and P–X diagrams are commonly used 

to assess how the amount of H2O or ferric iron 

changes the stability of the interpreted equilibrium 

assemblage, as well as correcting for later 

modification through retrogression or oxidation 

causing the modelled assemblage to contain rocks 

not observed within the natural sample.

 Forward models currently have an over 

arching problem due to the lack of minor elements 

within thermodynamic a–x models that are built 

upon the behaviour of major element components 

within minerals. Minor elements such as Zn in 

spinel and F in biotite can expand the stability of 

these minerals in nature and experiments, but this 

currently cannot be replicated in forward models 
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(e.g. Vielzeuf, 1983; Harley, 1986; Chacko et al., 

1987; Clarke et al., 1989; Motoyoshi et al., 1990; 

Nair and Chacko, 2002; White et al., 2002; Kelly 

and Harley, 2004; Tajčmanová et al., 2009; Diener 

and Powell, 2010). The continual updating of 

thermodynamic data sets allows for the increased 

accuracy of metamorphic forward models. White 

et al. (2014b) integrated manganese, permitting 

Mn substitution or Mn-bearing end members; 

however Mn has been shown to not have much 

impact at high temperature (Johnson et al., 2015) 

and may be excluded from studies with relevant 

conditions. Wheller and Powell (2014) created 

an updated sapphirine model incorporating ferric 

iron, which has been shown to effect and expand 

sapphirine stability to lower temperatures (Taylor-

Jones and Powell, 2010; Wheller and Powell, 

2014). Both of these updates are of particular 

importance to pelitic rocks, within which the 

stability of many minerals are affected by these 

elements. Pelitic to psammitic bulk compositions 

are modellable in the latest dataset ‘ds6’ since its 

public release in 2014 (White et al., 2014a; White 

et al., 2014b). The new activity models of Green 

et al. (2016) permit the modelling of melt bearing 

metabasic rocks, a key part of many metamorphic 

terranes. It is still the case that some minerals do 

not as of yet have updated a–x models for ‘ds6’ 

(e.g. osumilite) and must be modelled within 

the older dataset ‘ds5’. The difference between 

these two models is discussed by Korhonen et al. 

(2014).

 Another consideration is the rate at 

which the rock travelled through sections of the 

P–T evolution; similar rocks will not necessarily 

experience the same reactions if they move through 

P–T space at different rates due to reactions having 

variable activation energies and being subject to 

reaction kinetics. What is metamorphosed is also 

important, for example a sample experiencing no 

previous melt loss will be more sensitive to a rapid 

P–T excursions forming new microstructures and 

growing new minerals whereas a more residual 

composition may not have enough time to 

respond to a rapid P–T event, unless temperatures 

are sufficiently high. The formation of new 

microstructures during a metamorphic event (in 

particular during polymetamorphic scenarios) 

is incredibly important as microstructures and 

stable assemblages are what P–T paths are based 

on. Modelled assemblages are interpreted to be at 

equilibrium and were stable during a section of 

the P–T history, preserving the conditions the rock 

once experiences. However, it is entirely possible 

to model metastable conditions in forward 

modelling. The nature of equilibrium represented 

by an assemblage can be evaluated by comparing 

the stability of the modelled assemblage to the 

typical stability range of the individual minerals 

within the assemblage.

 Petrochronology currently relies on 

P–T conditions constrained by major mineral 

assemblages that are indirectly correlated to 

accessory minerals. Accessory minerals are 

not readily considered during typical forward 

metamorphic modelling as they are a very small 

component of the rock (approximately ≤1%) and 

containing elements that are trace components 

within major minerals. Earlier attempts to integrate 

accessory minerals directly into phase equilibria 

such as Kelsey et al. (2008), combined data from 

dissolution experiments with phase equilibria as 

no mineral activity-composition models (a–x) 

existed at the time that enabled the incorporation 
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of Zr or LREE into minerals. An additional step 

towards integrating accessory minerals and phase 

equilibria came through the incorporation of Zr 

(Tomkins et al., 2007; Kelsey and Powell, 2011) 

and LREE (Spear and Pyle, 2010) into a–x models. 

However, these techniques are still evolving, but 

will be of great use to petrochronology following 

further development.

5. CONCLUSIONS

Quantitative constraints on the time-scales of high 

temperatures during metamorphism are essential 

for understanding lower crustal processes and 

the generation of accurate geodynamic models 

of the crust. Whilst the application of high-

spatial resolution techniques are capable of 

analysing the internal complexities of accessory 

minerals, the variable behaviour of trace 

elements and the interaction of many geological 

processes during metamorphism generate 

complex heterogeneities in accessory minerals 

within high-grade metamorphic rocks. Whilst 

a lot of work has been done to categorise and 

constrain the processes associated with certain 

internal textures and geochemical signatures, 

there is limited understanding in regards to how 

accessory minerals behave when exposed to 

prolonged high temperatures. High temperatures 

can perturb recorded information as well as 

largely remove information connected to earlier 

events (e.g. prograde metamorphism), making 

it difficult to accurately constrain the duration 

of high-temperatures and resolve individual 

events from complex data sets. It is due to these 

complications that many high-grade terranes 

lack quantitative estimates of the duration of 

metamorphism. The increased study of accessory 

minerals within high-grade terranes will permit 

the assessment of the applicability of different 

geochronometers to constraining different 

geological processes at elevated temperatures 

and categorise what recorded information is 

representative of within a certain system. The 

petrochronological approach allows complex 

high-grade terranes to be evaluated to a high 

level of detail, enabling the discernment between 

melt, fluid and elevated temperature (diffusion) 

processes in addition to the quantification 

of accurate P–T–t constraints. The future 

development of new micro-analytical techniques 

and the continual updating of thermodynamic 

data sets will allow petrochronologic studies 

to achieve additional resolution in constraining 

rates, timescales and conditions of geological 

processes. The development and discovery of new 

geochronometers and their applicability to various 

geodynamic systems will also be beneficial to 

petrochronological studies.

6. RELEVANCE FOR THIS THESIS

This overview highlights key information that 

is applied in the following chapters and also 

provides a foundation of the current state of 

research and the current limitations of various 

petrochronological techniques and applications. 

The following chapters further develop this young 

field of research, highlighting the importance 

of a petrochronological approach by providing 

new insight into two debated high-T terranes 

and providing new insight into the behaviours 

of common geochronometers at high-T, of high 

importance for constraining quantitative P–T–t 

evolutions. As it is only a side project of this thesis 

(see Thesis structure) a summary of 40Ar/39Ar 
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geochronology is not discussed here, see the 

following reviews for more information:

–Jourdan, F., Mark, D. F., and Verati, C., 2014, 

Advances in 40Ar/39Ar dating: from archaeology 

to planetary sciences – introduction: Geological 

Society, London, Special Publications, v. 378, no. 

1, p. 1–8.

– Kelley, S., 2002, K-Ar and Ar-Ar Dating: 

Reviews in Mineralogy and Geochemistry, v. 47, 

no. 1, p. 785.

–McDougall, I., and Harrison, T. M., 1999, 

Geochronology and Thermochronology by the 

40Ar/39Ar Method, Oxford University Press on 

Demand.
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ABSTRACT
Incipient charnockites have been widely used as evidence for the infiltration of CO2-rich fluids driving 

dehydration of the lower crust. Rocks exposed at Kakkod quarry in the Trivandrum Block of southern India 

allow for a thorough investigation of the metamorphic evolution by preserving not only orthopyroxene-

bearing charnockite patches in a host garnet-biotite felsic gneiss but also layers of garnet-sillimanite 

metapelite gneiss. Thermodynamic phase equilibria modelling of all three bulk compositions indicates 

consistent peak metamorphic conditions of 830–925°C and 6–9 kbar with retrograde evolution involving 

suprasolidus decompression at high-temperature. These models suggest that orthopyroxene was most 

likely stabilised close to the metamorphic peak as a result of small compositional heterogeneities in the 

host garnet-biotite gneiss. There is insufficient evidence to determine whether the heterogeneities were 

inherited from the protolith or introduced during syn-metamorphic fluid flow. U–Pb geochronology of 

monazite and zircon from all three rock types constrains the peak of metamorphism and orthopyroxene 

growth to have occurred between the onset of high-grade metamorphism at c. 590 Ma and the onset of 

melt crystallisation at c. 540 Ma. The majority of metamorphic zircon growth occurred during protracted 

melt crystallisation between c. 540–510 Ma. Melt crystallisation was followed by the influx of aqueous, 

alkali-rich fluids likely derived from melts crystallizing at depth. This late fluid flow led to retrogression 

of orthopyroxene, the observed outcrop pattern and to the textural and isotopic modification of monazite 

grains at c. 525–490 Ma.

1. INTRODUCTION

The occurrence of orthopyroxene-bearing patches 

within otherwise orthopyroxene-free biotite- or 

hornblende-bearing host rocks, referred to as 

incipient or arrested charnockite, has been used 

as a key piece of evidence to support the notion 

that the infiltration of a low-H2O activity, CO2-

rich fluid drives dehydration of the lower crust and 

the transition from amphibolite to granulite facies 

rocks (Newton, 1992; Santosh & Omori, 2008; 

Touret & Huizenga, 2012; Newton & Tsunogae, 

2014). Whether dehydration of the lower crust to 

form granulite facies rocks was driven dominantly 

by interaction with CO2-rich fluids (Newton et al., 

1980; Newton, 1989) or by the removal of hydrous 

partial melt (Fyfe, 1973; White & Powell, 2002) is 

still the subject of debate. 

 Incipient charnockites have been described 

at many localities within the Trivandrum Block of 

southern India (Hansen et al., 1987; Stähle et al., 

1987; Raith & Srikantappa, 1993; Perchuk et al., 

2000; Ravindra Kumar, 2004; Rajesh & Santosh, 

2012; Endo et al., 2013; Taylor et al., 2014). 

Exposures are generally confined to quarries, 

most of which contain either garnet–biotite gneiss 

(referred to locally as leptynite) and associated 

charnockite or more aluminous metapelitic gneiss 

(khondalite). However, a previously unstudied 

quarry at Kakkod (Fig. 1) preserves all three main 

rock types (incipient charnockite, host garnet–

biotite gneiss and metapelitic gneiss), potentially 

enabling a study of charnockite formation within 

the context of the broader metamorphic history of 

the Trivandrum Block.  We combine petrography, 

phase equilibria modelling, U–Pb geochronology 

and REE analyses of key minerals from the three 
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main lithotypes to better understand the conditions 

and timing of their formation. In addition, we use 

textural information from monazite and zircon 

to infer an episode of fluid flux in these rocks, 

and, coupled with U–Pb age data and the rare 

earth element compositions of garnet, zircon and 

monazite, investigate the relationship between 

the timing of peak metamorphism, charnockite 

formation and fluid influx.

2. GEOLOGICAL SETTING

The Southern Granulite terrane (SGT) of southern 

India, located to the south of the Dharwar Craton, 

has been subdivided into a series of crustal tectonic 

domains (Figure 1). These are the Coorg (Santosh 

et al., 2015; Santosh et al., 2016), Salem (Clark 

et al., 2009b), Nilgiri (Raith et al., 1990; Harris 

et al., 1994) and Madras Blocks (Harris et al., 

1994; Santosh et al., 2003b) in the north, which 

are separated from more southerly domains by 

the Palghat-Cauvery shear zone system (Collins 

et al., 2007a; Clark et al., 2009a). To the south of 

the Palghat-Cauvery shear zone system are the 

northern and southern Madurai Blocks that are 

distinguished on the basis of different protolith 

ages (Plavsa et al., 2012; Plavsa et al., 2014; Clark 

et al., 2015). The Trivandrum Block is located to 

the south of the southern Madurai Block, from 

which it is separated by the Achankovil Zone 

(Drury et al., 1984; Sacks et al., 1997; Cenki et al., 

2004; Chetty et al., 2006; Taylor et al., 2014). The 

southernmost domain, the Nagercoil Block, lies at 

the southern tip of peninsular India (Johnson et al., 

2015; Kröner et al., 2015) (Fig. 1). 

 Cambrian deformation and granulite 

facies metamorphism in the Trivandrum Block has 

generally been attributed to the Malagasy Orogeny 

(550–510 Ma) and linked to the assembly of 

Gondwana (Collins & Pisarevsky, 2005; Santosh 

et al., 2009; Collins et al., 2014).  The rocks in 

the Trivandrum Block are dominated by garnet-

and biotite-bearing felsic gneiss (leptynite) and 

garnet–sillimanite–biotite or garnet–biotite–

sillimanite–cordierite gneiss (khondalite), with 

minor calc–silicate, quartzite and mafic granulite 

(Ravindra Kumar et al., 1985; Chacko et al., 

1987; Yoshida et al., 1991; Chacko et al., 1992; 

Jackson & Santosh, 1992; Raith & Srikantappa, 

1993; Harley & Santosh, 1995; Braun et al., 1998; 

Fonarev et al., 2000; Nandakumar & Harley, 2000; 

Nair & Chacko, 2002; Morimoto et al., 2004; 

Shabeer et al., 2005; Braun, 2006; Tadokoro et 

Fig. 1: Geological map of the Southern 

Granulite Terrane of southern India adapted 

from Taylor et al. (2014) with major rock 

types and field locations marked. Kakkod 

quarry is located at N 08° 48’ 37.6” E 76° 48’ 

37.9”, with the direction of view to the north. 

The Achankovil Shear Zone (ACSZ) separates 

the Trivandrum Block from the South Madurai 

Block. ACSZ, Achankovil Shear Zone; DC, 

Dharwar craton; SB, Salem Block; PCSS, 

Palghat-Cauvery Shear System; NB, Nilgiri 
Block; MSB, Madras Block; NMB, North Madurai Block; SMB, South Madurai Block; IB, Isotopic boundary; P, 

Phanerozoic cover; NCB, Nagercoil Block; TB, Trivandrum Block.
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al., 2008; Endo et al., 2013; Collins et al., 2014; 

Harley & Nandakumar, 2014). The Trivandrum 

Block also contains particularly good examples 

of orthopyroxene-bearing felsic granulites 

(hereafter termed charnockites) that are commonly 

developed within garnet–biotite gneiss (Ravindra 

Kumar et al., 1985; Hansen et al., 1987; Raith & 

Srikantappa, 1993; Endo et al., 2013; Taylor et 

al., 2014).  Charnockites within the Trivandrum 

Block have two main modes of occurrence: 

(1) decimetre-scale incipient charnockites with 

diffuse contacts that generally occur within the 

garnet–biotite gneisses and are interpreted to 

have a metamorphic origin; and (2) massive 

charnockite that forms discrete outcrops that have 

no reported contact relationships with garnet–

biotite or metapelitic gneisses, and which are 

often ascribed an igneous origin or interpreted as 

an end-product of the incipient charnockitisation 

process (Ravindra Kumar et al., 1985; Srikantappa 

et al., 1985; Harley & Santosh, 1995; Rajesh & 

Santosh, 2004; Rajesh & Santosh, 2012; Touret & 

Huizenga, 2012). This study focuses on incipient 

charnockites. 

 The pressure–temperature–time (P–T–t) 

evolution recorded by rocks of the Trivandrum 

Block is the subject of on-going debate. Some 

authors have suggested peak temperatures in 

excess of 950°C and pressures up to ~12 kbar 

(Morimoto et al., 2004; Tadokoro et al., 2008). 

By contrast, other studies have documented lower 

pressures and a decrease in metamorphic grade 

towards the southwest from 900–1050 °C at ~8.5–

9.5 kbar at the southern margin of the Achankovil 

Zone to 800–900 °C and 4.5–6.0 kbar further south 

(Chacko et al., 1996; Nandakumar & Harley, 2000; 

Pattison et al., 2003; Shabeer et al., 2005; Collins 

et al., 2014). However, there is general consensus 

that the rocks followed a clockwise P–T evolution 

(Cenki et al., 2004; Shabeer et al., 2005; Tadokoro 

et al., 2008; Collins et al., 2014). 

 A large proportion of U–Pb zircon data 

from rocks across the Trivandrum Block suggest 

zircon grew at ~515 Ma (Collins et al., 2007b), 

which was originally interpreted to constrain the 

age of peak metamorphism and later interpreted 

as the age of melt crystallization (Taylor et al., 

2014). Taylor et al. (2014) constrained the age of 

peak metamorphism in the Trivandrum Block to c. 

580–560 Ma based on U–Pb dating of monazite. 

Harley and Nandakumar (2014) suggested high 

temperature conditions prevailed until 545–535 

Ma. Following peak metamorphism, Taylor et al. 

(2014) suggested that an episode of alkali-bearing 

fluid ingress occurred at ~500 Ma resulting in 

the modification of the accessory phases and the 

development of the distinctive patchiness observed 

in the outcrop.

3. FIELD RELATIONSHIPS AT KAKKOD 

QUARRY

The dominant rock type within the quarry at 

Kakkod is a pale-grey garnet–biotite gneiss (Fig. 

2a). The gneiss has a centimetre-scale gneissic 

foliation defined by biotite with numerous pink 

garnet porphyroblasts. Garnet occurs mainly 

within 5–10 millimetre wide leucosome veins 

(Fig. 2b) that are parallel to the regional foliation, 

as well as within larger leucogranite sheets that 

vary from 5 centimetres to 3 metres in thickness. 

The leucogranite is coarser grained than the 

garnet–biotite gneiss and lacks biotite. The 

garnet in the leucogranite sheets typically occurs 

as grain aggregates 1–2 centimetres across and, 
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Fig. 2: Field photographs of Kakkod quarry. (a) Kakkod quarry showing three main rock types; garnet–sillimanite–

cordierite gneiss (metapelitic gneiss) to the west with dark incipient charnockite patches within the grey garnet–biotite 

gneiss to the east. (b) Garnet–biotite gneiss with white leucosome patches. (c) Metapelitic gneiss. (d) Metapelitic gneiss 

(dark coloured) outcropping on top of the garnet–biotite gneiss with white leucogranite sheet. (e) Pegmatite dyke cross-

cutting the garnet–biotite gneiss with yellow-brown monazite aggregates visible (f) Close-up of garnet–biotite gneiss and 

charnockite with a transition zone in-between.

less commonly, as large euhedral to subhedral 

grains 1.0–1.5 centimetres across. At the western 

end of the quarry (Fig. 2a) a layer of migmatitic 

garnet–sillimanite–cordierite gneiss (hereafter 

metapelitic gneiss) is exposed (Fig. 2c, d). No 

direct contact between the garnet–biotite gneiss 

and the metapelitic gneiss is exposed. The two 

rock types are always separated by a thin (5–10 

cm) garnet-bearing leucogranite sheet that is 

similar in mineralogy to the leucogranite described 

above (Fig. 2d). A number of small dykes (~10–12 

cm wide) of undeformed coarse-grained monazite- 
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and biotite-bearing but garnet-absent pegmatite 

cross cut the foliation within the garnet–biotite 

gneiss (Fig. 2e).

 Incipient charnockites at Kakkod are 

characterized by the occurrence of diffuse, 

irregular dark patches that occur exclusively 

within the garnet–biotite gneiss (Fig. 2a, f). 

These patches comprise orthopyroxene-bearing 

quartzofeldspathic granofels ranging from 50 

centimetres to 2 metres across and have no clear 

preferred orientation. A 2–5 centimetre transition 

zone between the garnet–biotite gneiss and the 

charnockite is characterised by a decrease in 

the abundance of biotite and a gradual change 

in colour into the darker green charnockite (Fig. 

2f). Incipient charnockites rarely cross cut the 

leucogranite, although charnockite patches occur 

commonly at the margins of some of the larger 

leucogranite bodies.  In this paper we present and 

discuss data collected from five samples that are 

representative of these various rock types.

4. PETROGRAPHY

4.1 Garnet-biotite gneiss

The garnet–biotite gneiss (I11-004K) is migmatitic 

and dominated by quartz (30–35%) and feldspar 

(35–40%). Garnet (10–14%) occurs as two distinct 

populations. Type-1 garnets are isolated rounded 

porphyroblasts (~3–6 mm) containing inclusions 

of biotite (Fig. 3a) and are located within the 

melanosome. Type-2 garnets occur as subhedral 

to anhedral clusters of grains 2 mm or less in size 

containing inclusions of both quartz and biotite 

and are located within the leucosome (Fig. 3b). 

Biotite (around 10%, 1–2 mm) is interpreted to 

record two generations of growth. The first, which 

occurs as inclusions within garnet (Fig. 3a, b – Bt 

1) and as laths defining the gneissic foliation, is 

interpreted to have been stable during the prograde 

evolution and at the metamorphic peak. The second 

generation, which occurs as randomly orientated 

grains and replacing garnet at its margins (Fig. 3a, 

b – Bt 2), is interpreted as retrograde. The sample 

also contains minor ilmenite (~1%, ~1 mm). Most 

of the (partially sericitized) feldspar is perthite 

(30–35%, 2–4 mm) with minor plagioclase (2–

5%, 1–2 mm); myrmekite is also present. The peak 

assemblage of the garnet–biotite gneiss sample I11-

004K is interpreted as garnet, K-feldspar, quartz, 

biotite, ilmenite, plagioclase and melt. Along with 

some biotite, minor chlorite is interpreted to be 

retrograde. 

 Large grains of monazite (~240 μm) 

occur within K-feldspar and quartz, with some 

grains occurring near or directly adjacent to 

biotite. Back-scattered electron imaging (BSE) 

of monazite reveals low BSE response cores 

with complex irregular recrystallised zones 

displaying a high BSE response (Fig. 4a). Zircon 

(~100 μm) displays oscillatory-zoned cores under 

cathodoluminescence (CL) imaging with uniform 

CL response rims that sometimes truncate the 

zoning within the cores (Fig. 4b). 

4.2 Transitional zone between garnet–biotite 

gneiss and charnockite 

Sample I11-004C was collected from a gradational 

transition zone between garnet–biotite gneiss and 

charnockite (i.e. similar to Fig. 2f). Biotite (5–

10%, 0.5–1.0 mm) and garnet (5–10%, 1–1.5 mm) 

are present but less abundant than in the garnet–

biotite gneiss. The remainder of the sample is 
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Fig. 3: Thin section photomicrographs. (a) Garnet–biotite gneiss with type-1 garnet porphyroblast. (b) Garnet–biotite 

gneiss with type-2 garnet porphyroblasts. (c) Transition zone showing garnet that has reacted with H2O/melt to form 

retrograde biotite. (d) Partially retrogressed subhedral orthopyroxene within the charnockite with straight grain boundaries 

preserved. Biotite is seen replacing the orthopyroxene grain to the right on the image. (e) Orthopyroxene within the 

charnockite partially replaced by chlorite and other hydrosilicates. (f) Fully retrogressed orthopyroxene and anhedral 

garnets within the charnockite (g) Inclusion poor anhedral garnets (type-2) from the metapelitic gneiss. (h) Metapelitic 

gneiss with elongate garnet porphyroblasts (type-1) containing inclusions of sillimanite. (i) Metapelitic gneiss with 

sillimanite, green spinel and garnet porphyroblasts surrounded by variably pinitised cordierite.
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dominated by quartz (35–40%, 1–4 mm), perthite 

(35–40%, 1–3 mm) and plagioclase (5–10%, 1–3 

mm). Garnet has irregular grain boundaries with 

quartz and biotite inclusions, similar to type-

2 garnet from the garnet–biotite gneiss. Garnet 

is commonly surrounded by an intergrowth of 

biotite and quartz, consistent with a reaction 

with melt (Fig. 3c). Some myrmekite is present. 

Fig. 4: BSE and CL images for monazite and zircon from all samples. Marked ages are 206Pb /238U SHRIMP ages for 

zircon and 207Pb /235U SHRIMP ages for monazite, both with 1σ errors. Circles represent LA-ICP-MS analytical spots that 

were placed over SHRIMP spots. (a) Monazite BSE images from the garnet–biotite gneiss (I11-004K). Monazite shows 

low BSE response cores with recrystallised zones of high BSE response. (b) Zircon CL images from the garnet–biotite 

gneiss with inherited oscillatory-zoned zircon cores and uniform to sector-zoned rims. (c) BSE images of monazite from 

the transition zone (I11-004C) showing low BSE response cores and recrystallised zones with high BSE response. (d) 

Monazite BSE images from the pegmatite (I11-006V) showing variable BSE response and limited zoning. A few grains 

have low BSE response recrystallised zones. (e) BSE images of monazite from the charnockite (I11-008C) with uniform 

BSE response and no internal structures. (f) Zircon CL images from the charnockite with a population of equant sector-

zoned soccer ball zircon and a population of inherited oscillatory-zoned cores with uniform to sector-zoned rims. (g) 

Monazite BSE images from the metapelitic gneiss (TB-14-025) with most monazite showing low BSE response cores and 

high BSE response recrystallised zones, and a few grains with quite uniform BSE response. (h) Zircon CL images from 

the metapelitic gneiss with recrystallised zircon showing remnants of inherited cores and uniform CL response, and one 

grain with a uniform CL response rim.
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Orthopyroxene (0.5–2.0 mm) is completely 

retrogressed to chlorite and other fine-grained 

hydrous phases (Fig. 3c). Monazite is similar to 

that within the garnet–biotite gneiss, with low 

BSE response cores and high BSE response 

recrystallised zones (Fig. 4e). Likewise, the zircon 

grains have a similar appearance to those in the 

garnet–biotite gneiss, with oscillatory-zoned cores 

and homogeneous rims.

4.3 Garnet-bearing charnockite

Sample I11-008C, a charnockite patch from within 

the garnet–biotite gneiss, is coarse grained and 

darker in colour than the host gneiss. The sample 

is dominated by irregular grains of feldspar (40–

45% perthite 1–3 mm; 5–10% plagioclase, 1–3 

mm) and quartz (35–40%, 1–4 mm) with some 

myrmekite. Orthopyroxene (2–3%, 0.5–2 mm) 

occurs as discrete subhedral grains in contact with 

quartzofeldspathic minerals (Fig. 3d, e, f) and 

does not appear to replace any ferromagnesian 

minerals, suggesting that it grew in equilibrium 

with other matrix minerals in the charnockite. 

All orthopyroxene grains are retrogressed at their 

margins and along cleavage plains (Fig. 3d, e) 

to a fine-grained aggregate of hydrous minerals 

including chlorite, with many grains completely 

pseudomorphed (Fig. 3f). Minor biotite (2–5%, 

1–2 mm) generally occurs adjacent to or replacing 

orthopyroxene (Fig. 3d, f). Garnet (2–5%) forms 

irregular porphyroblasts 1–4 mm in diameter 

containing quartz inclusions, similar to the type-

2 garnets of the garnet–biotite gneiss (Fig. 3f). 

Ilmenite (~1%, ~1 mm) and chlorite occur as minor 

phases. The main equilibrium assemblage of this 

sample is interpreted to be orthopyroxene, garnet, 

K-feldspar, quartz, plagioclase, ilmenite and melt. 

Given suggestions that incipient charnockite forms 

by fluid-driven recrystallisation, we acknowledge 

that this might not be the peak assemblage (an 

issue we address below using phase equilibria 

modelling).  Biotite and chlorite are considered to 

be retrograde. 

 Monazite (~240 μm) shows uniform BSE 

response with no obvious zoning (Fig 4e). On the 

basis of CL imaging, zircon within the charnockite 

occurs in two forms: (i) grains with oscillatory-

zoned cores with either uniform or sector-zoned 

rims (~160 μm) and, (ii) equant ‘soccer-ball’ 

grains (~130 μm) (Vavra et al., 1996; Schaltegger 

et al., 1999; Kelly & Harley, 2005) (Fig. 4f). 

4. 4 Metapelitic gneiss

The metapelitic gneiss (TB-14-025) is meso- to 

melanocratic and migmatitic, comprising layers 

of melanosome and leucosome. Garnet (20–22%, 

0.5–4.5 mm) is present in both melanosome and 

leucosome as two different types. Type-1 garnets, 

which are more abundant in melanosome, are 

anhedral, inclusion-rich (including sillimanite, 

plagioclase and biotite), elongate, and aligned 

parallel to the foliation (Fig. 3h). Type-2 garnets 

are inclusion-poor, anhedral (Fig. 3g) and occur 

within the leucosome. Sillimanite (20–25%) is 

abundant within the melanosome and defines 

the foliation, occurring as euhedral grains 

ranging from 0.5 to 2.0 mm in length (Fig. 3c). 

Sillimanite also occurs as inclusions in type-1 

garnet that define a foliation subparallel to the 

matrix foliation. Perthite (15–18%, 0.5–4.0 mm) 

is present both in the melanosome and leucosome, 

whereas quartz (8–10%, 1–2 mm) is present only 
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in the leucosome. Spinel (2–3%, 0.2–1.0 mm) 

occurs as anhedral grains in the matrix of the 

quartz-free melanosome. The rock also contains 

minor plagioclase (2%, 0.1–0.5 mm), ilmenite 

(1%, 0.1–1.0 mm) and pyrite (<1%, 0.1–1.0 mm). 

Twinned and variably pinitised cordierite (~20%, 

1–4 mm) surrounds garnet, sillimanite, ilmenite, 

spinel and biotite. Matrix biotite (7–10%, 0.1–2.0 

mm) occurs as two generations. The first is present 

as inclusions within garnet and anhedral grains 

enclosed by cordierite (Fig. 3i – Bt 1). The second 

generation occurs as randomly orientated grains 

within the matrix and replacing garnet in both the 

melanosome and leucosome (Fig. 3g – Bt 2). The 

peak assemblage of this sample is interpreted to 

be garnet, ilmenite, plagioclase, K-feldspar, biotite 

and melt with sillimanite and spinel only present 

in the melanosome and quartz only present in the 

leucosome. Cordierite and some of the biotite is 

interpreted to be retrograde. 

 Zircon (~200 μm) occurs within quartz, 

feldspar and near ilmenite, biotite and sillimanite. 

Monazite (~60–100 μm) is present as inclusions 

within garnet, cordierite, K-feldspar, quartz 

and adjacent to sillimanite, ilmenite and spinel. 

Monazite generally shows low BSE response cores 

with lobate high BSE response recrystallised zones 

(Fig. 4g) although some grains are uniform (Fig. 

4g). Zircon is recrystallised with most primary 

oscillatory-zoned cores replaced by uniform low-

CL response domains (Fig. 4h). Some grains also 

have rims with uniform CL response (Fig. 4h). 

4.5 Pegmatite

Sample I11-006V is dominated by quartz (20–

25%), feldspar (~60%) and biotite (15–20%), all 

of which are 2 to 4mm across. The majority of 

feldspar is perthite comprising an approximate 1:1 

ratio of sodic to potassic feldspar lamellae, along 

with minor plagioclase (~10%). Yellow monazite 

(~1 mm) is found both as clusters and isolated 

grains. It occurs as inclusions within biotite, 

within and in close association with ilmenite 

(~1%, 1–2 mm), and rarely within feldspar (both 

perthite and minor plagioclase). BSE imaging of 

monazite reveals little or no zoning in the majority 

of grains. Unzoned monazite shows high to low 

BSE response with a few grain showing low BSE 

response recrystallised zones (Fig. 4d).  

5. ANALYTICAL METHODS

5.1 Phase equilibria modelling

Metamorphic P–T conditions were constrained 

using isochemical P−T pseudosections in 

the model pelite system Na2O–CaO–K2O–

F e O – M g O – A l 2 O 3 – S i O 2 – H 2 O – T i O 2 – O 

(NCKFMASHTO). Pseudosections were 

calculated using THERMOCALC 3.40i and the 

internally consistent thermodynamic dataset of 

Holland and Powell (2011)(specifically the tc-

ds62 dataset generated on 6 February 2014). The 

phases considered were: garnet (Grt), silicate 

melt (Liq), ternary feldspar (Kfs, Pl), muscovite 

(Ms), biotite (Bt), orthopyroxene (Opx), cordierite 

(Crd), ilmenite (Ilm) and magnetite–spinel (Mt, 

Spl). Activity–composition models are from White 

et al. (2014a). Mineral abbreviations follow Kretz 

(1983) and Whitney and Evans (2010). 

 Bulk rock compositions for I11-

004K, I11-008C and TB-14-025 (garnet–biotite 

gneiss, charnockite and metapelitic gneiss) were 

determined by X-ray fluorescence analysis using 
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a Panalytical 2404 instrument at Franklin and 

Marshall College, Pennsylvania; ferric and ferrous 

iron contents were determined by titration at 

the same institution. The bulk compositions (as 

mol.%) used in pseudosections are provided in 

Table 1. Although Mn-bearing solution models 

have recently been calibrated (White et al., 2014b), 

Mn has a negligible effect on phase stability at 

high–T and was excluded from the model system 

(Johnson et al., 2015).  Modelled H2O contents are 

taken from the total loss-on-ignition amounts in 

XRF data, except for the charnockitic composition 

in which a lower value of 1 mol.% was used to 

account for the significant hydrous retrogression 

of orthopyroxene in this sample.

 Based on petrographic observations, 

none of the samples contained magnetite as a 

peak phase, an interpretation supported by energy 

dispersive spectral analysis using the TM3030 

Tabletop Microscope (using Swift ED3000 at 

15kv), in which all analysed opaque phases were 

ilmenite. Preliminary phase equilibria calculations 

using the measured amount of ferric iron oxide 

(Fe2O3, modelled in THERMOCALC as O in the 

bulk composition, Diener and Powell (2010); Table 

1) contained no fields in which the interpreted 

peak assemblage did not coexist with magnetite, 

implying some oxidation of the rock after the 

metamorphic peak (either during exhumation 

and/or weathering of the rock or during sample 

preparation). To better constrain Fe2O3 contents at 

the metamorphic peak, T/P–MFe2O3 pseudosections 

were calculated for all modelled rocks, where MFe2O3 

is a binary compositional range expressing variable 

ferric iron contents (molecular proportion of Fe2O3 

in the rock) from the titrated values (at X=0) to a 

minimal Fe2O3 content in the rock of 0.01 mol.% 

(at X=1; see supplementary data Fig. S1–3). These 

diagrams show that magnetite is removed from 

the interpreted peak assemblage at appropriate 

P–T conditions (> 5 kbar, c. 900 °C, see below) 

if X is increased to a value of ~0.7, equivalent to 

decreasing the molecular proportion of Fe2O3 in 

the rock to 30% of the measured value.  Thus, for 

the charnockite and garnet–biotite gneiss, which 

have very similar measured Fe2O3 concentrations 

of 0.39 and 0.36 mol.% respectively, we have used 

a single Fe2O3 concentration of 0.11 mol.% for 

pseudosection modelling, while a corresponding 

value of 0.40 mol.% was used for the metapelitic 

gneiss (also equal to ~30% of the measured value). 

Measured compositions from XRF (mol %)
Sample SiO2 TiO2 Al2O3 O FeO MgO CaO Na2O K2O LOI Total

I11-004K Garnet-biotite gneiss 76.32 0.19 9.39 0.39 2.56 1.07 2.56 4.61 1.23 1.69 100.01
I11-005C Charnockite 74.72 0.16 9.23 0.35 2.27 1.04 2.6 4.59 1.36 3.67 99.99
TB-14-025 Metapelitic gneiss 64.83 0.59 11.93 1.34 6.62 3.66 1.30 3.49 3.36 2.87 99.99

Modelled Bulk compositions (mol%)
Sample SiO2 TiO2 Al2O3 O FeO MgO CaO Na2O K2O LOI Total

I11-004K Garnet-biotite gneiss 76.53 0.19 9.42 0.11 2.57 1.07 2.57 4.63 1.23 1.69 100.01
I11-005C Charnockite 77.00 0.16 9.52 0.11 2.34 1.08 2.68 4.73 1.40 1.00 100.02
TB-14-025 Metapelitic gneiss 65.45 0.60 12.04 0.40 6.68 3.69 1.32 3.53 3.39 2.9 100.00
Table 1: Bulk rock compositions as measured by XRF and modelled composition with modified ferric values. All 

values are in mol.%. Fe2O3 concentrations are recast into equivalent concentrations of FeO (added to the ferrous FeO 

concentration) and O (Diener & Powell, 2010).
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5.2 SHRIMP U-Pb geochronology

Grains of monazite from all samples (and 

zircon from metapelitic gneiss) were extracted 

from polished thin sections (in situ) along with 

immediately adjacent minerals as 2-mm diameter 

pucks using a coring piece on a Dremel drill. 

Nineteen pucks were mounted and cast in a 25-

mm diameter epoxy disk. Samples were cleaned 

and coated with a 30 μm gold coat to ensure 

conductivity during SIMS analysis. In addition to 

thin section mounts, grain separates of monazite 

and zircon were prepared via traditional methods 

of disaggregation, magnetic and heavy liquid 

separation. These grains were mounted in 25-

mm diameter epoxy discs, polished then cleaned 

before applying a 30 μm gold coat. Mounts were 

characterised using BSE imaging for monazite 

with a Zeiss EVO 40XVP SEM and Tescan Mira3 

FESEM, and CL imaging for zircon with a Philips 

XL 30 and a Tescan Mira3 FESEM (both at the 

John de Laeter Centre of Mass Spectrometry 

housed at Curtin University).

 U–Pb isotopic data of zircon and monazite 

were collected using the Sensitive High Resolution 

Ion Microprobe (SHRIMP II) based in the John de 

Laeter Centre, Curtin University. The mass filtered 

O2- primary beam strength was 0.3 nA with a 10 

μm spot size for monazite, and 1.9 nA with a 20 

μm spot size for zircon. A 6-scan duty cycle and 

a mass resolution of ≈5000 were used during 

analysis (Kennedy & de Laeter, 1994; de Laeter & 

Kennedy, 1998). Data was processed using SQUID 

II and Isoplot 3.75 (Ludwig, 2003; Ludwig, 2009) 

with the correction of measured isotopic ratios for 

common Pb based on Stacey and Kramers (1975). 

Standards were located in a separate mount for the 

analysis of monazite and zircon in thin section and 

this mount was Au-coated at the same time as their 

respective samples. For monazite, INDIA (Curtin 

internal laboratory standard, 509 Ma) was used as 

a primary standard (Korhonen et al., 2011) and 

GM-3 as a secondary standard (Curtin internal 

laboratory standard, 488 Ma). The same standards 

were used in the monazite grain mount. NBS glass 

(610, 612) was used for all zircon and monazite 

analyses to calibrate the position of the 204Pb peak. 

For zircon analyses, BR266 (Stern & Amelin, 

2003) was used as a primary standard and Temora 

2 (Black et al., 2003)  as a secondary standard in 

both grain and in situ mounts. Secondary standards 

(Temora 2 (417 Ma) and GM-3 (488 Ma)) for all 

sessions were within error (Temora 2: 414 ± 4 Ma, 

413 ± 5 Ma; GM-3: 488 ± 5 Ma, 488 ± 3 Ma) of 

reported ages. 207Pb/235U monazite ages were used 

for reported ages and ranges over 206Pb/238U ages 

because of reduced effects of fractionation via 

incorporation of intermediate daughter products 

from 230Th decay (Kirkland et al., 2009). Based 

on our data 207Pb/235U and 206Pb/238U monazite 

ages are within ~ 5% discordance and are near 

equivalent to each other, allowing for use of 

Terra-Wasserburg concordia plots. A high degree 

of discordance and smearing along concordia is 

typical of U–Pb zircon and monazite data from 

southern India. Recrystallised, inherited zircon 

show a large variation in discordance (up to 48%) 

due to partial U–Pb resetting. In comparison the 

majority of metamorphic zircon are less than 

10% discordant. For the purpose of calculating 

metamorphic ages concordance is defined by 

the 2σ error ellipse overlapping with concordia 

(Spencer et al., 2015). Metamorphic zircon age 

ranges are defined using 206Pb/238U as these grains 
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are younger than ~1500 Ma (Spencer et al., 2015).  

Pooled age data from multiple grains is reported 

either as a weighted mean age (if MSWD <2.5) or 

a range of ages (if MSWD > 2.5). Error ellipses on 

concordia diagrams are at the 2σ level. Weighted 

means were calculated at 95% confidence. Errors 

cited for individual spot analysis in the text and 

data tables include errors from counting statistics, 

errors from the common Pb correction and U–Pb 

calibration errors based on reproducibility of U–

Pb measurements of the standard, and are at the 

1σ level. A minimum error of 1% was assigned to 

the external spot-to-spot error to reflect the long-

term performance of the SHRIMP. Zircon was not 

analysed from the transition zone due to its similar 

morphology to that within the garnet–biotite gneiss. 

Complete data tables for all monazite and zircon 

geochronology can be found in supplementary 

data Tables S1 and S2.

5.3 LA-ICP-MS REE analysis of monazite, zircon 

and garnet

Rare earth element (REE) data were collected using 

Laser Ablation Inductively Coupled Plasma Mass 

Spectrometry (LA-ICP-MS) on an ASI Resolution 

M-50 with a 193-nm wavelength Ar–F excimer 

laser with an Agilent 7700 mass spectrometer at 

the GeoHistory Facility, John de Laeter Centre, 

Curtin University. Analyses were made directly on 

top of all SHRIMP spots in monazite and zircon 

in both in situ and grain mounts. Garnet (core and 

rims) within the garnet–biotite gneiss (I11-004K), 

charnockite (I11-008C) and metapelitic gneiss 

(TB-14-025) were also analysed in thin sections. 

Garnet was analysed using a 50-μm spot size, zircon 

with a 23-μm spot size and monazite with a 33-

μm spot size. NIST glasses were used as reference 

material, specifically the 610 and 612 glasses with 

610 used as the primary standard. Stoichiometric 

major elements were used for calibration of 

trace elements in each phase. Stoichiometric Si 

was used as the internal standardisation element 

for both zircon (14.76 wt%) and garnet (18 

wt%). Ce (230526 ppm) was used as the internal 

standardisation element for monazite (Buick et 

al., 2010). All REE ppm values were normalized 

to CI chondrite values from Anders and Grevesse 

(1989), given as XN values (X = relevant element). 

Europium anomalies were evaluated using Eu/Eu* 

values (Eu/Eu*  = EuN/0.5*(SmN + GdN)). Time-

resolved data for all data points were reviewed 

following each session using the Iolite software 

package (Paton et al., 2010; Paton et al., 2011) 

and any monazite analyses that sampled inclusions 

(e.g. thorite) were removed. LREE data from zircon 

and garnet are not reported because relatively high 

values indicate that the LA–ICP–MS technique 

has sampled LREE-rich inclusions as well as 

the host mineral (e.g. LREE in zircon and garnet 

indicate monazite inclusions). Complete REE data 

tables can be found in supplementary data Tables 

S3, S4 and S5.

6. RESULTS

6.1 Phase equilibria modelling

In the P–T pseudosection for sample I11-004K 

(garnet–biotite gneiss; Fig. 5a) the calculated 

solidus is located at ~ 700–725 °C. The stability 

field for the inferred peak assemblage of garnet, 

ilmenite, K-feldspar, plagioclase, quartz, and melt 

both with and without biotite is highlighted, as 

natural biotite contains fluorine that will expand 
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its stability to temperatures higher than predicted 

in the model system. These fields encompass a 

P–T range of 4.6 to >10 kbar and 790–940 °C. At 

lower pressures orthopyroxene and/or cordierite 

are predicted to be stable, neither of which occur 

in this sample.

 In the P–T pseudosection for sample 

I11-008C (charnockite; Fig. 5b) the calculated 

solidus is located at ~ 735–750 °C. The stability 

field for the interpreted peak assemblage of garnet, 

orthopyroxene, ilmenite, plagioclase, K-feldspar, 

quartz and melt occurs at 820–950 °C at 4.9–9.0 

kbar. At lower temperatures biotite is predicted. 

Magnetite is predicted to be stable at pressures of 

less than 7 kbar at 700 °C and less than 5 kbar at 950 

°C, and therefore defines the lower pressure limit 

of the peak field. However, given that we adjusted 

the bulk Fe2O3 content specifically to move the 

magnetite stability field to lower pressure the P–T 

position of this field does not provide independent 

constraints on the metamorphic conditions in our 

samples. Instead, we take the lack of cordierite, 

which is predicted to be stable at P < 4.5 kbar, to 

provide a more robust lower pressure limit to peak 

conditions in this sample. 

 In the P–T pseudosection for sample TB-

Fig. 5: Calculated P−T pseudosections for three bulk 

compositions with standardised Fe2O3 concentrations. 

Solidus indicated by black dashed line, with the peak 

conditions outlined by a solid black line. (a) Garnet–

biotite gneiss (I11-004K) P−T pseudosection. (b) 

Charnockite (I11-008C) P−T pseudosection. (c) 

Metapelitic gneiss (TB-14-025) P−T pseudosection.
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14-025 (metapelitic gneiss; Fig. 5c) the calculated 

solidus is located at ~ 730–760 °C. Magnetite is 

predicted only at low pressures (below 7 kbar 

at 700 °C and below 4 kbar at 920 °C) for the 

chosen Fe2O3 content. The bulk composition 

of this sample contains both melanosome and 

leucosome and the pseudosection generated for 

this composition has quartz stable across the entire 

P–T range. Due to spinel only being stable in the 

quartz-free melanosome we have chosen to ignore 

it from the peak assemblage for this whole rock 

pseudosection. The stability field of the interpreted 

peak assemblage of garnet, ilmenite, sillimanite, 

plagioclase, K-feldspar, quartz and melt (both with 

and without biotite to account for likely differences 

between the natural and modelled stabilities of 

biotite) occurs at conditions of 740–960 °C and > 

5.6 kbar. Cordierite, which is stable at P < 6–6.5 

kbar, provides the lower pressure limit to the peak 

assemblage.

6.2 Monazite SHRIMP U–Pb dating

Monazite was analysed in thin section from a 

variety of textural settings such as inclusions in 

K-feldspar, quartz, garnet, cordierite and adjacent 

to ilmenite, biotite, sillimanite and spinel. No 

relationship was found between the textural 

location of accessory phases and their respective 

ages. Complete data tables for monazite U–Pb 

analyses can be found in supplementary data Table 

S1.

6.2.1 Garnet-biotite gneiss

Fifteen analyses were performed on monazite 

grains from sample I11-004K. Core and 

recrystallised zone textures were targeted that had 

previously been identified through BSE imaging. 

Low BSE response monazite cores from the 

garnet–biotite gneiss yielded a range of 207Pb/235U 

spot ages from 594 ± 8 to 529 ± 10 Ma (n=6) and 

Th/U ratios of 16.6–26.6. The recrystallised zones 

yield a range of 207Pb/235U spot ages from 587 ± 10 

to 507 ± 17 Ma (n=9) and Th/U ratios of 30.6–87.1 

(Fig. 6a).

6.2.2 Transition zone

Twenty-nine spots from ten grains were analysed 

from sample I11-004C. Ten analyses of low BSE 

response monazite cores yielded a weighted mean 
207Pb/235U age of 584 ± 8 Ma (MSWD=0.7, n=10) 

and Th/U ratios of 17.1–23.5 with the high BSE 

response recrystallised zones giving a range of 
207Pb/235U spot ages from 593 ± 13 to 517 ± 13 Ma 

and Th/U ratios of 20.0–98.4 (Fig. 6b). 

6.2.3 Charnockite

Only two monazite grains were found in sample 

I11-008C. Both appear uniform, with no zoning 

or high BSE response recrystallised zones, and 

yielded a weighted mean 207Pb/235U age of 505 ± 

12 Ma (MSWD=1.8, n=6) and Th/U ratios of 6.9–

83.9 (Fig. 6c). 

6.2.4 Metapelitic gneiss

Seventeen monazite grains were analysed from 

sample TB-14-025. The concordant monazite cores 

gave a range of 207Pb/235U ages from 586 ± 5 to 512 

± 6 Ma (n=12) and Th/U ratios of 4.0–45.9. A few 

discordant cores define a discordia with an upper 

intercept of 1946 ± 24 Ma (MSWD=0.66, n=5) (Fig. 

6d). The lower intercept of this discordant array is 

based on the onset of high-temperature conditions 

using the oldest metamorphic monazite spots and 
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Fig. 6: U−Pb monazite and zircon data for the samples in this study. Colours indicate textural location the analysis (see 

online version): red- grain core; light blue- rim (zircon) or recrystallised zones (monazite); green- ‘soccerball’ zircon; 

dark blue- recrystallised zircon. (a) All monazite analyses for the garnet–biotite gneiss. (b) All monazite analyses for 

the transition zone with the weighted mean age of monazite cores. (c) All monazite analyses for the charnockite. (d) 

All monazite analyses for the metapelitic gneiss with a few inherited monazite defining a discordia. The lower intercept 

of this discordant array is based on the onset of high-temperature conditions using the oldest metamorphic monazite 

spots and should not be interpreted as a true metamorphic age. (e) Younger population of monazite analyses from the 

metapelitic gneiss. (f) All monazite analyses for the pegmatite with the weighted mean age of the recrystallised zones. 

(g) All zircon analyses for the garnet–biotite gneiss with a few inherited zircon defining a discordia. The lower intercept 

of this discordant array is a mean age of the complete range of rim ages. (h) All zircon core and rim analyses for the 

charnockite with discordia through discordant inherited zircon. Lower intercept of this discordant array is based on the 

onset of high-temperature conditions using the oldest rims and should not be interpreted as a true metamorphic age. (i) All 

analyses of the ‘soccerball’ zircon from the charnockite with weighted mean age of all analyses. (j) All zircon analyses for 

the metapelitic gneiss with weighted mean age of all analyses.
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should not be interpreted as a true metamorphic 

age. The majority of ages are younger than c. 590 

Ma and plot close to the concordia line (Fig. 6d, 

e). The recrystallised zones yielded a range of 
207Pb/235U ages from 595 ± 6 to 513 ± 7 Ma (n=15) 

and Th/U ratios of 6.2–47.8.

6.2.5 Pegmatite

A total of seventeen analyses were conducted on 

monazite from sample I11-006V. The cores of 

nine grains gave a range of 207Pb/235U spot ages 

from 586 ± 12 to 510 ± 9 Ma (n=14) and Th/U 

ratios of 11.0–30.3. The low BSE response outer 

recrystallised zones yielded a younger concordant 

population with a weighted mean 207Pb/235U age of 

512 ± 10 Ma (MSWD=1.5, n=3) and Th/U ratios 

of 5.5–17.1 (Fig. 6f).

6.3 Zircon SHRIMP U–Pb dating

Zircon was analysed within grain mounts except for 

the metapelitic gneiss sample, which was analysed 

in thin section. Complete data tables for zircon U–

Pb analyses can be found in supplementary data 

Table S2.

6.3.1 Garnet-biotite gneiss

A total of eleven zircon U–Pb analyses were 

performed on the garnet–biotite gneiss (I11-

004K). Two oscillatory cores were analysed with 

ages falling along a discordia trend (MSWD=2.0, 

n=11) that has a poorly constrained upper intercept 

at 2015 ± 140 Ma and a lower intercept of 513 ± 

20 Ma, a mean age of the range of rim analyses 

(Fig. 6g). The rims yielded a range of 206Pb/238U 

spot ages from 538 ± 11 to 492 ± 6 Ma (n=9).

6.3.2 Charnockite

Twenty-nine U–Pb analyses were performed on 

zircon from the charnockite (I11-008C). The 

oscillatory zoned cores fall along a discordia 

with a poorly defined upper intercept of 2238 

± 110 Ma and a lower intercept 572 ± 23 Ma  

(MSWD=0.43, n=5; the lower intercept is based 

on the onset of high-temperature conditions using 

the oldest rims and should not be interpreted as a 

true metamorphic age) (Fig. 6h). The rims yielded 

a range of 206Pb/238U spot ages from 589 ± 23 Ma 

to 496 ± 6 (n=22). Zircon from this sample with 

a ‘soccer-ball’ morphology yielded a concordant 

population with a weighted mean 206Pb/238U age of 

563 ± 14 Ma (MSWD=1.7, n=5) (Fig. 6i).

6.3.3 Metapelitic gneiss

Five U–Pb analyses were performed in thin section 

on zircon from the metapelitic gneiss (TB-14-

025). This number was limited by the very low 

abundance of zircon and by cracks that left only a 

small portion of each grain available for analysis.  

Zircon grains were contained in quartz and 

K-feldspar and adjacent to ilmenite, biotite and 

sillimanite. No relationship was found between 

the textural location of accessory phases and their 

respective ages. The rim and recrystallised areas 

yielded a single concordant age population with 

a weighted mean 206Pb/238U age of 552 ± 17 Ma 

(MSWD=0.38, n=5) (Fig. 6j).

6.4 Rare Earth Element mineral chemistry

Key REE concentrations and ratios for monazite, 

zircon and garnet have been summarised in Table 

2. A complete table of analysed trace elements for 

these phases can be found in supplementary data 

Tables S3, S4 and S5 respectively.
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6.4.1 Monazite

Garnet–biotite gneiss (I11-004K). The cores and 

recrystallised zones have similar negative M–HREE 

slopes (YbN/GdN of 0.001–0.008 and 0.001–0.004 

respectively) but with a relative HREE enrichment 

of almost one order of magnitude more in the most 

of the cores (LuN = 75–146 ppm/chondrite, n=8) 

compared to the recrystallised zones (LuN = 13–59 

ppm/chondrite, n=13) (Fig. 7a). A few cores have 

HREE concentrations similar to the recrystallised 

zones (LuN = 16–30 ppm/chondrite, n=4). Some 

of the cores have less pronounced Eu anomalies 

than the recrystallised zones with Eu/Eu* values of 

0.002–0.006 and 0.002–0.004, respectively. 

Transition zone (I11-004C). Monazite from the 

transition zone sample shows similar M–HREE 

negative slopes for cores and recrystallised zones 

with YbN/GdN values of 0.001–0.002 and 0.0004–

0.002 respectively. The recrystallised zones are 

relatively more depleted in the M–HREE (LuN = 

8–57 ppm/chondrite, n=21) compared to the cores 

(LuN = 62–82 ppm/chondrite, n=9). One core 

had similar HREE concentration to recrystallised 

zones (21 ppm/chondrite). The Eu anomaly is the 

same from core to recrystallised zones with Eu/

Eu* values of 0.001–0.004 (Fig. 7b).

Charnockite (I11-008C). Monazite from the 

charnockite shows no internal variation and has a 

M–HREE negative slope with YbN/GdN of 0.001 

and Eu/Eu* of 0.002 (Fig. 7c).

Metapelitic gneiss (TB-14-025). Monazite cores 

from the metapelitic gneiss have a negative M–

HREE slope (YbN/GdN = 0.0003–0.026). Those 

cores that preserved old discordant U–Pb ages 

have relatively high HREE concentrations (LuN= 

778–942 ppm/chondrite, n=2) that are higher 

than those of recrystallised zones, while other 

cores have lower concentrations (LuN = 5–425 

ppm/chondrite, n=10) comparable to those in the 

recrystallised zones (LuN = 3–253 ppm/chondrite, 

n=9) (Fig. 7d). The recrystallised zones also have 

a negative M–HREE slope (YbN/GdN = 0.0002–

0.007) and a large spread of HREE concentrations, 

although the majority are lower than those of core 

analyses (LuN = 3–7 ppm/chondrite, n=6). Some 

of the cores preserve less pronounced negative 

Eu anomalies than the recrystallised zones with 

Eu/Eu* values of 0.002–0.075 and 0.002–0.034 

respectively. 

Pegmatite (I11-006V). The cores and recrystallised 

zones both show a negative M–HREE slope 

with YbN/GdN = 0.004–0.006 and 0.004–0.005 

respectively (Fig. 7e). The cores are slightly more 

enriched in HREE than the recrystallised zones. 

The Eu anomaly is the same for the cores and 

recrystallised zones with Eu/Eu* values of 0.003–

0.005 and 0.004–0.005 respectively.

6.4.2 Zircon

Garnet–biotite gneiss (I11-004K). Two distinct 

HREE patterns are present. Oscillatory-zoned 

cores show a steep positive M–HREE slope with 

YbN/GdN = 8–16 (Fig. 7f). These cores have a less 

pronounced negative Eu anomaly (Eu/Eu*= 0.70–

0.97). Zircon rims show a flat HREE pattern (YbN/

GdN = 0.7–1.3) on a chondrite-normalised plot. 

The rims exhibit a more pronounced negative Eu 

anomaly (Eu/Eu*= 0.03–0.38).
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Fig. 7: Representative zircon, monazite and garnet REE analyses for samples in this study. Colours indicate textural 

location the analysis (see online version): red- core; light blue- rim (zircon) or recrystallised zones (monazite); green- 

Soccer ball zircon; dark blue- recrystallised zircon. (a) Garnet–biotite gneiss, monazite cores show little variation except 

for a few with low HREE compared to the recrystallised zones with lower HREE concentrations and almost an order of 

magnitude of variation. (b) Transition zone, monazite shows similar separation of cores and recrystallised zones to the 

garnet-biotite gneiss. (c) Charnockite, monazite recrystallised zones showing no variation in HREE.  (d) Metapelitic 

gneiss, the monazite recrystallised zones mainly cluster at low HREE concentrations with a few grains with higher 

concentrations of HREE. The monazite cores show a high degree of scatter to the HREE and a range of Eu anomalies. (e) 

Pegmatite, monazite shows little differentiation between cores and recrystallised zones.  (f) Garnet–biotite gneiss, zircon 

cores show a positive M–HREE slope with a flat M–HREE slope to the rims. (g) Charnockite, positive M–HREE slope to 

the cores with a less positive M–HREE slope to the rims and the soccer ball zircon. (h) Metapelitic gneiss, recrystallised 

zircon shows near flat M–HREE slope with some scatter, except one grain with a negative HREE slope. The zircon rim 

shows a near flat M–HREE slope. (i) Garnet–biotite gneiss, type-1 garnet (solid lines) show a slightly negative M–HREE 

slope for both cores and rims with slightly enriched rims. Type-2 garnet (dashed lines) show flat M–HREE slopes for both 

cores and rims. (j) Transition zone, garnet shows scatter and reduced concentration of HREE to the rims with an almost flat 

M–HREE slopes and little variation to the HREE concentration of the cores. (k) Charnockite, garnet from the charnockite 

shows a near flat M–HREE slope for the cores and rims with no separation. (l) Metapelitic gneiss, type-1 garnet (solid 

lines) show a negative M–HREE slope with slightly enriched cores and minor scatter to the rims. Type-2 garnet (dashed 

lines) show almost flat M–HREE slope with some limited scatter to cores and rims.
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Charnockite (I11-008C). Zircon in the charnockite 

displays two distinct HREE patterns. Oscillatory-

zoned cores have a positive M–HREE slope (YbN/

GdN = 11.7–14.26), and a small Eu anomaly (Eu/

Eu*= 0.13–0.28) (Fig. 7g). Zircon rims show a less 

positive M–HREE slope (YbN/GdN = 1.4–9.69) and 

have similar to more pronounced Eu anomalies 

than the cores (Eu/Eu*= 0.004–0.060). Soccer ball 

zircon displays a similar M–HREE slope (YbN/

GdN = 2.09–2.63) and concentrations to the zircon 

rims (Fig. 7g) with all Eu values below detection 

limits.

Metapelitic gneiss (TB-14-025). Recrystallised 

zircons in the metapelite show a near flat M–HREE 

slope, except for one analysis (PA1-1.1) having a 

negative M–HREE slope (YbN/GdN = 0.06–1.28). 

This analysis also has lower Y concentration (37.5 

ppm) compared to the other zircon in this sample. 

These zircons all have negative Eu anomalies (Eu/

Eu* = 0.04–0.25) (Fig. 7h). The one rim analysed 

has a similar M–HREE slope to the recrystallised 

zircon (YbN/GdN = 0.39) and a similar Eu anomaly 

compared to the recrystallised zircon (Eu/Eu* = 

Table 2: Summary of LA–ICP–MS REE and other elements for monazite, zircon and garnet

Monazite
Sample Textural position Y (ppm) Ca (ppm) Si (ppm) Th (ppm) U (ppm) Yb/Gd Eu/Eu*
Garnet–biotite gneiss Core 548–4140 6630–10890 BDL–6710 91100–159800 9270–15870 0.001–0.008 0.002–0.006
I11-004K Recrystallised zone 473–1370 10180–12240 4200–17100 146300–226400 5730–14900 0.001–0.004 0.002–0.004

Transition zone Core 2222–3643 6690–9100 210–1710 91400–133800 8310–11340 0.001–0.002 0.001–0.004
I11-004C Recrystallised zone 337–2695 6320–10410 1200–5020 115000–252700 3990–8510 0.0004–0.002 0.001–0.004

Charnockite Recrystallised zone 1101–1640 1880–13390 98–2880 23200–279600 4390–4890 0.001 0.002
I11-008C
Metapelitic gneiss Core 346–19900 2860–11200 BDL–16500 32410–120100 2890–10480 0.0003–0.026 0.002–0.075
TB-14-025 Recrystallised zone 287–11260 6010–9970 2100–24300 64500–201900 1682–8560 0.0002–0.007 0.002–0.034

Pegmatite Core 1214–1890 7170–14400 BDL–17100 97700–183900 10970–40400 0.004–0.006 0.003–0.005
I11-006V Recrystallised zone 1250–1363 4520–9600 BDL–8300 46900–151200 11810–17500 0.004–0.005 0.004–0.005

Zircon
Sample Textural position Y (ppm) Th/U Yb/Gd Eu/Eu*
Garnet–biotite gneiss Core 816–1450 0.03–0.075 8.21–16.41 0.97–0.70
I11-004K Rim 98–130 0.04–0.13 0.74–1.28 0.03–0.38

Charnockite Core 115–980 0.11–0.31 11.70–14.26 0.13–0.28
I11-008C Rim 414–1309 0.07–0.23 1.40–9.69 0.004–0.06

'Soccerball' zircon 124–178 0.07–0.09 2.09–2.63 All Eu values BDL

Metapelitic gneiss Rim 138 0.125 0.39 0.29
TB-14-025 Recrystallised 37–326 0.012–0.24 0.06–1.28 0.04–0.25

Garnet
Sample Textural position Y (ppm) Yb/Gd Eu/Eu*
Garnet–biotite gneiss Type 1 - Core 121–141 0.53–0.91 0.001–0.002
I11-004K Type 1 - Rim 117–141 0.58–0.84 0.005

Type 2 - Core 79–117 0.06–0.12 0.001–0.010
Type 2 - Rim 103–126 0.17–0.23 0.001–0.004

Transition zone Core 94–150 0.31–0.44 0.002–0.005
I11-004C Rim 4–13 0.012–0.038 0.005

Charnockite Core 106–123 0.43–1.19 0.002–0.006
I11-008C Rim 94–122 0.44–1.35 0.001–0.005

Metapelitic gneiss Type 1 - Core 53–84 0.042–0.13 0.005–0.008
TB-14-025 Type 1 - Rim 56–75 0.043–0.091 0.005–0.011

Type 2 - Core 72–100 0.175–0.363 0.005–0.007
Type 2 - Rim 78–121 0.173–0.457 0.004–0.006

BDL- Below detection limit

Table 2: Summary table of compositional 

ranges of LA–ICP–MS REE and other 

elements from monazite, zircon and garnet. 

Values are in ppm for singular elements or 

ppm/chondrite for REE. BDL, below detection 

limit.
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0.29).

6.4.3 Garnet

Garnet–biotite gneiss (I11-004K). Type-1 garnet 

cores show a negative M–HREE slope (YbN/GdN = 

0.53–0.91) on a chondrite-normalised plot with Eu 

anomalies yielding Eu/Eu* values = (0.001–0.002) 

(Fig. 7i). The rims show a similar M–HREE slope 

on a chondrite-normalised plot (YbN/GdN = 0.58–

0.84), with a less pronounced Eu anomaly (Eu/

Eu* = 0.005) and relative enrichment in M–HREE 

compared to the cores (Fig 7i).

 Type-2 garnet shows limited core to rim 

variation and has a near flat M–HREE slope on a 

chondrite-normalised plot with YbN/GdN values of 

0.06–0.12 for cores and slightly steeper slopes of 

0.17–0.23 for the rims. The Eu anomaly is in the 

cores covers a range of values that includes the 

rims with Eu/Eu* values of 0.0005–0.010 in the 

cores and 0.001–0.004 in the rims (Fig 7i). 

 

Transition zone (I11-004C). Garnet cores display 

a flat M–HREE slope on a chondrite-normalised 

plot (YbN/GdN = 0.31–0.44) with the rims showing 

a negative M–HREE slope (YbN/GdN = 0.012–

0.038) (Fig. 7j).  There is more variation in Eu 

anomaly in the cores compared to the rims with Eu/

Eu* values of 0.002–0.005 and 0.005 respectively.

Charnockite (I11-008C). The cores and rims of 

the garnets from the charnockite show slightly 

negative to flat M–HREE slopes on a chondrite-

normalised plot (YbN/GdN = 0.43–1.19 and 0.44–

1.35 respectively) and Eu/Eu* of 0.002–0.006 for 

cores and 0.001–0.005 for rims (Fig. 7k).

Metapelitic gneiss (TB-14-025). Type-1 garnet 

cores and rims show a negative M–HREE 

slope (YbN/GdN = 0.042–0.13 and 0.043–0.091 

respectively) with the majority of core analyses at 

higher HREE concentrations (Fig. 7l). The cores 

show a higher degree of scatter in the HREE than 

the rims. There is little variation in Eu anomaly 

between cores and rims in these garnets (Eu/

Eu* values of 0.005–0.008 and 0.005–0.011 

respectively). 

 Type-2 garnet core and rims show similar 

near flat to slightly negative M–HREE slopes with 

YbN/GdN values of 0.175–0.363 and 0.173–0.457 

respectively (Fig. 7l). Both cores and rims show a 

spread in HREE concentrations but the rims show 

more scatter. There is little variation in Eu anomaly 

between the cores and rims in these garnets (Eu/

Eu* = 0.005–0.007 and 0.004–0.006 respectively). 

7. DISCUSSION

7.1 Pressure-temperature evolution

As all of the studied samples were collected 

from the same locality and no major structural 

discontinuities were observed that could have led 

to the juxtaposition of units with different tectonic 

histories, we assume all rocks share a common P−

T−t history. We have modelled this history using 

pseudosections calculated in the NCKFMASHTO 

system, which can successfully account for all 

observed peak minerals with the exception of 

biotite and spinel. Small quantities of biotite are 

interpreted as part of the peak assemblage in 

both the metapelitic gneiss and the garnet–biotite 

gneiss (Fig. 3a, i), but biotite is likely to be stable 

at temperatures higher than those predicted in 

the NCKFMASHTO system due to additional 

components, in particular fluorine, which has been 
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reported in incipient charnockites and associated 

rock types from southern India (Chacko et al., 

1987; Stähle et al., 1987; Nair & Chacko, 2002; 

Santosh et al., 2003a; Ravindra Kumar, 2004). For 

this reason, both biotite-bearing and biotite-absent 

fields have been included in the inferred peak P–T 

conditions for the garnet–biotite and metapelitic 

gneisses. Spinel within the metapelitic gneiss is 

only stable within only the quartz-free melanosome 

and has been excluded from the inferred peak 

assemblage in the modelled pseudosection as this 

was calculated for a bulk composition that contains 

both melanosome and leucosome causing quartz to 

be predicted across the whole modelled interval.

 This pseudosection modelling predicts 

that peak assemblages in the three main rock types 

at Kakkod have P–T stability fields of 4.6 to >10 

kbar and 790–940 °C (garnet–biotite gneiss, Fig. 

Fig. 8: Summary diagram of P−T estimates. Peak fields for each modelled P−T pseudosection are overlain to show a 

common field of peak conditions outlined in black. Mineral isopleths show predicted modal proportions of orthopyroxene 

in the charnockite composition. Dashed blue lines indicate the possible conditions through which the post peak evolution 

might have passed based on the growth of retrograde cordierite within the metapelitic gneiss. No prograde evolution 

is proposed because partial melting and melt segregation mean that the present-day bulk rock compositions are not 

representative of prograde conditions.
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5a), 4.9–9.0 kbar and 820–960 °C (garnet-bearing 

charnockite, Fig. 5b) and 5.6 to >10 kbar, 740 °C to 

> 960 °C (metapelitic gneiss Fig.  5c).  While these 

fields are different, there is a region of overlap 

(highlighted in Fig. 8) suggesting peak conditions 

of 6–9 kbar 830–925 °C. Such conditions are 

consistent with many peak P–T estimates from 

elsewhere in the Trivandrum block (Chacko et 

al., 1987; Santosh, 1987; Nandakumar & Harley, 

2000; Pattison et al., 2003; Collins et al., 2014). On 

this basis we infer that mineral assemblages in the 

garnet–biotite gneiss, charnockite and metapelitic 

gneiss were stabilised at similar P–T conditions. 

 The metapelitic gneiss is best suited to 

constrain the P−T path at Kakkod as it contains 

a relatively low-variance mineral assemblage 

compared to the other samples and is a fairly typical 

(albeit residual) aluminous metapelite. However, 

due to the effects of melt loss, the calculated 

pseudosections based on residual compositions 

are not suitable for accurately constraining the 

prograde path (White & Powell, 2002; Diener 

et al., 2013) and therefore we focus here on the 

retrograde evolution. The growth of cordierite and 

biotite in the metapelite is interpreted to record 

high-temperature retrograde decompression to 

around 6.5–5.5 kbar followed by cooling (Fig. 8). 

The lack of orthopyroxene in this sample suggests 

that pressures did not drop below ~ 5 kbar (Fig. 

5c), and this is also consistent with the lack of 

orthopyroxene in the garnet–biotite gneiss (Fig.5a). 

This evolution is likely to be part of a clockwise 

P–T path and is similar to many paths reported 

from other areas in southern India (Nandakumar 

& Harley, 2000; Shabeer et al., 2002; Cenki et 

al., 2004; Collins et al., 2014; Clark et al., 2015; 

Johnson et al., 2015). It is important to note that all 

three samples can be modelled with a single P−T 

path, although the P–T path suggested in Figure 8, 

which shows decompression from ~ 8 to ~ 6 kbar, 

is not a unique solution (for example a path with a 

smaller pressure decrease from ~ 7 to 6 kbar could 

also explain the observed assemblages).

 Our findings that mineral assemblages 

in all three main rock types at Kakkod are stable 

at similar P–T conditions conflict with the 

conclusions of Endo et al. (2013), who argued 

that the metapelitic gneiss preserves evidence for 

higher-grade conditions than the garnet–biotite 

gneiss and charnockite. However, while Endo 

et al. (2013) used P–T pseudosections to derive 

estimates for peak metamorphic conditions in 

garnet–biotite gneiss and charnockite, they were 

unable to use this approach for the metapelite 

because this rock type was not exposed in the 

quarry that they studied. Instead they relied on 

the earlier study of Tadokoro et al. (2008) who 

used Zn-in-spinel barometry and feldspar-solvus 

thermometry to propose peak P–T conditions of 

10–12 kbar and 900–1000°C for the Trivandrum 

Block metapelite.  Tadokoro et al. (2008) provided 

only very brief descriptions of mineral-chemical 

relationships in their samples, and little information 

on how they selected mineral compositions for 

conventional thermobarometry, which makes it 

difficult to evaluate their P–T estimates.  However, 

our results allow for a simpler and more consistent 

interpretation of metamorphic P–T conditions in 

the Trivandrum Block, and we therefore prefer 

a model in which all rocks underwent peak 

metamorphism and a high-T decompression within 

a pressure interval of 9–6 kbar.
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7.2 A case for peak-metamorphic charnockite 

formation

As highlighted above, the matrix peak 

charnockite assemblage containing liquid, garnet, 

orthopyroxene, ilmenite, K-feldspar, plagioclase 

and quartz is predicted to be stable at conditions 

of 820–960 °C and ~ 4.9–9.0 kbar, and this field 

overlaps with those inferred for peak metamorphic 

assemblages in other rock compositions (Fig. 8).  

Thus it is permissible that the orthopyroxene-

bearing charnockite assemblage formed at the same 

time as peak assemblages in the host garnet–biotite 

gneiss. A similar conclusion was reached by Endo 

et al. (2013) even though they assumed different 

peak conditions for the metapelite (as discussed 

above). Although charnockite stabilisation at the 

metamorphic peak is our preferred interpretation, 

the microstructural relationships are ambiguous 

and orthopyroxene may also have grown during 

high-temperature retrograde decompression. 

Mineral isopleths of orthopyroxene (Fig. 8) 

permit either of these scenarios, and the very low 

abundance of orthopyroxene in these felsic bulk 

compositions leads to large uncertainties in both 

observed and predicted mineral modes.

 The modelled stability of orthopyroxene 

differs significantly between the charnockite and 

garnet–biotite gneiss (maximum pressure limits of 

9 and 5 kbar, respectively) and this must reflect 

a difference in bulk composition between these 

two rock types. However, these two compositions 

are very similar (Table 1), making it difficult 

to precisely determine the components that are 

controlling orthopyroxene stability at Kakkod. 

Previous comparisons of incipient charnockite 

and host garnet–biotite gneiss in the Trivandrum 

Block have identified small differences in the 

concentrations of components such as SiO2, 

K2O, Na2O, MgO and FeO/Fe2O3, but there 

seems little consistency in the magnitude of these 

variations or even in which rock has the higher 

and which the lower concentration (e.g. Hansen 

et al., 1987; Raith & Srikantappa, 1993; Endo et 

al., 2013).  A recent study by Endo et al. (2012) 

of similar rocks further north in the Madurai 

Block used pseudosection modelling to argue 

that orthopyroxene in charnockite patches was 

stabilised by less-oxidised conditions; our study 

also indicates that ferric iron exhibits a strong 

control on orthopyroxene stability. In particular, a 

P–MFe2O3 pseudosection calculated for the Kakkod 

charnockite sample indicates that orthopyroxene 

is stabilised to higher pressures with a small 

reduction in the ferric/ferrous ratio (Fig. S2). 

However, our final P–T pseudosections (Fig. 5) 

were calculated for identical Fe2O3 concentrations 

in the charnockite and garnet–biotite gneiss, and 

marginally higher Fe2O3/(Fe2O3+FeO) values in 

the charnockite, indicating that ferric iron is not 

responsible for the differences in orthopyroxene 

stability in our models. 

 The exact compositional variables that 

control the stability of orthopyroxene between 

the two rock compositions at Kakkod is not yet 

known, although we emphasize that the very low 

abundance of mafic minerals in these highly felsic 

bulk rock compositions means that their stability 

will be sensitive to small variations in bulk 

chemistry. Similarly, it is unclear what might have 

caused these local compositional variations, with 

insufficient information available to determine 

whether they were inherited from the protolith or a 

result of syn-metamorphic fluid flow. 
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7.3 Timing of peak metamorphism at Kakkod 

quarry

Zircons from the garnet–biotite gneiss and 

charnockite show oscillatory-zoned cores (Fig. 

4b, f) and are interpreted to be inherited from the 

protolith to the garnet–biotite gneiss. The ages of 

these inherited cores fall within known ages of 

inherited Palaeoproterozoic igneous zircons for 

the Trivandrum Block (Fig. 6b, e) (Collins et al., 

2007b; Collins et al., 2014) and show steep M–

HREE slopes indicative of growth without garnet 

(Fig. 7f, g) (Hoskin & Schaltegger, 2003). A 

number of monazites from the metapelitic gneiss 

(Fig. 6g) also show older discordant ages (> c. 

650 Ma) and again fall along a discordia with a 

Palaeoproterozoic upper intercept. These are 

likewise interpreted to be inherited grains that have 

undergone Pb-loss during the Late Neoproterozoic 

- Cambrian metamorphic event, and they have the 

most enriched HREE of any of monazite analyses.

 The onset of high-grade metamorphism 

at Kakkod is interpreted to have occurred at 

c. 590 Ma based on the oldest metamorphic 

monazite ages (Fig. 9), an age that is consistent 

with other studies from the Trivandrum and 

Nagercoil Blocks (Taylor et al., 2014, Johnson et 

al., 2015). Monazite cores in the garnet–biotite 

gneiss, transition zone and metapelitic gneiss are 

all enriched in HREE suggesting they grew before 

or during the appearance of a HREE- enriched 

phase (i.e. c. 590 Ma) (Fig. 7a, b, c, d) (Hermann & 

Rubatto, 2003; Rubatto et al., 2006). This HREE-

enriched phase is assumed to be garnet, which is 

present in all samples except the pegmatite.  The 

monazite from the metapelitic gneiss has M–

HREE concentrations an order of magnitude larger 

than the other samples (due to influence of HREE-

enriched inherited monazite) and also has a greater 

spread of HREE contents (Fig. 7d). This scatter 

in HREE for the non-inherited monazite in the 

metapelitic gneiss and the few low HREE cores in 

the garnet–biotite gneiss and the transition zone is 

interpreted to represent the increasing influence of 

a HREE phase (i.e. garnet growth) during monazite 

crystallisation.

 The type-1 garnets in both garnet–biotite 

gneiss and metapelitic gneiss are interpreted to be 

prograde with slightly negative M–HREE slopes 

(Hermann & Rubatto, 2003). The type-2 garnets 

from the garnet–biotite and metapelitic gneiss 

as well as the transition zone and charnockite 

are interpreted to be peritectic and grew in the 

presence of zircon based on their near flat M–

HREE slope (Hokada & Harley, 2004). In both the 

garnet–biotite gneiss and the metapelitic gneiss the 

rims of type-1 garnet were likely modified by the 

influx of REE-enriched partial melt, resulting in 

rim compositions closer to type-2. The population 

of equant ‘soccer ball’ metamorphic zircon in the 

charnockite is interpreted to have precipitated as 

high–T subsolidus growth (Schaltegger et al., 

1999; Harley et al., 2007) at 562 ± 22 Ma (Fig. 6f), 

rather than during post-peak melt crystallisation 

due to their age and sector zoned ‘soccer ball’ 

texture (Vavra et al., 1996; Schaltegger et al., 

1999; Kelly & Harley, 2005). The ‘soccer ball’ 

zircon is inferred to have equilibrated with the flat-

REE type-2 garnets is inferred to have equilibrated 

with flat-REE garnet in the charnockite, which is 

equivalent to type-2 garnet in other rock types. 

This is corroborated by the near 1:1 DREE (zircon/

garnet) ratio between garnet and the ‘soccer ball’ 
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Fig. 9: Summary diagram of all monazite and zircon U−Pb geochronological data for Kakkod (excluding analyses of 

older inherited grains).  Data are shown as box and whisker plots to illustrate the age spread of each analysis type. Box 

shape indicates the mineral (monazite versus zircon), while colours indicate the textural location of the analyses (see 

online version): red- core; light blue- rim (zircon) or recrystallised zones(monazite); green- Soccer ball zircon; dark 

blue- recrystallised zircon. Monazite is given as 207Pb/235U ages. Zircon is given as 206Pb /238U ages. The box represents 

the interquartile range (the middle 50% (median- horizontal bar) of the data from the 25th to 75th percentile), the 

whiskers represent the minimum and maximum ages within 1.5*interquartile range with outliers marked with an ‘X’. 

Some of overlap between the age ranges is likely a representation of the analytical uncertainty of the data.  Major events 

interpreted from geochronology are outlined by arrowed intervals based on quartile ranges and ignoring outliers.

zircon (Taylor et al., 2015). The garnet rims from 

the transition zone show HREE concentrations 

nearly an order of magnitude lower than any of the 

other samples. These low HREE concentrations 

are interpreted to reflect the retrograde reaction 

observed at garnet margins to an intergrowth of 

biotite and quartz, which is not seen in the other 

samples. The trend of increasing negative Eu 

anomaly from core to rim in zircon (garnet–biotite 

gneiss and charnockite), monazite (garnet–biotite 

gneiss, metapelitic gneiss) and garnet (garnet–

biotite gneiss) could indicate the increasing 

crystallisation of plagioclase likely from partial 

melt whilst zircon, monazite and garnet was 
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recrystallising/growing or the presence of 

plagioclase before recrystallisation, sequestering 

much of the Eu (Johnson et al., 2015). Some 

samples show little to no differentiation in Eu 

anomalies between cores and rims.

 Rims on inherited zircon from the 

charnockite contain a number of different 

ages that potentially relate to (1) partial to full 

recrystallisation during prograde metamorphism 

and (2) neocrystallisation during subsequent melt 

crystallisation (Vavra et al., 1996; Schaltegger et 

al., 1999; Kelly & Harley, 2005). The onset of melt 

crystallisation is interpreted to have occurred at c. 

540 Ma based on the upper quartile distribution of 

zircon rim ages from the charnockite (Fig. 9). The 

majority of zircon crystallised between ~ 540–510 

Ma matching that found in other studies of the 

Trivandrum Block and adjacent areas (Harley & 

Nandakumar, 2014; Taylor et al., 2014; Johnson 

et al., 2015). The ages calculated for the monazite 

cores and metamorphic zircon rims define a 

window of prograde to peak metamorphism of 

~ 50 Myr from the onset at 590 Ma to 540 Ma, 

followed by a further 30 Myr during which melt 

crystallised (Fig. 9). 

 The zircon from the metapelitic gneiss 

shows remnants of oscillatory zoning that 

has become diffuse through recrystallisation 

(Hoskin & Black, 2000; Wang et al., 2014). 

Unlike similar zircon from the garnet–biotite 

gneiss and charnockite with partly reset pre-

metamorphic ages and steep positive M–HREE 

slopes, this zircon from the metapelitic gneiss 

gives a concordant c. 550 Ma metamorphic age 

and mostly has flat HREE patterns interpreted 

as a result of recrystallisation and growth in the 

presence of garnet (Fig. 7h). The one analysis 

of recrystallised zircon with low HREE also 

has the youngest spot age and is interpreted to 

represent increasing recrystallisation with age. 

Metamorphic zircon rims in all samples are likely 

a result of post-peak melt crystallization (Roberts 

& Finger, 1997; Kelsey et al., 2008). Monazite 

cores from the pegmatite are interpreted to be 

inherited from the garnet–biotite gneiss with ages 

ranging from c. 580–512 Ma (Fig. 9). REE in the 

pegmatite monazite cores show similar HREE 

concentrations and M–HREE slope to monazites 

in the garnet–biotite gneiss (Fig. 7e). The ages 

from the recrystallised areas (weighted mean 
207Pb/235U age 512 ± 10 Ma) are interpreted to 

represent the emplacement of the pegmatite (Fig. 

9). 

7.4 Age of post-peak fluid event

Lobate high-Th recrystallised zones in monazite 

grains (Fig. 4; Table 2) are interpreted to be the 

result of coupled dissolution-reprecipitation. 

These textures are similar to those observed in 

previous experimental and empirical studies 

(Harlov & Hetherington, 2010; Harlov et al., 

2011; Williams et al., 2011; Kelly et al., 2012), 

and based on comparisons with the experiments 

Taylor et al. (2014) interpreted the same features 

in incipient charnockites at the nearby locality 

of Kottavattom to have formed during post-peak 

influx of hydrous alkali-rich fluid. 

 Monazite ages from the Kakkod samples 

show variable amounts of resetting (Pb-loss) 

with some grains showing distinct sections 

(lobate dissolution-reprecipitation structures) 

that are variably reset, and others with no internal 

structures at all that are fully reset, recording the 
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youngest ages of any of the samples. The effects 

of incomplete Pb-loss manifests itself as the 

presence of discordant monazite ages within the 

metapelitic gneiss (Fig. 6g) and the large spread 

of ages along concordia to a younger age. Similar 

manifestations of Pb-loss can occur in zircon 

from prolonged high–T localities like the Rayner 

Complex in Antarctica (Halpin et al., 2012). 

This spread is particularly well developed in the 

monazite analyses from the garnet–biotite gneiss 

and metapelitic gneiss (Fig. 6a, d, e). This spread 

along concordia records a range of ages from 

c. 590 Ma down to around c. 490 Ma. Samples 

that record the large spread in ages all contain 

fluid-related coupled dissolution-reprecipitation 

textures in the monazite (Fig. 4a, d, e). From our 

data the transition zone monazite appears to have 

seen the least overprint with limited smearing 

along concordia, and also shows coupled 

dissolution-reprecipitation textures. Monazite 

from the charnockite has no internal structures 

and recorded the youngest ages of any of the 

samples. We suggest that this represents complete 

resetting of the monazite in the charnockite, with 

partially reset monazite from the other samples 

smearing down concordia towards this same 

age. The significance of this apparently greater 

degree of fluid-driven monazite resetting in the 

charnockite is unclear, not least because only 

two monazite grains were found in the single 

sample of charnockite analysed in this study, and 

more analyses of more samples would be needed 

to establish if the charnockite monazite truly 

saw more resetting than monazite in other rock 

types. 

 The monazite recrystallised zones in 

the garnet–biotite gneiss, metapelitic gneiss and 

transition zone show large variations in HREE, 

with consistently lower concentrations compared 

to their respective cores (Fig. 7a, b, d). This 

is interpreted to represent the modification of 

monazite in the presence of garnet, after this latter 

phase had sequestered HREE.

Ages of c. 525–490 Ma for the monazite 

population in the charnockite and the youngest 

monazite recrystallised zones from the transition 

zone, garnet–biotite gneiss, and metapelitic gneiss 

are interpreted as the time of fluid infiltration and 

coupled dissolution-reprecipitation of monazite 

(Fig. 9). Based on the overlap between the inferred 

ages of melt crystallisation (~ 540–510 Ma) and 

hydrous fluid influx (~ 525–490 Ma), and the 

presence of the pegmatite dyke that cuts across the 

garnet–biotite gneiss, we suggest that the fluids 

were sourced from a local melt system, perhaps at 

deeper crustal levels, that crystallised slightly later 

than melt in the Kakkod samples. This is similar 

to the source of fluids proposed by Taylor et al. 

(2014). The presence of the coupled dissolution-

reprecipitation textures within monazite from the 

garnet–biotite gneiss, transition zone, metapelitic 

gneiss as well as the homogenous charnockite 

monazite indicate that fluid influx was pervasive 

throughout the whole outcrop which reinforces 

the study by Taylor et al. (2014). 

8. CONCLUSIONS

• Phase relationships in all three rock types 

at Kakkod (garnet–biotite gneiss, charnockite, 

and metapelitic gneiss) are consistent with peak 

metamorphic conditions of c. 830–925°C and 6–9 

kbar.

• Peak metamorphism was followed by 

high-temperature decompression best recorded by 
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retrograde growth of cordierite and/or biotite in 

the metapelitic gneiss. 

• The onset of high-grade metamorphism 

is dated at c. 590 Ma with melt crystallisation 

starting at c. 540 Ma. The majority of zircon grew 

at 540–510 Ma, which is taken as when most of 

the melt at Kakkod crystallised.

• Orthopyroxene-bearing charnockite 

assemblages replaced local patches of the 

garnet–biotite gneiss at or soon after peak 

metamorphism. They must reflect local 

compositional heterogeneities in the garnet–

biotite gneiss, although we cannot determine if 

these heterogeneities were inherited from the 

protolith or introduced by high-temperature fluid 

influx.

• T–P–X sections highlight the sensitivity 

of orthopyroxene stability in metafelsic rocks to 

the local oxidation state, but this does not seem 

to have been the controlling factor in charnockite 

formation at Kakkod.

• Later lower-temperature fluid influx 

at c. 525–490 Ma led to coupled dissolution-

reprecipitation of monazite and variable resetting 

of its U−Pb isotope system. Based on comparisons 

with monazite textures in experiments, we follow 

Taylor et al. (2014) in suggesting that these fluids 

were aqueous and perhaps rich in alkalis.

• The presence of coupled dissolution-

reprecipitation textures in monazite from all 

samples at Kakkod indicates that late fluid flux 

was pervasive throughout the outcrop. It is likely 

to have driven hydrous retrogression of the 

charnockite, but played no role in its stabilization.

• The timing of monazite modification at 

Kakkod is very close to final melt crystallisation 

ages from this and other localities. This suggests 

that fluid influx was linked to cooling and 

solidification of local (and possibly deeper) melt 

systems, and could be related to the pegmatite 

dyke at Kakkod with a crystallisation age of ~ 512 

Ma.
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ABSTRACT
The Rogaland–Vest Agder Sector of southwestern Norway comprises high-grade metamorphic rocks 

intruded by voluminous plutonic bodies that include the ~1000 km2 Rogaland Igneous Complex (RIC). 

New petrographic observations and thermodynamic phase equilibria modelling of three metapelitic 

samples collected at various distances (30 km, 10 km and ~10 m) from one of the main bodies of RIC 

anorthosite were undertaken to assess two alternative P–T–t models for the metamorphic evolution 

of the area. The results are consistent with a revised two-phase evolution. Regional metamorphism 

followed a clockwise P–T path reaching peak conditions of ~850–950 °C and ~7–8 kbar at ~1035 Ma 

followed by high-temperature decompression to ~5 kbar at ~950 Ma, and resulted in extensive anatexis 

and melt loss to produce highly residual rocks. Subsequent emplacement of the RIC at ~930 Ma caused 

regional-scale contact metamorphism that affected country rocks 10 km or more from their contact 

with the anorthosite. This thermal overprint is expressed in the sample proximal to the anorthosite 

by replacement of sillimanite by coarse intergrowths of cordierite plus spinel and growth of a second 

generation of garnet, and in the intermediate (10 km) sample by replacement of sapphirine by coarse 

intergrowths of cordierite, spinel and biotite. The formation of late biotite in the intermediate sample 

may suggest the rocks retained small quantities of melt produced by regional metamorphism and 

remained at temperatures above the solidus for up to 100 Ma. Our results are more consistent with an 

accretionary rather than a collisional model for the Sveconorwegian Orogen.

1. INTRODUCTION

The Rogaland–Vest Agder Sector of SW Norway is 

a metamorphic province dominated by high-grade 

gneisses and intrusive igneous rocks (Maijer et al., 

1981; Tobi et al., 1985; Jansen and Tobi, 1987; 

Maijer et al., 1987). Together these rocks represent 

the core of the ca 1200–900 Ma Sveconorwegian 

Orogen (Falkum and Petersen, 1980; Falkum, 

1985). The intrusive rocks include the Rogaland 

Igneous Complex (RIC) that is exposed over 

~1000 km2 and comprised largely of three massif-

type anorthosite plutons emplaced around 930 Ma 

(Schärer et al., 1996). Two contrasting tectonic 

models have been proposed to explain the evolution 

of the Sveconorwegian Orogen, one involving 

continent–continent collision (Bingen et al., 2008) 

and the other involving protracted subduction–

accretion (Slagstad et al., 2013; Coint et al., 

2015; Roberts and Slagstad, 2015). Collisional 

models generally require long timescales for the 

rocks to reach high-grade metamorphism (Clark 

et al., 2011; Slagstad et al., 2013), whereas in 

accretionary orogens such conditions may be 

attained much faster (Slagstad et al., 2013; Coint 

et al., 2015). However, clockwise P–T paths are 

not diagnostic of either tectonic setting (Brown, 

2007).

 The role of the RIC in the metamorphic 

history of the gneisses of the Rogaland–Vest Agder 

Sector is controversial, and two different P–T–t 

models have been advanced (Fig. 3). Möller et al. 

(2003) and Tomkins et al. (2005) proposed a two-

stage metamorphic evolution, in which an upper 

amphibolite facies regional event characterized 
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Fig. 1: Map showing the main geological subdivisions of 

Scandinavia (after Bergh et al., 2012). Abbreviations: T- 

Telemarkia Terrane; B- Bamble Sector; O- Oslo Graben; 

K- Kongsberg Sector; I- Idefjorden Terrane; ES- Eastern 

Segment; C- Caledonides; TIB- Transcandinavian Igneous 

Belt; SF- Svecofennian Domain; WG- Western Gneiss 

Region.

by a clockwise P–T evolution was followed by 

ultra-high temperature (UHT) metamorphism at 

lower pressure related to intrusion of the RIC. By 

contrast, Drüppel et al. (2013) proposed a single-

stage, protracted clockwise regional metamorphic 

evolution that reached a UHT metamorphic peak 

some 70 Ma prior to emplacement of the RIC; 

in this model, high-grade metamorphism and 

intrusion are considered to have been unrelated. 

 In this study, we combine new 

petrographic observations with phase equilibria 

modelling of three metapelitic samples collected at 

different distances from the RIC (30 km, 10 km and 

<50 m) to re-evaluate their metamorphic evolution. 

We discuss the implications of the results for the 

tectonic evolution of the Sveconorwegian Belt.

2. REGIONAL GEOLOGY

The rocks of southern Scandinavia experienced 

three Proterozoic orogenic events: in Sweden 

and Finland the ca 1900–1750 Ma Svecofennian 

orogeny, in SE Norway and Sweden the ca 

1750–1550 Ma Gothian orogeny, and in southern 

Norway and SW Sweden the ca 1200–900 Ma 

Sveconorwegian orogeny (Andersen et al., 2002). 

The Sveconorwegian Belt lies to the west of the 

Svecofennian Domain and the ca 1850–1650 Ma 

Transcandinavian Igneous Belt and is bounded 

obliquely to the northwest by the Caledonides 

(Fig. 1). It comprises a number of lithotectonic 

domains, including the Eastern Segment, 

Idefjorden Terrane, Bamble, Kongsberg and 

Telemarkia Terranes, all of which are bounded 

by major shear zones (Fig. 1). The Telemarkia 

Terrane is interpreted to have formed in a short 

magmatic event between 1520–1480 Ma (Bingen 

et al., 2005; Bingen et al., 2006; Bogdanova et al., 

2008; Roberts and Slagstad, 2015) and is further 

divided into the Telemark, Hardangervidda, Sudal 

and Rogaland–Vest Agder Sectors (Fig. 2). 

 The focus of this study, the Rogaland–

Vest Agder (RVA) Sector, is a high-grade gneiss 

complex intruded by voluminous synorogenic 

plutons that represents the core of the 

Sveconorwegian Orogen (Falkum and Petersen, 

1980; Falkum, 1985). The complex consists 

of felsic orthogneiss, much of which contains 

orthopyroxene, and subordinate garnet-bearing 

paragneiss (Hermans et al., 1975; Falkum, 1982, 

1985; Tobi et al., 1985; Bingen et al., 2005; 

Tomkins et al., 2005; Coint et al., 2015), with minor 
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amphibolite, quartzite, calc-silicate and marble 

(Huijsmans et al., 1981; Falkum, 1982, 1985; Tobi 

et al., 1985; Jansen and Tobi, 1987; Bingen et al., 

2005; Harlov, 2011). The orthopyroxene-bearing 

orthogneiss is variably migmatitic, in which 

migmatised varieties have protolith ages of ca 

1450 Ma whereas non-migmatised varieties have 

younger protolith ages of ca 1230–1210 Ma (Coint 

et al., 2015). Migmatitic garnet-bearing paragneiss 

contains abundant garnet as well as sillimanite 

and/or cordierite-bearing layers indicating pelitic 

to semi-pelitic protoliths (Hermans et al., 1975; 

Coint et al., 2015). Detrital zircon U–Pb ages 

between ca 3000–1200 Ma have been reported 

from one of these migmatitic metapelites (Tomkins 

et al., 2005).

 The RVA Sector contains three suites 

of intrusive rocks: (i) the Sirdal Magmatic Belt 

(SMB); (ii) the hornblende-biotite granites (HBG) 

and (iii) the Rogaland Igneous Complex (RIC). 

The 1060–1020 Ma SMB, which covers an aerial 

extent of ~10,000 km2, is a weakly deformed calc-

alkaline granitic batholith that preserves igneous 

textures (Slagstad et al., 2013; Coint et al., 2015). 

The main constituent is porphyritic biotite granite 

with lesser amounts of leucogranite, garnet 

granite and zones rich in xenoliths including 

migmatitic gneiss (Coint et al., 2015). The arc-

like compositions of the SMB (Slagstad et al., 

2013) may reflect characteristics inherited from 

the source rocks, which were probably ca 1500 

Ma calc-alkaline metavolcanics and granitoid 

Fig. 2: Geological map of the Rogaland–Vest Agder Sector of southwest Norway (after Coint et al. (2015), MUL from 

Vander Auwera et al. (2011) and mineral isograds from Bolle et al. (2010)). Samples from this study are marked as large 

white stars with locations from previous studies as smaller black stars.
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rocks such as are common in southern Norway, 

in particular in the Telemark and Hardangervidda 

Sector (Coint et al., 2015). 

 The 990–932 Ma HBG suite occurs as 

discrete ‘A-type’ plutons that crop out across the 

Telemarkia Terrane (Bogaerts et al., 2003; Vander 

Auwera et al., 2011). The range in composition 

in the HBG Suite from gabbronorite to granite 

(50–77 wt% SiO2) is interpreted to reflect extreme 

fractional crystallization of several batches of 

basaltic magma (Bogaerts et al., 2003). The HBG 

suite was likely derived from an undepleted to 

slightly depleted hydrous mafic source that was 

underplated during a previous orogenic event 

(Bogaerts et al., 2003; Vander Auwera et al., 2011; 

Vander Auwera et al., 2014). 

  The ~1000 km2 RIC, also referred to as 

the Rogaland Anorthosite Complex (Pasteels et al., 

1979; Schärer et al., 1996; Bogaerts et al., 2003; 

Westphal et al., 2003) and Rogaland Anorthosite 

Province (Sauer et al., 2013; Coint et al., 2015), 

is composed of three massif-type anorthosites 

(Egersund-Ogna, Håland-Heleren and Åna-Sira) 

as well as a large layered polyphase intrusion 

(Bjerkreim-Sokundal lopolith), two smaller 

leuconorite bodies (Hidra and Garsaknatt) and a 

small number of mafic dykes (high-Al gabbros to 

orthopyroxene monzonorite) (Pasteels et al., 1979; 

Wilmart et al., 1991; Vander Auwera and Longhi, 

1994; Nijland et al., 1996; Schärer et al., 1996; 

Duchesne and Wilmart, 1997; Bolle et al., 2002; 

Marker et al., 2003; Möller et al., 2003; Bolle et 

al., 2010). The three anorthosite massifs contain 

subophitic aggregates of megacrystic plagioclase 

and aluminous orthopyroxene within fine-grained 

leuconorite (Schärer et al., 1996; Bybee et al., 

2014). U–Pb ages of zircon and baddeleyite 

inclusions within orthopyroxene megacrysts in 

the Egersund-Ogna, Håland-Heleren and Åna-

Sira anorthosites are identical within uncertainty 

at ca 930 Ma (Schärer et al., 1996). Based on the 

complex spread of zircon U–Pb ages reported 

by Möller et al. (2003) the RIC is suggested by 

Coint et al. (2015) to have had a protracted, 

episodic emplacement history. The margin of the 

Egersund-Ogna massif has a magmatic foliation 

parallel to both its boundary and to the foliation 

of the adjacent host gneisses (Schärer et al., 1996; 

Bolle et al., 2002) that has been used as evidence 

for diapiric emplacement of a ~1150 °C crystal 

mush (Duchesne and Michot, 1987; Longhi et al., 

1993; Schärer et al., 1996; Bolle et al., 2002). The 

anorthosites were emplaced at mid crustal depths 

(minimum of 5.0–7.7 kbar, ~20–30 km) based 

on conventional thermobarometry and numerical 

modelling (Wilmart and Duchesne, 1987; 

Barnichon et al., 1999). 

 Within the RIC, the Bjerkreim-Sokundal 

lopolith is a layered intrusion with four main 

phases; a basal phase of anorthosite–leuconorite 

and norite with rhythmic layering is overlain by 

monzonorite that is in turn overlain by monzonite 

and, lastly, by quartz monzonite (Versteeve, 1975; 

Wilmart et al., 1991; Duchesne and Wilmart, 

1997; Bolle et al., 2002). The lopolith, which is 

separated from the anorthosite intrusions by a thin 

septum of gneissic country rocks, was emplaced at 

approximately the same time (Wilmart et al., 1991; 

Vander Auwera and Longhi, 1994; Schärer et al., 

1996; Duchesne and Wilmart, 1997). Geochemical 

and isotopic data indicate that the RIC had 

a relatively anhydrous, lower crustal source 

(Bogaerts et al., 2003) with more recent studies 

suggesting that the parent magmas originated 
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Fig. 3: Two alternative P–T models proposed for the 

Rogaland–Vest Agder sector (modified after Drüppel et al. 

(2013)); two-stage metamorphic evolution (Möller et al., 

2003; Tomkins et al., 2005) versus protracted, single-stage 

metamorphic evolution (Drüppel et al., 2013).

at the Moho with anorthosite formation tied to 

protracted magmatism in a convergent arc (Bybee 

et al., 2014). Previous studies suggest multiple 

parental melt compositions for the RIC suite, with 

source rocks possibly ranging from high Al-basalt 

to primitive orthopyroxene monzonorite (Vander 

Auwera et al., 2011, and references within).

 The high-grade gneisses of the RVA 

Sector are considered by some authors to have 

experienced a polymetamorphic evolution, and 

to preserve textural evidence for a regional 

metamorphic event followed by a high temperature 

contact metamorphic overprint (Verschure et al., 

1980; Maijer et al., 1981; Wielens et al., 1981; 

Demaiffe and Michot, 1985; Jansen et al., 1985; 

Tobi et al., 1985; Maijer, 1987; Bingen and van 

Breemen, 1998; Möller et al., 2003; Tomkins 

et al., 2005; Coint et al., 2015). Evidence for an 

amphibolite facies regional metamorphic event 

(commonly termed M1) at ca 1035 Ma (Tomkins 

et al., 2005) is based on isotopic data from a 

garnet–biotite–sillimanite metapelite, ~25–30 

km from the contact with the RIC (Möller et al., 

2003). Coint et al. (2015) also suggests a similar 

age of regional metamorphism of ca 1030 Ma. 

The subsequent growth in this rock of cordierite 

containing zircon dated at ca 955 Ma indicates 

that peak metamorphic conditions were followed 

by decompression (shown in red, Fig. 3) (Möller 

et al., 2003; Tomkins et al., 2005). These events 

predate the emplacement of the RIC at ca 930 

Ma (Schärer et al., 1996), which caused large-

scale contact metamorphism (M2) at UHT 

conditions (shown in blue, Fig. 3)(Scharer et al., 

1996; Möller et al., 2003; Westphal et al., 2003). 

Pressure–temperature estimates of ~750 °C at 5–7 

kbar for the regional event and 700–1050 °C at ~4 

kbar for the contact metamorphism were derived 

using conventional thermobarometry (Jansen et 

al., 1985). A later retrograde overprint (so-called 

M3) to upper amphibolite to granulite facies at 908 

Ma (550–700 °C and 3–5 kbar) is interpreted to be 

related to the isobaric cooling of intrusive bodies 

with the partial replacement of high grade minerals 

such as osumilite (Kars et al., 1980; Maijer et al., 

1981; Wielens et al., 1981; Jansen et al., 1985; 

Bol et al., 1989; Nijland et al., 1996; Möller et al., 

2003; Tomkins et al., 2005; Bolle et al., 2010). 

 In contrast to the previous interpretations, 

Drüppel et al. (2013) reinterpreted the gneisses as 

having experienced a single, long-lived regional 

metamorphic event that peaked at UHT conditions 

some 70 Ma prior to intrusion of the RIC (shown in 

green, Fig. 3).  This interpretation, based on phase 

equilibria modelling in the Na2O–CaO–K2O–FeO–

MgO–Al2O3–SiO2–H2O–TiO2 (NCKFMASHT) 

model system of samples ~10 km from the RIC 

contact, indicated peak conditions of ~1000 °C 

at ~7.5 kbar were followed by near isothermal 

decompression to <5.5 kbar at 900–1000 °C 
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(M2) before near isobaric cooling (Drüppel et al., 

2013).  These authors concluded that no second 

thermal pulse is recorded by the silicate mineral 

assemblage in the RVA Sector. Zircon U–Pb ages 

are consistent with a metamorphic age at ca 1000 

Ma; epitaxial xenotime yields U–Pb ages within 

error of the emplacement of the RIC at ca 930 Ma 

(Drüppel et al., 2013). 

 A series of high-T mineral-in isograds, 

including inverted pigeonite in felsic orthogneiss, 

osumilite in paragneiss, orthopyroxene in felsic 

orthogneiss and clinopyroxene in granodioritic 

gneiss, are broadly parallel to the margin of the RIC 

(Fig. 2) (Hermans et al., 1975; Pasteels et al., 1979; 

Sauter, 1981; Jansen et al., 1985; Tobi et al., 1985; 

Maijer, 1987; Bol et al., 1989). These isograds 

represent a temperature range from ~700 °C at the 

orthopyroxene-in isograd to over 900 °C (UHT) at 

the pigeonite-in isograd (Jansen et al., 1985; Tobi 

et al., 1985; Bol et al., 1989; Möller et al., 2003; 

Tomkins et al., 2005). Whereas most studies have 

interpreted the osumilite and pigeonite-in isograds 

as the products of contact metamorphism at ca 930 

Ma superimposed upon granulite to amphibolite-

facies regional metamorphic assemblages, others 

regard the orthopyroxene isograd to pre-date the 

contact event (Bingen and van Breemen, 1998), 

More recently, Coint et al. (2015) have proposed 

that the orthopyroxene-in isograd separates 

granulite-facies rocks to the west from non-

metamorphosed granites to the east and should not 

be regarded as an isograd at all.

3. SAMPLE DESCRIPTIONS AND 

PETROLOGY

Three samples collected from different distances 

from the RIC–country rock contact were 

investigated in order to evaluate their metamorphic 

histories. Hereafter, these samples are referred 

to as distal (collected ~30 km from the RIC), 

intermediate (~10 km) and proximal (~10 m), as 

shown in Fig. 2. Mineral abbreviations follow 

Kretz (1983) and Whitney and Evans (2010).

3.1. Distal sample (N 58°49’49.4”, E 6°16’49.2”)

The distal sample (ROG13/11) is a garnet–

sillimanite–cordierite metapelite collected a short 

distance up-grade of the orthopyroxene-in isograd. 

The sample site, ~400m NW of Giljastølsvatnet, is 

~5 km north of the sample locality of Degeling et 

al. (2001) and Tomkins et al. (2005) (Fig. 2). The 

sample is a migmatite comprising melanosome 

rich in garnet, sillimanite and cordierite and 

garnet-bearing leucosomes that are continuous at 

an outcrop scale and oriented sub-parallel to the 

regional foliation (Fig. 4a).

 In thin section, the melanosome contains 

anhedral garnet porphyroblasts (2–8 mm) within 

which abundant inclusions of sillimanite define a 

folded foliation that curves into parallelism with 

the matrix foliation (Fig. 4b, c) that is also defined 

by sillimanite (0.2–1 mm). Variably pinitised 

cordierite (2–6 mm, 10–15%) surrounds garnet, 

sillimanite, ilmenite and quartz (Fig. 4b, c). 

Minor feldspar is also present within the matrix. 

Minor singular grains of ilmenite (0.5–1 mm) is 

partially to completely replaced by intergrowths 

of differently orientated rutile and chlorite. The 

leucosome is composed of sub-equal proportions 

of quartz (2–6 mm), plagioclase (1–4 mm) and 

K-feldspar (2–4 mm), along with anhedral to 

rounded garnet (1–3 mm) that contains abundant 

inclusions of quartz but no sillimanite (Fig. 4d). 
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Minor biotite is present (0.5–1 mm) along with 

small amounts of muscovite. 

 The interpreted peak assemblage 

in sample ROG13/11 is garnet, sillimanite, 

plagioclase, K-feldspar, quartz, ilmenite and melt. 

Matrix garnet containing sillimanite inclusions is 

interpreted to mainly represent subsolidus growth, 

whereas leucosome garnet that lacks sillimanite 

inclusions is regarded as a peritectic product of 

melting reactions consuming biotite. Cordierite 

and biotite are considered to be retrograde 

minerals.

Fig. 4: Field photograph and photomicrographs from the ‘Distal’ locality. a- Garnet–cordierite–sillimanite melanosome 

with garnet-bearing leucosome at outcrop scale. b- Garnet porphyroblast within melanosome (xpl) containing ilmenite, 

sillimanite and minor biotite inclusions, surrounded by pinitised cordierite and sillimanite. c- Garnet porphyroblast within 

melanosome with sillimanite inclusions defining a relict foliation. Coarse sillimanite in the matrix  defines a new foliation. 

d- Peritectic garnet with quartz inclusions within leucosome, with late biotite. e- Back scattered electron (BSE) image 

showing ilmenite being replaced by an intergrowth of rutile and chlorite within the melanosome.
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3.2. Intermediate sample (N 58°42’9.7”, E 

6°10’1.4”)

The intermediate sample (ROG13/10) is a residual 

sapphirine-bearing metapelite from a locality near 

Ivesdal, ~10 km NE of the RIC contact (Fig. 2), 

which has been described previously by Hermans et 

al. (1976) and Drüppel et al. (2013). The exposure 

consists of irregular, dark sapphirine-bearing layers 

within a host orthopyroxene-bearing gneiss (Figs 

5). Minor and sporadically dispersed large garnets 

(~3–8 cm) within the sapphirine-bearing granulite 

and, less commonly, within the orthopyroxene 

gneiss have coronae of orthopyroxene with or 

without plagioclase, and in some cases have 

been replaced completely (Fig. 5a, b). Garnet-

bearing leucosome occurs as rare patches within 

orthopyroxene gneiss. Sparse quartz veins occur 

within, and cross-cut both lithologies. Irregular 

orthopyroxene-rich selvedges and schlieren occur 

within the orthopyroxene gneiss and occasionally 

along contacts between orthopyroxene gneiss and 

sapphirine-bearing metapelite.

 In thin section, subhedral to euhedral 

sapphirine porphyroblasts (1–8 mm, 10–15%) 

are partially to completely replaced by coarse 

intergrowths of spinel and cordierite, along with 

variable amounts of biotite that appears to be 

replacing cordierite (Fig. 6a, b, d). The matrix 

consists of cordierite (0.5–3 mm), orthopyroxene 

(0.5–3 mm), plagioclase (0.5–2 mm), K-feldspar 

(0.5–1 mm) and biotite (up to 2 mm) (Fig. 

Fig. 5: Field photographs from the ‘Intermediate’ locality. a- Dark sapphirine granulite layer with completely replaced 

garnet. b- Sapphirine granulite and orthopyroxene gneiss containing partially replaced garnets with orthopyroxene 

coronas. c- Irregular dark layers of sapphirine granulite interleaved with orthopyroxene gneiss, cut by minor faults.
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6c). Orthopyroxene grains are separated from 

sapphirine porphyroblasts by layers of cordierite 

and spinel plus cordierite (Fig. 6a, b). Feldspar 

grains are variably sericitised. Spinel contains 

ilmenite and minor exsolved magnetite. Quartz is 

absent.

 We interpret sample ROG13/10 to have 

contained an earlier assemblage of sapphirine, 

orthopyroxene, plagioclase, K-feldspar, cordierite, 

ilmenite and melt that later underwent replacement 

of sapphirine and orthopyroxene by coarse 

intergrowths of spinel and cordierite. Subsequent 

growth of biotite may reflect retrograde reaction in 

the presence of melt.

3.3. Proximal sample (N 58°35’46.5”, E 

5°46’59.0”)

The proximal sample ROG14/5 is from country 

rocks ~10 m from the northwest margin of 

the RIC (Fig. 2).  The sample is a migmatitic 

garnet–sillimanite–spinel–cordierite metapelitic 

gneiss (Fig. 7a) that is intruded by several small 

sheets of garnet-bearing anorthosite (Fig. 7b). 

The metapelite consists of melanosome rich 

in garnet and cordierite, within which occurs 

narrow, foliation-parallel leucosome layers (<1 

cm in width). Larger (~0.5–1 m) irregular bodies 

of garnet-bearing and garnet-free leucosome 

cross-cut the foliation and contain schollen of 

Fig. 6: Photomicrographs from the ‘Intermediate’ locality. a- Sapphirine porphyroblast rimmed by spinel plus cordierite 

and a cordierite rim separating the symplectite from orthopyroxene. b- Sapphirine partially replaced by a spinel–cordierite 

symplectite, with later biotite replacing cordierite within the symplectite. An outer rim of cordierite is present between 

the symplectite and orthopyroxene. c- Irregular grains of orthopyroxene and cordierite within the matrix with some 

grains almost completely surrounded by late biotite. d- Spinel plus cordierite symplectite with biotite partially replacing 

cordierite.
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Fig. 7: Field photographs and photomicrographs from the ‘Proximal’ locality. a- Garnet–sillimanite–cordierite–spinel 

migmatite overprinted by a large irregular garnet-bearing leucosome containing shollen of the metapelite. b- Metapelite 

with intruded anorthosite sheet. c- Garnet porphyroblast with secondary garnet overgrowing spinel. d- Sillimanite partly 

replaced by spinel plus cordierite, with some of the spinel replaced by diaspore.

melanosome (Fig. 7a). Minor quartz veins are also 

present. The anorthosite sheets are discontinuous, 

up to 15 cm wide and 4 m in length and oriented 

parallel to the foliation (Fig. 7b).

 In thin section, sample ROG14/5 is 

dominated by melanosome containing equant to 

elongate anhedral garnet porphyroblasts (0.5–4 

mm) containing sillimanite inclusions (Fig. 7c, d). 

A second generation of garnet forms narrow (~100 

μm) rims around pre-existing garnet porphyroblasts 

and adjacent to spinel (Fig. 7c, d). Coarse matrix 

sillimanite (0.5–4 mm) defines a foliation that 

wraps around garnet, and is partially replaced by 

intergrowths of spinel plus cordierite (Fig. 7d). 
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Spinel occurs both within the symplectite and as 

aggregates of grains surrounded by a thin rind 

of cordierite or garnet (Fig. 7d). The leucosome 

contains large (2–8 mm) slightly elongate grains 

along with smaller (0.5–2 mm) grains of quartz, 

plagioclase (1–2 mm) and K-feldspar (1–2 mm). 

Cordierite surrounds garnet, sillimanite and, less 

commonly, quartz and spinel (1–2 mm) and is 

sometimes intergrown with K–feldspar (Fig. 7d). 

Minor ilmenite is partially to completely replaced 

by late intergrowths of rutile and chlorite. 

 This sample is interpreted to contain 

an earlier assemblage of garnet, sillimanite, 

plagioclase, K-feldspar, quartz, spinel, ilmenite 

and melt. Replacement of sillimanite by cordierite 

plus spinel, and growth of a second generation of 

garnet occurred subsequently.

4. PHASE EQUILIBRIA MODELLING

Metamorphic P–T conditions were constrained 

using P–T, P–X and T–X pseudosections modelled 

in the Na2O−CaO−K2O−FeO−MgO−Al2O3−SiO2−

H2O−TiO2−O system using THERMOCALC 

3.40i and the internally consistent thermodynamic 

dataset of Holland and Powell (2011) (specifically 

the tc-ds62 dataset generated on 06/02/2014). 

Activity–composition models are from White et 

al. (2014a).  Although Mn-bearing solution models 

have been calibrated (White et al., 2014b), Mn has 

a negligible effect at high temperatures and was 

not considered (Johnson et al., 2015). Calculations 

consider the phases garnet, silicate melt, 

plagioclase, K-feldspar, sillimanite, sapphirine, 

quartz, muscovite, biotite, orthopyroxene, 

cordierite, ilmenite, rutile and magnetite-spinel. 

Osumilite was not included as there is no solution 

model calibrated against the ds6 dataset. 

 Bulk rock compositions were determined 

by X-ray fluorescence analysis using a Panalytical 

2404 XRF unit at Franklin and Marshall College, 

Pennsylvania, for which ferric and ferrous iron 

contents were determined by titration. The bulk 

compositions (expressed as mol.% oxides) used in 

the pseudosections are given in Table 1. Modelled 

H2O contents were constrained using T–X or P–X 

pseudosections ranging from a quantity assuming 

all analysed loss on ignition (LOI) as H2O to lower 

values (0.1 mol.%). The H2O content chosen 

for P–T modelling was such that the solidus 

intersected, or was as close as possible to the field 

containing the interpreted peak assemblage (see 

Supplementary data Fig. S1–3). Calculations using 

the composition of the distal sample (ROG13/11), 

the most altered of the studied rocks, measured 

ferric iron concentrations were too high with all 

calculated fields containing magnetite, which is not 

observed in the rock. Thus, to account for post-peak 

oxidation, appropriate ferric iron contents were 

constrained using a P–X pseudosection ranging 

from the titrated value (1.31 mol.% Fe2O3) to a 

minimal content (0.01 mol.%; see Supplementary 

data Fig. S4). A value of X = 0.5 (Fe2O3 = O = 0.67 

mol.%) was chosen, as it is the minimum required 

to eliminate magnetite from the interpreted peak 

assemblage. Note that the stability field of spinel 

in nature is likely to be larger than the calculated 

Sample SiO2 TiO2 Al2O3 O FeO MgO CaO Na2O K2O LOI Total
ROG13/11 (Distal) 68.95 0.78 12.95 0.67 6.86 3.68 1.39 1.82 2.80 0.10 100
ROG13/10 (Intermediate) 51.45 0.64 14.98 1.13 6.73 17.99 1.33 1.78 2.94 1.03 100
ROG14/5 (Proximal) 63.19 0.83 16.71 0.57 9.29 4.85 1.28 1.11 2.06 0.11 100

Table 1: Bulk compositions as molar oxide (mol.%) used in phase equilibria modelling.
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Fig. 8: Modelled P–T pseudosection of the distal sample 

(ROG13/11) with peak field outlined in red and solidus 

marked by a black dashed line. The interpreted, clockwise 

P–T path traces the post-peak growth of cordierite and 

biotite. Positioning of the P–T path is based on modal 

isopleths generated using TCInvestigator (Pearce et al., 

2015).

stability due to the presence of minor components 

(e.g. Zn, V, Cr) that cannot currently be modelled 

(Tajčmanová et al., 2009). Drüppel et al. (2013) 

report average concentrations of Cr2O3 and ZnO in 

spinel in the sapphirine-bearing sample as 0.07 and 

0.15 wt. %, respectively (Drüppel et al., 2013). For 

reference, P–T pseudosections contoured for the 

abundance of particular phases calculated using 

TCInvestigator (Pearce et al., 2015) are given in 

the Supplementary data (Fig. S5). 

4.1. Distal sample

In the P–T pseudosection for sample ROG13/11 

(Fig. 8), the solidus for the chosen H2O content 

is located at ~830 °C at pressures above 7 kbar. 

Between 6–7 kbar the solidus inflects to higher 

temperatures (~970 °C) due to the presence of 

cordierite that partitions some of the H2O that at 

higher pressures is contained within melt. For 

the chosen ferric iron content and P–T range, 

ilmenite is stable throughout and magnetite is 

predicted only at low temperatures and pressures. 

The interpreted peak assemblage of garnet, 

sillimanite, plagioclase, K-feldspar, quartz, 

ilmenite and melt occupies a large stability field at 

>850 °C and >6 kbar (outlined in red, Fig. 8). At 

lower temperatures biotite is stable, and at lower 

pressures cordierite, which occurs replacing garnet 

at its margins, is predicted. The calculated stability 

fields of spinel and orthopyroxene occur at higher 

temperatures and lower pressures than the inferred 

peak, respectively. 

4.2. Intermediate sample

In the P–T pseudosection for sample ROG13/10 

(Fig. 9) the solidus for the chosen H2O content 

is located at ~900–950 °C. The stability field for 

the interpreted earlier assemblage of sapphirine, 

orthopyroxene, plagioclase, K-feldspar, cordierite, 

ilmenite and melt is relatively narrow (in T) 

between 910–980 °C and between 4 and 8 kbar 

(outlined in red, Fig. 9). Cordierite is consumed 

at higher T and biotite is predicted at lower T, and 

garnet is stable at higher P and spinel at lower P. 

Compositional isopleths of Al–in–orthopyroxene 

are shown on Fig. 9. Maximum measured values 

of X(Al) (Al cations in the formula unit based on 

six oxygens) from samples from this locality are 

0.18 according to Drüppel et al. (2013), and this 

isopleth, along with the one sigma uncertainty 

on its position, is shown as the shaded field. The 

measured Al content in orthopyroxene is consistent 

with the higher pressure part of the preferred peak 

field, implying peak conditions of around 7–8 kbar 
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and 900–950 °C (Fig. 9). The subsequent evolution 

of the rock, expressed by the growth of cordierite, 

spinel and biotite at the expense of sapphirine, 

requires significantly lower pressures but similar 

temperatures that was followed by cooling into 

fields containing biotite. 

4.3. Proximal sample

In the P–T pseudosection for proximal sample 

ROG14/5 (Fig. 10), the solidus for the chosen 

H2O content is located at ~815 °C above 6.3 kbar 

but inflects to higher temperatures (~950–975 °C) 

below 6 kbar due to the presence of cordierite which 

partitions some of the H2O that, at higher pressures, 

is contained within melt. The interpreted earlier 

assemblage of garnet, sillimanite, plagioclase, 

K-feldspar, quartz, ilmenite and melt but without 

spinel, defines a large stability field at 820 to 

>1000 °C and ~6 to >10 kbar (outlined in red, Fig. 

10); spinel is predicted to become stable at higher 

temperatures. As spinel may be stabilised by non-

system components, our preferred interpretation is 

that the earlier assemblage is consistent with the 

high T end of the modelled spinel-absent field or 

with the field containing spinel (i.e. >900 °C and 

>6 kbar). The subsequent evolution of this sample, 

indicated by the replacement of sillimanite by 

cordierite and spinel and the growth of a second 

generation of garnet and cordierite (shown by the 

arrow on Fig. 10), require lower pressures (~5–6 

kbar) but similar temperatures.

Fig. 9: Modelled P–T pseudosection of the intermediate 

sample (ROG13/10) with peak field outlined in red, 

solidus marked by a black dashed line and y(opx) isopleths 

marked by fine dashed lines labelled with their respective 

values. Grey shaded area indicates uncertainty on the 

y(opx)=0.18 isopleth.  The presence of garnet defines 

the upper pressure limit of the peak assemblage, while 

cordierite defines the lower temperature limit. The star 

indicates the interpreted peak conditions reached during 

regional metamorphism. The illustrated portion of the P–T 

path traces the growth of spinel and cordierite and later 

biotite. Positioning of the P–T path is based on modal 

isopleths generated using TCInvestigator (Pearce et al., 

2015).

Fig. 10: Modelled P–T pseudosection of the proximal 

sample (ROG14/5) with peak field outline in red and 

solidus marked by a black dashed line. The interpreted 

P–T path traces the growth of spinel, cordierite and 

secondary garnet. 
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5. DISCUSSION

5.1 P–T conditions of regional metamorphism

At a distance of ~30 km from the contact, the 

distal sample is considered to be beyond the 

effects of contact metamorphism associated with 

the emplacement of the RIC and to preserve the 

regional metamorphic history. This is supported 

by a pronounced regional foliation and the lack 

of symplectitic replacement of porphyroblast 

phases that characterises the other samples. 

Petrographic observations coupled with phase 

equilibria modelling suggest that this sample 

experienced a clockwise regional P–T path, 

reaching peak conditions of >850 °C at >6 kbar. 

Partial replacement of garnet by cordierite implies 

high-temperature decompression to conditions 

of ~850 °C at 5 kbar, while the growth of biotite 

implies crystallisation of the last vestiges of melt 

upon cooling. A P–T path consistent with these 

observations is shown on Fig. 8. Peak conditions 

are poorly constrained due to the size and the 

calculated compositional and modal homogeneity 

of the phases within the inferred peak field. 

The high temperature subsolidus prograde path 

is constrained to the sillimanite field, with no 

evidence for the former presence of kyanite. 

 The inferred early assemblages developed 

within the intermediate sample (sapphirine, 

orthopyroxene, plagioclase, K-feldspar, cordierite, 

ilmenite and melt) and the proximal sample 

(garnet, sillimanite plagioclase, K-feldspar, quartz, 

ilmenite, spinel and melt), are similarly consistent 

with growth during regional metamorphism. 

Modelling of these compositions gives P–T 

conditions that are similar to those derived for 

the distal sample, namely 900–950 °C and ~7–8 

kbar for the intermediate sample (Fig. 9) and 

>900 °C and >6 kbar for the proximal sample 

(Fig. 10). Clearly, all three samples cannot have 

followed an identical regional P–T path. However, 

we propose that a generalised, clockwise regional 

metamorphic evolution was experienced by all 

samples, which attained peak conditions of around 

850–950 °C at 7–8 kbar, and was followed by high-

temperature decompression to ~5 kbar, followed 

by near isobaric cooling (Fig. 8). Under such 

conditions, pelitic and greywacke protoliths will 

produce significant quantities of melt (Johnson et 

al., 2008; White et al., 2014a), most of which will 

have been lost to higher crustal levels to leave low 

a (H2O) granulite facies residua, consistent with 

observation. 

 Clockwise regional P–T paths were 

proposed by both Tomkins et al. (2005) and 

Drüppel et al. (2013). However, our inferred 

regional peak conditions are at least ~200 °C higher 

than those reported by Tomkins et al., (2005) based 

on conventional thermobarometry, and ~50 °C 

lower than the UHT regional conditions proposed 

by Drüppel et al. (2013), based on phase equilibria 

modelling (Fig. 11).  Possible reasons for these 

differences are detailed below.

5.2. P–T conditions of contact metamorphism

Petrographic observations of the intermediate 

and proximal samples in conjunction with phase 

equilibria modelling suggest a two-stage evolution 

which we equate to: (i) high- to ultra-high T regional 

metamorphism with associated partial melting and 

melt loss (detailed above); and (ii) subsequent 

high- to ultra-high T contact metamorphism of the 

residual rocks caused by emplacement of the RIC. 
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 Importantly, the distal and proximal 

samples have strikingly similar bulk 

compositions, confirmed by the similarity in the 

P–T pseudosections for each (see Figs 8 & 10). 

However, the petrographic features of the rocks 

are very different. Both are inferred to have had 

a regional peak assemblage containing garnet, 

sillimanite, plagioclase, K-feldspar, quartz, 

ilmenite, and melt, with the proximal sample 

inferred to have additionally contained a small 

quantity of spinel. However, the proximal sample 

contains a second generation of garnet (and spinel) 

that is lacking from the distal sample. In addition, 

sillimanite in the proximal sample is extensively 

replaced by a coarse intergrowth of cordierite plus 

spinel, whereas sillimanite in the distal sample 

is pristine. We interpret the coarse intergrowths 

of cordierite and spinel after sapphirine in the 

intermediate sample and after sillimanite in the 

proximal sample as prograde reaction products 

that formed as a result of heating associated 

with emplacement of the RIC. Similar prograde 

reaction textures have been described elsewhere 

(Pitra and Waal, 2001; White et al., 2002; Johnson 

et al., 2004).

 In the proximal sample, the reaction 

textures are consistent with contact metamorphic 

conditions of ~950 °C at ~5 kbar (Fig. 10, 11). 

In the intermediate sample, the reaction textures 

are consistent with temperatures of ~950 °C and 

lower pressures of ~3–4 kbar (Fig. 9, 11). The 

lower pressures inferred for the intermediate 

sample suggests it was at higher levels in the 

crust when the RIC was emplaced and implies 

tilting of the section and/or differential uplift and 

erosion post intrusion of the RIC. Overall, the 

pressures inferred for the contact metamorphism 

(3–6 kbar, Fig. 11) are similar to those reported 

by other authors (Möller et al., 2003; Tomkins 

et al., 2005). The high temperatures inferred for 

Fig. 11: Summary 

diagram of the revised 

P–T evolution of the 

RVA Sector, with 

previous models in 

grey. Interpreted P–T 

evolution for the distal 

(blue), intermediate 

(green) and proximal 

(red) samples. The 

dashed approximate 

prograde evolution is 

based on the lack of 

kyanite in all samples.
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the contact metamorphism in the intermediate 

sample may suggest the anorthosite sits at shallow 

levels beneath these rocks. However, with no 

borehole data, the similarity in density between the 

anorthosite and host gneisses makes this difficult 

to test using geophysical means. 

 Within the intermediate sample, the 

growth of biotite replacing cordierite in the spinel-

cordierite symplectites, which are themselves 

replacing sapphirine, suggests that the rocks may 

have retained small quantities of melt and that, 

on cooling and exhumation from the regional 

peak, the intermediate sample did not cross the 

solidus before the onset of contact metamorphism. 

This could indicate that the rocks stayed at high 

temperature for 100 Ma or more.

 Our interpretation that the intermediate 

and proximal samples followed a two-stage P–T 

evolution (Fig. 11), with contact metamorphism 

superimposed upon the regional metamorphic 

evolution path, differs from the work of Drüppel 

et al. (2013). These authors suggest the rocks 

followed a clockwise, single-stage regional 

metamorphic evolution peaking at UHT conditions 

based on their interpretation that the age of UHT 

metamorphism pre-dates the intrusion of the RIC. 

We suggest that the 1021 ± 23 to 999 ± 17 Ma 

metamorphic ages of Drüppel et al. (2013) may 

represent growth of zircon from crystallising melt 

following peak metamorphism at ca 1035 Ma 

(Tomkins et al., 2005).

5.3. P–T evolution of the RVA Sector

We present a revised P–T evolution for gneisses 

of the RVA Sector during the Sveconorwegian 

orogeny: For rocks outside the influence of the 

RIC (our distal sample), regional metamorphism 

followed a clockwise P–T path with peak 

conditions of ~850–950 °C at ~7–8 kbar followed 

by high-temperature, retrograde decompression 

to conditions of ~900 °C at 5 kbar and, 

subsequently, isobaric cooling to below 700 °C 

(Fig. 11). Whereas the distal sample preserves 

no compelling evidence for having experienced 

contact metamorphism, rocks closer to the RIC 

(our intermediate and proximal samples) contain 

evidence for a static thermal overprint (contact 

metamorphism) that records pressures of 3–6 kbar 

and reached a maximum temperature in the sample 

immediately adjacent to the RIC contact of over 

950 °C.  

The proposed P–T evolution outlined in this 

study reconciles the previous interpretations 

made by Degeling et al. (2001) and Drüppel et 

al. (2013). Degeling et al. (2001) underestimated 

the temperature of peak regional metamorphism 

by ~200 °C, due to their reliance on petrogenetic 

grids in the KFMASH model system, which is an 

oversimplification of natural rocks (White et al., 

2007; White et al., 2014a), and by their use of 

conventional thermobarometric techniques which, 

due to post-peak diffusion, commonly lead to 

underestimates of peak temperatures (Fitzsimons 

and Harley, 1994; Pattison et al., 2003). Assuming 

our results are reliable, Drüppel et al. (2013) 

overestimated the temperature experienced by 

the rocks at Ivesdal, our intermediate locality, by 

~50 °C. This is most likely due to their omission 

of ferric iron (modelled as O) from their model 

system, that affects the bulk X(Mg) of the modelled 

composition. In particular, these authors used an 

older solution model for sapphirine that does not 

include ferric iron, which can significantly reduce 
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the temperature at which sapphirine is stable 

(Kelsey et al., 2005; Wheller and Powell, 2014). 

Furthermore, Drüppel et al. (2013) rely in part on 

spinel to constrain their P–T trajectories. However, 

the presence of elements such as Cr and Zn that 

are not currently incorporated into thermodynamic 

models, will stabilise spinel to lower temperatures 

than predicted by the pseudosection modelling 

(Tajčmanová et al., 2009). 

5.4. Implications for the tectonic setting of the 

Sveconorwegian orogeny

The revised metamorphic evolution proposed 

here has implications for tectonic models for 

the development of the RVA Sector during 

the Sveconorwegian orogeny. There are at 

present two different tectonic models for the 

Sveconorwegian orogeny, a continent-continent 

collisional model proposed by Bingen et al. 

(2008) and an accretionary model of Slagstad 

et al. (2013a), which has been further refined 

by Coint et al. (2015). The collisional model 

postulates that at ~1140 Ma Fennoscandia collided 

with an as yet unidentified continent (possibly 

Amazonia), resulting in widespread Barrovian-

type regional metamorphism. At ~930 Ma a phase 

of orogenic collapse was initiated that resulted in 

the emplacement of the RIC and formation of a 

regional-scale UHT contact aureole (Bingen et al., 

2008). The long timescales of high-temperature 

conditions interpreted in this study are sufficient 

for the generation of high-grade metamorphic 

conditions within a collisional system (Clark 

et al., 2011). However, the lack of any obvious 

colliding continental block and the evidence for a 

series of magmatic events with arc-like chemistry 

that post-date the proposed collision led Slagstad 

et al. (2013a) to develop an alternative Andean-

style accretionary model to explain the geological 

evolution of SW Norway.  According to Slagstad 

et al. (2013a), the long-lived accretionary margin 

underwent periodic extension and compression 

(as a result of steep and flat slab subduction) and 

to alternate between periods of metamorphism 

(1020–990 Ma) and magmatism (1050–1020 and 

990–920 Ma) to generate the SMB, HBG and RIC 

suites. 

 In contrast to the P–T–t proposed by 

Drüppel et al. (2013), which consists of a single 

clockwise P–T loop with UHT metamorphism 

occurring 10–15 Myr after the cessation of SMB 

magmatism, Slagstad and co-workers argued that 

the metamorphic history of rocks in SW Norway 

could not have been produced by a collisional 

orogeny (Slagstad et al., 2013b). They suggest 

that to generate temperatures of ~1000 °C at mid 

to lower crustal depths in a collisional system 

requires on the order of ca 100 Ma (e.g. Clark et 

al., 2011; Clark et al., 2015).  

 All of the available evidence from this 

and previous studies indicates that a period of 

crustal thickening must have occurred prior to 

the attainment of peak regional metamorphic 

conditions (Bingen et al., 2008; Drüppel et al., 

2013; Slagstad et al., 2013a). Possible mechanisms 

for crustal thickening include collision, flat-slab 

subduction and accretion. Whilst continental 

collision is a key part of the four-phase model of 

Bingen et al. (2008), with subduction interpreted 

to have ceased at 1140 Ma, this is inconsistent with 

the presence of the 1060–1020 Ma calc-alkaline 

SMB as well as the presence of contemporaneous 

and later arc-related features across the terranes 
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of the Sveconorwegian Belt. These include the 

widespread arc geochemical signatures (Brewer 

et al., 2002; Andersen et al., 2007; Corfu and 

Laajoki, 2008; Petersson et al., 2015), multiple 

periods of back-arc basin formation (Brewer et 

al., 2002; Söderlund and Ask, 2006; Söderlund 

et al., 2006; Andersen et al., 2007; Spencer et al., 

2014; Petersson et al., 2015) and related bimodal 

magmatism (Söderlund and Ask, 2006; Bingen et 

al., 2008; Corfu and Laajoki, 2008; Spencer et al., 

2014) as well as the overall younging to the west 

caused by westerly arc retreat with subduction 

beneath Fennoscandia (Slagstad et al., 2013a; 

Spencer et al., 2014 and references within; Coint 

et al., 2015; Petersson et al., 2015; Roberts and 

Slagstad, 2015). 

 Flat-slab subduction has been previously 

proposed by Slagstad et al. (2013a) to have 

driven crustal thickening and develop medium–P, 

high–T regional metamorphism within the 

geographically restricted area of the RVA Sector. 

This interpretation is consistent with magmatism 

starting 15 Myr prior to the onset of regional 

metamorphism, in which the magmas could not 

have been produced from partial melting related 

to crustal thickening (Slagstad et al., 2013a, b). 

Therefore, we therefore favour the Slagstad et al. 

(2013a) accretionary model for the RVA Sector. 

Similar styles of accretionary tectonics have been 

invoked to form regional-scale granulite facies 

terranes in a number of other Mesoproterozoic 

Orogens (Karlstrom et al., 2001; Clark et al., 2014; 

Korhonen et al., 2014) and have been singled out 

as sites of crustal growth and granulite generation 

throughout Earth history (Collins, 2002; Cawood 

and Buchan, 2007), at least since the Archaean.

 More problematic is exactly how the 

RIC formed. Most geochronology of the RIC 

indicates that it was emplaced in a restricted time 

span at ~930 Ma. However, Coint et al. (2015) 

hypothesise that it may have had a protracted, 

episodic emplacement history based on the 

complex spread of zircon U–Pb ages that may 

record multiple intrusive events and resulted in 

the formation of complex growth and dissolution 

of zircon and monazite over an extended time 

interval (<1000 Ma to 920 Ma) (Möller et al., 

2003 and references within). In the absence of 

unequivocal geochronological evidence that 

suggests emplacement over a prolonged period, 

we favour a short-lived intrusive event at ~930 Ma, 

with magmas emplaced into rocks that still retained 

small amounts of melt. Small volumes of melt in 

the rocks could have resulted in the reported zircon 

textures (Möller et al., 2003) and a single thermal 

pulse is consistent with the relatively simple 

petrographic textures documented in this study 

and the pluton sub-parallel isograds observed at 

the map scale. There is no clear evidence for slab 

breakoff as the causal mechanism for generation 

of the RIC. Recent work by Bybee et al. (2013) 

suggests that the RIC formed as part of a long-lived 

magmatic system, consistent with an accretionary 

setting. It is difficult to determine what caused the 

end of the Sveconorwegian orogeny as this margin 

was significantly modified during the Caledonian 

orogeny, leaving no obvious geological record of 

what previously lay to the west.

6. CONCLUSIONS

• Regional metamorphism in the RVA 

Sector during the Sveconorwegian orogeny 

followed a clockwise P–T path attaining peak 

conditions of ~850–950 °C and ~7–8 kbar at ca 
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1035 Ma. Partial melting and melt loss led to the 

production of highly residual rock compositions.

• Rocks located up to at least 10km from 

the RIC experienced an additional static, low-

pressure, high-temperature event ~100 Myr after 

the peak of regional metamorphism that reached a 

maximum T of ~950 °C at 3–6 kbar. The source of 

this additional heat was the RIC itself, which was 

emplaced into slightly cooler but residual crust and 

resulted in the series of high-T isograds concentric 

with its margin.

• The collisional model of Bingen et 

al. (2008) cannot satisfactorily explain the 

metamorphic and magmatic evolution of the 

Sveconorwegian orogeny in the RVA Sector 

as it lacks a plausible heat source to drive 

UHT metamorphism. A model that has the 

Sveconorwegian Orogen as an east facing 

accretionary margin that experienced long-lived 

subduction associated with periods of flat slab 

subduction, rollback and arc accretion, akin to that 

proposed by Slagstad et al. (2013) better explains 

the metamorphic and magmatic evolution of the 

RVA Sector.
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ABSTRACT
We present results of the first 40Ar/39Ar dating of osumilite, a high-temperature mineral that occurs 

in volcanic and high-grade metamorphic rocks. The metamorphic osumilite studied here is from the 

Rogaland–Vest Agder Sector, Norway, an area that experienced high temperatures (>850°C) for ~100 

Myr. The results of diffusion experiments indicate that, for a cooling rate of 10°C/Ma and a crystal 

radius of 175 µm, the closure temperature for argon in osumilite is high (~770°C). The large grain size 

of osumilite in the Rogaland rocks (~1 cm) allows for the preservation of two apparent age populations. 

The first dates growth of osumilite during prograde granulite facies regional metamorphism at ca 1070–

1050 Ma; the second population records growth and equilibration during contact metamorphism at ca 

920–880 Ma following emplacement of the Rogaland Igneous Complex. The ability to date osumilite 

provides a valuable new thermochronometer that can be used to constrain the timing and duration of 

high-temperature magmatic and metamorphic events and potentially archaeological events.

1. INTRODUCTION

Establishing robust temporal constraints on long-

lived orogenic events and associated pressure–

temperature–time (P–T–t) paths is key to 

developing an in-depth, quantitative understanding 

of the processes of mountain building and 

collapse. There is increasing evidence to suggest 

that the deep crust of some large orogenic belts 

may have remained at high temperatures (>800 

°C) in which melt is likely to have been present 

for long durations (>>10 Myrs; e.g. Clark et al., 

2015; Kelsey and Hand, 2015; Harley, 2016). The 

presence of melt exerts a fundamental control 

on the strength of the lower crust and its ability 

to flow and redistribute mass. As such, accurate 

P–T–t information is critical to the construction of 

robust and realistic thermo-rheological models of 

the crust (Jamieson and Beaumont, 2013; Gerya, 

2014; Sizova et al., 2014).

 A well-recognised complication when 

attempting to establish the duration of orogenic 

events where temperatures are elevated for >>10 

Myrs is that the geochronometers most commonly 

applied to constrain the timing of part of the P–T 

evolution, such as zircon or monazite, are subject 

to modification by diffusion thereby limiting their 

ability to constrain the timing of prograde to peak 

events (Kelsey and Hand, 2015; Harley, 2016). By 

contrast, major rock forming minerals commonly 

have much larger grain sizes (100s to 1000s of μm 

versus 10s to 100s of μm for zircon and monazite) 

resulting in far greater diffusional length scales 

that greatly increase the potential of preserving age 

information from the prograde and peak portions 

of the P–T evolution. In addition, the growth and 

breakdown of major rock forming minerals can be 

forward modelled using thermodynamic datasets 

and software (e.g. THERMOCALC) enabling 

direct constraints to be placed on the timing of 

mineral growth along a P–T path. However, at 

temperatures >500 °C and/or where cooling rates 

are slow (<20°C Myr-1), these isotopic systems 

are also open to diffusion (Baxter and Scherer, 

2013; Smit et al., 2013). Therefore, it is crucial 

to seek out minerals that are resistant to elemental 
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Fig. 1: Simplified geological map of the Rogaland Vest–

Agder Sector with sample location (N 58°38’37.12”, E 

6°6’48.90”; WGS 84), modified after Coint et al. (2015). 

GC-Gneiss complex; SMB-Sirdal Magmatic Belt; HBG-

Hornblende-biotite granites; RIC-Rogaland Igneous 

Complex; C-Caledonides; Osm–in- osumilite isograd; 

Pgt–in- pigeonite isograd.

diffusion at high temperatures and that have a 

grain size sufficiently large to preserve the age 

information near the peak of metamorphism. 

 Here we present the first 40Ar/39Ar 

analyses of osumilite, a K-bearing silicate 

mineral that is found in both volcanic and high-

temperature metamorphic rocks. Using an 

example from Rogaland, SW Norway, we use 

diffusion experiments to demonstrate a high 

closure temperature of the Ar system in osumilite, 

and thermodynamic modelling to constrain the 

metamorphic conditions under which it grew. 

The utility of osumilite as a high temperature 

chronometer opens up a number of applications, 

such as dating volcanism (Miyashiro, 1956; 

Balassone et al., 2008), high and ultrahigh 

temperature regional metamorphism (Ellis et 

al., 1980; Adjerid et al., 2013) and potentially 

archaeological events through analysing the by-

products of ceramic making processes (Artioli et 

al., 2013). 

2. GEOLOGICAL SETTING AND SAMPLE 

DESCRIPTION

The Rogaland–Vest Agder Sector (RVA) of 

southwestern Norway experienced a long-lived 

(~100 Myr) high–T metamorphic evolution 

during the Sveconorwegian orogeny. Regional 

metamorphism reached peak conditions of ~850–

950°C and 7–8 kbar at ca 1035 Ma (Degeling et 

al., 2001; Möller et al., 2003; Drüppel et al., 2013; 

Laurent et al., 2016; Blereau et al., 2017). On 

emplacement of the Rogaland Igneous Complex 

(RIC) at ca 930 Ma (Schärer et al., 1996), rocks up 

to 10 km from the margin of the RIC experienced 

contact metamorphism, with conditions of ~950°C 

and 3–6 kbar at the RIC–country rock contact 

(Tomkins et al., 2005). 

 The studied osumilite occurs in a 

migmatite (ROG13/2) ~2 km from the RIC contact 

(Fig. 1). Osumilite, which comprises ~20% of the 

rock, occurs in the melanosome where it coexists 

with orthopyroxene, quartz, spinel/magnetite, 

ilmenite and rare garnet. The leucosome mainly 

comprises plagioclase, K-feldspar, orthopyroxene 

and quartz (Fig. 2a). Based on petrographic 

observations, minor biotite is interpreted to be 

retrograde. Osumilite occurs in two different 

textural associations: (i) as large grains (~10 mm), 

the outer parts of which are intergrown with quartz 

(Fig. 2a) and, (ii) as rims (~0.3–0.5 mm wide) at the 

margins of rare garnet (Fig. S1). The large grains 

of osumilite (type i) are interpreted to have grown 

during the prograde to peak regional evolution, 

whereas the osumilite overgrowths replacing 

garnet (type ii) are interpreted to have grown 

during the subsequent contact metamorphism. In 

some places both variants of osumilite are replaced 
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Fig. 2: A- TIMA mineral map of the osumilite migmatite 

(ROG13/2) with colour mineral legend, abbreviations 

after Kretz (1983). Single large grain of osumilite (red 

box). B- Modelled pseudosection of ROG13/2 with 

osumilite stability at low-P (outlined in red) compared to 

the P–T conditions determined by Blereau et al., (2017) 

(blue boxes).

by a symplectitic intergrowth of cordierite–K-

feldspar–quartz ± orthopyroxene (Fig. 2a).

3. METHODS AND RESULTS

Detailed methods are given in Appendix 1. A 

pseudosection in the Na2O−CaO−K2O−FeO−

MgO−Al2O3−SiO2−H2O−TiO2−O model system 

for sample ROG13/2 indicates that osumilite was 

stable with melt at >815°C and <7.2 kbar (Fig. 2b), 

broadly consistent with existing P–T constraints 

for both regional and contact metamorphism 

(Blereau et al., 2017).

For 40Ar/39Ar dating, fifty-five inclusion- 

and alteration-free fragments of osumilite 

were hand picked from the 355–450 μm size 

fraction following SELFRAG electrical pulse 

disaggregation of samples. Fragments were 

loaded into a 1.9 x 0.3 cm Cd-shielded aluminium 

disc then irradiated for 40 hours in the Oregon 

State University TRIGA reactor (Oregon, USA). 
40Ar/39Ar analyses (Appendix 2) were performed 

on eight single-grain aliquots using a laser and 

furnace on a MAP 215–50 mass spectrometer at 

the Western Australian Argon Isotope Facility, part 

of the John de Laeter Centre at Curtin University. 

There were no obvious optical differences between 

the analysed fragments.

 Of the eight analyses, six produced 
40Ar/39Ar plateau ages associated with probability 

of fit values (P, which are considered to be 

statistically valid if >0.05) between 0.16 and 0.59, 

and each was calculated from combined steps 

representing >73% of the total 39Ar released (Fig. 

3). The results fall into two age clusters, with 

two fragments yielding plateau ages of 1070.0 ± 

2.1 [±3.3*] (*=internal error plus decay constant 

error, 2σ) and 1055.7 ± 3.2 [±4.0] Ma and another 

four yielding younger plateau ages ranging from 

920.6 ± 2.1 [±2.9] to 880.3 ± 2.4 [±3.1] Ma (Fig. 

3). The remaining two fragments did not yield a 

statistically acceptable plateau (Appendix 1, Fig. 

S2). Although the apparent ages of the remaining 

two fragments converge on the two age clusters 

defined by the other analyses, they are not 

discussed further. 

 Diffusion parameters in osumilite were 

measured on three aliquots of five fragments, 

heated in stages using a Pond Engineering 

furnace. 39Ar was chosen as the diffusant with each 
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extraction step lasting 10 minutes (2 minutes with 

increasing temperature, then 8 minutes at a fixed 

temperature). The fraction of 39Ar released and 

the duration of each step were used to calculate 

the D values (Dodson, 1973), which are shown 

on Arrhenius plots (Fig. S4). Activation energy 

(Ea) and pre-exponential frequency factor (D0) 

were calculated from the arrays defined on the 

Arrhenius plots. Calculations used a crystal radius 

of 175 µm (the smallest grain size analysed) and 

a spherical geometry. The three experimental runs 

yielded a range of Ea and related D0 values (Table 

1). The corresponding closure temperatures (Tc) 

and their uncertainties (2σ) were calculated using 

a Monte Carlo simulation (Scibiorski et al., 2015) 

incorporating the uncertainties of Ea, D0 and 

crystal radius.

 For a cooling rate of 10 °C/Ma (e.g. 

Cassata et al., 2009; Cassata et al., 2011) and a 

crystal radius of 175 µm, the Ea and D0 values 

correspond to a range of Tc values (Table 1). The 

Ea and D0 values, and consequently the lower 

calculated Tc, of the third run, are considerably 

lower than the first two runs. This might be 

the result of grain fracturing (osumilite has no 

discernable cleavage), facilitating escape of 

argon. The Ar closure temperature of osumilite 

has a lower limit of ~600 °C but the similarity 

between the results of experiment 1 and 2 and the 

relatively small 2σ error on experiment 1 implies 

a Tc closer to 770°C for a crystal radius of 175 µm. 

A Tc of 770°C makes osumilite is one of the most 

retentive crystals to argon diffusion, comparable 

with clinopyroxene (~750°C) (Cassata et al., 

2011).

4. DISCUSSION

The six osumilite fragments that produced 40Ar/39Ar 

plateau ages yielded two distinct age clusters that 

correspond with known high-T metamorphic 

events in the RVA Sector. The TIMA mineral 

map in Figure 2a shows a grain of osumilite with 

approximate dimensions of >10,000 by 5000 µm. 

In such large grains, isotopic equilibration of Ar 

by diffusion is unlikely, preserving a gradient in 
40Ar/39Ar with older apparent ages toward the core 

(Harrison, 1983). Using the diffusion parameters 

of experiment 1 (Table 1), the core of a grain with 

a radius of 5000 µm would have an approximate 

closure temperature of ~910°C for a cooling rate 

of 10°C/Ma. 

 The distribution of ages is further 

illustrated by diffusion models generated using 

the ArArDiff algorithm (Jourdan and Eroglu, 

2017) that show the theoretical shape of 40Ar/39Ar 

age spectra obtained for an osumilite grain of a 

given radius and time-temperature history. Due 

Fig. 3: 40Ar/39Ar age spectra and respective plateau ages. 

Steps included in the plateaux are shaded grey; errors on 

the plateau ages are 2σ.  The errors in square brackets are 

the internal error plus the decay constant error (2σ).
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to the range of possible temperatures for regional 

and contact metamorphism (Blereau et al., 2017), 

two alternative diffusion models were calculated 

based on the coldest (~800–900°C) and hottest 

(~900–950°C) temperatures proposed for the two 

events (Table S1, Fig. 4). In the lower temperature 

scenario, the modelled 5000 μm radius osumilite 

grain developed a strong internal age profile (Fig. 

4a) with apparent ages ranging from ca 1055 

Ma in the core to ca 870 Ma at the edge of the 

grain. For such a profile, ~35% of the gas release 

steps would yield apparent ages of 1030 Ma or 

older (Fig. 4a). These results demonstrate how 

various fragments of a single large crystal that 

experienced the Rogaland metamorphic history 

would yield a series of plateau ages spanning 180 

million years. Furthermore, since a 175 µm-radius 

grain fragment represents only 3.5% of the radius 

of a 5000-µm radius crystal, the step-age gradient 

measured for the 175 µm grain would be small 

enough (3.5% of 39Ar released on Fig. 4a) to yield 

the observed plateau age. 

 In the higher temperature scenario it was 

not possible to generate step ages older than the 

age of the contact metamorphism (> 930 Ma) 

(Fig. 4a.), suggesting that the lower temperature 

scenario is more realistic. However, even with 

the lower temperature model, the 1070 Ma age 

obtained for the oldest grain (Fig. 3) could not 

be achieved using the model parameters listed 

Fig. 4: A- Modelled age spectra for a 5000 µm radius grain of osumilite (Parameters summarised in Appendix 1, Table 

S1). B- Temperature-time path (shaded) defined by phase equilibria (Blereau et al., 2017), U–Pb monazite and 40Ar/39Ar 

osumilite geochronology. 
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in Table S1. One possible reason for this is that 

the numerical models do not account for pressure 

effects. A lithostatic pressure of 5 kbar could cause 

approximately 10–15°C difference in closure 

temperature (Lister and Baldwin, 1996), resulting 

in an age shift of 6 Ma towards older ages, still 

not within error of 1070 Ma. Alternatively, 

unaccounted factors might influence the retention 

of Ar in osumilite or that factors such as the initial 

age of crystallization (here considered to be 1070 

Ma) might be inaccurate.

 Finally, the results of the lower 

temperature model suggest that, in order to retain 

a ca 1050 Ma age signature, the temperature 

conditions during the metamorphic evolution 

must not have exceeded ~900°C within rocks 

~2km from the RIC, broadly comparable to the 

lower-T estimates of Blereau et al., (2017).

 Existing geochronology on monazite 

constrained peak regional metamorphism in 

Rogaland to ca 1035 Ma, with a few older 

monazite ages at ca 1060–1050 Ma (Laurent et 

al., 2016). However, as a result of growing during 

the prograde evolution, osumilite provides age 

constraints along the prograde path. The older 

osumilite 40Ar/39Ar age of 1070 ± 2.1 Ma provides 

a refined estimate for prograde heating through 

approximately 815°C (based on phase equilibria 

modelling). Contact metamorphism resulted 

in both additional osumilite growth around the 

margins of garnet (type ii), and equilibration of 

the outer regions of larger osumilite grains (type 

i) at 920–900 Ma. The youngest age, ca 880 Ma, 

is interpreted to represent cooling after which 

no further growth or modification of osumilite  

occured. The combination of high closure 

temperature, large grain size of osumilite and the 

similarity between the U–Pb and 40Ar/39Ar ages all 

provide evidence for the 40Ar/39Ar ages reported 

here to not be the product of excess argon.

 Osumilite has previously been 

interpreted by some as a mineral that grew only 

as the result of contact metamorphism in the RVA 

Sector (e.g. Tobi et al., 1985). However, some 

osumilite grain fragments preserve ages that 

predate the contact metamorphism by more than 

100 Myr, demonstrating that the mapped osumilite 

isograd in the RVA sector is not a true contact 

metamorphic isograd, but formed in appropriate 

bulk compositions during regional metamorphism 

associated with the Sveconorwegian Orogeny, as 

has previously been suggested by Drüppel et al. 

(2013).

 The 40Ar/39Ar closure temperature of 

osumilite (up to 771 ± 11°C for a 175 µm-radius 

grain and a cooling rate of 10°C/Ma) is higher than 

the 40Ar/39Ar closure temperatures of equivalent 

sized pyroxene (~750°C; Cassata et al., 2011) and 

hornblende (~550°C; Harrison, 1981). Osumilite 

also has the advantage of potentially growing to 

very large grain sizes increasing its retentiveness 

to Ar (Fig. 4a), making it very suitable for 

providing insight into extreme crustal conditions 

and prolonged orogenic processes. A knowledge of 

the 40Ar/39Ar diffusional properties as determined 

in this study allows the T–t history to be deduced. 

This information is not typically obtainable from 

other high-temperature geochronometers, such as 

zircon and monazite, due to their small grain size 

and limitations on the analytical spot sizes. 

5. CONCLUSIONS

Osumilite provides a novel means of retrieving 

T–t points along a high-T prograde metamorphic 
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path, allowing for better constraints on the 

duration of orogenesis. Grain size permitting, 

osumilite may retain multiple age populations 

in high-grade terrains as it is very resilient to Ar 

diffusion. 40Ar/39Ar dating of osumilite provides 

geochronological data that can be directly 

connected to thermodynamic modelling, a feature 

not as readily applicable to accessory minerals 

such as monazite and zircon. Using the diffusion 

systematics of osumilite and the presence of 

certain age populations, additional constraints 

on the maximum temperatures experienced can 

be interpreted. Osumilite is also present within 

igneous rocks and in by-products of the ceramic 

making process and therefore this technique 

can be applied to a wider set of geological and 

archaeological problems than those discussed 

here.
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1. INTRODUCTION

The U–Pb decay schemes are the most commonly 

used radiogenic isotope systems for constraining 

timescales of metamorphism within high-grade 

metamorphic terranes. However, the perturbation 

of U–Pb and trace elements within accessory 

minerals such as zircon at high temperatures is 

a problem, especially in situations where high–T 

conditions were prolonged (Clark et al., 2015; 

Halpin, Daczko, Milan, & Clarke, 2012; Harley, 

Kelly, & Möller, 2007; Kelly & Harley, 2005). 

The partitioning of REE between zircon and 

garnet is now widely used for linking accessory 

minerals to a metamorphic evolution (Rubatto, 

2002; Rubatto & Hermann, 2007; Taylor et al., 

2015; Taylor, Kirkland, & Clark, 2016). This 

approach is readily applicable to newly grown 

zircon, or grains undergoing coupled dissolution-

reprecipitation, but these processes require fluids 

or melt which may be scarce within residual 

high–T granulites, leaving recrystallisation as the 

dominant mechanism by which zircon may be 

modified. Recrystallised zircon may not record 

REE information representative of later events due 

to the slow pace of solid-state diffusion (Cherniak 

& Watson, 2003). However, diffusion is strongly 

temperature and time dependent, increasing the 

cumulative effects of diffusion during prolonged 

high–T metamorphism. 

 The Sveconorwegian Belt of SW Norway 

and Sweden has experienced a complex orogenic 

history including emplacement of anorthosite 

massifs. Much of SW Norway also shows 

little or no evidence for later overprinting from 

Caledonian tectonothermal events (Verschure et 

ABSTRACT
The age spectra from accessory minerals from the Rogaland–Vest Agder Sector (RVA) in southwest-

ern Norway are complex and difficult to interpret due to polymetamorphism and prolonged residence 

at high temperatures. A suite of samples collected various distances from the Rogaland Igneous 

Complex (RIC) (30 km, 10 km, 2 km and at the contact) were used to study the effects of anorthosite 

emplacement on the country rocks of the RVA as well as to investigate the effects of high to ultra-high 

temperature (UHT) metamorphism on the rare earth element (REE) systematics of zircon. Prograde 

(regional) heating sufficient to recrystallise zircon occurred at 1059 ± 12 Ma, culminating in peak 

metamorphism at c. 1035–995 Ma and final melt crystallisation outside the aureole at 951 ± 14 Ma. 

Samples within the aureole of the RIC show a continuum of ages rather than two discrete age peaks, 

with no clear melt crystallisation event until c. 900 Ma, some 30 Myr after the emplacement of the 

RIC. This is explained by prolonged residence at high-temperature and a slow cooling rate following 

regional metamorphism. Diffusion modelling shows that the REE in recrystallised zircon may be 

modified sufficiently to reflect the surrounding geochemical environment rather than the growth con-

ditions of the original zircon and so can provide additional constraints on the metamorphic T–t path. 

The observed variations in zircon REE across the sample suite suggest that the RIC was emplaced 

rapidly, as a series of pulses between 1 and 5 Myr in overall duration.



143

 Chapter 5 Using accessory minerals to unravel thermal histories
al., 1980). This allows for an investigation into the 

thermal effects of anorthosite emplacement on the 

surrounding country rocks as well as providing a 

natural laboratory to investigate the geochemical 

effects of prolonged high–T on geochronometers. 

The geological history of the Rogaland–Vest 

Agder Sector (RVA) is well constrained and has 

been the focus of many investigations (Bingen, 

Nordgulen, & Viola, 2008 and references within; 

Blereau et al., 2017; Drüppel, Elsäßer, Brandt, 

& Gerdes, 2013; Laurent et al., 2016; Möller, 

O’Brien, Kennedy, & Kröner, 2003; Tomkins, 

Williams, & Ellis, 2005) making this region an 

ideal case study. Blereau et al. (2017) re-evaluated 

the P–T evolution of the RVA sector, concluding 

that the RVA sector experienced a two-stage rather 

than single-stage evolution, in which a high-grade 

regional event was followed by a later contact 

metamorphic event coeval with the emplacement 

of the voluminous anorthosite bodies (cf. Drüppel 

et al., 2013; Möller et al., 2003; Tomkins et 

al., 2005). Blereau et al. (2017) also provided 

evidence that high-temperature conditions were 

maintained in the interval between peak regional 

and later contact metamorphism. 

 In this study, we integrate SHRIMP U–

Pb data and LA–ICP–MS REE compositions of 

zircon, monazite and garnet to constrain the timing 

of metamorphism and to investigate the variability 

in response of geochronometers to distance from 

the RIC. We also use diffusion modelling to 

provide additional constraints to the T–t history, 

based on the modification of REE in recrystallised 

zircon, providing insight into the assembly of the 

RIC.

2. REGIONAL GEOLOGY

The regional geology of the RVA has been 

described most recently by Blereau et al. (2017). 

Here we summarise previous geochronological 

studies and the timing of geological events of 

the Sveconorwegian Belt. Three Proterozoic 

orogenic events are recorded in southern 

Scandinavia: the 1.9–1.75 Ga Svecofennian 

Orogeny, the 1.75–1.55 Ga Gothian Orogeny 

and the 1.2–0.9 Ga Sveconorwegian Orogeny 

(Andersen, Griffin, & Pearson, 2002) during 

which the Rogaland Igneous Complex (RIC) was 

emplaced. The Sveconorwegian Belt connects 

with the Fennoscandia Foreland and is comprised 

of a number of lithotectonic domains: the Eastern 

Segment, Idefjorden Terrane, Bamble-Kongsberg 

Terranes and Telemarkia Terrane, all of which 

are separated by major shear zones (Figure 1a). 

The Sveconorwegian Belt has previously been 

interpreted to have developed in a continent–

continent collision setting (Bingen et al., 2008). 

However, in more recent studies the tectonic 

setting has been proposed to record protracted 

subduction–accretion (Blereau et al., 2017; Coint 

et al., 2015; Roberts & Slagstad, 2015; Slagstad, 

Roberts, & Kulakov, 2017; Slagstad, Roberts, 

Marker, Røhr, & Schiellerup, 2013; Spencer et al., 

2014). The Sveconorwegian Belt has experienced 

periods of pre- to syn-Sveconorwegian magmatism 

including 1920–1640 Ma (Fennoscandian 

Foreland, TIB, Eastern Segment), 1659–1455 

Ma (Eastern Segment, Idefjorden, Bamble, 

Kongsberg, Telemarkia), 1399–1204 Ma (Eastern 

Segment, Idfjorden, Telemarkia), 1198–1130 Ma 

(Bamble, Telemarkia) (Bingen & Solli, 2009 and 

references within) and 1060–914 Ma (Idefjorden, 

Bamble, Telemarkia) (Bingen & Solli, 2009 and 
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references within; Coint et al., 2015; Slagstad et 

al., 2013). 

 The Telemarkia Terrane was formed 

during a magmatic event at 1555–1459 Ma with no 

older magmatic rocks currently known (Bingen et 

al., 2008; Bingen & Solli, 2009). The Telemarkia 

Terrane is subdivided into the Telemark, 

Hardangervidda, Sudal and Rogaland–Vest Agder 

Sectors (Figure 1b), the latter of which is the focus 

of this study. The RVA is a high-grade gneiss 

complex composed mainly of orthopyroxene-

bearing felsic orthogneisses and subordinate 

garnet-bearing paragneisses. Migmatised 

orthogneisses have recorded protolith ages of c. 

1450 Ma, while non-migmatised orthogneisses 

have recorded protolith ages of 1210–1230 Ma 

(Coint et al., 2015). A migmatitic paragneiss has 

recorded inherited, detrital zircon ages between 

3.0–1.2 Ga (Tomkins et al., 2005). Sapphirine 

granulites (paragneisses) have recorded detrital 

zircon 207Pb/206Pb ages ranging from 1841 ± 26 

to 1220 ± 40 Ma and 1501 ± 21 to 1265 ± 54 Ma 

(Drüppel et al., 2013).

 The RVA has been intruded by three syn-

orogenic magmatic suites: the 1060–1020 Ma 

Sirdal Magmatic Belt (Coint et al., 2015; Slagstad 

et al., 2013); the 970–932 Ma hornblende-biotite 

granites (Bogaerts, Scaillet, Liégeois, & Vander 

Auwera, 2003; Vander Auwera et al., 2011); and the 

930–920 Ma RIC (Bogaerts et al., 2003; Pasteels, 

Demaiffe, & Michot, 1979; Schärer, Wilmart, 

& Duchesne, 1996; Westphal, Schumacher, & 

Boschert, 2003). The emplacement of the RIC is 

interpreted to form a contact aureole represented 

by a series of approximately concentric isograds 

mapped in the surrounding gneiss complex, 
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including pigeonite and osumilite (-in) (Figure 1). 

SHRIMP U–Pb dating of zircons by Möller et 

al. (2003) from a combination of ortho- and 

paragneisses within the aureole yielded five 
206Pb/238U age populations: c. 1050 Ma (magmatic 

cores), c. 1035 Ma (magmatic cores), c. 1000 Ma 

(metamorphic zircon), 927 ± 7 Ma (metamorphic 

rims, n=11) and 908 ± 9 Ma (metamorphic 

rims, lower Th/U, n=6). LA–ICP–MS dating of 

monazite from an osumilite-bearing paragneiss 

within the aureole by Laurent et al. (2016) 

yielded similar age populations to Möller et al. 

(2003), with three age population interpreted: 

1034 ± 6 Ma (sulphate rich core), 1005 ± 7 Ma 

(secondary sulphate-bearing domains) and 935 

± 7 Ma (S-free Y-rich domains). SHRIMP U–Pb 

dating of zircons by Tomkins et al. (2005) from 

a metapelitic gneiss outside the aureole yielded 

a range of 206Pb/238U age populations also: c. 

3.05–1.34 Ga (detrital zircon), c. 1.04–0.97 Ga 

(recrystallised zircon), 1035 ± 9 Ma (metamorphic 

zircon, n=10) and 955 ± 8 Ma (metamorphic 

zircon in cordierite, n=14). Tomkins et al. (2005) 

also defined an upper age limit of 1068 ± 14 Ma 

for regional metamorphism. LA–ICP–MS U–

Pb dating of zircons from a sapphirine granulite 

(paragneiss) within the aureole by Drüppel et al. 

(2013) yielded 207Pb/206Pb ages ranging from 1064 

± 38 to 989 ± 49 Ma (metamorphic rims), 1029 

± 32 to 993 ± 23 Ma (metamorphic zircon) with 

a Concordia age of 1006 ± 4 Ma calculated from 

one sample (14 zircon rims, 4 xenotime analyses). 

Single grains of xenotime yielded 207Pb/206Pb ages 

ranging from c. 1001 to 979 Ma with epitaxial 

xenotime yielding younger Concordia ages of 933 

± 5 Ma (n=8), and 928 ± 10 Ma (n=3) (Drüppel 

et al., 2013). Based on differing interpretations of 

the geochronological data, two different ages for 

peak regional metamorphism have been proposed: 

c. 1035 Ma (Laurent et al., 2016; Tomkins et al., 

2005) and c. 1006 Ma (Drüppel et al., 2013). 

While there is general agreement that the RIC 

was emplaced at c. 930 Ma (Bingen et al., 2008; 

Roberts & Slagstad, 2015; Schärer et al., 1996; 

Vander Auwera et al., 2011).

3. SAMPLE DESCRIPTIONS

Geochronology and REE geochemistry were 

conducted on five samples from the RVA in 

order to determine the duration of the contact 

metamorphism subsequent to the regional 

metamorphic event, as well as the effects of 

high-grade metamorphism on U–Pb and REE 

systematics in zircon and monazite. Three samples 

were collected in the regionally metamorphosed 

country rocks, at various distances from the RIC 

contact - ROG13/11 – 30 km, ROG13/10 – 10 

km, and ROG13/2 – 2 km. Two further samples 

- metapelite ROG14/5 and anorthosite ROG14/8 

were collected adjacent to the contact. Three 

of these samples (ROG13/11, ROG13/10 and 

ROG14/5) were described in detail by Blereau 

et al. (2017) and are summarised below with 

additional zircon and monazite morphological 

information. The petrographic and accessory 

mineral descriptions for the two remaining 

samples (ROG13/2 and ROG14/8) are presented 

below.

3.1 Garnet–sillimanite–cordierite migmatite 

(ROG13/11, 30 km)

This sample is of a migmatitic metapelite 30 km 

from the RIC (Figure 1b). The rock comprises 
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foliated melanosome rich in garnet, sillimanite 

and cordierite together with felsic stromatic 

leucosome containing peritectic garnet (Blereau 

et al., 2017).

 Zircon occurs within the leucosome 

and melanosome as equant to slightly elongate 

grains 25–200 μm long. Some of the grains 

contain oscillatory-zoned cores with bright 

cathodoluminescence (CL) response, that are 

surrounded and sometimes truncated by uniform 

rims of dark CL response (Figure 2a i, iv). 

Other grains show internal features commonly 

associated with recrystallisation such as diffuse, 

remnant oscillatory zoning with dark CL response 

(Figure 2a ii, iii), resembling the ‘ghost textures’ 

of Hoskin and Black (2000).

 Monazite (40–100 μm) occurs 

throughout the sample in association with garnet, 

cordierite, sillimanite, ilmenite and K-feldspar. 

The studied grains appeared internally uniform in 

backscattered electron (BSE) images (Figure 2f).

3.2 Sapphirine–orthopyroxene–cordierite–spinel 

granulite (ROG13/10, 10 km)

This sample is from a residual, silica 

undersaturated, sapphirine-bearing granulite 

(paragneiss) situated approximately 10 km from 

the RIC (Blereau et al., 2017) (Figure 1b).  

 Zircon (20–100 μm) occurs throughout 

the sample in association with cordierite, biotite, 

orthopyroxene and spinel. Grain shapes vary from 

equant to elongate along the c-axis. The zircon 

grains contain bright CL response oscillatory-

zoned cores (Figure 2b i, ii) as well as more diffuse 

‘ghost zoning’ (Hoskin & Black, 2000) indicative 

of recrystallization (Figure 2b iii, iv). Some grains 

have uniform, presumed recrystallised areas with 

dark CL response that appear to truncate the 

zoning of the bright CL cores (Figure 2b i, ii). No 

monazite was found in this sample.

3.3 Osumilite–orthopyroxene–spinel migmatite 

(ROG13/2, 2 km)

This sample is from a migmatite situated 

approximately 2 km from the RIC (Figure 1b). 

The rock consists of melanosome containing 

osumilite, orthopyroxene, spinel, garnet, quartz 

and feldspar, and leucosome containing quartz, 

K-feldspar (perthite) and plagioclase. Osumilite 

occurs as large, irregular shaped, pale purple 

grains (>5 mm) that are colourless to pale pink in 

thin section, some containing inclusions of spinel/

magnetite and garnet (Figure 3a, b). Osumilite also 

occurs in fine-grained symplectites with quartz 

and cordierite. (Figure 3d, e). Orthopyroxene 

occurs in trails of (0.5–4 mm) grains aligned with 

the fabric and contains inclusions of quartz, spinel/

magnetite, ilmenite and biotite. Garnet (~0.2 mm) 

is present as relict inclusions within osumilite. 

Quartz occurs as large elongate grains (~4–6 

mm) in the leucosome as well as smaller grains 

(~1 mm) in the melanosome. Cordierite occurs 

intergrown with K-feldspar, quartz and sometimes 

orthopyroxene, together with inclusions of 

opaques/spinel and phlogopite (Figure 3b, d). 

The symplectite of cordierite–K-feldspar–quartz 

(± orthopyroxene) appears to be retrograde after 

osumilite (Figure 3 b, d) (Bhattacharya & Kar, 

2002; Ellis, Sheraton, England, & Dallwitz, 

1980; Kelsey, 2008; Korhonen, Brown, Clark, & 

Bhattacharya, 2013). Small sheets (~0.1 mm) of 

late phlogopite occur in K-feldspar and next to 
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Fig 2: Representative zircon and monazite grains imaged using CL (zircon) and BSE imaging (monazite). Marked 

spots are LA–ICP–MS spots placed over SHRIMP spots, except for ROG13/10 (SHRIMP spots only). a- Zircons from 

ROG13/11, i, iv- Grains with bright CL response cores and dark uniform overgrowths. ii, iii- Recrystallised zircons with 

diffuse zoning. b- Zircons from ROG13/10, i- Bright CL response core with dark uniform recrystallised zircon. ii-iv- 

Recrystallised zircon with diffuse oscillatory zoning. c- Zircon from ROG13/2, i- Recrystallised oscillatory zoned core 

with dark overgrowth. ii, iii- oscillatory zoned inherited cores with dark recrystallised area. iv- Bright CL response sector 

zoned grain. v- Recrystallised grain with bright CL response overgrowth. d- Zircon from ROG14/5, i, iv- Sector zoned 

zircon. ii, iii- Recrystallised zircon with convoluted zoning. e- Zircon from ROG14/8, i, iii- Recrystallised zircon with 

dark overgrowths. ii, iv- recrystallised zircon with bright CL response regions. f- Monazite from ROG13/11, i-iv- uniform 

BSE response monazite. g- Monazite from ROG13/2, i-iii- uniform BSE response monazite. h- Monazite from ROG14/5, 

i, ii- Monazite with dark BSE response core with sillimanite inclusions and bright BSE response outer region. iii, iv- 

Inclusion free monazite with limited variation in BSE response.
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some of the opaque grains in cordierite.

 Zircon grains in this sample are variable 

in size (50–200 μm) and shape and show complex 

internal structures in CL. Grains either contain 

oscillatory-zoned cores with moderate CL 

response (Figure 2c ii) or recrystallised cores with 

diffuse oscillatory-zoning (Fig 2c iii, v) that are 

truncated and surrounded by uniform overgrowths. 

One sector-zoned grain was also analysed (Figure 

2c iv). Overgrowths show variable CL response 

from dark (Figure 2c, i) to bright (Figure 2c iii, 

v). A few grains of monazite (100–400 μm) were 

extracted from the sample for analysis also.  These 

show no internal variation in BSE images (Figure 

2g).

Fig 3: Photomicrographs and BSE images of ROG13/2 

an osumilite–orthopyroxene–spinel migmatite. a- PPL 

photomicrograph of a large osumilite grain with inclusion 

of spinel/magnetite and garnet and osumilite intergrowth 

with quartz. b- PPL photomicrograph of the intergrowth 

of cordierite–K-feldspar–opaque replacing osumilite. c- 

XPL photomicrograph of twinning within a large osumilite 

grain. d- BSE image of osumilite intergrowth with quartz 

being replaced by cordierite–K-feldspar and in places by 

an intergrowth of cordierite–K-feldspar–orthopyroxene. e- 

BSE image of osumilite intergrown with quartz occurring 

next to orthopyroxene and quartz.
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3.4  Garnet–sillimanite–cordierite–spinel 

migmatite (ROG14/5, at contact)

This sample is of a migmatitic garnet–sillimanite–

cordierite–spinel metapelitic gneiss located at the 

contact of the RIC (Figure 1b). The sample consists 

of melanosome rich in garnet and cordierite 

together with small mm-scale leucosome (Blereau 

et al., 2017).

 Zircon grains (60–200 μm) from 

this sample have multifaceted ‘soccer ball’ 

morphologies indicating metamorphic 

recrystallization (Vavra et al., 1996).  Internally, 

they are either sector zoned (Figure 2d i, iv) or 

weakly zoned to uniform in their CL response 

(Figure 2d ii, iii). Monazite grains in this sample 

are similar in size (100–200 μm) to the zircon 

grains; many host sillimanite inclusions (Figure 

2h i). A number of monazite grains show minor 

brightness variation in BSE images (Figure 2h 

i), others display no variation in BSE response 

(Figure 2h iii).

3.5 Garnet-bearing anorthosite (ROG14/8, at 

contact)

This sample was obtained from adjacent to 

ROG14/5 (Figure 1b) and is one of a series of 

garnet-bearing anorthosite sheets (~30 cm to 

~2 m long, ~5–10 cm wide) that intrude into 

the country rock (garnet–sillimanite–spinel–

cordierite metapelitic gneiss) adjacent to the main 

RIC contact (Figure 4a). The anorthosite sheets 

are parallel to the foliation of the surrounding 

migmatite. The sample is dominated by equant, 

1–2 mm subhedral plagioclase that shows minor 

sericitization (Figure 4b, c). Orthopyroxene 

occurs in millimetre scale layers as subhedral to 

anhedral grains of varying size (1–8 mm) (Figure 

4b, c). Garnet forms clusters of small, subhedral, 

inclusion-free grains (<1 mm) and larger euhedral 

grains (~1.5 mm) (Figure 4b). Minor phases are 

ilmenite (~0.5 mm), biotite (~1 mm) and quartz 

(1–2 mm).

Only zircon was analysed from this sample as 

there were no monazite grains large enough for 

analysis.  The zircon grains (50–300 μm) have 

oscillatory cores (Figure 2e i, ii, iv) with some 

cores showing more diffuse zoning with low 

CL response (Figure 2e iii), surrounded, and 

sometimes crosscut by sector-zoned to uniform 

regions with high CL response (Figure 2e iv). 

A few grains have overgrowths with low CL 

response (Figure 2e i, iii).

4. ANALYTICAL METHODS

 All sample preparation and analytical 

work was conducted using the facilities of the John 

de Laeter Centre, Curtin University, including the 

SelFRAG Electric Pulse Disaggregation (EPD) 

unit, Tescan Mira3 FESEM, SHRIMP II ion 

microprobe and GeoHistory Facility LA-ICP-MS.

4.1 SHRIMP U–Pb geochronology

Monazite and zircon from sample ROG13/11 and 

zircon from sample ROG13/10 were extracted 

from polished thin sections for in situ analysis 

as 2 mm diameter pucks, using a coring piece 

on a Dremel drill. The pucks were cast in 25 

mm diameter epoxy discs that were cleaned and 

gold-coated prior to SIMS analysis. In addition, 

monazite and zircon grain separates were obtained 

from all samples.  Samples were disaggregated 
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using a SelFRAG EPD unit, except for ROG14/5 

from which grains were released using traditional 

crushing methods. All separates were prepared via 

magnetic and heavy liquid separation. Selected 

grains were mounted in 25 mm diameter epoxy 

discs that were polished, cleaned and Au-coated 

prior to SIMS analysis. Grains were imaged using 

BSE imaging for monazite and CL imaging for 

zircon, with a Tescan Mira3 FESEM.

 U–Pb isotopic data for zircon and 

monazite were collected using a SHRIMP II 

high mass-resolution SIMS ion microprobe. The 

mass-filtered O2- primary beam settings were: for 

monazite 0.3 nA, 10 μm spot size, and for zircon 

1.8 nA, 20 μm spot size. A 6-scan duty cycle was 

used, with mass resolution set at >5000 (de Laeter 

& Kennedy, 1998; Kennedy & de Laeter, 1994). 

NBS glass was used to calibrate the position of the 
204Pb peak. 

 Age data were processed using SQUID 

II (v2.5) and Isoplot (v3.75) (Ludwig, 2003, 

2009). Corrections of measured isotopic ratios for 

common Pb were based on Stacey and Kramers 

(1975) model parameters. For the analysis of 

thin section mounts, standards were located 

in a separate mount that was gold coated at the 

same time.  For zircon analyses, BR266 (Stern & 

Amelin, 2003) was used as the primary standard 

and Temora 2 (Black et al., 2003) or Plešovice 

(Sláma et al., 2008) as a secondary standard. 

Both secondary standards were within error of 

their reported ages for each analytical session 

Fig 4: Field photograph and photomicrographs of ROG14/8, a garnet-bearing anorthosite sample within a garnet–

cordierite–sillimanite–spinel migmatite. a- Field photograph of the garnet-bearing anorthosite sheet aligned with the 

foliation of the surrounding garnet–sillimanite–spinel migmatite, (after Blereau et al., 2017). b- PPL photomicrograph 

of coarse aggregates of orthopyroxene and garnet grains. c- XPL photomicrograph showing the plagioclase rich matrix.
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(Temora 2: 413 ± 4, 415 ± 4; Plešovice: 341 

± 5). For monazite analyses, Curtin internal 

laboratory standard INDIA (509 Ma) was used 

as the primary standard (Korhonen, Saw, Clark, 

Brown, & Bhattacharya, 2011) and Curtin internal 

laboratory standard GM-3 (488 Ma) was used as 

a secondary standard (Secondary standard ages 

from each session: GM-3: 485 ± 6, 482 ± 6, 485 

± 6).  206Pb/238U ages were used for monazite 

pooled ages. Corrections for excessive counts 

on 206Pb and matrix effects related to Th content 

were conducted on monazite sessions (based on 

Fletcher, McNaughton, Davis, & Rasmussen, 

2010), some spots were still discordant after 

correction and were excluded from the calculation 

of any pooled ages.

 Uncertainties cited in the text and data 

tables for individual spot analyses include errors 

from counting statistics, errors from the common 

Pb correction and U–Pb calibration errors based 

on the reproducibility of U–Pb measurements 

of the primary standards and are cited at the 1σ 

level. A minimum error of 1% was assigned to 

the external spot-to-spot error in Pb/U for the 

standard, reflecting the long-term performance of 

the SHRIMP. Error ellipses on Concordia diagrams 

are presented at the 2σ level. Uncertainties of 

weighted mean ages are quoted at 95% confidence 

unless indicated.

4.2 REE analysis by LA–ICP–MS 

Rare earth element (REE) and other trace element 

compositions of zircon, monazite and garnet 

were measured using Laser Ablation Inductively 

Coupled Plasma Mass Spectrometry (LA–

ICP–MS) on an ASI Resolution M-50 193-nm 

wavelength Ar-F excimer laser with an Agilent 

7700 mass spectrometer. Analyses of monazite and 

zircon were made directly over selected SHRIMP 

spots. Garnets were analysed in thin section, and 

in one case from a grain mount (ROG13/2). A 33 

μm spot size was used for garnet, a 23 μm spot 

size for zircon and a 15 μm spot size for monazite. 

For garnet and zircon analysis, ablation length 

was 30 seconds with a repetition rate of 7 Hz. 

For monazite analysis, ablation length was with 

20 seconds with a repetition rate of 4 Hz. NIST 

glasses (610, 612) (Pearce et al., 1997) were used 

as calibration reference materials. NIST 610 was 

used as the primary standard for garnet, while GJ1 

(Liu et al., 2010) was used for zircon calibration 

and 44069 (Aleinikoff et al., 2006) was used 

for monazite calibration. Stoichiometric major 

element compositions were used for calibration 

of trace elements in zircon (Zr = 43.14 wt%) and 

garnet (Si = 18 wt%). For monazite analyses, 

Ce (230526 ppm) was used as an internal 

normalisation element (Buick et al., 2010; Taylor 

et al., 2014). Time-resolved data were reviewed 

following each session using the Iolite software 

package (Paton, Hellstrom, Paul, Woodhead, & 

Hergt, 2011; Paton et al., 2010), in order to detect 

and eliminate data affected by inclusions. All REE 

plots use the chondrite normalisation values of 

Anders and Grevesse (1989).

5. RESULTS

5.1 Zircon U–Pb Geochronology

Data tables for zircon U–Pb analyses can be found 

in supplementary data Table S1.  Concordia plots 

summarising the results are presented in Figure 5. 

Typical discordance is less than 10% for zircon, 
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Fig 5: Zircon U–Pb Concordia diagrams. Analyses are shaded for the textural location of the analysis: red – oscillatory 

zoned core, blue – recrystallised zircon, green – zircon rim, purple – sector zoned zircon. See online version for colour.

however in some cases ancient Pb-loss has resulted 

in some analyses falling along a discordia trend.

5.1.1 Garnet–sillimanite–cordierite migmatite 

(ROG13/11 – 30 km)

Fifteen U–Pb analyses were performed on 

zircon grains from ROG13/11 (Figure 5a). Six 

oscillatory-zoned cores yielded concordant to 

slightly discordant ages ranging from 1917 ± 6 

(207Pb/206Pb) to 1140 ± 43 Ma (206Pb/238U), with 

Th/U ratios of 0.77–0.23.  Analyses of parts of 

grains showing diffuse, recrystallised oscillatory 

zoning yielded discordant 206Pb/238U ages ranging 

from 1292 ± 14 to 1126 ± 11 Ma and younger 

concordant 206Pb/238U ages ranging from 1098 ± 
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14 to 1009 ± 15 Ma (Th/U= 0.18–0.03). Three 

analyses of zircon rims form a concordant group 

with a weighted mean 206Pb/238U age of 957 ± 15 

Ma (MSWD= 0.62, prob= 0.54, n=3; Th/U=0.11–

0.03).

5.1.2 Sapphirine–orthopyroxene–cordierite–

Spinel granulite (ROG13/10 – 10 km)

Twenty-seven U–Pb analyses were performed 

on zircon grains from ROG13/10 (Figure 5b). A 

group of seven concordant analyses of oscillatory-

zoned cores yielded a weighted mean 206Pb/238Pb 

age of 1535 ± 14 (MSWD=1.7, prob=0.12, n=7; 

Th/U= 0.33–0.25). Zircon showing textures in CL 

indicative of recrystallization yielded a mixture 

of discordant and concordant data with 206Pb/238U 

ages ranging from 1502 ± 19 to 1133 ± 14 Ma with 

the largest range of Th/U ratios (Th/U=0.32–0.10). 

A number of additional oscillatory zoned zircon 

cores younger than the oldest recrystallised core 

yielded a mixture of discordant and concordant 

data with 206Pb/238U ages ranging from 1496 ± 15 

to 1304 ± 25 Ma with Th/U ratios of 0.40–0.21. 

Two uniform recrystallised domains yielded the 

youngest 206Pb/238U ages of 1076 ± 12 and 1055 ± 

13 Ma, and also have the lowest Th/U ratios (Th/

U= 0.18–0.09).

5.1.3 Osumilite–orthopyroxene–spinel migmatite 

(ROG13/2 – 2 km)

Eleven U–Pb analyses were performed on 

zircon grains from ROG13/2 (Figure 5c). Four 

oscillatory-zoned cores yielded 206Pb/238Pb ages 

ranging from 1574 ± 27 to 1113 ± 13 Ma (Th/

U=0.43–0.12). Analyses from more recrystallised 

parts of grains yielded an overlapping range of 
206Pb/238Pb ages from 1476 ± 19 to 1011 ± 18 Ma 

(Th/U=1.02–0.18). Three analyses of overgrowths 

(both bright and dark in CL) yielded a weighted 

mean 206Pb/238U age of 920 ± 13 Ma (MSWD=1.7, 

prob=0.18, n=3; Th/U= 1.08–0.54). The youngest 
206Pb/238U age, 899 ± 15 Ma with a Th/U ratio of 

2.79, was obtained from the only sector-zoned 

grain analysed.

5.1.4 Garnet–sillimanite–cordierite–spinel 

migmatite (ROG14/5 – at contact)

Nine U–Pb analyses were performed on zircon 

grains from ROG14/5 (Figure 5d). Three sector 

zoned zircons yielded 206Pb/238U ages ranging 

from 1025 ± 15 to 950 ± 14 Ma with Th/U ratios 

of 0.09–0.03. Analyses of recrystallised zircon 

yielded concordant to slightly discordant 206Pb/238U 

ages ranging from 996 ± 12 to 919 ± 18 Ma with a 

broader range of Th/U ratios of 0.14–0.02.

5.1.5 Garnet-bearing anorthosite (ROG14/8 – at 

contact)

Twenty-nine U–Pb analyses were performed on 

zircons from sample ROG14/8 (Figure 5e). The 

oldest 206Pb/238U ages of 1045 ± 17 and 1036 

± 11 were obtained from two unzoned zircon 

cores with poor CL response (Th/U= 0.50–0.25). 

Recrystallised zircon with diffuse oscillatory 

zoning yielded a range of younger 206Pb/238U ages 

from 1017 ± 11 to 926 ± 12 Ma with Th/U ratios 

of 0.51–0.09. Three overgrowths with poor CL 

response yielded the youngest 206Pb/238U ages with 

a weighted mean of 917 ± 12 Ma (MSWD=0.21, 

prob=0.81, n=3) and the highest Th/U ratios (Th/
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U= 0.72–0.59).

5.2 Monazite U–Pb Geochronology

Data tables for monazite U–Pb analyses can be 

found in supplementary data Table S2. Concordia 

plots summarising the results are presented in 

Figure 6. Typical discordance is less than 10% for 

monazite.

Fig 6: Monazite U–Pb Concordia diagrams. Analyses are 

shaded for Th/U content. See online version for colour.

5.2.1 Garnet–sillimanite–cordierite migmatite 

(ROG13/11 – 30 km)

Eighteen U–Pb analyses were performed on 

monazite grains from this sample. The analyses 

overlap Concordia (Figure 6a) and show a range 

of 206Pb/238U ages from 1038 ± 11 to 960 ± 11 Ma 

(Th/U = 40–1.6) with the twelve oldest analyses 

forming a cluster on Concordia (the remaining 

analyses spread along Concordia and have lower 

Th/U ratios) with a weighted mean 206Pb/238U age 

of 1028 ± 7 Ma (MSWD=0.37, prob=0.96, n=12).

5.2.2 Osumilite–orthopyroxene–spinel migmatite 

(ROG13/2 – 2 km)

Seven U–Pb analyses were performed on monazite 

grains from this sample. The analyses overlap 

Concordia (Figure 6b) and have 206Pb/238U ages 

ranging from 1037 ± 11 to 983 ± 12 Ma (Th/U = 

40–2.2).

5.2.3 Garnet–sillimanite–cordierite–spinel 

migmatite (ROG14/5 – at contact)

Eighteen U–Pb analyses were performed on 

monazite grains from this sample, each concordant 

to within error. 206Pb/238U ages range from 990 ± 

11 to 886 ± 11 Ma (Th/U = 88–10) (Figure 6c). 

Sillimanite inclusion-bearing cores (983 ± 11 to 

931 ± 11) and inclusion-free monazite cores (990 

± 11 to 915 ± 11) show similar ranges of ages. 

Brighter BSE response recrystallised areas on 

inclusion-bearing (954 ± 11 to 886 ± 11) and 

absent (968 ± 11 to 895 ± 10) cores also show 

similar ranges of ages.
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5.3 Rare Earth Elements

REE and other trace elements were analysed from 

selected concordant zircon and monazite grains 

in all garnet-bearing samples. Texturally distinct 

generations of garnet (e.g. inclusion free rims, 

inclusion bearing cores) in thin section was also 

analysed for trace elements. Results can be found 

in supplementary data Tables S3–S6 respectively, 

and summarised on chondrite-normalised plots in 

Figures 7 and 8.

5.3.1 Zircon

Garnet–sillimanite–cordierite migmatite 

(ROG13/11 – 30 km). Analyses of oscillatory 

zoned zircon cores show moderately positive 

middle-to-heavy REE (M–HREE) slopes with 

normalised (N) Yb/Gd (YbN/GdN) = 7.2–8.4 and 

an order of magnitude of range in the normalised 

HREE abundances (LuN = 840–1708 (n=2) 

(Figure 7a). Analyses of recrystallised zircon 

display steep positive M–HREE slope also with 

greater variation than the cores with YbN/GdN = 

5.1–12.4 and LuN = 486–2354 (n=4). Both the 

cores and recrystallised zircon have a similar 

range of negative Eu anomalies with Eu/Eu* (Eu/

Eu*=EuN/0.5*(SmN + GdN)) values of 0.06–0.3 

and 0.07–0.3 respectively. A dark BSE response 

rim was analysed, and has a steep M–HREE 

slope (YbN/GdN = 122) as a result of having lower 

MREE concentrations (GdN = 38.1) than the other 

analyses (GdN = >76.8).

Osumilite–orthopyroxene–spinel migmatite 

(ROG13/2 – 2 km). Oscillatory zoned zircon cores 

display positive M–HREE slope with YbN/GdN = 

6.9–16.4, with some scatter to the M–HREE (GdN 

= 33–417; LuN = 1630–3589 (n=4)) and a range 

of negative Eu anomalies (Eu/Eu* = 0.03–0.2) 

(Figure 7b). Recrystallised zircon shows some 

variation, with one flat M–HREE slope (YbN/GdN 

= 1.6; LuN = 166), and one steep slope (YbN/GdN = 

16.8; LuN = 2856) but both analyses have similar 

negative Eu anomalies (Eu/Eu* = 0.03–0.05). 

Two dark CL response rims (R13-2-4 and R13-2-

10) were analysed with flat to shallow M–HREE 

slope (YbN/GdN = 0.7–3.4) and are depleted in 

HREE relative to the cores (LuN = 522–128). 

Dark CL rims show a negative Eu anomaly with 

some values below detection (Eu/Eu* = 0.04). 

One bright CL response rim (R13-2-7) yielded a 

moderate M–HREE slope (YbN/GdN = 5.5), more 

enriched in HREE (LuN = 868) than the dark rims 

with a negative Eu anomaly (Eu/Eu* = 0.06). One 

bright CL response sector zoned grain (R13-2-

8) was analysed yielding a moderate M–HREE 

slope with YbN/GdN = 4.2 with similar HREE 

concentrations as the bright rim (LuN = 938) and 

has the most prominent negative Eu anomaly of 

any of the analyses (Eu/Eu* = 0.002).

Garnet–sillimanite–cordierite–spinel migmatite 

(ROG14/5 – at contact). Sector zoned zircon 

yielded slightly negatively sloped to flat M–

HREE (YbN/GdN = 0.4–0.8) (Figure 7c) with 

similar HREE concentrations (LuN = 41.6–63.0, 

n=4) and yielded a negative Eu anomaly (Eu/Eu* 

= 0.02) to Eu below detection limit. Recrystallised 

zircon analysis yielded similar M–HREE 

slopes (YbN/GdN = 0.22–0.82) similar HREE 

concentrations (LuN = 45.3–61.3, n=3) with two 

of the analyses (R114-5-1 and R114-5-2) showing 

positive Eu anomalies (Eu/Eu* = 2.15–2.16) with 



157

 Chapter 5 Using accessory minerals to unravel thermal histories
the remaining analysis displaying a negative Eu 

anomaly (R114-5-9; Eu/Eu* = 0.01).

Garnet-bearing anorthosite (ROG14/8 – at 

contact). Two uniform dark CL response 

recrystallised cores yielded consistent steep M–

HREE slope (YbN/GdN = 14.8–15.6) limited 

scatter in the HREE (LuN = 1296–2634, n=2) 

and similar negative Eu anomalies (Eu/Eu* = 

0.04–0.08) (Figure 7d). Recrystallised zircon with 

diffuse oscillatory zoning displayed moderate to 

steep M–HREE slope (YbN/GdN = 5.6–52.4) with 

almost half an order of magnitude of scatter to 

the HREE (LuN = 971–4967, n=16) with a range 

of negative Eu anomalies (Eu/Eu* = 0.02–0.1). 

One sector zoned core yielded the only flat M–

HREE slope (YbN/GdN = 0.5) with lower HREE 

concentrations (LuN = 60.1) but a similar negative 

Eu anomaly (Eu/Eu* = 0.03). Bright CL response, 

recrystallised zircon also yielded steep M–HREE 

slope with little variation (YbN/GdN = 21.3–29.3) 

with less variation to HREE (LuN = 1498–2761, 

n=4) compared to the dark CL recrystallised zircon 

and prominent negative Eu anomalies (Eu/Eu* 

= 0.03–0.09) to Eu below detection limit. Dark 

uniform CL response overgrowths show steep M–

HREE slope (YbN/GdN = 17.2–76.4) with some 

scatter to the HREE (LuN = 1984–5066, n=3) with 

negative Eu anomalies (Eu/Eu* = 0.03–0.04) to 

Eu below detection limit.

5.3.2 Garnet

Garnet–sillimanite–cordierite migmatite 

(ROG13/11 – 30 km). Nine analyses were conducted 

on a garnet porphyroblast (grt1) from within the 

melanosome, with sillimanite inclusion rich cores 

and inclusion free rims. All grt1 analyses show a 

‘convex’ pattern with a pronounced decrease in 

the HREE in the core (YbN/GdN = 0.12–2.1; DyN 

= 306–911, n=3; LuN = 36–591, n=3) and a range 

of Y values (450–1000 ppm) (Figure 7e). The 

inclusion free rims show similar MREE values 

but have elevated HREE relative to cores (YbN/

GdN = 0.70–1.33; DyN = 391–816; LuN = 114–334 

(n=4)) as well as a smaller range of Y values (250–

539 ppm). Both the core and rim have negative 

Eu anomalies with the rim being slightly less 

pronounced with Eu/Eu* values of 0.005–0.02 

and 0.009–0.02 respectively. Resorption texture 

associated with the formation of cordierite show 

increased HREE values (LuN = 348–591, n=2), 

with flat to near flat M–HREE slope (YbN/GdN 

= 0.99–2.1) and negative Eu anomalies (Eu/Eu* 

= 0.006–0.02) and the highest Y concentrations 

(958–1037 ppm).

 Garnet within the leucosome (grt2) 

shows quartz inclusions in the core and an 

inclusion-free rim. The inclusion-rich core shows 

moderate M–HREE slopes (YbN/GdN = 3.9–4.6) 

with a small amount of spread to the M–HREE 

(DyN = 153–267; LuN = 377–679 (n=4)) and 

lower Y values (290–452 ppm) compared to the 

melanosome core. The inclusion-free rim shows 

a flat M–HREE slope (YbN/GdN = 0.9–1.2) with 

less spread to the HREE compared to the inclusion 

rich core (LuN = 86.4–123, n=4). Both the core 

and rim have negative Eu anomalies (Eu/Eu* 

values of 0.02 and 0.02–0.03 respectively) with 

the cores having higher Y values than the rims (Y 

= 290–452 ppm and 267–310 ppm respectively).

Osumilite–orthopyroxene–spinel migmatite 

(ROG13/2 – 2 km). The only garnet present in thin 
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section occurred within osumilite (grt1). Three 

analyses on grt1 yielded a steep M–HREE slope 

(YbN/GdN = 23.1–23.7) with a slight enrichment 

from Ho to Tm with a slight depletion in Yb 

but overall enrichment in HREE (LuN = 26296–

28231, n=3) (Figure 7f). All analyses yielded high 

Y values (Y = 11640–12100 ppm).

 Four analyses (3 core, 1 rim) were 

conducted on a whole garnet grain (grt2) as a 

mineral separate mounted in epoxy. REE values 

from this grain showed moderate M–HREE 

slope (YbN/GdN = 8.4–9.1) with flat HREE 

approximately an order of magnitude lower than 

the garnet included in osumilite. The rim of grt2 is 

more enriched in HREE and Y than the core (LuN 

= 2914–3033 (n=3) and 5136 (n=1) respectively; 

Y = 7100 ppm and 4210–4380 ppm respectively). 

Both have negative Eu anomalies but the grt2 is 

more pronounced with Eu/Eu* values of 0.005–

0.009 compared to 0.01–0.02 in grt1.

Garnet–sillimanite–cordierite–spinel migmatite 

(ROG14/5 – at contact). Four analyses were 

conducted on inclusion free primary garnet (grt1) 

with near flat H–MREE slopes (YbN/GdN = 0.9–

1.9) with almost half an order of magnitude of 

spread to the HREE (LuN = 96.3–445, n=2) and a 

pronounced Eu anomaly (Eu/Eu*= 0.01–0.04) with 

limited spread in Y (Y = 301–391 ppm) (Figure 

7g). Secondary garnet (grt2) was also analysed on 

primary garnet (grt2grt1), around ilmenite (grt2ilm) 

and around spinel (grt2sp) (three analyses each). 

Grt2grt1 showed similar M–HREE slope (YbN/GdN 

= 0.98–2.7) to grt1 but with a slight depletion in 

M–HREE (LuN = 77.0–296, n=2) and Y (Y = 207–

275 ppm), and shows a negative Eu anomaly (Eu/

Eu* = 0.04–0.05). Both grt2ilm and grt2sp shows 

similar near flat M–HREE slopes (YbN/GdN =1.1–

1.5 and 0.6–1.1 respectively) with garnet around 

spinel being the most depleted in M–HREE and Y 

(LuN = 32.5–64.2, n=3; Y = 95–205 ppm) followed 

by garnet around ilmenite (LuN = 54.7–125.1, 

n=3; Y = 76–161 ppm). Both grt2ilm and grt2sp are 

depleted in M–HREE relative to grt2grt1.

Garnet-bearing anorthosite (ROG14/8 – at 

contact). Sample contains large subhedral (grt1), 

and small subhedral garnet (grt2). Eight analyses 

were conducted on grt1 that is surrounded by 

plagioclase. Grt1 cores show near flat M–HREE 

slope (YbN/GdN =1.8–2.5) with limited scatter 

to the HREE (LuN = 410–540, n=4) and Y (Y 

= 791–899 ppm) (Figure 7h). Grt1 rims show 

similar near flat M–HREE slope (YbN/GdN =2.9–

3.6) but with more scatter to the HREE (LuN = 

532–905, n=4) and higher Y than the cores (Y = 

769–1134 ppm). Four analyses were conducted 

on grt2. Grt2 show steep M–HREE slopes (YbN/

GdN =16.5–18.5) compared to grt1 with similar 

HREE concentrations and limited scatter (LuN 

= 3214–4148, n=4) but relative enrichment of Y 

concentrations (Y = 1940–2400 ppm).

5.3.3 Monazite

Garnet–sillimanite–cordierite migmatite 

(ROG13/11 – 30 km). Monazite grains from this 

sample show negative M–HREE slopes (YbN/

GdN = 0.001–0.02) with an order of magnitude of 

scatter to the HREE (LuN = 36–580, n=16) (Figure 

8a). All analyses show negative Eu anomalies 

with Eu/Eu* values of 0.002–0.005 and Y values 

ranging from 833–22210 ppm. 
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Fig 8: Monazite U–Pb Concordia diagrams. Analyses are 

shaded for Th/U content. See online version for colour.

Osumilite–orthopyroxene–spinel migmatite 

(ROG13/2 – 2 km). Monazite from this sample 

shows no internal textural variation. Negative 

M–HREE slopes are variable with no consistent 

group (YbN/GdN = 0.02–0.16), and more than an 

order of magnitude of scatter to the HREE (LuN 

= 453–123505, n=7) (Figure 8b). All analyses 

show negative Eu anomalies with one analysis 

with a less prominent negative anomaly (Eu/

Eu* =0.002–0.006) with Y values ranging from 

48400–12280 ppm.

Garnet–sillimanite–cordierite–spinel migmatite 

(ROG14/5 – at contact). Sillimanite inclusion-

bearing and inclusion-free, darker BSE response 

cores both show negative M–HREE slopes (YbN/

GdN = 0.001–0.004 and 0.001–0.02 respectively) 

with an order of magnitude of scatter to the HREE 

(LuN = 20–53 (n=3) and 18–253 (n=6) respectively) 

and negative Eu anomalies (Eu/Eu* = 0.001–0.002 

and 0.001–0.004 respectively) (Figure 8c). The 

inclusion-free cores have a slightly larger range 

of Y values than the inclusion bearing cores with 

values of 1709–5610 ppm and 1850–2428 ppm 

respectively.  Brighter BSE response recrystallised 

areas on inclusion bearing and inclusion free cores 

both show negative M–HREE slopes (YbN/GdN 

=0.001–0.008 and 0.002–0.006 respectively) with 

an order of magnitude of scatter to the HREE (LuN 

= 23–84 (n=3) and 26–103 (n=5) respectively) 

and negative Eu anomalies (Eu/Eu* = 0.004 and 

0.001–0.004 respectively). Similar to the cores the 

recrystallised areas associated with inclusion-free 

cores (Y=1629–4780 ppm) show a larger range of 

Y values than the recrystallised areas of inclusion-

bearing monazite (Y=1404–3011 ppm). Analysis 

of sillimanite inclusion-bearing and inclusion-free 

monazite are similar in their M–HREE patterns, 

however the rims of both show slightly elevated 

HREE values.

6. DISCUSSION

6.1 Metamorphic events in SW Norway

Having two temporally close metamorphic events, 

regional and contact, in the same geographical area 

provides some challenges for the determination of 

distinct time frames for each. Indeed they may be 

so intrinsically linked as to make some aspects 

indistinguishable. However, the sampling strategy 

employed in this study, with samples from varying 

distances from the RIC, enables some distinction 

to be made between samples far enough removed 
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from the intrusion that they have been modified 

only by regional metamorphism (ROG13/11, 

13/10), from those dominated by the extreme 

conditions close to the anorthosite intrusion 

(ROG14/5).

 The interval of regional metamorphism 

recorded by ROG13/11 falls between a cluster 

of zircon ages at ~1052 Ma, and a later cluster 

at ~955 Ma (Figure 9). The ~1052 Ma cluster 

comprises analyses of inherited zircon grains that 

have been recrystallised and fully isotopically 

reset at high–T (falling at the end of a discordant 

array), whilst the later cluster is defined by 

zircon rims resulting from the crystallisation 

of partial melt (based on rim textures combined 

with youngest ages) (Taylor et al., 2016). The 

zircon analyses falling within the 1052 Ma age 

peak show characteristically low Th/U ratios 

expected of grains formed or recrystallised during 

metamorphism (Harley et al., 2007; Hoskin 

& Black, 2000; Hoskin & Schaltegger, 2003; 

Schaltegger et al., 1999) related to the expulsion 

of Pb and Th during recrystallisation (Harley 

et al., 2007; Hoskin & Black, 2000). All of the 

analyses of metamorphic monazite in this sample 

fall within this time window also, with a major 

peak at ~1025 Ma. REE abundances in zircon 

from ROG13/11 show an order of magnitude more 

scatter of the M–HREE in recrystallised zircon 

when compared to oscillatory zoned cores. Garnet 

from ROG13/11 exhibits the most geochemical 

and textural variation of all the samples (Figure 

7e); preserving M–HREE patterns indicative of 

growth during fluid absent partial melting (Grt1 

core; Hermann & Rubatto, 2003), growth with 

higher concentrations of partial melt (Grt1 rim; 

Hermann & Rubatto, 2003), peritectic growth 

(Grt2; Rubatto, 2002) and later resorption 

(Resorbed Grt1).

 Few zircon analyses from ROG13/10 

yielded metamorphic ages (as defined by 

ROG13/11), likely due to the anhydrous (residual), 

unreactive nature of the bulk composition, 

hindering additional zircon growth (e.g. Vavra, 

Gebauer, Schmid, & Compston, 1996). However, 

two uniform recrystallised areas yielded the 

youngest ages of 1076 ± 12 and 1055 ± 13 Ma. 

These fall at the end of a discordant array, within 

error of the oldest regional metamorphic ages 

recorded in ROG13/11. A pooled weighted mean 

age of the ~1050 Ma recrystallised zircon from 

ROG13/11 and the two recrystallised areas from 

ROG13/10 yielded a weighted mean 206Pb/238U 

age of 1059 ± 12 Ma (MSWD=0.98, prob=0.40, 

n=4, 2σ), interpreted to date the recrystallisation 

of zircon during prograde heating (~>700°C). 

This age is within error of 40Ar/39Ar osumilite 

ages interpreted to represent prograde regional 

growth (Blereau et al., In review). Prograde 

recrystallisation of zircon is further corroborated 

by the oldest monazite analyses from ROG13/11, 

with two grains yielding the same age of 1038 ± 11 

Ma, within error of the pooled age. Our 1059 ± 12 

Ma interpreted age of prograde heating predates 

previous onset estimates (~1035 Ma: Bingen et 

al., 2008) and previous estimates of peak regional 

metamorphism by ~25–55 Ma (c. 1006 Ma: 

Drüppel et al., 2013; c. 1034 Ma: Laurent et al., 

2016; c. 1035 Ma: Möller et al., 2003). The interval 

for peak regional metamorphism indicated in this 

study, 1035–995 Ma, is based on the majority of 

monazite ages (1028 ± 7 Ma) and on the youngest 

recrystallised zircon (1009 ± 15 Ma) from 

ROG13/11. This interval lies within the range 
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Sveconorwegian Orogeny, 4 – Regional melt crystallisation.

of previous estimates for peak metamorphism 

(Drüppel et al., 2013; Laurent et al., 2016; Möller 

et al., 2003). The bulk of monazite growth is 

generally interpreted to occur immediately after 

the metamorphic peak during melt crystallisation 

(Clark et al., 2014; Kelsey, Clark, & Hand, 2008) 

but can also occur during prograde metamorphism 

(Johnson, Clark, Taylor, Santosh, & Collins, 2015; 

Taylor et al., 2016).

 Zircon rims interpreted to be the result 

of final regional melt crystallisation are dated 

at 951 ± 14 Ma based on the youngest analysis, 

after which no further zircon or monazite growth 

occurred in the samples that experienced regional 

metamorphism only. This age is within error of 

the c. 955 Ma age previously reported for zircon 

growth related to garnet breakdown during 

decompression (Tomkins et al., 2005).

 Following regional metamorphism, 

high–T conditions were prolonged and accentuated 

by the intrusion of the RIC (Blereau et al., 2017). 

This is reflected in the monazite and zircon ages 

in samples ROG13/2, 14/5 and 14/8, that extend 

beyond the period of regional metamorphism 

defined above (~1050–950 Ma) to ages relating 

to the RIC (~932 Ma: Schärer et al., 1996) and 

younger.

 Zircon and monazite data for ROG13/2 

(2 km from the RIC) include analyses recording 

regional metamorphic ages between ~1030 and 

970 Ma. However, in addition, three analyses of 

zircon rims record a weighted mean age of 920 

± 13 Ma, within error of the emplacement of the 

RIC. The youngest zircon age from ROG13/2 

is from a sector-zoned grain interpreted to have 

crystallised from melt, with an age of 899 ± 15 

Ma, within error of the previously mentioned 

population of rims. 

 The samples on the RIC contact lack 

any ages older than the time of onset of regional 

metamorphism (c. 1050 Ma). Zircon overgrowths 

from ROG14/8 yielded a weighted mean age of 

917 ± 15 Ma, within error of ages of 928 ± 9 and 

919 ± 8 Ma obtained from recrystallised zircon 

in ROG14/5. Monazite from ROG14/5 yielded 
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the youngest ages of any sample, ranging from 

990 ± 11 to 886 ± 11 Ma, as well as the most 

depleted HREE concentrations, with consistently 

flat M–HREE. With reduced distance from the 

RIC, M–HREE in zircon show reduced scatter 

(homogenisation) while M–HREE in garnet show 

simpler textural and geochemical relationships 

(e.g. core and rims only), compared to the 

distal samples that experienced only regional 

metamorphism. A single zircon analysis (a sector 

zoned core) from ROG14/8 shows the same, 

negative sloping M–HREE pattern (Figure 7d) 

as analyses from the metapelite sample ROG14/5 

(Figure 7c). Flat M–HREE slopes were also 

recorded from the core and rim of a large garnet 

(grt1) within ROG14/8, with smaller garnet grains 

showing steep M–HREE slopes (grt2; Figure 7h). 

It is likely that both the zircon and grt1 (Figure 

7h) in the anorthosite sheet have been entrained 

from the metapelite given the similarities in REE 

patterns and ages of both samples, with grt1 being 

interpreted as xenocrystic.

 Based on the continuum of zircon and 

monazite ages in all samples from within the 

aureole (ROG13/2, 14/5 and 14/8) and the lack of 

evidence for new zircon growth at c. 955 Ma (only 

recrystallised zircon is present), the samples within 

the aureole show little evidence for significant 

cooling following regional metamorphism prior to 

the emplacement of the RIC (Blereau et al., 2017; 

Blereau et al., in review), and are thus interpreted 

to have experienced very slow cooling following 

regional metamorphism. This interpretation is 

preferred over a more cyclic evolution, which 

would require multiple reheating and re-melting 

events in already residual lithologies as a result 

of significant cooling in-between events in order 

to allow for the growth of the observed melt-

bearing mineral reaction microstructures in the 

aureole samples during contact metamorphism as 

well as the growth of new zircon. Whilst a more 

cyclic scenario cannot be entirely ruled out, it is 

far simpler for the region to have stayed above 

the solidus than cooling and re-melting residual 

lithologies repeatedly.

 Based on the results presented here and by 

Blereau et al. (2017) and Blereau et al. (In review), 

high temperature conditions in the RVA Sector 

were prolonged; prograde regional conditions 

sufficient to modify zircon were reached at 1059 

± 12 Ma with peak metamorphism (temperatures 

of ~850–950°C) reached at c. 1035–995 Ma. Final 

melt crystallisation within the most distal sample 

occurred at 951 ± 14 Ma. Samples closer to the 

RIC show no clear melt crystallisation event at 951 

± 14 Ma due to limited cooling until after the c. 

930 Ma contact metamorphic event (~950°C at the 

RIC contact) (Figure 9). Final melt crystallisation 

in samples from within the aureole was delayed by 

c. 50 Myr (to c. 900 Ma based on youngest zircon 

and monazite ages, compared to 951 ± 14 Ma) due 

to the contact event. Therefore, we conclude that 

high temperature conditions were sustained in the 

RVA Sector for ~100–160 Myr, (cf. Drüppel et al., 

2013).

6.2 Modification of REE during high–T conditions

Rare Earth Element abundances in zircon 

and monazite can be used to interpret growth 

conditions as well as potential modification 

by processes such as fluid-induced coupled 

dissolution-reprecipitation or recrystallisation 

(Taylor et al., 2016). In this study, monazite 
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textures were relatively simple, with no textural 

evidence for modification by fluids or partial 

melts. Rare Earth Elements also showed limited 

variations in concentration, defining no distinct 

geochemical trends associated with increasing 

temperatures from the RIC. Variations in REE 

between samples do not correlate with bulk 

compositional differences (13/11 and 14/5 

metapelitic, 13/2 high-Mg metapelite). This 

combination of features is interpreted to suggest 

monazite was growing throughout the high-

temperature metamorphic evolution, potentially 

along both the prograde and retrograde path (cf. 

Johnson et al., 2015), providing information on 

the duration of high-T conditions. In this context 

the mechanism of monazite growth (dominantly 

neocrystallisation) is not able to record systematic 

changes in the REE related to the thermal history 

of the RVA. By contrast, there is little evidence for 

new growth of zircon in samples inferred to have 

been melt-bearing until crystallisation of the last 

vestiges of melt and none at all in highly residual 

samples. The chemistry and recorded metamorphic 

ages in zircon are therefore interpreted to be 

related to recrystallisation and diffusion over 

neocrystallisation. Recrystallised zircon, unlike 

monazite, shows a systematic variation in REE 

with increasing temperature in association with 

decreasing distance from the RIC. 

 Zircon and garnet both favour HREE 

and can influence each other during growth 

and during elevated temperatures when the 

geochemical system is open to diffusive 

processes. The partitioning relationships of REE 

between garnet and zircon have been quantified 

experimentally (Johnson et al., 2015; Rubatto 

& Hermann, 2007) and are readily applicable to 

neocrystallised zircon and to zircon undergoing 

coupled dissolution-reprecipitation, making it 

possible to interpret whether such zircon grew 

in a garnet-bearing or garnet-absent system. 

However, the same partitioning relationships 

may not be present in recrystallised zircon, even 

when garnet has been present during the entire 

metamorphic evolution, due to the sluggish nature 

of volume diffusion during recrystallisation that 

is also affected by grain size, temperature and 

duration at high temperature. The modification of 

REE is further complicated by different elements 

having different diffusivities (e.g. Dy < Pb < Yb) 

(Cherniak, Hanchar, & Watson, 1997; Cherniak 

& Watson, 2001; Johnson et al., 2015; Rubatto 

& Hermann, 2007), potentially causing mixed 

analyses due to incomplete modification of all 

REE within an analytical volume (Taylor et al., 

2016). Whether the REE in recrystallised zircon 

will equilibrate fully to record abundance patterns 

similar to those of contemporary neocrystallised 

zircon depends on the conditions and timescale of 

metamorphism.

 We have calculated theoretical diffusion 

profiles to model the changes in REE composition 

that would be expected during recrystallisation 

of an originally igneous zircon (with steep 
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Element IR (Å) D0

La 1.16 1298 ±172 9.76E+17
Pr 1.126 1100 ±112 1.96E+13
Nd 1.109 1017 ±88 2.10E+11
Sm 1.079 897 ±57 2.88E+08
Eu 1.066 856 ±47 2.91E+07
Gd 1.053 820 ±41 4.12E+06
Tb 1.04 791 ±36 8.19E+05
Dy 1.027 768 ±35 2.29E+05
Ho 1.015 753 ±35 9.52E+04
Er 1.004 743 ±38 5.50E+04
Tm 0.994 739 ±42 4.13E+04
Yb 0.985 737 ±47 3.78E+04
Lu 0.977 739 ±52 4.01E+04

T (°C) 850 900 950 1000 1050 1100
Gd 2.1226E-30 7.4758E-29 1.9678E-27 4.0061E-26 6.4945E-25 8.5952E-24
Tb 6.0721E-30 1.9089E-28 4.5266E-27 8.3707E-26 1.2416E-24 1.5132E-23
Dy 1.6654E-29 4.7510E-28 1.0305E-26 1.7552E-25 2.4130E-24 2.7408E-23
Ho 3.8870E-29 1.0301E-27 2.0880E-26 3.3415E-25 4.3363E-24 4.6691E-23
Er 8.2141E-29 2.0596E-27 3.9684E-26 6.0604E-25 7.5320E-24 7.7913E-23
Tm 1.5637E-28 3.7681E-27 7.0002E-26 1.0337E-24 1.2454E-23 1.2517E-22
Yb 2.7518E-28 6.4509E-27 1.1684E-25 1.6856E-24 1.9875E-23 1.9579E-22
Lu 4.3139E-28 9.9435E-27 1.7733E-25 2.5220E-24 2.9346E-23 2.8559E-22

Ea 

Diffusion coefficients (m2s-1)

Table 1: Parameters used for 

the calculation of diffusion 

coefficients and diffusion 

coefficients used in diffusion 

modelling.  IR- ionic radius, 

Ea- activation energy, D0- pre-

exponential factor. IR from 

Shannon (1976) for coordination 

number: 8, valence: 3+.

M–HREE; CO) to a modified composition in 

equilibrium with garnet (flat M–HREE; CEq), for 

different temperature conditions and timescales. 

A composition in equilibrium with garnet was 

used for the modified composition CEq, as all 

of the samples analysed for REE in this study 

have garnet present. ROG13/11 shows textural 

evidence for having contained garnet throughout 

the metamorphic evolution. Due to increased 

textural complexity the presence of garnet in 

ROG14/5 for the duration of the metamorphic 

evolution is less clear but cannot be ruled out, 

hence for the purposes of the modelling, all 

samples are assumed to have had garnet present 

during the entire metamorphic evolution. The 

light REE (La–Eu) were not considered due to 

large possible variations in their concentration and 

given that the process being modelled involves a 

M–HREE rich phase (i.e. garnet). The modelling 

algorithm required simplification of the typically 

prismatic zircon grain shape to a spherical volume 

and the assumption that only volume diffusion 

was acting, with no additional influences on 

diffusion rates (e.g. radiation damage, fluids). A 

radius ‘r’ of 50 μm (representing a zircon grain 

100 μm in the shortest dimension) was used for 

the spherical volume, within which, multiple ~20 

μm SHRIMP spots could theoretically be placed. 

In the model, the diffusant element is initially 

distributed uniformly (with concentration CO) 

within the 50 μm radius sphere and diffuses into an 

infinite volume, with concentration (C) calculated 

at time periods of interest (t = Myr, between 0.5–

200 Myr) at the radius of interest (a, where a ≤ 

r). When CEq for a diffusing element is reached, 

the concentration of that element is buffered for 
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Fig 10: Modelled diffusion profiles of Dy and Yb in a 

theoretical zircon for different T–t scenarios. See online 

version for colour.

Fig 11: Diffusion-modified M–HREE compositions 

expected for a 20 μm SHRIMP spot analysis on the edge 

of the modelled theoretical zircon. Compositions are given 

for set temperature or time periods. See online version for 

colour.

the remainder of the run. For these calculations, a 

corrected version of equation 3.8 of Crank (1975) 

was used (Equation 1): see below.

 The formula was corrected from that 

published in Crank (1975) where both error 

functions (erf) had the same sign (+) within the 

numerator, resulting in unusual curve profiles. 

 Diffusion coefficients (D in m2s-1) for 

Dy and Yb for a range of temperatures (850–

1100°C) were calculated using the Arrhenius 

functions of Cherniak et al. (1997). Using the 

polynomial relationships between ionic radius 

(IR), activation energy (Ea) and pre-exponential 

factor (D0) from Cherniak et al. (1997), Ea and 
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D0 values for the remaining M–HREE were 

extrapolated to calculate D values for all pertinent 

elements (Table 1). The uncertainty on Ea from 

the Arrhenius functions (Cherniak et al., 1997) 

generates a wide range of possible diffusion 

coefficients; for the purpose of this model we used 

the average diffusion coefficient of each element. 

Diffusion profiles were calculated in MATLAB 

using Equation 1 and are shown in Figure 10 for 

Dy and Yb. Diffusion profiles in Figure 10 show 

the strong control of temperature on diffusional 

modification, with increased propagation of the 

modification front from rim to core with increasing 

temperature. Time is also an important factor, 

with longer time periods at lower temperatures 

also causing perturbation to the trace elements at 

the edge of the grain. The differing amounts of 

modification between Dy and Yb highlight the 

increased diffusivity of HREE over MREE due to 

their smaller ionic radii.

 The same suite of temperature conditions 

and time periods used to generate the diffusion 

profiles of Dy and Yb were used to calculate 

profiles for the remaining M–HREE (Gd–Lu). To 

simulate a 20 μm diameter SHRIMP spot placed 

on the edge of the theoretical zircon, an average 

REE composition was extracted from each set of 

profiles (Table S7). The calculated compositions 

were averaged from 1 μm segments along the 

diffusion profile that were then assigned to a section 

of the 20 μm circular spot area and normalised 

with respect to chondritic REE abundances using 

the values of Anders and Grevesse (1989). The 

results show that for temperatures of 850–900°C, 

even after extended time periods, little to no 

modification to the M–HREE occurs (Figure 11). 

This implies that REE within recrystallised zircon 

from rocks experiencing such conditions will 

be largely representative of the original zircon 

composition as long as volume diffusion is the only 

process acting. Prolonged periods at 950°C have 

the potential to cause significant modification to 

the REE, but will not cause complete equilibration 

within the analytical volume. However, at much 

more extreme temperatures for relatively short 

periods of time it is possible to fully equilibrate 

zircon, with near flat to slightly curved patterns 

being produced. 1000°C, an important temperature 

in UHT metamorphism, appears to be a key 

threshold at which large amounts of modification 

becomes possible, albeit still requiring very 

long time periods at this temperature for near 

complete modification of all REE. By varying 

the placement of the analytical spot along the 

modelled profiles, the resultant theoretical spread 

of REE compositions generated by incomplete 

modification is shown (Figure 12a–d) (Table S7). 

6.3 Implications for the assembly of the RIC

The diffusion modelling presented above can help 

explain the systematic variations of the zircon REE 

profiles observed among the Rogaland samples. 

REE abundance patterns in recrystallised zircon 

are scattered with no evidence for equilibration 

with garnet REE across most of the studied region 

except in close proximity with the RIC, where all 

recrystallised zircon appears to be in equilibrium 

with garnet. Based on the thermodynamic and 

diffusion modelling of Blereau et al. (2017) and 

Blereau et al. (In review), sample ROG13/11, 

the most distant from the RIC, only experienced 

regional metamorphism at ~850–900°C for at 

least 100 Myr. The prediction of the REE diffusion 
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Fig 12: Theoretical REE datasets from multiple spot 

analyses on the modelled zircon: a- 100 Myr at 850°C; 

b- 100 Myr at 900°C; c- 5 Myr at 1050°C; d- 1 Myr at 

1100°C. Red circles represent 20 μm SHRIMP spots. The 

grey lines represent CO (steep) and CEq (flat) compositions, 

r- modelled radius (50 μm). See online version for colour.

model for such conditions matches the observed 

limited modification and a degree of scatter in the 

M–HREE arising from variations in the original 

REE concentrations of the grains (Figure 12a–b, 

7a). In contrast, ROG14/5 on the RIC contact 

potentially reached more extreme temperatures, 

given that the anorthosite intrusion temperature is 

estimated at ~1200°C (Westphal et al., 2003).  In 

order to achieve the flat REE patterns in apparent 

equilibrium with garnet observed in ROG14/5 

(Figure 7c), for average rates of diffusion, the 

sample would need to have reached either ~1100°C 

for 1 to 5 Myr or ~1050°C for >10 Myr (Figure 

12c–d). The period of emplacement of the RIC has 

been previously constrained by geochronology 

to <10 Myr (Schärer et al., 1996), therefore the 

1100°C scenario is more likely. Emplacement of 

the RIC in a single magmatic pulse would see most 

heat lost to the surrounding country rock without 

generating a significant temperature change at the 

contact, and certainly would not sustain elevated 

temperatures for >1 Myr (Cao, Kaus, & Paterson, 

2016). The simplest geodynamic scenario that 

would generate significant heating at the contact 

for up to 5 Myr but also limited heating at greater 

distances is a rapid multiple-pulse intrusion (Cao 

et al., 2016) of the RIC.

 Previous 2–D thermal modelling by 

Westphal et al. (2003) undertaken to explain the 

distribution of high-T mineral isograds adjacent to 

the intrusion, suggested a two-pulse scenario; an 

initial pulse to raise the country rock temperatures 

followed by emplacement (3 Myr later) of a 

smaller hotter intrusion over 2 Myr. However, their 

modelling used a starting country rock temperature 

of 600°C; ~200°C colder than the minimum 

temperatures preceding contact metamorphism 

interpreted by recent studies (Blereau et al., In 

review; Blereau et al., 2017). An initial country 

rock temperature of ≥ 800°C would reduce the 

rate of heat loss, enabling the retention of extreme 

temperatures at the RIC contact, and reducing the 

required assembly time of the RIC to less than 

5 Myr. However, the higher initial country rock 

temperature combined with Westphal’s model 

would also increase the temperature effects in the 

surrounding country rocks to a degree that is not 

seen within the recrystallised zircon. Westphal’s 

model required a large thermal aureole in order to 

generate the metamorphic isograds. Recent studies 

have shown that the osumilite (Blereau et al., In 

review) and orthopyroxene (Coint et al., 2015) 

isograds are not true contact isograds, but the 

location of appropriate bulk composition effected 

by regional metamorphism or the mix between 

several granulite facies events respectively. The 

intrusion of many small pulses over 1–5 Myr would 

generate a smaller but higher temperature aureole 
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whilst also prolonging high-temperatures in the 

surrounding rocks with minimal modification.

7. CONCLUSIONS

 Prograde heating to temperatures 

sufficient to recrystallise zircon was reached at 

1059 ± 12 Ma with peak metamorphism occurring 

at c. 1035–995 Ma and final melt crystallisation 

outside the aureole by 951 ± 14 Ma.

 Samples within the RIC aureole show a 

continuum of ages rather than two discrete age 

events, with no clear melt crystallisation event 

until after the emplacement of the RIC (c. 900 Ma). 

This is explained by prolonged residence at high-

temperature conditions associated with a slow 

cooling rate following regional metamorphism.

 Whilst largely considered as immobile, 

under appropriate high-grade conditions REE 

abundances in recrystallised zircon may be 

modified and possibly equilibrated to reflect the 

contemporary geochemical environment of the 

host rock rather than that of the growth conditions 

of the original zircon.

 REE in recrystallised zircon can provide 

additional constraints on the T–t path experienced 

during metamorphism as long as volume diffusion 

is the main process acting.

 Based on REE-in-zircon diffusion 

modelling, the emplacement of the RIC occurred 

rapidly as multiple magmatic pulses over 1 to 5 Myr, 

resulting in significantly elevated temperatures at 

the contact but minimal modification of rocks at 

a greater distance; retaining high temperatures 

for longer than the rocks far removed from the 

aureole.
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This thesis endeavoured to investigate and 

constrain the effects of metamorphic, melt and 

fluid processes in the lower crust through the 

application of a range of analytical techniques in 

a petrochronological approach. The chapters in 

this thesis investigated two high-grade terranes 

as case studies, with the aim of providing new 

and additional constraints on the duration and 

conditions of metamorphism, evaluate previous 

interpretations, whilst studying the effects of 

prolonged high temperatures and lower crustal 

processes on common geochronometer minerals 

zircon and monazite. The following discussion 

summarises the state of knowledge in regard to 

the key outcomes of this study in terms of the 

aims defined in the introduction. This chapter also 

discusses potential areas for future research.

1. TIMING, CONDITIONS AND 

CONTROLLING FACTORS ON HIGH-T 

METAMORPHIC PROCESSES IN 

SOUTHERN INDIA AND SOUTHWESTERN 

NORWAY

1.1 S India (Chapter 2)

Kakkod was a previously unstudied incipient 

charnockite locality that provided an opportunity 

in this thesis to investigate the charnockite 

formation process and assess the scale over which 

this process acted (localised or regional), whilst 

also providing new geochronological and P–T 

constraints. The P–T conditions of the Trivandrum 

Block (TB) as well as the mechanism through 

which incipient charnockites form (a purely 

fluid related process or a metamorphic process) 

have both been highly debated for many years. 

SHRIMP U–Pb dating of zircon and monazite 

constrained the onset of high-T conditions to ca 

590 Ma with the onset of melt crystallisation 

following peak metamorphism at ca 540 Ma, 

with high temperatures sustained for ~50 Myrs. 

The majority of zircon growth was associated 

with melt crystallisation, forming zircon rims 

between ca 540–510 Ma. Zircon rims older than 

540 Ma (up to ca 590 Ma) were also analysed 

but were less prevalent. These ages are consistent 

with previous ages of metamorphism within the 

TB. A later fluid event was dated using monazite 

between ca 525–490 Ma, causing perturbation 

of existing monazite through Pb loss within 

the regions undergoing coupled dissolution-

reprecipitation. From the presence of fluid related 

monazite textures in each rock type the fluid event 

was interpreted to be pervasive through the whole 

outcrop, similar to the nearby charnockite locality 

Kottavattom (Taylor et al., 2014). The closeness 

in age between melt crystallisation and the fluid 

event is interpreted to suggest that the fluid influx 

was linked to cooling of the local melt system. 

Kakkod also provided a unique opportunity to 

constrain the P–T conditions of charnockite 

formation as well as providing additional 

constraints on metamorphic conditions of the 

TB due to the fact that all three main rock types 

found in the TB (garnet-biotite gneiss, incipient 

charnockite and metapelite) were present. Using 

the latest thermodynamic dataset (‘ds62’ released 

early 2014), metamorphic forward modelling 

of the three rock types yielded consistent peak 

metamorphic conditions of 830–925°C and 6–9 

kbar. Modelling and dating of these rocks showed 

that incipient charnockite formation (i.e. the patchy 

appearance of orthopyroxene within an originally 
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orthopyroxene-free gneiss) could occur as part of 

the metamorphic evolution rather than being an 

exclusively fluid related process. Based on mineral 

textures and phase equilibria, orthopyroxene 

could have grown during peak metamorphism 

and was retrogressed by the later fluid event 

recorded by monazite. However, our study could 

not completely rule out previous interpretations at 

this point (i.e. orthopyroxene grew from the later 

fluid), with further investigations required into the 

control of local variations of bulk composition 

on the growth of orthopyroxene. If the growth 

of orthopyroxene is indeed a peak metamorphic 

process, based on the fluid source and the absence 

of fluid modification to zircon that was recorded at 

Kottavattom (Taylor et al., 2014), the formation of 

the characteristic patchy appearance of incipient 

charnockites likely occurred on a localised 

scale rather than as a widespread fluid event as 

previously postulated.

1.2 SW Norway (Chapter 3–5)

The Rogaland–Vest Agder Sector (RVA) in SW 

Norway had two contrasting P–T evolution from 

previous studies: (1) a polymetamorphic evolution 

(Möller et al., 2003; Tomkins et al., 2005) and 

(2) a singular P–T evolution (Drüppel et al., 

2013), with the emplacement of the Rogaland 

Igneous Complex (RIC) having a relationship 

to the generation of high temperatures in the 

former evolution but not the latter. This thesis 

aimed to re-evaluate the timing and conditions of 

metamorphism in Rogaland to discern which P–T 

evolution is most appropriate and to determine 

if the emplacement of the RIC was a controlling 

factor or a product of metamorphism. Both of 

these aims were assessed by using a transect of 

samples at different distances from the RIC. 

The most removed sample (~30 km from the 

RIC) experienced regional metamorphism along 

singular clockwise P–T path, peaking at 850–

950°C and 7–8 kbar, followed by decompression 

and slow cooling (Chapter 3). Rocks less than 

and up to 10 km from the RIC experienced similar 

regional peak conditions but also experienced a 

secondary event up to ~950°C and 3–6 kbar. No 

significant cooling was interpreted in between the 

two events, with cooling occuring after the second 

event based on the presence of secondary melt 

related microstructures within residual samples 

(Chapter 3). The second event is interpreted 

to be a contact metamorphic event tied to the 

emplacement of the RIC based on the spatial 

distribution of the second event, confirming a 

polymetamorphic evolution for the RIC. 

 Osumilite provided a potential 

opportunity to directly link age data to phase 

equilibria by being potentially datable using 
40Ar/39Ar (containing ~4wt% potassium) and 

by having quantified thermodynamic models 

for its stability in P–T space. This kind of direct 

connection cannot be made with zircon and 

monazite. Osumilite also had the added appeal 

as a mineral stable in high temperature terranes 

to potentially retain age information in relation to 

high temperatures, something that is very difficult 

to do with most thermochronometers. With the 

exception of pyroxene (Tc of >700°C), most argon 

analyses relate to cooling through temperatures 

below granulite facies due to low closure 

temperatures. Phase equilibria modelling was 

conducted on the osumilite samples and yielded 

comparable conditions to previous modelling, 
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but the modelling of the osumilite sample is only 

broadly consistent with modelling in Chapter 3 

as osumilite cannot be modelled in the current 

thermodynamic data set (‘ds62’, only available 

in ‘ds55’ which was used in Chapter 4). The 

P–T conditions of both metamorphic events were 

further refined in Chapter 4 through diffusion 

modelling using the 40Ar/39Ar systematics of 

osumilite (Tc ~770°C for 175 μm grain radius and 

a cooling rate of 10°C/Myr). In order to preserve 

the recorded age populations, metamorphic 

temperatures must not have exceeded ~900°C 

within rocks ~2 km from the RIC (for both regional 

and contact metamorphism), indicating conditions 

reached the lower-T end of the earlier mentioned 

phase equilibria estimates (Chapter 4).

 Diffusion modelling of zircon in Chapter 

5 showed that rocks at the contact of the RIC 

experienced 1100°C for between 1–5 Myr in order 

to sufficiently modify REE in zircon to achieve 

equilibrium. In order to achieve and maintain 

such conditions, this T–t scenario requires a 

rapid multiple pulse emplacement model for 

the RIC (Chapter 5), differing from previous 

two pulse emplacement models (Westphal et 

al., 2003). The discontinuity in temperature 

between phase equilibria and diffusion modelling 

(~950°C compared to 1100°C from diffusion 

modelling) is potentially a product of the inability 

to model osumilite in ‘ds6’ (ROG14/5 contains 

intergrowths of cordierite + K-feldspar that 

could be formed after replacing osumilite), the 

lack of minor elements in mineral models (in 

particular Zn in spinel, which is highly abundant 

in ROG13/10 and to a lesser extent in the other 

contact metamorphosed samples) and the simple 

nature of the diffusion model.

 A range of different ages for peak 

metamorphism have been reported from previous 

studies (~1035 Ma: Möller et al., 2003; Tomkins 

et al., 2005; Laurent et al., 2016; or ~1000 Ma: 

(Drüppel et al., 2013) with limited constraints on 

prograde heating. Only the emplacement age of the 

RIC at ca 930 Ma is widely accepted. In Chapter 

4, using the 40Ar/39Ar method, osumilite was 

successfully dated using single grain aliquots from 

a mineral separate. Picking grain fragments from 

a mineral separate is typical for 40Ar/39Ar analysis, 

however, this was conducted before the true grain 

size of osumilite was realised: due to its colourless 

nature the grain size of osumilite was not apparent 

until TIMA maps were conducted, resulting in the 

identification of very large grains (at least a 1 cm 

in diameter). The very large grain size allowed 

for the preservation of older ages (ca 1070–1050 

Ma) within the core and the youngest ages at the 

edge of the grain as well as in later osumilite 

growth around garnet (ca 920–880 Ma). By using 

a mineral separate, none of the analysed grain 

fragments had any context, so future osumilite 

studies should, where able, use micro-drilling 

approaches to generate textural context. The oldest 
40Ar/39Ar ages are interpreted to relate to prograde 

heating with the growth of large osumilite grains 

at ca 1070–1050 Ma (Chapter 4), ages that are 

also seen in zircon marking the end of a discordant 

resetting trend associated with recrystallisation 

within distal regionally metamorphosed samples 

(Chapter 5). Peak regional metamorphism is 

interpreted based on monazite and zircon to fall 

between ca 1035–995 Ma, between previous 

estimates, with final regional melt crystallisation 

at 951 ± 14 Ma (Chapter 5). Samples closer to the 

RIC did not experience this melt crystallisation 
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event, containing zircon and monazite recording 

ages younger than ca 950 Ma, with no melt 

crystallisation (i.e. neocrystallisation) till 30 Myr 

after the emplacement of the RIC at ca 900 Ma. 

The youngest osumilite ages are interpreted to 

relate to the edge of the large grains as well later 

osumilite growth around garnet during contact 

metamorphism (ca 920–880 Ma). This new 

geochronology extended previous estimates of 

the time-scale of high-T metamorphism in SW 

Norway to at least 100 Myr to ~150 Myr.

2. TECTONIC IMPLICATIONS FOR SW 

NORWAY 

Two tectonic models have been previously 

proposed for SW Norway and more broadly the 

Sveconorwegian Belt as a whole. In Chapter 

3, based on an assessment of current literature, 

the earlier continent-continent collisional 

model proposed by Bingen et al. (2008) could 

not satisfactorily explain the metamorphic and 

magmatic evolution of the Sveconorwegian Belt, 

based on features such as the presence subduction 

related magmatic suites postdating proposed 

subduction cessation, as well as contemporaneous 

and later arc-related features. The accretionary 

model suggested by Slagstad et al. (2013) and 

developed further by Coint et al. (2015) and 

Roberts and Slagstad (2015), permits crustal 

thickening sufficient to generate the recorded 

metamorphic conditions (3–8 kbar) whilst 

explaining the distribution of magmatic suites and 

metamorphic events as well as the progressive 

younging of terranes from east to west. This 

model is more consistent with the P–T results of 

Chapter 3 as well as the geochronological and 

geodynamic results of Chapters 4 and 5. Whilst 

diffusion modelling in Chapter 5 showed that the 

RIC was assembled rapidly as a series of multiple 

pulses, the exact mechanism to generate the 

anorthosite magmas remains unclear. Increased 

understanding on the generation of anorthositic 

melts and the required tectonic settings may 

provide additional insight into the tectonic setting 

of the Sveconorwegian Belt.

3. BEHAVIOUR OF TRADITIONAL 

GEOCHRONOMETERS DURING HIGH-T 

CONDITIONS

3.1 S India (Chapter 2)

 Zircon from Kakkod showed protracted growth 

during high-T conditions, recorded as zircon 

overgrowths with a range of ages, but showed no 

textural features related to fluid influx, unlike the 

nearby charnockite locality Kottavattom (Taylor 

et al., 2014). Zircon at Kakkod was controlled by 

the presence of melt, permitting neocrystallisation 

over recrystallisation, which dominates in melt 

absent conditions. Due to their formational 

relationship, zircon showed no effects of bulk 

compositional variation between the garnet-

biotite gneiss and the incipient charnockite, with 

both lithologies showing zircon overgrowths by 

retaining melt, seen in outcrop as numerous large-

scale leucogranites and small-scale leucosomes. 

Zircon growth in the metapelite was limited and 

all grains showed recrystallisation as a result of 

a more residual composition, with the metapelite 

displaying a smaller amount of melt in outcrop 

compared to the other lithologies. Monazite 

at Kakkod, like Kottavattom, best records the 

fluid event, containing coupled dissolution-

reprecipitation textures in connection with the 
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youngest monazite ages in all lithologies. As 

mentioned above the fluid source is interpreted to 

be locally sourced from the crystallisation of the 

local melt system, supported by the lack of fluid 

modification of zircon at Kakkod, indicating a 

different fluid composition to that experienced by 

Kottavattom (Taylor et al., 2014). The proportion 

or activity of fluid may also be deduced from 

monazite. Monazite from within the charnockite 

show increased amounts of modification as well as 

the youngest ages; potentially indicating a larger 

volume of fluid or the fluid was more active in the 

rock evolution, either interpretation is plausible as 

the charnockite shows the most alteration.

3.2 SW Norway (Chapter 5)

The conditions experienced by zircon and 

monazite within the Rogaland samples are more 

highly varied as a number of different bulk 

compositions were used, with different levels 

of partial melting/melt extraction, variable 

temperature for the contact metamorphosed 

samples, as well as all samples being very 

anhydrous. Zircon was present within all samples 

and was mainly modified through recrystallisation 

due to the extreme temperatures and anhydrous 

nature of the samples. All samples bar one saw 

new zircon growth in relation to crystallisation of 

melt, with the most residual sample (ROG13/10) 

showing only recrystallisation of zircon. The 

effect of variable temperature during contact 

metamorphism on the recorded age range is 

highlighted by ROG13/10 and ROG14/8, both 

of which contained only zircon but are located 

at different distances from the RIC (10 km and 

at the contact respectively). As a consequence 

of experiencing more extreme temperatures 

during contact metamorphism, a larger range of 

zircon ages was recorded in ROG14/8 as a result 

of increased diffusional modification during 

recrystallisation. Similar distributions of zircon 

ages were also recorded in the monazite-bearing 

contact sample ROG14/5. Neocrystallisation 

as zircon overgrowths only occurred during the 

samples respective melt crystallisation event (i.e. 

distal samples after regional, samples closer to 

the RIC after contact metamorphism), with the 

exception of ROG13/10 due to complete melt 

extraction. Monazite showed little to no internal 

textures within all samples, with monazite growth 

interpreted to be controlled by precipitation within 

appropriate composition and conditions. No fluid 

related textures were present, consistent with the 

anhydrous nature of the samples. REE in zircon 

showed a systematic variation with distance 

from the RIC, with increasing modification 

of REE towards equilibrium with garnet with 

decreasing distance from the RIC. Whilst thought 

to be typically immobile during most geological 

conditions, through diffusion modelling, REE 

in zircon were shown to be modifiable during 

geologically short-lived extreme temperature 

conditions as well as during prolonged UHT 

conditions. This allows diffusion of REE-in-zircon 

to be used to provide constraints on the duration 

and temperature of metamorphism. Diffusion 

modelling determined that the rocks at the contact 

of the RIC experienced temperatures of ~1100°C 

in order for the system to achieve geochemical 

equilibrium. The attainment of such temperatures 

for a given time period in order to achieve zircon 

re-equilibration also provided constraints on the 

method of emplacement of the RIC (as mentioned 
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above).

4. THE IMPORTANCE OF A 

PETROCHRONOLOGICAL APPROACH IN 

ASSESSING HIGH-GRADE TERRANES 

Due to the large array of processes acting during 

lower crustal metamorphism it can be difficult to 

unravel what processes were acting when as well 

as the true duration of events, as no single rock 

may record the entire metamorphic evolution. The 

application of petrochronological techniques in 

Chapters 2–5 allowed the quantification of the 

time-scales of metamorphism (S India: ~50 Myr; 

SW Norway: ~100–150 Myr), refining previous 

estimates in Rogaland in particular. Despite the 

prolonged nature of high-T conditions, by using 

a range of samples and techniques, quantitative 

P–T–t paths were derived for both case studies. Both 

regions experienced regional style metamorphism, 

with SW Norway being characterised by a 

secondary more localised contact metamorphic 

event and S India experiencing a later fluid event. 

These events were recorded in both case studies as 

a combination of different internal textures within 

geochronometers, variations in geochemistry and 

microstructures connected to geochronological 

populations and phase equilibria.

 This thesis shows that zircon and 

monazite, if present, are adept at recording and 

preserving a wide array of geochronological 

and geochemical data even when exposed 

to prolonged high temperatures. Whilst not 

entirely impervious to modification due to the 

increased action of many processes at elevated 

temperatures, this modification may be used to 

provide additional information on the durations 

and conditions of metamorphism and is not a 

hindrance to petrochronological studies if all 

potential affects and limitations are properly 

considered. Nonetheless, the availability of zircon 

and monazite and the information recorded is 

strongly affected by key lower crustal processes, 

such as the availability of melt and the presence 

of fluids. The unique combination and interaction 

of particular processes along a metamorphic 

evolution will result in a unique data set and 

mineral paragenesis. Whilst both case studies 

produced geochronological data sets that from 

the outset appear similar (older inherited ages, 

discordant trends to younger populations, spreads 

of younger data along concordia), the processes 

controlling and causing this age distribution are 

dissimilar. At Kakkod the distribution of zircon 

ages was controlled by neocrystallisation resulting 

in protracted zircon growth; compared to Rogaland 

where recrystallisation was the dominant process 

affecting zircon, smearing ages along concordia 

due to Pb loss. Monazite in Rogaland provided 

information on the duration of metamorphism, 

where as at Kakkod monazite best recorded fluid 

infiltration, with the duration of metamorphism 

best defined by zircon. This contrasting behaviour 

between regions and individual geochronometers 

makes a petrochronological approach even more 

critical, as the combination of geochronological 

information with textural, petrological and 

geochemical information was key in identifying 

the involvement or action of a combination of 

different processes as well as differentiating 

between the factors controlling the distribution of 

ages. The application of multiple geochronometers 

where available is also highly beneficial due to 

their variable response to evolving geodynamic 

and geochemical systems. Monazite can provide 
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complimentary information to zircon by growing 

throughout supra-solidus conditions (and 

sometimes during sub-solidus conditions) where 

zircon may not grow or react depending on the 

geochemical system. Both the consideration of the 

effects of sample characteristics on recorded age 

and geochemical information as well as the careful 

categorisation of internal geochronometer textures 

within a wider petrological context are of equal 

importance to unravelling complex metamorphic 

terranes and quantitative petrochronological 

studies and should be the focus of detailed analysis 

within every study.

5. FUTURE RESEARCH DIRECTIONS

–Further investigation is required into the effects 

of subtle compositional variations on the stability 

of orthopyroxene in charnockites. In particular, 

identifying which compositional variables are 

responsible. The variable amount of fluid flux 

recorded across the outcrop could also be further 

investigated.

–Future studies could conduct texturally 

constrained sampling of osumilite grains as well 

as a trace element/structural investigation into the 

distribution of cores and rims in osumilite to better 

quantify the range of ages recorded. Further study 

into the complex diffusion behaviour of osumilite 

could also be conducted (i.e. cycled step heating).

–Detailed geodynamic modelling could be 

conducted, applying this new data, to better 

understand the emplacement/formation of the RIC 

and the tectonic setting of the RVA Sector.
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a b s t r a c t

The RogalandeVest Agder Sector of southwestern Norway comprises high-grade metamorphic rocks
intruded by voluminous plutonic bodies that include the w1000 km2 Rogaland Igneous Complex (RIC).
New petrographic observations and thermodynamic phase equilibria modelling of three metapelitic
samples collected at various distances (30 km, 10 km and w10 m) from one of the main bodies of RIC
anorthosite were undertaken to assess two alternative PeTet models for the metamorphic evolution of
the area. The results are consistent with a revised two-phase evolution. Regional metamorphism fol-
lowed a clockwise PeT path reaching peak conditions of w850e950 �C and w7e8 kbar at w1035 Ma
followed by high-temperature decompression tow5 kbar atw950 Ma, and resulted in extensive anatexis
and melt loss to produce highly residual rocks. Subsequent emplacement of the RIC at w930 Ma caused
regional-scale contact metamorphism that affected country rocks 10 km or more from their contact with
the anorthosite. This thermal overprint is expressed in the sample proximal to the anorthosite by
replacement of sillimanite by coarse intergrowths of cordierite plus spinel and growth of a second
generation of garnet, and in the intermediate (10 km) sample by replacement of sapphirine by coarse
intergrowths of cordierite, spinel and biotite. The formation of late biotite in the intermediate sample
may suggest the rocks retained small quantities of melt produced by regional metamorphism and
remained at temperatures above the solidus for up to 100 Ma. Our results are more consistent with an
accretionary rather than a collisional model for the Sveconorwegian Orogen.

� 2016, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

The RogalandeVest Agder Sector of SW Norway is a meta-
morphic province dominated by high-grade gneisses and intrusive
igneous rocks (Maijer et al., 1981; Tobi et al., 1985; Jansen and Tobi,
1987; Maijer, 1987). Together these rocks represent the core of the
ca. 1200e900 Ma Sveconorwegian Orogen (Falkum and Petersen,
1980; Falkum, 1985). The intrusive rocks include the Rogaland
Igneous Complex (RIC) that is exposed over w1000 km2 and
comprised largely of three massif-type anorthosite plutons
emplaced around 930 Ma (Schärer et al., 1996). Two contrasting

tectonic models have been proposed to explain the evolution of the
Sveconorwegian Orogen, one involving continent-continent colli-
sion (Bingen et al., 2008) and the other involving protracted sub-
duction-accretion (Slagstad et al., 2013a,b; Coint et al., 2015;
Roberts and Slagstad, 2015). Collisional models generally require
long timescales for the rocks to reach high-grade metamorphism
(Clark et al., 2011; Slagstad et al., 2013a,b), whereas in accretionary
orogens such conditions may be attained much faster (Slagstad
et al., 2013a,b; Coint et al., 2015). However, clockwise PeT paths
are not diagnostic of either tectonic setting (Brown, 2007).

The role of the RIC in the metamorphic history of the gneisses of
the RogalandeVest Agder Sector is controversial, and two different
PeTetmodels have been advanced (Fig. 3). Möller et al. (2003) and
Tomkins et al. (2005) proposed a two-stage metamorphic evolu-
tion, in which an upper amphibolite facies regional event charac-
terized by a clockwise PeT evolution was followed by ultra-high

* Corresponding author.
E-mail address: eleanore.blereau@postgrad.curtin.edu.au (E. Blereau).
Peer-review under responsibility of China University of Geosciences (Beijing).

HOSTED BY Contents lists available at ScienceDirect

China University of Geosciences (Beijing)

Geoscience Frontiers

journal homepage: www.elsevier .com/locate/gsf

http://dx.doi.org/10.1016/j.gsf.2016.07.003
1674-9871/� 2016, China University of Geosciences (Beijing) and Peking University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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temperature (UHT) metamorphism at lower pressure related to
intrusion of the RIC. By contrast, Drüppel et al. (2013) proposed a
single-stage, protracted clockwise regional metamorphic evolution
that reached a UHT metamorphic peak some 70 Ma prior to
emplacement of the RIC; in this model, high-grade metamorphism
and intrusion are considered to have been unrelated.

In this study, we combine new petrographic observations with
phase equilibriamodelling of threemetapelitic samples collected at
different distances from the RIC (30 km, 10 km and <50 m) to re-
evaluate their metamorphic evolution. We discuss the implica-
tions of the results for the tectonic evolution of the Sveconorwegian
Belt.

2. Regional geology

The rocks of southern Scandinavia experienced three Protero-
zoic orogenic events: in Sweden and Finland the ca. 1900e1750 Ma
Svecofennian orogeny, in SE Norway and Sweden the ca.
1750e1550 Ma Gothian orogeny, and in southern Norway and SW
Sweden the ca. 1200e900 Ma Sveconorwegian orogeny (Andersen
et al., 2002). The Sveconorwegian Belt lies to the west of the Sve-
cofennian Domain and the ca. 1850e1650 Ma Transcandinavian
Igneous Belt and is bounded obliquely to the northwest by the
Caledonides (Fig. 1). It comprises a number of lithotectonic do-
mains, including the Eastern Segment, Idefjorden Terrane, Bamble,
Kongsberg and Telemarkia Terranes, all of which are bounded by
major shear zones (Fig. 1). The Telemarkia Terrane is interpreted to

have formed in a short magmatic event between 1520e1480 Ma
(Bingen et al., 2005, 2006; Bogdanova et al., 2008; Roberts and
Slagstad, 2015) and is further divided into the Telemark, Hardan-
gervidda, Sudal and RogalandeVest Agder Sectors (Fig. 2).

The focus of this study, the RogalandeVest Agder (RVA) Sector,
is a high-grade gneiss complex intruded by voluminous synoro-
genic plutons that represents the core of the Sveconorwegian
Orogen (Falkum and Petersen, 1980; Falkum, 1985). The complex
consists of felsic orthogneiss, much of which contains orthopyr-
oxene, and subordinate garnet-bearing paragneiss (Hermans et al.,
1975; Falkum, 1982, 1985; Tobi et al., 1985; Bingen et al., 2005;
Tomkins et al., 2005; Coint et al., 2015), with minor amphibolite,
quartzite, calc-silicate and marble (Huijsmans et al., 1981; Falkum,
1982, 1985; Tobi et al., 1985; Jansen and Tobi, 1987; Bingen et al.,
2005; Harlov, 2011). The orthopyroxene-bearing orthogneiss is
variably migmatitic, in which migmatised varieties have protolith
ages of ca. 1450 Ma whereas non-migmatised varieties have
younger protolith ages of ca. 1230e1210 Ma (Coint et al., 2015).
Migmatitic garnet-bearing paragneiss contains abundant garnet as
well as sillimanite and/or cordierite-bearing layers indicating pel-
itic to semi-pelitic protoliths (Hermans et al., 1975; Coint et al.,
2015). Detrital zircon UePb ages between ca. 3000e1200 Ma
have been reported from one of these migmatitic metapelites
(Tomkins et al., 2005).

The RVA Sector contains three suites of intrusive rocks: (1) the
Sirdal Magmatic Belt (SMB); (2) the hornblende-biotite granites
(HBG) and (3) the Rogaland Igneous Complex (RIC). The
1060e1020Ma SMB, which covers an aerial extent ofw10,000 km2,
is a weakly deformed calc-alkaline granitic batholith that preserves
igneous textures (Slagstad et al., 2013a,b; Coint et al., 2015). The
main constituent is porphyritic biotite granite with lesser amounts
of leucogranite, garnet granite and zones rich in xenoliths including
migmatitic gneiss (Coint et al., 2015). The arc-like compositions of
the SMB (Slagstad et al., 2013a,b) may reflect characteristics
inherited from the source rocks, which were probably ca. 1500 Ma
calc-alkaline metavolcanics and granitoid rocks such as are com-
mon in southern Norway, in particular in the Telemark and Har-
dangervidda Sector (Coint et al., 2015).

The 990e932 Ma HBG suite occurs as discrete ‘A-type’ plutons
that crop out across the Telemarkia Terrane (Bogaerts et al., 2003;
Vander Auwera et al., 2011). The range in composition in the HBG
Suite from gabbronorite to granite (50e77 wt.% SiO2) is interpreted
to reflect extreme fractional crystallization of several batches of
basaltic magma (Bogaerts et al., 2003). The HBG suite was likely
derived from an undepleted to slightly depleted hydrous mafic
source that was underplated during a previous orogenic event
(Bogaerts et al., 2003; Vander Auwera et al., 2011, 2014).

The w1000 km2 RIC, also referred to as the Rogaland Anortho-
site Complex (Pasteels et al., 1979; Schärer et al., 1996; Bogaerts
et al., 2003; Westphal et al., 2003) and Rogaland Anorthosite
Province (Sauer et al., 2013; Coint et al., 2015), is composed of three
massif-type anorthosites (Egersund-Ogna, Håland-Heleren and
Åna-Sira) as well as a large layered polyphase intrusion (Bjerkreim-
Sokndal lopolith), two smaller leuconorite bodies (Hidra and Gar-
saknatt) and a small number of mafic dykes (high-Al gabbros to
orthopyroxene monzonorite) (Pasteels et al., 1979; Wilmart et al.,
1991; Vander Auwera and Longhi, 1994; Nijland et al., 1996;
Schärer et al., 1996; Duchesne and Wilmart, 1997; Bolle et al.,
2002; Marker et al., 2003; Möller et al., 2003; Bolle et al., 2010).
The three anorthosite massifs contain subophitic aggregates of
megacrystic plagioclase and aluminous orthopyroxene within fine-
grained leuconorite (Schärer et al., 1996; Bybee et al., 2014). UePb
ages of zircon and baddeleyite inclusions within orthopyroxene
megacrysts in the Egersund-Ogna, Håland-Heleren and Åna-Sira
anorthosites are identical within uncertainty at ca. 930 Ma (Schärer

Figure 1. Map showing the main geological subdivisions of Scandinavia (after Bergh
et al., 2012). Abbreviations: T e Telemarkia Terrane; B e Bamble Sector; O e Oslo
Graben; K e Kongsberg Sector; I e Idefjorden Terrane; ES e Eastern Segment; C e

Caledonides; TIB e Transcandinavian Igneous Belt; SF e Svecofennian Domain; WG e

Western Gneiss Region.
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et al., 1996). Based on the complex spread of zircon UePb ages
reported by Möller et al. (2003), the RIC suggested by Coint et al.
(2015) has a protracted, episodic emplacement history. The
margin of the Egersund-Ogna massif has a magmatic foliation
parallel to both its boundary and to the foliation of the adjacent
host gneisses (Schärer et al., 1996; Bolle et al., 2002) that has been
used as evidence for diapiric emplacement of a w1150 �C crystal
mush (Duchesne and Michot, 1987; Longhi et al., 1993; Schärer
et al., 1996; Bolle et al., 2002). The anorthosites were emplaced at
mid crustal depths (minimum of 5.0e7.7 kbar, w20e30 km) based
on conventional thermobarometry and numerical modelling
(Wilmart and Duchesne, 1987; Barnichon et al., 1999).

Within the RIC, the Bjerkreim-Sokndal lopolith is a layered
intrusion with four main phases; a basal phase of anorthosi-
teeleuconorite and norite with rhythmic layering is overlain by
monzonorite that is in turn overlain by monzonite and, lastly, by
quartz monzonite (Versteeve, 1975; Wilmart et al., 1991; Duchesne
and Wilmart, 1997; Bolle et al., 2002). The lopolith, which is
separated from the anorthosite intrusions by a thin septum of
gneissic country rocks, was emplaced at approximately the same
time (Wilmart et al., 1991; Vander Auwera and Longhi, 1994;
Schärer et al., 1996; Duchesne and Wilmart, 1997). Geochemical
and isotopic data indicate that the RIC had a relatively anhydrous,
lower crustal source (Bogaerts et al., 2003) with more recent
studies suggesting that the parent magmas originated at the Moho
with anorthosite formation tied to protracted magmatism in a
convergent arc (Bybee et al., 2014). Previous studies suggested

multiple parental melt compositions for the RIC suite, with source
rocks possibly ranging from high Al-basalt to primitive orthopyr-
oxene monzonorite (Vander Auwera et al., 2011, and references
therein).

The high-grade gneisses of the RVA Sector are considered by
some authors to have experienced a polymetamorphic evolution,
and to preserve textural evidence for a regional metamorphic event
followed by a high temperature contact metamorphic overprint
(Verschure et al., 1980; Maijer et al., 1981; Wielens et al., 1981;
Demaiffe and Michot, 1985; Jansen et al., 1985; Tobi et al., 1985;
Maijer, 1987; Bingen and van Breemen, 1998; Möller et al., 2003;
Tomkins et al., 2005; Coint et al., 2015). Evidence for an amphibo-
lite facies regional metamorphic event (commonly termed M1) at
ca. 1035 Ma (Tomkins et al., 2005) is based on isotopic data from a
garnetebiotiteesillimanite metapelite, w25e30 km from the
contact with the RIC (Möller et al., 2003). Coint et al. (2015) also
suggested a similar age of regional metamorphism of ca. 1030 Ma.
The subsequent growth in this rock of cordierite containing zircon
dated at ca. 955 Ma indicates that peak metamorphic conditions
were followed by decompression (shown in red, Fig. 3) (Möller
et al., 2003; Tomkins et al., 2005). These events predate the
emplacement of the RIC at ca. 930 Ma (Schärer et al., 1996), which
caused large-scale contact metamorphism (M2) at UHT conditions
(shown in blue, Fig. 3) (Schärer et al., 1996; Möller et al., 2003;
Westphal et al., 2003). Pressureetemperature estimates of
w750 �C at 5e7 kbar for the regional event and 700e1050 �C at
w4 kbar for the contact metamorphism were derived using

Figure 2. Geological map of the RogalandeVest Agder Sector of southwest Norway (after Coint et al. (2015), MUL from Vander Auwera et al. (2011) and mineral isograds from Bolle
et al. (2010)). Samples from this study are marked as large white stars with locations from previous studies as smaller black stars.
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conventional thermobarometry (Jansen et al., 1985). A later retro-
grade overprint (so-called M3) to upper amphibolite to granulite
facies at 908 Ma (550e700 �C and 3e5 kbar) is interpreted to be
related to the isobaric cooling of intrusive bodies with the partial
replacement of high grade minerals such as osumilite (Kars et al.,
1980; Maijer et al., 1981; Wielens et al., 1981; Jansen et al., 1985;
Bol et al., 1989; Nijland et al., 1996; Möller et al., 2003; Tomkins
et al., 2005; Bolle et al., 2010).

In contrast to the previous interpretations, Drüppel et al. (2013)
reinterpreted the gneisses as having experienced a single, long-lived
regional metamorphic event that peaked at UHT conditions some
70 Ma prior to intrusion of the RIC (shown in green, Fig. 3). This
interpretation, based on phase equilibria modelling in the
Na2OeCaOeK2OeFeOeMgOeAl2O3eSiO2eH2OeTiO2 (NCKFMASHT)
model system of samples w10 km from the RIC contact, indicated
peak conditions of w1000 �C at w7.5 kbar were followed by near
isothermal decompression to <5.5 kbar at 900e1000 �C (M2) before
near isobaric cooling (Drüppel et al., 2013). These authors concluded
that no second thermal pulse is recorded by the silicate mineral
assemblage in the RVA Sector. Zircon UePb ages are consistent with
a metamorphic age at ca. 1000 Ma; epitaxial xenotime yields UePb
ages within error of the emplacement of the RIC at ca. 930 Ma
(Drüppel et al., 2013).

A series of high-T mineral-in isograds, including inverted
pigeonite in felsic orthogneiss, osumilite in paragneiss, orthopyr-
oxene in felsic orthogneiss and clinopyroxene in granodioritic
gneiss, are broadly parallel to the margin of the RIC (Fig. 2)
(Hermans et al., 1975; Pasteels et al., 1979; Sauter, 1981; Jansen
et al., 1985; Tobi et al., 1985; Maijer, 1987; Bol et al., 1989). These
isograds represent a temperature range from w700 �C at the
orthopyroxene-in isograd to over 900 �C (UHT) at the pigeonite-in
isograd (Jansen et al., 1985; Tobi et al., 1985; Bol et al., 1989; Möller
et al., 2002, 2003; Tomkins et al., 2005). Whereas most studies have
interpreted the osumilite and pigeonite-in isograds as the products
of contact metamorphism at ca. 930 Ma superimposed upon
granulite to amphibolite-facies regional metamorphic assemblages,
others regard the orthopyroxene isograd to pre-date the contact
event (Bingen and van Breemen, 1998), More recently, Coint et al.
(2015) have proposed that the orthopyroxene-in isograd sepa-
rates granulite-facies rocks to the west from non-metamorphosed
granites to the east and should not be regarded as an isograd at all.

3. Sample descriptions and petrology

Three samples collected from different distances from the
RICecountry rock contact were investigated in order to evaluate
their metamorphic histories. Hereafter, these samples are referred
to as distal (collected w30 km from the RIC), intermediate
(w10 km) and proximal (w10 m), as shown in Fig. 2. Mineral ab-
breviations follow Kretz (1983) and Whitney and Evans (2010).

3.1. Distal sample (N58�49049.400, E6�16049.200)

The distal sample (ROG13/11) is a garnetesillimaniteecordierite
metapelite collected a short distance up-grade of the
orthopyroxene-in isograd. The sample site, w400 m NW of Gil-
jastølsvatnet, is w5 km north of the sample locality of Degeling
et al. (2001) and Tomkins et al. (2005) (Fig. 2). The sample is a
migmatite comprising melanosome rich in garnet, sillimanite and
cordierite and garnet-bearing leucosomes that are continuous at an
outcrop scale and oriented sub-parallel to the regional foliation
(Fig. 4a).

In thin section, the melanosome contains anhedral garnet por-
phyroblasts (2e8 mm) within which abundant inclusions of silli-
manite define a folded foliation that curves into parallelism with
the matrix foliation (Fig. 4b, c) that is also defined by sillimanite
(0.2e1 mm). Variably pinitised cordierite (2e6 mm, 10e15%) sur-
rounds garnet, sillimanite, ilmenite and quartz (Fig. 4b, c). Minor
feldspar is also present within the matrix. Minor singular grains of
ilmenite (0.5e1 mm) are partially to completely replaced by in-
tergrowths of differently orientated rutile and chlorite. The leuco-
some is composed of sub-equal proportions of quartz (2e6 mm),
plagioclase (1e4 mm) and K-feldspar (2e4 mm), along with
anhedral to rounded garnet (1e3 mm) that contains abundant in-
clusions of quartz but no sillimanite (Fig. 4d). Minor biotite is
present (0.5e1 mm) along with small amounts of muscovite.

The interpreted peak assemblage in sample ROG13/11 is garnet,
sillimanite, plagioclase, K-feldspar, quartz, ilmenite and melt. Ma-
trix garnet containing sillimanite inclusions is interpreted to
mainly represent subsolidus growth, whereas leucosome garnet
that lacks sillimanite inclusions is regarded as a peritectic product
of melting reactions consuming biotite. Cordierite and biotite are
considered to be retrograde minerals.

3.2. Intermediate sample (N58�4209.700 , E6�1001.400)

The intermediate sample (ROG13/10) is a residual sapphirine-
bearing metapelite from a locality near Ivesdal, w10 km NE of the
RIC contact (Fig. 2), which has been described previously by
Hermans et al. (1976) and Drüppel et al. (2013). The exposure
consists of irregular, dark sapphirine-bearing layers within a host
orthopyroxene-bearing gneiss (Fig. 5). Minor and sporadically
dispersed large garnets (w3e8 cm) within the sapphirine-bearing
granulite and, less commonly, within the orthopyroxene gneiss
have coronae of orthopyroxene with or without plagioclase, and in
some cases have been replaced completely (Fig. 5a, b). Garnet-
bearing leucosome occurs as rare patches within orthopyroxene
gneiss. Sparse quartz veins occur within, and cross-cut both li-
thologies. Irregular orthopyroxene-rich selvedges and schlieren
occur within the orthopyroxene gneiss and occasionally along
contacts between orthopyroxene gneiss and sapphirine-bearing
metapelite.

In thin section, subhedral to euhedral sapphirine porphyroblasts
(1e8 mm, 10e15%) are partially to completely replaced by coarse
intergrowths of spinel and cordierite, along with variable amounts
of biotite that appears to be replacing cordierite (Fig. 6a, b, d). The
matrix consists of cordierite (0.5e3 mm), orthopyroxene

Figure 3. Two alternative PeT models proposed for the RogalandeVest Agder sector
(modified after Drüppel et al., 2013); two-stage metamorphic evolution (Möller et al.,
2003; Tomkins et al., 2005) versus protracted, single-stage metamorphic evolution
(Drüppel et al., 2013).
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(0.5e3 mm), plagioclase (0.5e2 mm), K-feldspar (0.5e1 mm) and
biotite (up to 2 mm) (Fig. 6c). Orthopyroxene grains are separated
from sapphirine porphyroblasts by layers of cordierite and spinel
plus cordierite (Fig. 6a, b). Feldspar grains are variably sericitised.
Spinel contains ilmenite and minor exsolved magnetite. Quartz is
absent.

We interpret sample ROG13/10 to have contained an earlier
assemblage of sapphirine, orthopyroxene, plagioclase, K-feldspar,
cordierite, ilmenite and melt that later underwent replacement of
sapphirine and orthopyroxene by coarse intergrowths of spinel and
cordierite. Subsequent growth of biotite may reflect retrograde
reaction in the presence of melt.

Figure 4. Field photograph and photomicrographs from the ‘Distal’ locality. (a) Garnetecordieriteesillimanite melanosome with garnet-bearing leucosome at outcrop scale.
(b) Garnet porphyroblast within melanosome (xpl) containing ilmenite, sillimanite and minor biotite inclusions, surrounded by pinitised cordierite and sillimanite. (c) Garnet
porphyroblast within melanosome with sillimanite inclusions defining a relict foliation. Coarse sillimanite in the matrix defines a new foliation. (d) Peritectic garnet with quartz
inclusions within leucosome, with late biotite. (e) Back scattered electron (BSE) image showing ilmenite being replaced by an intergrowth of rutile and chlorite within the
melanosome.
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3.3. Proximal sample (N58�35046.500, E5�46059.000)

The proximal sample ROG14/5 is from country rocks w10 m
from the northwest margin of the RIC (Fig. 2). The sample is a
migmatitic garnetesillimaniteespinelecordierite metapelitic
gneiss (Fig. 7a) that is intruded by several small sheets of garnet-
bearing anorthosite (Fig. 7b). The metapelite consists of melano-
some rich in garnet and cordierite, within which occurs narrow,
foliation-parallel leucosome layers (<1 cm in width). Larger
(w0.5e1 m) irregular bodies of garnet-bearing and garnet-free
leucosome cross-cut the foliation and contain schollen of melano-
some (Fig. 7a). Minor quartz veins are also present. The anorthosite
sheets are discontinuous, up to 15 cm wide and 4 m in length and
oriented parallel to the foliation (Fig. 7b).

In thin section, sample ROG14/5 is dominated by melanosome
containing equant to elongate anhedral garnet porphyroblasts
(0.5e4 mm) containing sillimanite inclusions (Fig. 7c, d). A second
generation of garnet forms narrow (w100 mm) rims around pre-
existing garnet porphyroblasts and adjacent to spinel (Fig. 7c, d).
Coarse matrix sillimanite (0.5e4mm) defines a foliation that wraps
around garnet, and is partially replaced by intergrowths of spinel
plus cordierite (Fig. 7d). Spinel occurs both within the symplectite

and as aggregates of grains surrounded by a thin rind of cordierite
or garnet (Fig. 7d). The leucosome contains large (2e8mm) slightly
elongate grains along with smaller (0.5e2 mm) grains of quartz,
plagioclase (1e2 mm) and K-feldspar (1e2 mm). Cordierite sur-
rounds garnet, sillimanite and, less commonly, quartz and spinel
(1e2 mm) and is sometimes intergrown with Kefeldspar (Fig. 7d).
Minor ilmenite is partially to completely replaced by late in-
tergrowths of rutile and chlorite.

This sample is interpreted to contain an earlier assemblage of
garnet, sillimanite, plagioclase, K-feldspar, quartz, spinel, ilmenite
and melt. Replacement of sillimanite by cordierite plus spinel, and
growth of a second generation of garnet occurred subsequently.

4. Phase equilibria modelling

Metamorphic PeT conditions were constrained using PeT, PeX
and TeX pseudosections modelled in the Na2OeCaOeK2OeFeOe
MgOeAl2O3eSiO2eH2OeTiO2eO system using THERMOCALC 3.40i
and the internally consistent thermodynamic dataset of Holland
and Powell (2011) (specifically the tc-ds62 dataset generated on
06/02/2014). Activityecomposition models are from White et al.
(2014a). Although Mn-bearing solution models have been

Figure 5. Field photographs from the ‘Intermediate’ locality. (a) Dark sapphirine granulite layer with completely replaced garnet. (b) Sapphirine granulite and orthopyroxene gneiss
containing partially replaced garnets with orthopyroxene coronas. (c) Irregular dark layers of sapphirine granulite interleaved with orthopyroxene gneiss, cut by minor faults.
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calibrated (White et al., 2014b), Mn has a negligible effect at high
temperatures and was not considered (Johnson et al., 2015). Cal-
culations consider the phases garnet, silicate melt, plagioclase, K-
feldspar, sillimanite, sapphirine, quartz, muscovite, biotite, ortho-
pyroxene, cordierite, ilmenite, rutile and magnetite-spinel. Osu-
milite was not included as there is no solution model calibrated
against the ds6 dataset.

Bulk rock compositions were determined by X-ray fluorescence
analysis using a Panalytical 2404 XRF unit at Franklin and Marshall
College, Pennsylvania, for which ferric and ferrous iron contents
were determined by titration. The bulk compositions (expressed as
mol.% oxides) used in the pseudosections are given in Table 1.
Modelled H2O contents were constrained using TeX or PeX pseu-
dosections ranging from a quantity assuming all analysed loss on
ignition (LOI) as H2O to lower values (0.1 mol.%). The H2O content
chosen for PeT modelling was such that the solidus intersected, or
was as close as possible to the field containing the interpreted peak
assemblage (see Supplementary data Figs. S1e3). Calculations us-
ing the composition of the distal sample (ROG13/11), the most
altered of the studied rocks, measured ferric iron concentrations
were too high with all calculated fields containing magnetite,

which is not observed in the rock. Thus, to account for post-peak
oxidation, appropriate ferric iron contents were constrained using
a PeX pseudosection ranging from the titrated value (1.31 mol.%
Fe2O3) to a minimal content (0.01 mol.%; see Supplementary data
Fig. S4). A value of X ¼ 0.5 (Fe2O3 ¼ O ¼ 0.67 mol.%) was chosen,
as it is the minimum required to eliminate magnetite from the
interpreted peak assemblage. Note that the stability field of spinel
in nature is likely to be larger than the calculated stability due to the
presence of minor components (e.g. Zn, V, Cr) that cannot currently
be modelled (Taj�cmanová et al., 2009). Drüppel et al. (2013) re-
ported average concentrations of Cr2O3 and ZnO in spinel in the
sapphirine-bearing sample as 0.07 and 0.15 wt.%, respectively. For
reference, PeT pseudosections contoured for the abundance of
particular phases calculated using TCInvestigator (Pearce et al.,
2015) are given in the Supplementary data (Fig. S5).

4.1. Distal sample

In the PeT pseudosection for sample ROG13/11 (Fig. 8), the
solidus for the chosen H2O content is located at w830 �C at pres-
sures above 7 kbar. Between 6e7 kbar the solidus inflects to higher

Figure 6. Photomicrographs from the ‘Intermediate’ locality. (a) Sapphirine porphyroblast rimmed by spinel plus cordierite and a cordierite rim separating the symplectite from
orthopyroxene. (b) Sapphirine partially replaced by a spinelecordierite symplectite, with later biotite replacing cordierite within the symplectite. An outer rim of cordierite is
present between the symplectite and orthopyroxene. (c) Irregular grains of orthopyroxene and cordierite within the matrix with some grains almost completely surrounded by late
biotite. (d) Spinel plus cordierite symplectite with biotite partially replacing cordierite.
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temperatures (w970 �C) due to the presence of cordierite that
partitions some of the H2O that at higher pressures is contained
within melt. For the chosen ferric iron content and PeT range,
ilmenite is stable throughout and magnetite is predicted only at
low temperatures and pressures. The interpreted peak assemblage

of garnet, sillimanite, plagioclase, K-feldspar, quartz, ilmenite and
melt occupies a large stability field at >850 �C and >6 kbar (out-
lined in red, Fig. 8). At lower temperatures biotite is stable, and at
lower pressures cordierite, which occurs replacing garnet at its
margins, is predicted. The calculated stability fields of spinel and

Figure 7. Field photographs and photomicrographs from the ‘Proximal’ locality. (a) Garnetesillimaniteecordieriteespinel migmatite overprinted by a large irregular garnet-bearing
leucosome containing schollen of the metapelite. (b) Metapelite with intruded anorthosite sheet. (c) Garnet porphyroblast with secondary garnet overgrowing spinel. (d) Sillimanite
partly replaced by spinel plus cordierite, with some of the spinel replaced by diaspore.
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orthopyroxene occur at higher temperatures and lower pressures
than the inferred peak, respectively.

4.2. Intermediate sample

In the PeT pseudosection for sample ROG13/10 (Fig. 9) the
solidus for the chosen H2O content is located at w900e950 �C.
The stability field for the interpreted earlier assemblage of
sapphirine, orthopyroxene, plagioclase, K-feldspar, cordierite,
ilmenite and melt is relatively narrow (in T) between 910e980 �C
and between 4 and 8 kbar (outlined in red, Fig. 9). Cordierite is
consumed at higher T and biotite is predicted at lower T, and
garnet is stable at higher P and spinel at lower P. Compositional
isopleths of Aleineorthopyroxene are shown in Fig. 9. Maximum
measured values of X(Al) (Al cations in the formula unit based
on six oxygens) from samples from this locality are 0.18 ac-
cording to Drüppel et al. (2013), and this isopleth, along with the
one sigma uncertainty on its position, is shown as the shaded
field. The measured Al content in orthopyroxene is consistent
with the higher pressure part of the preferred peak field,
implying peak conditions of around 7e8 kbar and 900e950 �C
(Fig. 9). The subsequent evolution of the rock, expressed by
the growth of cordierite, spinel and biotite at the expense of
sapphirine, requires significantly lower pressures but similar
temperatures that was followed by cooling into fields containing
biotite.

4.3. Proximal sample

In the PeT pseudosection for proximal sample ROG14/5
(Fig. 10), the solidus for the chosen H2O content is located at
w815 �C above 6.3 kbar but inflects to higher temperatures
(w950e975 �C) below 6 kbar due to the presence of cordierite
which partitions some of the H2O that, at higher pressures, is
contained within melt. The interpreted earlier assemblage of
garnet, sillimanite, plagioclase, K-feldspar, quartz, ilmenite and
melt but without spinel, defines a large stability field at 820 to
>1000 �C and w6 to >10 kbar (outlined in red, Fig. 10); spinel is
predicted to become stable at higher temperatures. As spinel
may be stabilised by non-system components, our preferred
interpretation is that the earlier assemblage is consistent with
the high T end of the modelled spinel-absent field or with the
field containing spinel (i.e. >900 �C and >6 kbar). The subse-
quent evolution of this sample, indicated by the replacement of
sillimanite by cordierite and spinel and the growth of a second
generation of garnet and cordierite (shown by the arrow in
Fig. 10), require lower pressures (w5e6 kbar) but similar
temperatures.

5. Discussion

5.1. PeT conditions of regional metamorphism

At a distance of w30 km from the contact, the distal sample is
considered to be beyond the effects of contact metamorphism

associated with the emplacement of the RIC and to preserve the
regional metamorphic history. This is supported by a pronounced
regional foliation and the lack of symplectitic replacement of
porphyroblast phases that characterises the other samples.
Petrographic observations coupled with phase equilibria
modelling suggest that this sample experienced a clockwise
regional PeT path, reaching peak conditions of >850 �C at
>6 kbar. Partial replacement of garnet by cordierite implies high-
temperature decompression to conditions of w850 �C at 5 kbar,
while the growth of biotite implies crystallisation of the last
vestiges of melt upon cooling. A PeT path consistent with these
observations is shown in Fig. 8. Peak conditions are poorly con-
strained due to the size and the calculated compositional and
modal homogeneity of the phases within the inferred peak field.
The high temperature subsolidus prograde path is constrained to
the sillimanite field, with no evidence for the former presence of
kyanite.

The inferred early assemblages developed within the interme-
diate sample (sapphirine, orthopyroxene, plagioclase, K-feldspar,
cordierite, ilmenite and melt) and the proximal sample (garnet,
sillimanite plagioclase, K-feldspar, quartz, ilmenite, spinel and
melt), are similarly consistent with growth during regional meta-
morphism. Modelling of these compositions gives PeT conditions
that are similar to those derived for the distal sample, namely
900e950 �C and w7e8 kbar for the intermediate sample (Fig. 9)
and >900 �C and >6 kbar for the proximal sample (Fig. 10). Clearly,

Table 1
Bulk compositions as molar oxide (mol.%) used in phase equilibria modelling.

Sample SiO2 TiO2 Al2O3 O FeO MgO CaO Na2O K2O H2O Total

ROG13/11 (Distal) 68.95 0.78 12.95 0.67 6.86 3.68 1.39 1.82 2.80 0.10 100
ROG13/10 (Intermediate) 51.45 0.64 14.98 1.13 6.73 17.99 1.33 1.78 2.94 1.03 100
ROG14/5 (Proximal) 63.19 0.83 16.71 0.57 9.29 4.85 1.28 1.11 2.06 0.11 100

Figure 8. Modelled PeT pseudosection of the distal sample (ROG13/11) with peak field
outlined in red and solidus marked by a black dashed line. The interpreted, clockwise
PeT path traces the post-peak growth of cordierite and biotite. Positioning of the PeT
path is based on modal isopleths generated using TCInvestigator (Pearce et al., 2015).
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all three samples cannot have followed an identical regional PeT
path. However, we propose that a generalised, clockwise regional
metamorphic evolution was experienced by all samples, which
attained peak conditions of around 850e950 �C at 7e8 kbar, and

was followed by high-temperature decompression to w5 kbar,
followed by near isobaric cooling (Fig. 8). Under such conditions,
pelitic and greywacke protoliths will produce significant quantities
of melt (Johnson et al., 2008; White et al., 2014a), most of which
will have been lost to higher crustal levels to leave low a(H2O)
granulite facies residua, consistent with observation.

Clockwise regional PeT paths were proposed by both Tomkins
et al. (2005) and Drüppel et al. (2013). However, our inferred
regional peak conditions are at least w200 �C higher than those
reported by Tomkins et al. (2005) based on conventional thermo-
barometry, and w50 �C lower than the UHT regional conditions
proposed by Drüppel et al. (2013), based on phase equilibria
modelling (Fig. 11). Possible reasons for these differences are
detailed below.

5.2. PeT conditions of contact metamorphism

Petrographic observations of the intermediate and proximal
samples in conjunction with phase equilibria modelling suggest a
two-stage evolution which we equate to: (1) high- to ultra-high T
regional metamorphism with associated partial melting and melt
loss (detailed above); and (2) subsequent high- to ultra-high T
contact metamorphism of the residual rocks caused by emplace-
ment of the RIC.

Importantly, the distal and proximal samples have strikingly
similar bulk compositions, confirmed by the similarity in the PeT
pseudosections for each (see Figs. 8 and 10). However, the petro-
graphic features of the rocks are very different. Both are inferred to
have had a regional peak assemblage containing garnet, sillimanite,
plagioclase, K-feldspar, quartz, ilmenite, and melt, with the prox-
imal sample inferred to have additionally contained a small quan-
tity of spinel. However, the proximal sample contains a second
generation of garnet (and spinel) that is lacking from the distal
sample. In addition, sillimanite in the proximal sample is exten-
sively replaced by a coarse intergrowth of cordierite plus spinel,
whereas sillimanite in the distal sample is pristine.We interpret the
coarse intergrowths of cordierite and spinel after sapphirine in the
intermediate sample and after sillimanite in the proximal sample as

Figure 9. Modelled PeT pseudosection of the intermediate sample (ROG13/10) with
peak field outlined in red, solidus marked by a black dashed line and y(opx) isopleths
marked by fine dashed lines labelled with their respective values. Grey shaded area
indicates uncertainty on the y(opx) ¼ 0.18 isopleth. The presence of garnet defines the
upper pressure limit of the peak assemblage, while cordierite defines the lower tem-
perature limit. The star indicates the interpreted peak conditions reached during
regional metamorphism. The illustrated portion of the PeT path traces the growth of
spinel and cordierite and later biotite. Positioning of the PeT path is based on modal
isopleths generated using TCInvestigator (Pearce et al., 2015).

Figure 10. Modelled PeT pseudosection of the proximal sample (ROG14/5) with peak
field outline in red and solidus marked by a black dashed line. The interpreted PeT
path traces the growth of spinel, cordierite and secondary garnet.

Figure 11. Summary diagram of the revised PeT evolution of the RVA Sector, with
previous models in grey. Interpreted PeT evolution for the distal (blue), intermediate
(green) and proximal (red) samples. The dashed approximate prograde evolution is
based on the lack of kyanite in all samples.
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prograde reaction products that formed as a result of heating
associated with emplacement of the RIC. Similar prograde reaction
textures have been described elsewhere (Pitra and Waal, 2001;
White et al., 2002; Johnson et al., 2004).

In the proximal sample, the reaction textures are consistent
with contact metamorphic conditions of w950 �C at w5 kbar
(Figs. 10 and 11). In the intermediate sample, the reaction textures
are consistent with temperatures of w950 �C and lower pressures
of w3e4 kbar (Figs. 9 and 11). The lower pressures inferred for the
intermediate sample suggests it was at higher levels in the crust
when the RIC was emplaced and implies tilting of the section and/
or differential uplift and erosion post intrusion of the RIC. Overall,
the pressures inferred for the contact metamorphism (3e6 kbar,
Fig. 11) are similar to those reported by other authors (Möller et al.,
2003; Tomkins et al., 2005). The high temperatures inferred for the
contact metamorphism in the intermediate sample may suggest
the anorthosite sits at shallow levels beneath these rocks. However,
with no borehole data, the similarity in density between the
anorthosite and host gneisses makes this difficult to test using
geophysical means.

Within the intermediate sample, the growth of biotite replacing
cordierite in the spinel-cordierite symplectites, which are them-
selves replacing sapphirine, suggests that the rocks may have
retained small quantities of melt and that, on cooling and exhu-
mation from the regional peak, the intermediate sample did not
cross the solidus before the onset of contact metamorphism. This
could indicate that the rocks stayed at high temperature for 100 Ma
or more.

Our interpretation that the intermediate and proximal samples
followed a two-stage PeT evolution (Fig. 11), with contact meta-
morphism superimposed upon the regional metamorphic evolu-
tion path, differs from the work of Drüppel et al. (2013). These
authors suggest the rocks followed a clockwise, single-stage
regional metamorphic evolution peaking at UHT conditions based
on their interpretation that the age of UHT metamorphism pre-
dates the intrusion of the RIC. We suggest that the 1021 � 23 to
999 � 17 Ma metamorphic ages of Drüppel et al. (2013) may
represent growth of zircon from crystallising melt following peak
metamorphism at ca. 1035 Ma (Tomkins et al., 2005).

5.3. PeT evolution of the RVA sector

We present a revised PeT evolution for gneisses of the RVA
Sector during the Sveconorwegian orogeny: For rocks outside the
influence of the RIC (our distal sample), regional metamorphism
followed a clockwise PeT path with peak conditions of
w850e950 �C at w7e8 kbar followed by high-temperature,
retrograde decompression to conditions of w900 �C at 5 kbar
and, subsequently, isobaric cooling to below 700 �C (Fig. 11).
Whereas the distal sample preserves no compelling evidence for
having experienced contact metamorphism, rocks closer to the RIC
(our intermediate and proximal samples) contain evidence for a
static thermal overprint (contact metamorphism) that records
pressures of 3e6 kbar and reached a maximum temperature in the
sample immediately adjacent to the RIC contact of over 950 �C.

The proposed PeT evolution outlined in this study reconciles the
previous interpretations made by Degeling et al. (2001) and
Drüppel et al. (2013). Degeling et al. (2001) underestimated the
temperature of peak regional metamorphism by w200 �C, due to
their reliance on petrogenetic grids in the KFMASH model system,
which is an oversimplification of natural rocks (White et al., 2007,
2014a), and by their use of conventional thermobarometric tech-
niques which, due to post-peak diffusion, commonly lead to un-
derestimates of peak temperatures (Fitzsimons and Harley, 1994;
Pattison et al., 2003). Assuming our results are reliable, Drüppel

et al. (2013) overestimated the temperature experienced by the
rocks at Ivesdal, our intermediate locality, by w50 �C. This is most
likely due to their omission of ferric iron (modelled as O) from their
model system, that affects the bulk X(Mg) of the modelled
composition. In particular, these authors used an older solution
model for sapphirine that does not include ferric iron, which can
significantly reduce the temperature at which sapphirine is stable
(Kelsey et al., 2005; Wheller and Powell, 2014). Furthermore,
Drüppel et al. (2013) relied in part on spinel to constrain their PeT
trajectories. However, the presence of elements such as Cr and Zn
that are not currently incorporated into thermodynamic models,
will stabilise spinel to lower temperatures than predicted by the
pseudosection modelling (Taj�cmanová et al., 2009).

5.4. Implications for the tectonic setting of the Sveconorwegian
orogeny

The revised metamorphic evolution proposed here has impli-
cations for tectonic models for the development of the RVA Sector
during the Sveconorwegian orogeny. There are at present two
different tectonic models for the Sveconorwegian orogeny, a
continent-continent collisional model proposed by Bingen et al.
(2008) and an accretionary model of Slagstad et al. (2013a),
which has been further refined by Coint et al. (2015). The collisional
model postulates that at w1140 Ma Fennoscandia collided with an
as yet unidentified continent (possibly Amazonia), resulting in
widespread Barrovian-type regional metamorphism. Atw930Ma a
phase of orogenic collapse was initiated that resulted in the
emplacement of the RIC and formation of a regional-scale UHT
contact aureole (Bingen et al., 2008). The long timescales of high-
temperature conditions interpreted in this study are sufficient for
the generation of high-grade metamorphic conditions within a
collisional system (Clark et al., 2011). However, the lack of any
obvious colliding continental block and the evidence for a series of
magmatic events with arc-like chemistry that post-date the pro-
posed collision led Slagstad et al. (2013a) to develop an alternative
Andean-style accretionary model to explain the geological evolu-
tion of SW Norway. According to Slagstad et al. (2013a), the long-
lived accretionary margin underwent periodic extension and
compression (as a result of steep and flat slab subduction) and to
alternate between periods of metamorphism (1020e990 Ma) and
magmatism (1050e1020 and 990e920 Ma) to generate the SMB,
HBG and RIC suites.

In contrast to the PeTet proposed by Drüppel et al. (2013),
which consists of a single clockwise PeT loop with UHT meta-
morphism occurring 10e15 Myr after the cessation of SMB mag-
matism, Slagstad and co-workers argued that the metamorphic
history of rocks in SW Norway could not have been produced by a
collisional orogeny (Slagstad et al., 2013b). They suggest that to
generate temperatures of w1000 �C at mid to lower crustal depths
in a collisional system requires on the order of ca. 100 Ma (e.g. Clark
et al., 2011; Clark et al., 2015).

All of the available evidence from this and previous studies in-
dicates that a period of crustal thickening must have occurred prior
to the attainment of peak regional metamorphic conditions (Bingen
et al., 2008; Drüppel et al., 2013; Slagstad et al., 2013a). Possible
mechanisms for crustal thickening include collision, flat-slab sub-
duction and accretion. Whilst continental collision is a key part of
the four-phase model of Bingen et al. (2008), with subduction
interpreted to have ceased at 1140 Ma, this is inconsistent with the
presence of the 1060e1020 Ma calc-alkaline SMB as well as the
presence of contemporaneous and later arc-related features across
the terranes of the Sveconorwegian Belt. These include the wide-
spread arc geochemical signatures (Brewer et al., 2002; Andersen
et al., 2007; Corfu and Laajoki, 2008; Petersson et al., 2015),
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multiple periods of back-arc basin formation (Brewer et al., 2002;
Söderlund and Ask, 2006; Söderlund et al., 2006; Andersen et al.,
2007; Spencer et al., 2014; Petersson et al., 2015) and related
bimodal magmatism (Söderlund and Ask, 2006; Bingen et al., 2008;
Corfu and Laajoki, 2008; Spencer et al., 2014) as well as the overall
younging to the west caused by westerly arc retreat with subduc-
tion beneath Fennoscandia (Slagstad et al., 2013a; Spencer et al.,
2014 and references within; Coint et al., 2015; Petersson et al.,
2015; Roberts and Slagstad, 2015).

Flat-slab subduction has been previously proposed by Slagstad
et al. (2013a) to have driven crustal thickening and develop medi-
umeP, higheT regional metamorphism within the geographically
restricted area of the RVA Sector. This interpretation is consistent
with magmatism starting 15 Myr prior to the onset of regional
metamorphism, in which the magmas could not have been pro-
duced from partial melting related to crustal thickening (Slagstad
et al., 2013a,b). Therefore, we therefore favour the Slagstad et al.
(2013a) accretionary model for the RVA Sector. Similar styles of
accretionary tectonics have been invoked to form regional-scale
granulite facies terranes in a number of other Mesoproterozoic
Orogens (Karlstrom et al., 2001; Clark et al., 2014; Korhonen et al.,
2014) and have been singled out as sites of crustal growth and
granulite generation throughout Earth history (Collins, 2002;
Cawood and Buchan, 2007), at least since the Archaean.

More problematic is exactly how the RIC formed. Most
geochronology of the RIC indicates that it was emplaced in a
restricted time span at w930 Ma. However, Coint et al. (2015)
hypothesised that it may have had a protracted, episodic
emplacement history based on the complex spread of zircon UePb
ages that may record multiple intrusive events and resulted in the
formation of complex growth and dissolution of zircon and
monazite over an extended time interval (<1000 Ma to 920 Ma)
(Möller et al., 2003 and references within). In the absence of un-
equivocal geochronological evidence that suggests emplacement
over a prolonged period, we favour a short-lived intrusive event at
w930 Ma, with magmas emplaced into rocks that still retained
small amounts of melt. Small volumes of melt in the rocks could
have resulted in the reported zircon textures (Möller et al., 2003)
and a single thermal pulse is consistent with the relatively simple
petrographic textures documented in this study and the pluton
sub-parallel isograds observed at the map scale. There is no clear
evidence for slab breakoff as the causal mechanism for generation
of the RIC. Recent work by Bybee et al. (2014) suggested that the RIC
formed as part of a long-lived magmatic system, consistent with an
accretionary setting. It is difficult to determinewhat caused the end
of the Sveconorwegian orogeny as this margin was significantly
modified during the Caledonian orogeny, leaving no obvious
geological record of what previously lay to the west.

6. Conclusions

(1) Regional metamorphism in the RVA Sector during the Sveco-
norwegian orogeny followed a clockwise PeT path attaining
peak conditions of w850e950 �C and w7e8 kbar at ca.
1035 Ma. Partial melting and melt loss led to the production of
highly residual rock compositions.

(2) Rocks located up to at least 10 km from the RIC experienced an
additional static, low-pressure, high-temperature event
w100 Myr after the peak of regional metamorphism that
reached a maximum T of w950 �C at 3e6 kbar. The source of
this additional heat was the RIC itself, whichwas emplaced into
slightly cooler but residual crust and resulted in the series of
high-T isograds concentric with its margin.

(3) The collisional model of Bingen et al. (2008) cannot satisfac-
torily explain the metamorphic and magmatic evolution of the

Sveconorwegian orogeny in the RVA Sector as it lacks a plau-
sible heat source to drive UHT metamorphism. A model that
has the Sveconorwegian Orogen as an east facing accretionary
margin that experienced long-lived subduction associated with
periods of flat slab subduction, rollback and arc accretion, akin
to that proposed by Slagstad et al. (2013a,b) better explains the
metamorphic and magmatic evolution of the RVA Sector.
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Fig. S1: Garnet-biotite gneiss T−X pseudosection with varying ferric iron content (O) from the XRF measured value of 

0.39 (X=0) to 0.01 (X=1). Note that higher X values in this diagram actually correspond to lower XFe2O3 in the rock. A mid

value of X=0.7 (black line) was selected for the final P–T diagram.
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Fig. S2: Charnockite P−X pseudosection with varying ferric iron content (O) from the XRF measured value of 0.35 

(X=0) to 0.01 (X=1). Note that higher X values in this diagram actually correspond to lower XFe2O3 in the rock. A mid 

value of X=0.7 (black line) was selected for the final P–T diagram.
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Fig. S3: Metapelitic gneiss P−X pseudosection with varying ferric iron content (O) from the XRF measured value of 

1.34 (X=0) to 0.01 (X=1). Note that higher X values in this diagram actually correspond to lower XFe2O3 in the rock. A 

mid value of X=0.7 (black line) was selected for the final P–T diagram.
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Appendix C

This appendix contains the supplementary figures S1–S5 from ‘Reappraising the P–T 

evolution of the Rogaland–Vest Agder Sector, southwestern Norway’.

Contents:

Figure S1: T–XH2O pseudosection for ROG13/11

Figure S2: T–XH2O pseudosection for ROG13/10

Figure S3: T–XH2O pseudosection for ROG14/5

Figure S4: P–XFe2O3 pseudosection for ROG13/11

Figure S5: Contoured pseudosections for key minerals using TCInvestigator
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Fig. S1: T–XH2O diagram for the distal sample (ROG13/11). The peak regional assemblage is in bold, the solidus is 

marked with a dashed line and the modelled X content is marked with a red line. X varies from the measured LOI (X 

= 0, 4.44 mol.%) to a lower value (X = 1, 0.10 mol.%). Note that higher X values in this diagram actually correspond 

to lower XH2O in the rock. A value of X = 1 was chosen for the modelled water content as the sample has experienced 

retrogression (e.g. pinitisation of cordierite) and to bring the solidus as close as possible to the peak assemblage to 

represent peak conditions.
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Fig. S2: T–XH2O diagram for the intermediate sample (ROG13/10). The peak regional assemblage is in bold, the solidus 

is marked with a dashed line and the modelled X content is marked with a red line. X varies from the measured LOI (X 

= 0, 5.70 mol.%) to a lower value (X = 1, 0.52 mol.%). Note that higher X values in this diagram actually correspond 

to lower XH2O in the rock. A value of X = 0.9 was chosen for the modelled water content as the sample has experienced 

retrogression (e.g. abundant late biotite), but to also account for prograde/peak regional cordierite.
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Fig. S3: T–XH2O diagram for the proximal sample (ROG14/5). The peak regional assemblage is in bold, the solidus is 

marked with a dashed line and the modelled X content is marked with a red line. X varies from the measured LOI (X 

= 0, 6.66 mol.%) to a lower value (X = 1, 0.10 mol.%). Note that higher X values in this diagram actually correspond 

to lower XH2O in the rock. A value of X = 1 was chosen for the modelled water content as the sample has experienced 

retrogression (e.g. pinitisation of cordierite) and to bring the solidus as close as possible to the peak assemblage to 

represent peak conditions.
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Fig. S4: P–XFe2O3 diagram for the distal sample (ROG13/11). The peak regional assemblage is in bold, the solidus is 

marked with a dashed line and the modelled X content is marked with a red line. X varies from the measured ferric iron 

(X = 0, 4.44 mol.%) to a lower value (X = 1, 0.10 mol.%). Note that higher X values in this diagram actually correspond 

to lower XFe2O3 in the rock. A value of X = 0.5 was chosen for the modelled ferric iron content as the sample has 

experienced oxidation since peak metamorphism and because this was the lowest value required to remove magnetite 

from the modelled evolution of the sample.
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Fig. S5: Contoured pseudosections for key minerals using TCInvestigator (Pearce et al., 2015). Distal sample 

(ROG13/11): a – Modal proportion of garnet. b – Modal proportion of sillimanite. c – Modal proportion of cordierite. 

d – Modal proportion of spinel. Intermediate (ROG13/10): e – Modal proportion of sapphirine. f – Modal proportion 

of orthopyroxene. g – Modal proportion of cordierite. h – Modal proportion of spinel. Proximal (ROG14/5): i – Modal 

proportion of garnet. j – Modal proportion of sillimanite. k – Modal proportion of cordierite. l – Modal proportion of 

spinel.
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Appendix D

This appendix contains Appendix 1 and 2 from the paper ‘Constraining the timing of  

prograde metamorphism in long-lived hot orogens’ as well as the two full TIMA maps 

used within this paper.
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Appendix 1

Methodology:

Phase equilibria modelling:

P–T conditions for ROG13/2 were constrained by a combination of P–T and P–X pseudosections 

modelled within the Na2O−CaO−K2O−FeO−MgO−Al2O3−SiO2−H2O−TiO2−O system 

(NCKFMASHTO) using THERMOCALC 3.33i. As no compatible osumilite model for DS6 is 

available, modelling was conducted using DS5 (tc–ds55s, sapphirine update of Holland and Powell 

(1998), generated on 22/11/2003, as used by Kelsey et al. (2004) and Korhonen et al. (2013)). The 

modelled bulk rock composition was determined using X-ray fluorescence (XRF) analysis with this 

composition taken from an essentially garnet-free portion of osumilite migmatite. Modelled H2O 

content was constrained using a P–X at 900°C (average peak temperature for regional metamorphism 

from Blereau et al., 2017) with H2O concentrations ranging from low (0.1 mol%) to a maximum 

concentration (2.59 mol%) with all loss of ignition from XRF assumed to be H2O. A H2O content 

of ~50% (1.295, normalised to 1.28) was chosen as the minimum value to achieve the desired 

assemblage. 

Calculations considered the phases: garnet, orthopyroxene, silicate melt, quartz, K-feldspar, 

plagioclase, sillimanite/kyanite, osumilite, ilmenite, rutile, magnetite-spinel, cordierite and biotite. 

Activity composition models used were as follows:

• Silicate melt, biotite, garnet: White et al., (2007).

• Cordierite: Holland and Powell (1998).

• Orthopyroxene and spinel-magnetite: White et al., (2002).

• Plagioclase and K-feldspar: Holland and Powell (2003).

• Osumilite: modified from Holland et al., (1996) by T. J. B Holland, pers. comm. via R. W. 

White, April 2012; used in Korhonen et al., (2013). a–X models available on request.

• Ilmenite: White et al., (2000).

• Pure end member phases: Sillimanite, rutile, quartz.

Modelled bulk composition normalised by THERMOCALC is as follows:

H2O SiO2 Al2O3 CaO MgO FeO K2O Na2O TiO2 O

1.28 67.91 8.41 1.05 7.48 6.63 2.15 2.83 1.04 1.22

Mineral abbreviations follow Kretz (1983) and Whitney and Evans (2010).

Phase maps were created using the Tescan Integrated Mineral Analysis (TIMA) instrument located 

in the John de Laeter Centre at Curtin University and were used to locate the textural positions of 

osumilite (e.g. Fig. 2, S1) and interpret the mineralogical evolution.
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Figure S1: Part of a TIMA map of a rare garnet-bearing domain within the melanosome with osumilite rims around 

garnet. Minerals after Kretz (1983).

40Ar/39Ar analysis:

Fifty-five unaltered, inclusion free, optically transparent osumilite fragments were selected from the 

Rogaland sample (ROG13/2) for 40Ar/39Ar dating, with size ranging from 355–450 µm. The sample 

was disaggregated using the SELFRAG Lab electrical pulse disaggregation (EPD) system housed in 

the John de Laeter Centre at Curtin University. The minerals were separated by careful hand-picking 

under a binocular microscope. The selected osumilite grains were thoroughly rinsed with distilled 

water in an ultrasonic cleaner. The osumilite came from predominantly, garnet-absent migmatite but a 

small amount of garnet was recovered from the disaggregated sample, indicating the disaggregation of 

a rare garnet-bearing domain within the bulk sample. 

 The disc into which the osumilite fragments were placed for irradiation contains smaller pits 

into which muscovite standard WA1ms was placed as a neutron fluence monitor, for which an age of 

2613.0 Ma (± 0.09%) was used (Jourdan et al., 2014). 

 Mean J-values computed from the WA1ms grains in each disc ranged from 0.01033000 ± 

0.00000600 (0.058%) to 0.01033250 ± 0.00001860 (0.18%). Mass discrimination was monitored 

using an automated air pipette, This indicated mean fractionation ranging from 1.00419 ± 0.08 to 

1.00432 ± 0.05 per dalton (atomic mass unit). The correction factors for interfering isotopes were 

(39Ar/37Ar)Ca = 7.60x10-4 (± 1.2%), (36Ar/37Ar)Ca = 2.70x10-4 (± 1%) and (40Ar/39Ar)K = 7.3x10-4 (± 

12.4%). 

 Following irradiation, 40Ar/39Ar analyses were performed at the Western Australian Argon 

Isotope Facility (WAAIF) at Curtin University following three different approaches.

 Six single-fragment aliquots were step-heated for age determination using a 110 W Spectron 

Laser Systems continuous Nd-YAG (IR; 1064 nm) laser, rastered for approximately 1 min to ensure a 

homogenously distributed temperature. Three five-fragment aliquots were wrapped in copper foil and 

step-heated in a double vacuum high frequency Pond Engineering furnace (for diffusion modelling). 

Extraction temperatures were measured using a Pond Engineering thermocouple. Each extraction step 

last 10 minutes including 2 minutes for ramping up the temperature and 8 minutes in a steady state 

at the desired temperature. Each step was followed by a drop of temperature of 150°C during mass 

spectrometer analysis. The gas was purified in a stainless steel extraction line using two AP10 and one 

GP50 SAES getter. For these aliquots, Ar isotopes were measured in static mode using a MAP 215-50 

mass spectrometer (resolution of ~500; sensitivity of 4x10-14 mol/V) with a Balzers SEV 217 electron 
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multiplier using 9 to 10 cycles of peak-hopping. Blanks were monitored every 3 to 4 steps. Typical 
40Ar blanks ranged from 1 x 10-16 to 2 x 10-16 mol.  The data acquisition was performed using the Argus 

program written by M.O. McWilliams, in a LabView environment. 

 Two additional single-fragment aliquots were analysed on a low volume (600 cc) 

Thermofisher© ARGUS VI mass spectrometer, also at the Western Australian Argon Isotope Facility 

at Curtin University. Step-heating was undertaken using a continuous 100 W PhotoMachine© CO2 

(IR, 10.4 µm) laser fired for a duration of 60 seconds. The gas was purified in an extra low-volume 

stainless steel extraction line of 240cc using one SAES AP10 and one GP50 getter. Ar isotopes were 

measured in static mode using a mass resolution of ~200. Measurements were carried out in multi-

collection mode using four Faraday cups to measure masses 40 to 37 and a zero-background compact 

discrete-dynode ion counter to measure mass 36. The relative abundance of each mass was measured 

simultaneously using 10 cycles of peak-hopping and 33 seconds of integration time for each mass. 

Detectors were calibrated to each other electronically and using Air shot beam signals. 

 The raw data were processed using the ArArCALC software (Koppers, 2002). Ages were 

calculated using the decay constants of Renne et al. (2011). 

 Ar isotopic data corrected for blanks, mass discrimination and radioactive decay are 

given in Appendix 2. Individual errors in Appendix 2 are given at the 1σ level. Our criteria for 

the determination of plateaux are that plateaux must include at least 70% of the 39Ar released, that 

plateaux must be composed of a minimum of 3 consecutive steps agreeing at 95% confidence level 

and satisfying a probability of fit (P) of at least 0.05. Plateau ages (Fig. 3) are given at the 2σ level 

and were calculated using the mean of all the plateau steps, each weighted by the inverse of their 

individual variances. The uncertainties on the 40Ar*/39Ar ratios of the monitor are included in the 

calculation of the integrated and plateau age uncertainties, but the uncertainties on the age of the 

monitor and on the decay constant are not (internal errors only). Fully propagated uncertainties 

including uncertainty on the R-value of the monitor WA1ms against FCs (Jourdan et al., 2014) 

and uncertainty of the decay constants using a Monte Carlo error propagation approach (Renne et 

al., 2010) are given with the age results in the main text. The two ARGUS analyses failed to yield 

acceptable plateau ages (Fig. S2), although the age spectra converge toward apparent ages of ~919 Ma 

and ~1066 Ma, in agreement with the plateau ages obtained with the MAP 215-50 instrument. 

Single fragment analysis from a mineral separate was used as the true grain size was difficult to 

discern until the TIMA mapping was implemented (due to the difficult nature of identifying osumilite 

in thin section) and there was no initial expectation that osumilite would have yielded more than one 

age. Future studies on large grains of osumilite should implement micro drilling or other techniques to 

spatially quantify the 40Ar/39Ar dates. 

Diffusion modelling: 

Argon temperature-controlled diffusion experiments were performed on three aliquots of five 
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osumilite grains fragments taken from the same sample as those used for 40Ar/39Ar dating (Fig. S3).

For the diffusion calculation, 39Ar was selected as diffusant. Osumilite does not contain calcium so no 

correction for calcium interference using 37Ar was required.

 The fraction of 39Ar and the duration of each step were used to calculate D values using the 

classic equation of Dodson (1973) for a spherical volume (Equation 1). For each sample, -logD vs. 

1000/T values are displayed on an Arrhenius plot (Fig. S4). The two diffusion parameters, activation 

energy Ea and frequency factor D0, were calculated from the arrays defined on the Arrhenius plots, 

up to the temperatures at which the crystals broke down and started to melt. We used a crystal 

radius of 175 µm and a spherical geometry for the calculation. A spherical volume is appropriate for 

all grain shapes, other than platy minerals, with little effect on the diffusion results. Errors on the 

y-axis intercept D0 and slope Ea were calculated using a robust regression (Isoplot v3.7; (Ludwig, 

2003)) since the scatter on the regression line is much larger than the uncertainties on the individual 

measurements.

Figure S2: Osumilite 40Ar/39Ar age 

spectra from ARGUS laser analyses

Equation 1: Mineral specific closure 

temperature for argon diffusion. E- 

activation energy (or Ea), R- gas constant, 

Tc- closure temperature, A- volume 

constant, Tc0- intial estimate of closure 

temperature, D0- diffusion coefficient, dT/

dt- cooling rate, a- grain size.
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Figure S3: 355–450 µm osumilite fragments from migmatite ROG13/2. Fragments to the left and right contain 

numerous fractures and inclusions respectively and so weren’t picked into the final sample. Fragments in the centre are 

representative of those sent for irradiation.

 The Arrhenius plots (Fig. S4) show that the 39Ar gas release from the osumilite grains 

occurred in three distinct stages. The low-T stage involved rapid release of only a few percent of the 

total gas, forming a shallow slope on the plot and indicating fast diffusivity at low temperature (i.e. 

corresponding to closure temperatures of ca. 220°C (1% 39Ar), 77°C (1.6% 39Ar) and 69°C (4% 39Ar). 

We interpret these data as indicating very fast release of argon via cracks and defects and coming from 

any potassium located in low retentive cation sites. The second stage, at higher-T involved slower 

release of most of the gas, forming a much steeper slope (Fig. S3). The third stage, whilst also steep 

and at even higher-T would correspond to an unreasonably high closure temperature (~900°C) and 

is interpreted as a change in the nature of osumilite when melting. The second stage was used for 

the determination of closure temperature. Age spectra from the diffusion experiments failed to form 

plateaux, which is not surprising for multigrain aliquots.  Whilst these experiments potentially show 

evidence for domain-based diffusion, each grain fragment yielded a statistically acceptable plateau. It 

is unlikely therefore, that a single fragment contains multiple domains as they would not likely yield a 

consistent plateau.

 The second part of the arrays described above yielded a range of Ea (activation energy) 

values and D0 (pre-exponential diffusion factor) average values, calculated for fragments with an 

average radius of 175 µm (summarised in Table 1, Fig S4). Based on these D0 and Ea values, the 

closure temperature of each aliquot was calculated using a Monte Carlo simulation run on Quantum 

XL™ software. This approach allows for the complete propagation of uncertainties on each value 

and minimizes error correlations. The simulation consisted of 10,000 random trials using a triangular 

distribution for the Ea and D0 values to account for the uncertainties derived for those values (Fig. S4) 

and a uniform distribution of radii between 175 and 250 µm to account for the true variation in size 

of the osumilite crystals analysed. Closure temperatures in the main text and Fig. S4 were calculated 

for a cooling rate of 10 °C/Ma with uncertainties at the 2σ level. In each case, more than 90% of the 

uncertainty of the closure temperature values is controlled by the uncertainty on the Ea value (Fig. S5). 

The values calculated using Monte Carlo simulations take into account the range of possible values 

and distribution of each parameter rather than simply averaging each parameter, providing good 

estimates of the true closure temperature (Scibiorski et al., 2015).

 Two alternative modelled diffusion profiles were calculated for the Rogaland osumilite using 

the ArArDiff algorithm (Jourdan and Eroglu, 2017). Diffusion parameters from experiment 1 were 
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Figure S4: Arrhenius plots for three furnace diffusion experiments on multigrain osumilite aliquots. The red dots are 

those steps from which the regression line was drawn, from which the listed values of Ea, D0, Tc were calculated.
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Figure S5: Histograms showing the results of Monte Carlo simulations of the Ar closure temperature of osumilite. 

Accompanying contribution plots show which parameter out of Ea, D0 and a (radius of grain) has the most control over 

the distribution.

Table S1: Temperature, time and diffusion parameters used in the generation of the diffusion models.
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used with the radius of the largest grain size of 5000 µm used. Temperature-time conditions were 

based on the coldest and hottest possible peak temperatures indicated for the two metamorphic events 

estimated by Blereau et al., (2017) and the ages of monazite from Laurent et al., (2016) (summarised 

in Table S1). The ArArDiff algorithm is capable of modelling up to four T–t periods, which required 

some simplification of the Rogaland metamorphic evolution. Periods 1–2 were set to represent heating 

and cooling during the regional metamorphism. Period 3 was set to represent the abrupt heating due 

to contact metamorphism. Period 4 was set to represent subsequent cooling. Due to the limitations 

of the ArArDiff algorithm, only typical analytical uncertainties on the 40Ar/39Ar analyses could be 

propagated. The grain size used within the model only causes major variations in the outcome of the 

Figure S6: Theoretical Ar/Ar age spectra, for the modelled Rogaland cold thermal history for osumilite, pyroxene and 

plagioclase.
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Appendix E

This appendix contains the supplementary tables S1–7 from the paper ‘Using accessory 

minerals to unravel thermal histories in polymetamorphic terranes: an example from 

Rogaland, SW Norway’.

Contents:

Table S1: Zircon SHRIMP U–Pb analyses. Analyses marked with a star are

discordant and were excluded from the probabilty plots of Fig 8 (Chapter 4).

Table S2: Monazite SHRIMP U–Pb analyses

Table S3: Zircon LA–ICP–MS REE and trace element analyses 

(Not normalised)

Table S4: Monazite LA–ICP–MS REE and trace element analyses 

(Not normalised)

Table S5: Garnet LA–ICP–MS REE and trace element analyses

Table S6: SHRIMP U–Pb ages with respective normalised REE analyses

Table S7: Raw, normalised and buffered modified REE compositions from

diffusion modelling and multi-spot senarios
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Using accessory minerals to unravel thermal histories in polymetamorphic terranes: an 
example from Rogaland, SW Norway

E. BLEREAU, C. CLARK, R. J. M. TAYLOR, T. E. JOHNSON, P. KINNY, E. SANSOM, 
M. HAND

Table S7: Raw, normalised and buffered modified REE compositions from diffusion mod-
elling and multi-spot senarios

Table S7: Raw, normalised and buffered modified REE compositions from diffusion mod-
elling and multi-spot senarios

Gd Tb Dy Ho Er Tm Yb Lu
C0 21.626 5.082 50.967 17.792 69.916 14.52 126.75 24.3
CEq 19.66 3.63 24.27 5.56 15.89 2.42 16.25 2.43
C0 N 110 140 210 320 440 600 780 1000
CEq N 110 110 110 110 110 110 110 110
850 °C for x Myr
0.5 21.61 5.07 50.72 17.68 69.41 14.41 125.72 24.10
1 21.61 5.07 50.72 17.68 69.41 14.41 125.72 24.10
5 21.61 5.07 50.72 17.68 69.41 14.41 125.71 24.09
10 21.61 5.07 50.72 17.68 69.41 14.41 125.68 24.07
30 21.61 5.07 50.72 17.68 69.40 14.39 125.38 23.98
100 21.61 5.07 50.72 17.67 69.25 14.33 124.45 23.72
200 21.61 5.07 50.71 17.64 69.04 14.25 123.41 23.44
0.5 N 109.93 139.57 208.98 317.91 436.84 595.32 773.63 991.57
1 N 109.93 139.57 208.98 317.91 436.84 595.32 773.63 991.57
5 N 109.93 139.57 208.98 317.90 436.84 595.31 773.61 991.44
10 N 109.93 139.57 208.98 317.90 436.84 595.29 773.41 990.67
30 N 109.93 139.57 208.98 317.90 436.76 594.72 771.55 986.76
100 N 109.93 139.57 208.97 317.73 435.81 592.03 765.85 976.25
200 N 109.93 139.57 208.92 317.29 434.49 588.89 759.42 964.48
0.5 B 110.00 139.57 208.98 317.91 436.84 595.32 773.63 991.57
1 B 110.00 139.57 208.98 317.91 436.84 595.32 773.63 991.57
5 B 110.00 139.57 208.98 317.90 436.84 595.31 773.61 991.44
10 B 110.00 139.57 208.98 317.90 436.84 595.29 773.41 990.67
30 B 110.00 139.57 208.98 317.90 436.76 594.72 771.55 986.76
100 B 110.00 139.57 208.97 317.73 435.81 592.03 765.85 976.25
200 B 110.00 139.57 208.92 317.29 434.49 588.89 759.42 964.48
900 °C for x Myr
0.5 21.61 5.07 50.72 17.68 69.41 14.41 125.66 24.07
1 21.61 5.07 50.72 17.68 69.41 14.41 125.48 24.01
5 21.61 5.07 50.71 17.66 69.19 14.41 124.26 23.68
10 21.61 5.07 50.69 17.63 68.94 14.41 123.08 23.36
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30 21.61 5.06 50.56 17.52 68.17 13.96 119.48 22.39
100 21.61 5.05 50.23 17.25 66.22 13.28 110.52 20.04
200 21.60 5.04 49.85 16.95 64.05 12.55 101.47 17.90
0.5 N 109.93 139.57 208.98 317.90 436.83 595.32 773.29 990.36
1 N 109.93 139.57 208.98 317.90 436.80 595.32 772.19 988.06
5 N 109.93 139.57 208.96 317.59 435.45 595.31 764.65 974.29
10 N 109.93 139.57 208.85 317.01 433.88 595.29 757.44 961.25
30 N 109.92 139.50 208.33 315.11 429.02 576.69 735.28 921.22
100 N 109.90 139.25 206.95 310.29 416.74 548.81 680.11 824.73
200 N 109.86 138.96 205.41 304.90 403.06 518.59 624.44 736.52
0.5 B 110.00 139.57 208.98 317.90 436.83 595.32 773.29 990.36
1 B 110.00 139.57 208.98 317.90 436.80 595.32 772.19 988.06
5 B 110.00 139.57 208.96 317.59 435.45 595.31 764.65 974.29
10 B 110.00 139.57 208.85 317.01 433.88 595.29 757.44 961.25
30 B 110.00 139.50 208.33 315.11 429.02 576.69 735.28 921.22
100 B 110.00 139.25 206.95 310.29 416.74 548.81 680.11 824.73
200 B 110.00 138.96 205.41 304.90 403.06 518.59 624.44 736.52
950 °C for x Myr
0.5 21.61 5.07 50.68 17.62 68.96 14.23 123.29 23.42
1 21.61 5.06 50.61 17.57 68.56 14.10 121.49 22.94
5 21.60 5.05 50.19 17.25 66.31 13.34 111.56 20.34
10 21.60 5.04 49.79 16.94 64.19 12.64 102.95 18.29
30 21.57 5.00 48.58 16.03 58.15 10.87 83.98 14.20
100 21.50 4.91 45.65 14.12 47.83 8.31 58.86 8.99
200 21.42 4.81 43.00 12.68 40.88 6.64 43.29 6.14
0.5 N 109.93 139.56 208.82 316.99 433.99 588.22 758.70 963.88
1 N 109.93 139.53 208.53 315.97 431.45 582.59 747.63 944.09
5 N 109.89 139.19 206.81 310.20 417.30 551.29 686.51 837.11
10 N 109.84 138.86 205.17 304.76 403.98 522.46 633.54 752.50
30 N 109.70 137.85 200.15 288.28 365.94 449.31 516.79 584.30
100 N 109.35 135.32 188.10 253.87 300.99 343.34 362.22 370.04
200 N 108.96 132.62 177.19 228.02 257.27 274.31 266.43 252.48
0.5 B 110.00 139.56 208.82 316.99 433.99 588.22 758.70 963.88
1 B 110.00 139.53 208.53 315.97 431.45 582.59 747.63 944.09
5 B 110.00 139.19 206.81 310.20 417.30 551.29 686.51 837.11
10 B 110.00 138.86 205.17 304.76 403.98 522.46 633.54 752.50
30 B 110.00 137.85 200.15 288.28 365.94 449.31 516.79 584.30
100 B 110.00 135.32 188.10 253.87 300.99 343.34 362.22 370.04
200 B 110.00 132.62 177.19 228.02 257.27 274.31 266.43 252.48
1000 °C for x Myr
0.5 21.59 5.04 49.91 17.06 65.14 12.99 107.40 19.37
1 21.58 5.02 49.32 16.63 62.31 12.11 97.21 17.06
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5 21.50 4.92 46.17 14.54 50.36 9.00 66.07 10.52
10 21.42 4.83 43.67 13.16 43.66 7.39 50.55 7.46
30 21.20 4.60 38.69 10.65 31.83 4.75 29.24 4.04
100 20.82 4.29 32.34 7.75 21.07 3.03 19.15 2.76
200 20.57 4.08 28.84 6.61 18.09 2.66 17.35 2.55
0.5 N 109.84 138.91 205.62 306.82 409.95 536.68 660.90 796.93
1 N 109.77 138.40 203.22 299.19 392.11 500.21 598.22 702.01
5 N 109.35 135.56 190.23 261.46 316.95 371.71 406.56 433.06
10 N 108.95 132.98 179.93 236.65 274.75 305.18 311.09 307.06
30 N 107.82 126.75 159.41 191.62 200.29 196.09 179.92 166.46
100 N 105.91 118.06 133.24 139.45 132.62 125.03 117.83 113.52
200 N 104.62 112.46 118.82 118.84 113.85 109.91 106.77 105.01
0.5 B 110.00 138.91 205.62 306.82 409.95 536.68 660.90 796.93
1 B 110.00 138.40 203.22 299.19 392.11 500.21 598.22 702.01
5 B 110.00 135.56 190.23 261.46 316.95 371.71 406.56 433.06
10 B 110.00 132.98 179.93 236.65 274.75 305.18 311.09 307.06
30 B 110.00 126.75 159.41 191.62 200.29 196.09 179.92 166.46
100 B 110.00 118.06 133.24 139.45 132.62 125.03 117.83 113.52
200 B 110.00 112.46 118.82 118.84 113.85 110.00 110.00 110.00
1050 °C for x Myr
0.5 21.45 4.87 45.11 14.04 48.33 8.58 62.47 9.84
1 21.34 4.76 42.32 12.60 41.43 6.93 46.85 6.85
5 20.89 4.37 34.39 8.73 24.52 3.55 22.07 3.12
10 20.65 4.17 30.64 7.25 19.90 2.90 18.56 2.70
30 20.21 3.86 26.35 6.01 16.84 2.52 16.73 2.48
100 19.83 3.69 24.70 5.64 16.06 2.44 16.33 2.44
200 19.73 3.65 24.43 5.59 15.95 2.43 16.28 2.43
0.5 N 109.09 134.23 185.85 252.55 304.13 354.41 384.42 405.06
1 N 108.54 131.02 174.39 226.54 260.71 286.30 288.28 281.79
5 N 106.27 120.35 141.70 157.08 154.33 146.49 135.80 128.46
10 N 105.02 114.91 126.24 130.46 125.25 119.65 114.23 110.91
30 N 102.81 106.45 108.57 108.16 105.95 104.30 102.97 102.22
100 N 100.89 101.58 101.76 101.53 101.06 100.74 100.50 100.37
200 N 100.37 100.61 100.65 100.55 100.38 100.26 100.18 100.13
0.5 B 110.00 134.23 185.85 252.55 304.13 354.41 384.42 405.06
1 B 110.00 131.02 174.39 226.54 260.71 286.30 288.28 281.79
5 B 110.00 120.35 141.70 157.08 154.33 146.49 135.80 128.46
10 B 110.00 114.91 126.24 130.46 125.25 119.65 114.23 110.91
30 B 110.00 110.00 110.00 110.00 110.00 110.00 110.00 110.00
100 B 110.00 110.00 110.00 110.00 110.00 110.00 110.00 110.00
200 B 110.00 110.00 110.00 110.00 110.00 110.00 110.00 110.00
1100 °C for x Myr
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0.5 20.80 4.31 33.70 8.56 24.24 3.54 22.18 3.15
1 20.54 4.11 30.00 7.13 19.74 2.89 18.61 2.71
5 19.94 3.74 25.19 5.76 16.33 2.47 16.48 2.46
10 19.78 3.67 24.63 5.64 16.05 2.44 16.33 2.44
30 19.69 3.64 24.34 5.58 15.92 2.42 16.27 2.43
100 19.67 3.63 24.28 5.56 15.90 2.42 16.25 2.43
200 19.66 3.63 24.27 5.56 15.89 2.42 16.25 2.43
0.5 N 105.78 118.84 138.84 153.88 152.53 146.22 136.48 129.51
1 N 104.48 113.29 123.59 128.18 124.23 119.52 114.52 111.34
5 N 101.40 102.95 103.81 103.68 102.75 102.03 101.43 101.09
10 N 100.63 101.21 101.47 101.37 101.00 100.73 100.51 100.39
30 N 100.15 100.26 100.30 100.27 100.20 100.14 100.10 100.08
100 N 100.03 100.04 100.05 100.05 100.03 100.02 100.02 100.01
200 N 100.01 100.02 100.02 100.02 100.01 100.01 100.01 100.00
0.5 B 110.00 118.84 138.84 153.88 152.53 146.22 136.48 129.51
1 B 110.00 113.29 123.59 128.18 124.23 119.52 114.52 111.34
5 B 110.00 110.00 110.00 110.00 110.00 110.00 110.00 110.00
10 B 110.00 110.00 110.00 110.00 110.00 110.00 110.00 110.00
30 B 110.00 110.00 110.00 110.00 110.00 110.00 110.00 110.00
100 B 110.00 110.00 110.00 110.00 110.00 110.00 110.00 110.00
200 B 110.00 110.00 110.00 110.00 110.00 110.00 110.00 110.00

0.5 Myr for 
x °C

Gd Tb Dy Ho Er Tm Yb Lu

850 21.61 5.07 50.72 17.68 69.41 14.41 125.72 24.10
900 21.61 5.07 50.72 17.68 69.41 14.41 125.66 24.07
950 21.61 5.07 50.68 17.62 68.96 14.23 123.29 23.42
1000 21.59 5.04 49.91 17.06 65.14 12.99 107.40 19.37
1050 21.45 4.87 45.11 14.04 48.33 8.58 62.47 9.84
1100 20.80 4.31 33.70 8.56 24.24 3.54 22.18 3.15
850 N 109.93 139.57 208.98 317.91 436.84 595.32 773.63 991.57
900 N 109.93 139.57 208.98 317.90 436.83 595.27 773.29 990.36
950 N 109.93 139.56 208.82 316.99 433.99 588.22 758.70 963.88
1000 N 109.84 138.91 205.62 306.82 409.95 536.68 660.90 796.93
1050 N 109.09 134.23 185.85 252.55 304.13 354.41 384.42 405.06
1100 N 105.78 118.84 138.84 153.88 152.53 146.22 136.48 129.51
850 B 110.00 139.57 208.98 317.91 436.84 595.32 773.63 991.57
900 B 110.00 139.57 208.98 317.90 436.83 595.27 773.29 990.36
950 B 110.00 139.56 208.82 316.99 433.99 588.22 758.70 963.88
1000 B 110.00 138.91 205.62 306.82 409.95 536.68 660.90 796.93
1050 B 110.00 134.23 185.85 252.55 304.13 354.41 384.42 405.06
1100 B 110.00 118.84 138.84 153.88 152.53 146.22 136.48 129.51
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1 Myr for x °C
850 21.61 5.07 50.72 17.68 69.41 14.41 125.72 24.10
900 21.61 5.07 50.72 17.68 69.41 14.40 125.48 24.01
950 21.61 5.06 50.61 17.57 68.56 14.10 121.49 22.94
1000 21.58 5.02 49.32 16.63 62.31 12.11 97.21 17.06
1050 21.34 4.76 42.32 12.60 41.43 6.93 46.85 6.85
1100 20.54 4.11 30.00 7.13 19.74 2.89 18.61 2.71
850 N 109.93 139.57 208.98 317.91 436.84 595.32 773.63 991.57
900 N 109.93 139.57 208.98 317.90 436.80 594.95 772.19 988.06
950 N 109.93 139.53 208.53 315.97 431.45 582.59 747.63 944.09
1000 N 109.77 138.40 203.22 299.19 392.11 500.21 598.22 702.01
1050 N 108.54 131.02 174.39 226.54 260.71 286.30 288.28 281.79
1100 N 104.48 113.29 123.59 128.18 124.23 119.52 114.52 111.34
850 B 110.00 139.57 208.98 317.91 436.84 595.32 773.63 991.57
900 B 110.00 139.57 208.98 317.90 436.80 594.95 772.19 988.06
950 B 110.00 139.53 208.53 315.97 431.45 582.59 747.63 944.09
1000 B 110.00 138.40 203.22 299.19 392.11 500.21 598.22 702.01
1050 B 110.00 131.02 174.39 226.54 260.71 286.30 288.28 281.79
1100 B 110.00 113.29 123.59 128.18 124.23 119.52 114.52 111.34
5 Myr for x °C
850 21.61 5.07 50.72 17.68 69.41 14.41 125.71 24.09
900 21.61 5.07 50.71 17.66 69.19 14.31 124.26 23.68
950 21.60 5.05 50.19 17.25 66.31 13.34 111.56 20.34
1000 21.50 4.92 46.17 14.54 50.36 9.00 66.07 10.52
1050 20.89 4.37 34.39 8.73 24.52 3.55 22.07 3.12
1100 19.94 3.74 25.19 5.76 16.33 2.47 16.48 2.46
850 N 109.93 139.57 208.98 317.90 436.84 595.31 773.61 991.44
900 N 109.93 139.57 208.96 317.59 435.45 591.34 764.65 974.29
950 N 109.89 139.19 206.81 310.20 417.30 551.29 686.51 837.11
1000 N 109.35 135.56 190.23 261.46 316.95 371.71 406.56 433.06
1050 N 106.27 120.35 141.70 157.08 154.33 146.49 135.80 128.46
1100 N 101.40 102.95 103.81 103.68 102.75 102.03 101.43 101.09
850 B 110.00 139.57 208.98 317.90 436.84 595.31 773.61 991.44
900 B 110.00 139.57 208.96 317.59 435.45 591.34 764.65 974.29
950 B 110.00 139.19 206.81 310.20 417.30 551.29 686.51 837.11
1000 B 110.00 135.56 190.23 261.46 316.95 371.71 406.56 433.06
1050 B 110.00 120.35 141.70 157.08 154.33 146.49 135.80 128.46
1100 B 110.00 110.00 110.00 110.00 110.00 110.00 110.00 110.00
10 Myr for x °C
850 21.61 5.07 50.72 17.68 69.41 14.41 125.68 24.07
900 21.61 5.07 50.69 17.63 68.94 14.22 123.08 23.36
950 21.60 5.04 49.79 16.94 64.19 12.64 102.95 18.29
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1000 21.42 4.83 43.67 13.16 43.66 7.39 50.55 7.46
1050 20.65 4.17 30.64 7.25 19.90 2.90 18.56 2.70
1100 19.78 3.67 24.63 5.64 16.05 2.44 16.33 2.44
850 N 109.93 139.57 208.98 317.90 436.84 595.29 773.41 990.67
900 N 109.93 139.57 208.85 317.01 433.88 587.74 757.44 961.25
950 N 109.84 138.86 205.17 304.76 403.98 522.46 633.54 752.50
1000 N 108.95 132.98 179.93 236.65 274.75 305.18 311.09 307.06
1050 N 105.02 114.91 126.24 130.46 125.25 119.65 114.23 110.91
1100 N 100.63 101.21 101.47 101.37 101.00 100.73 100.51 100.39
850 B 110.00 139.57 208.98 317.90 436.84 595.29 773.41 990.67
900 B 110.00 139.57 208.85 317.01 433.88 587.74 757.44 961.25
950 B 110.00 138.86 205.17 304.76 403.98 522.46 633.54 752.50
1000 B 110.00 132.98 179.93 236.65 274.75 305.18 311.09 307.06
1050 B 110.00 114.91 126.24 130.46 125.25 119.65 114.23 110.91
1100 B 110.00 110.00 110.00 110.00 110.00 110.00 110.00 110.00
30 Myr for x °C
850 21.61 5.07 50.72 17.68 69.40 14.39 125.38 23.98
900 21.61 5.06 50.56 17.52 68.17 13.96 119.48 22.39
950 21.57 5.00 48.58 16.03 58.15 10.87 83.98 14.20
1000 21.20 4.60 38.69 10.65 31.83 4.75 29.24 4.04
1050 20.21 3.86 26.35 6.01 16.84 2.52 16.73 2.48
1100 19.69 3.64 24.34 5.58 15.92 2.42 16.27 2.43
850 N 109.93 139.57 208.98 317.90 436.76 594.72 771.55 986.76
900 N 109.92 139.50 208.33 315.11 429.02 576.69 735.28 921.22
950 N 109.70 137.85 200.15 288.28 365.94 449.31 516.79 584.30
1000 N 107.82 126.75 159.41 191.62 200.29 196.09 179.92 166.46
1050 N 102.81 106.45 108.57 108.16 105.95 104.30 102.97 102.22
1100 N 100.15 100.26 100.30 100.27 100.20 100.14 100.10 100.08
850 B 110.00 139.57 208.98 317.90 436.76 594.72 771.55 986.76
900 B 110.00 139.50 208.33 315.11 429.02 576.69 735.28 921.22
950 B 110.00 137.85 200.15 288.28 365.94 449.31 516.79 584.30
1000 B 110.00 126.75 159.41 191.62 200.29 196.09 179.92 166.46
1050 B 110.00 110.00 110.00 110.00 110.00 110.00 110.00 110.00
1100 B 110.00 110.00 110.00 110.00 110.00 110.00 110.00 110.00
100 Myr for x °C
850 21.61 5.07 50.72 17.67 69.25 14.33 124.45 23.72
900 21.61 5.05 50.23 17.25 66.22 13.28 110.52 20.04
950 21.50 4.91 45.65 14.12 47.83 8.31 58.86 8.99
1000 20.82 4.29 32.34 7.75 21.07 3.03 19.15 2.76
1050 19.83 3.69 24.70 5.64 16.06 2.44 16.33 2.44
1100 19.67 3.63 24.28 5.56 15.90 2.42 16.25 2.43
850 N 109.93 139.57 208.97 317.73 435.81 592.03 765.85 976.25
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900 N 109.90 139.25 206.95 310.29 416.74 548.81 680.11 824.73
950 N 109.35 135.32 188.10 253.87 300.99 343.34 362.22 370.04
1000 N 105.91 118.06 133.24 139.45 132.62 125.03 117.83 113.52
1050 N 100.89 101.58 101.76 101.53 101.06 100.74 100.50 100.37
1100 N 100.03 100.04 100.05 100.05 100.03 100.02 100.02 100.01
850 B 110.00 139.57 208.97 317.73 435.81 592.03 765.85 976.25
900 B 110.00 139.25 206.95 310.29 416.74 548.81 680.11 824.73
950 B 110.00 135.32 188.10 253.87 300.99 343.34 362.22 370.04
1000 B 110.00 118.06 133.24 139.45 132.62 125.03 117.83 113.52
1050 B 110.00 110.00 110.00 110.00 110.00 110.00 110.00 110.00
1100 B 110.00 110.00 110.00 110.00 110.00 110.00 110.00 110.00
200 Myr for x °C
850 21.61 5.07 50.71 17.64 69.04 14.25 123.41 23.44
900 21.60 5.04 49.85 16.95 64.05 12.55 101.47 17.90
950 21.42 4.81 43.00 12.68 40.88 6.64 43.29 6.14
1000 20.57 4.08 28.84 6.61 18.09 2.66 17.35 2.55
1050 19.73 3.65 24.43 5.59 15.95 2.43 16.28 2.43
1100 19.66 3.63 24.27 5.56 15.89 2.42 16.25 2.43
850 N 109.93 139.57 208.92 317.29 434.49 588.89 759.42 964.48
900 N 109.86 138.96 205.41 304.90 403.06 518.59 624.44 736.52
950 N 108.96 132.62 177.19 228.02 257.27 274.31 266.43 252.48
1000 N 104.62 112.46 118.82 118.84 113.85 109.91 106.77 105.01
1050 N 100.37 100.61 100.65 100.55 100.38 100.26 100.18 100.13
1100 N 100.01 100.02 100.02 100.02 100.01 100.01 100.01 100.00
850 B 110.00 139.57 208.92 317.29 434.49 588.89 759.42 964.48
900 B 110.00 138.96 205.41 304.90 403.06 518.59 624.44 736.52
950 B 110.00 132.62 177.19 228.02 257.27 274.31 266.43 252.48
1000 B 110.00 112.46 118.82 118.84 113.85 110.00 110.00 110.00
1050 B 110.00 110.00 110.00 110.00 110.00 110.00 110.00 110.00
1100 B 110.00 110.00 110.00 110.00 110.00 110.00 110.00 110.00
N= Normalised, B= Buffered to equilibrium composition

Multi-spot senarios
1100 1 Myr Gd Tb Dy Ho Er Tm Yb Lu
5-3.1 20.54 4.11 30.00 7.13 19.74 2.89 18.61 2.71
4.5-2.6 20.68 4.17 30.48 7.21 19.88 2.90 18.65 2.71
4-2.1 20.81 4.23 30.93 7.29 20.00 2.91 18.68 2.71
3.5-1.6 20.92 4.28 31.33 7.36 20.10 2.92 18.70 2.71
3.1-1.1 21.02 4.32 31.68 7.42 20.19 2.93 18.72 2.71
2.5-0.6 21.11 4.36 31.97 7.47 20.27 2.93 18.74 2.72
2.0-0.1 21.17 4.39 32.19 7.51 20.32 2.94 18.75 2.72
1.5-0.5 21.20 4.41 32.32 7.53 20.35 2.94 18.76 2.72
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1–1 21.22 4.41 32.36 7.53 20.36 2.94 18.76 2.72
0.5-1.5 21.20 4.41 32.32 7.53 20.35 2.94 18.76 2.72
0.1–2 21.17 4.39 32.19 7.51 20.32 2.94 18.75 2.72
0.6-2.5 21.11 4.36 31.97 7.47 20.27 2.93 18.74 2.72
1.1-3.0 21.02 4.32 31.68 7.42 20.19 2.93 18.72 2.71
1.6-3.5 20.92 4.28 31.33 7.36 20.10 2.92 18.70 2.71
2–4 20.81 4.23 30.93 7.29 20.00 2.91 18.68 2.71
2.6-4.5 20.68 4.17 30.48 7.21 19.88 2.90 18.65 2.71
3.1-5 20.54 4.11 30.00 7.13 19.74 2.89 18.61 2.71
5-3.1 N 104.48 113.29 123.59 128.18 124.23 119.52 114.52 111.34
4.5-2.6 N 105.17 114.91 125.58 129.73 125.09 119.97 114.74 111.46
4-2.1 N 105.83 116.46 127.43 131.16 125.85 120.36 114.93 111.56
3.5-1.6 N 106.42 117.89 129.10 132.42 126.52 120.70 115.09 111.65
3.1-1.1 N 106.94 119.15 130.55 133.49 127.08 120.99 115.23 111.72
2.5-0.6 N 107.36 120.18 131.73 134.35 127.53 121.21 115.33 111.78
2.0-0.1 N 107.66 120.96 132.61 134.99 127.86 121.38 115.41 111.82
1.5-0.5 N 107.85 121.44 133.16 135.38 128.06 121.48 115.46 111.84
1–1 N 107.92 121.61 133.35 135.51 128.13 121.51 115.48 111.85
0.5-1.5 N 107.85 121.44 133.16 135.38 128.06 121.48 115.46 111.84
0.1–2 N 107.66 120.96 132.61 134.99 127.86 121.38 115.41 111.82
0.6-2.5 N 107.36 120.18 131.73 134.35 127.53 121.21 115.33 111.78
1.1-3.0 N 106.94 119.15 130.55 133.49 127.08 120.99 115.23 111.72
1.6-3.5 N 106.42 117.89 129.10 132.42 126.52 120.70 115.09 111.65
2–4 N 105.83 116.46 127.43 131.16 125.85 120.36 114.93 111.56
2.6-4.5 N 105.17 114.91 125.58 129.73 125.09 119.97 114.74 111.46
3.1-5 N 104.48 113.29 123.59 128.18 124.23 119.52 114.52 111.34
5-3.1 B 110.00 113.29 123.59 128.18 124.23 119.52 114.52 111.34
4.5-2.6 B 110.00 114.91 125.58 129.73 125.09 119.97 114.74 111.46
4-2.1 B 110.00 116.46 127.43 131.16 125.85 120.36 114.93 111.56
3.5-1.6 B 110.00 117.89 129.10 132.42 126.52 120.70 115.09 111.65
3.1-1.1 B 110.00 119.15 130.55 133.49 127.08 120.99 115.23 111.72
2.5-0.6 B 110.00 120.18 131.73 134.35 127.53 121.21 115.33 111.78
2.0-0.1 B 110.00 120.96 132.61 134.99 127.86 121.38 115.41 111.82
1.5-0.5 B 110.00 121.44 133.16 135.38 128.06 121.48 115.46 111.84
1–1 B 110.00 121.61 133.35 135.51 128.13 121.51 115.48 111.85
0.5-1.5 B 110.00 121.44 133.16 135.38 128.06 121.48 115.46 111.84
0.1–2 B 110.00 120.96 132.61 134.99 127.86 121.38 115.41 111.82
0.6-2.5 B 110.00 120.18 131.73 134.35 127.53 121.21 115.33 111.78
1.1-3.0 B 110.00 119.15 130.55 133.49 127.08 120.99 115.23 111.72
1.6-3.5 B 110.00 117.89 129.10 132.42 126.52 120.70 115.09 111.65
2–4 B 110.00 116.46 127.43 131.16 125.85 120.36 114.93 111.56
2.6-4.5 B 110.00 114.91 125.58 129.73 125.09 119.97 114.74 111.46
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3.1-5 B 110.00 113.29 123.59 128.18 124.23 119.52 114.52 111.34
1050 5 Myr
5-3.1 20.89 4.37 34.39 8.73 24.52 3.55 22.07 3.12
4.5-2.6 21.11 4.49 35.77 9.05 25.09 3.59 22.23 3.14
4-2.1 21.29 4.61 37.09 9.34 25.62 3.64 22.38 3.15
3.5-1.6 21.42 4.71 38.31 9.61 26.08 3.68 22.50 3.16
3.1-1.1 21.51 4.79 39.38 9.85 26.48 3.71 22.61 3.17
2.5-0.6 21.56 4.85 40.26 10.04 26.81 3.73 22.69 3.17
2.0-0.1 21.59 4.90 40.92 10.19 27.05 3.75 22.76 3.18
1.5-0.5 21.61 4.92 41.33 10.28 27.20 3.77 22.79 3.18
1–1 21.61 4.93 41.47 10.31 27.25 3.77 22.81 3.18
0.5-1.5 21.61 4.92 41.33 10.28 27.20 3.77 22.79 3.18
0.1–2 21.59 4.90 40.92 10.19 27.05 3.75 22.76 3.18
0.6-2.5 21.56 4.85 40.26 10.04 26.81 3.73 22.69 3.17
1.1-3.0 21.51 4.79 39.38 9.85 26.48 3.71 22.61 3.17
1.6-3.5 21.42 4.71 38.31 9.61 26.08 3.68 22.50 3.16
2–4 21.29 4.61 37.09 9.34 25.62 3.64 22.38 3.15
2.6-4.5 21.11 4.49 35.77 9.05 25.09 3.59 22.23 3.14
3.1-5 20.89 4.37 34.39 8.73 24.52 3.55 22.07 3.12
5-3.1 N 106.27 120.35 141.70 157.08 154.33 146.49 135.80 128.46
4.5-2.6 N 107.38 123.75 147.39 162.72 157.91 148.50 136.81 129.02
4-2.1 N 108.28 126.89 152.84 168.04 161.21 150.31 137.71 129.51
3.5-1.6 N 108.95 129.64 157.85 172.89 164.15 151.90 138.49 129.93
3.1-1.1 N 109.40 131.91 162.25 177.12 166.67 153.24 139.14 130.29
2.5-0.6 N 109.68 133.67 165.87 180.59 168.72 154.31 139.66 130.56
2.0-0.1 N 109.83 134.91 168.59 183.19 170.23 155.10 140.04 130.77
1.5-0.5 N 109.91 135.66 170.28 184.81 171.17 155.59 140.27 130.89
1–1 N 109.93 135.90 170.86 185.36 171.48 155.76 140.35 130.93
0.5-1.5 N 109.91 135.66 170.28 184.81 171.17 155.59 140.27 130.89
0.1–2 N 109.83 134.91 168.59 183.19 170.23 155.10 140.04 130.77
0.6-2.5 N 109.68 133.67 165.87 180.59 168.72 154.31 139.66 130.56
1.1-3.0 N 109.40 131.91 162.25 177.12 166.67 153.24 139.14 130.29
1.6-3.5 N 108.95 129.64 157.85 172.89 164.15 151.90 138.49 129.93
2–4 N 108.28 126.89 152.84 168.04 161.21 150.31 137.71 129.51
2.6-4.5 N 107.38 123.75 147.39 162.72 157.91 148.50 136.81 129.02
3.1-5 N 106.27 120.35 141.70 157.08 154.33 146.49 135.80 128.46
5-3.1 B 110.00 120.35 141.70 157.08 154.33 146.49 135.80 128.46
4.5-2.6 B 110.00 123.75 147.39 162.72 157.91 148.50 136.81 129.02
4-2.1 B 110.00 126.89 152.84 168.04 161.21 150.31 137.71 129.51
3.5-1.6 B 110.00 129.64 157.85 172.89 164.15 151.90 138.49 129.93
3.1-1.1 B 110.00 131.91 162.25 177.12 166.67 153.24 139.14 130.29
2.5-0.6 B 110.00 133.67 165.87 180.59 168.72 154.31 139.66 130.56
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2.0-0.1 B 110.00 134.91 168.59 183.19 170.23 155.10 140.04 130.77
1.5-0.5 B 110.00 135.66 170.28 184.81 171.17 155.59 140.27 130.89
1–1 B 110.00 135.90 170.86 185.36 171.48 155.76 140.35 130.93
0.5-1.5 B 110.00 135.66 170.28 184.81 171.17 155.59 140.27 130.89
0.1–2 B 110.00 134.91 168.59 183.19 170.23 155.10 140.04 130.77
0.6-2.5 B 110.00 133.67 165.87 180.59 168.72 154.31 139.66 130.56
1.1-3.0 B 110.00 131.91 162.25 177.12 166.67 153.24 139.14 130.29
1.6-3.5 B 110.00 129.64 157.85 172.89 164.15 151.90 138.49 129.93
2–4 B 110.00 126.89 152.84 168.04 161.21 150.31 137.71 129.51
2.6-4.5 B 110.00 123.75 147.39 162.72 157.91 148.50 136.81 129.02
3.1-5 B 110.00 120.35 141.70 157.08 154.33 146.49 135.80 128.46
900 100 Myr
5-3.1 21.61 5.05 50.23 17.25 66.22 13.28 110.52 20.04
4.5-2.6 21.63 5.08 50.97 17.78 69.57 14.27 121.60 22.50
4-2.1 21.63 5.08 50.97 17.79 69.91 14.50 125.65 23.71
3.5-1.6 21.63 5.08 50.97 17.79 69.92 14.52 126.60 24.15
3.1-1.1 21.63 5.08 50.97 17.79 69.92 14.52 126.74 24.27
2.5-0.6 21.63 5.08 50.97 17.79 69.92 14.52 126.75 24.30
2.0-0.1 21.63 5.08 50.97 17.79 69.92 14.52 126.75 24.30
1.5-0.5 21.63 5.08 50.97 17.79 69.92 14.52 126.75 24.30
1–1 21.63 5.08 50.97 17.79 69.92 14.52 126.75 24.30
0.5-1.5 21.63 5.08 50.97 17.79 69.92 14.52 126.75 24.30
0.1–2 21.63 5.08 50.97 17.79 69.92 14.52 126.75 24.30
0.6-2.5 21.63 5.08 50.97 17.79 69.92 14.52 126.75 24.30
1.1-3.0 21.63 5.08 50.97 17.79 69.92 14.52 126.74 24.27
1.6-3.5 21.63 5.08 50.97 17.79 69.92 14.52 126.60 24.15
2–4 21.63 5.08 50.97 17.79 69.91 14.50 125.65 23.71
2.6-4.5 21.63 5.08 50.97 17.78 69.57 14.27 121.60 22.50
3.1-5 21.61 5.05 50.23 17.25 66.22 13.28 110.52 20.04
5-3.1 N 109.90 139.25 206.95 310.29 416.74 548.81 680.11 824.73
4.5-2.6 N 110.02 139.94 210.01 319.72 437.81 589.77 748.28 926.05
4-2.1 N 110.02 139.94 210.01 319.96 439.97 599.00 773.24 975.79
3.5-1.6 N 110.02 139.94 210.01 319.96 440.02 599.96 779.08 993.99
3.1-1.1 N 110.02 139.94 210.01 319.96 440.03 600.00 779.92 998.88
2.5-0.6 N 110.02 139.94 210.01 319.96 440.03 600.00 780.00 999.85
2.0-0.1 N 110.02 139.94 210.01 319.96 440.03 600.00 780.00 999.98
1.5-0.5 N 110.02 139.94 210.01 319.96 440.03 600.00 780.00 1000.00
1–1 N 110.02 139.94 210.01 319.96 440.03 600.00 780.00 1000.00
0.5-1.5 N 110.02 139.94 210.01 319.96 440.03 600.00 780.00 1000.00
0.1–2 N 110.02 139.94 210.01 319.96 440.03 600.00 780.00 999.98
0.6-2.5 N 110.02 139.94 210.01 319.96 440.03 600.00 780.00 999.85
1.1-3.0 N 110.02 139.94 210.01 319.96 440.03 600.00 779.92 998.88
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1.6-3.5 N 110.02 139.94 210.01 319.96 440.02 599.96 779.08 993.99
2–4 N 110.02 139.94 210.01 319.96 439.97 599.00 773.24 975.79
2.6-4.5 N 110.02 139.94 210.01 319.72 437.81 589.77 748.28 926.05
3.1-5 N 109.90 139.25 206.95 310.29 416.74 548.81 680.11 824.73
5-3.1 B 110.00 139.25 206.95 310.29 416.74 548.81 680.11 824.73
4.5-2.6 B 110.00 139.94 210.01 319.72 437.81 589.77 748.28 926.05
4-2.1 B 110.00 139.94 210.01 319.96 439.97 599.00 773.24 975.79
3.5-1.6 B 110.00 139.94 210.01 319.96 440.02 599.96 779.08 993.99
3.1-1.1 B 110.00 139.94 210.01 319.96 440.03 600.00 779.92 998.88
2.5-0.6 B 110.00 139.94 210.01 319.96 440.03 600.00 780.00 999.85
2.0-0.1 B 110.00 139.94 210.01 319.96 440.03 600.00 780.00 999.98
1.5-0.5 B 110.00 139.94 210.01 319.96 440.03 600.00 780.00 1000.00
1–1 B 110.00 139.94 210.01 319.96 440.03 600.00 780.00 1000.00
0.5-1.5 B 110.00 139.94 210.01 319.96 440.03 600.00 780.00 1000.00
0.1–2 B 110.00 139.94 210.01 319.96 440.03 600.00 780.00 999.98
0.6-2.5 B 110.00 139.94 210.01 319.96 440.03 600.00 780.00 999.85
1.1-3.0 B 110.00 139.94 210.01 319.96 440.03 600.00 779.92 998.88
1.6-3.5 B 110.00 139.94 210.01 319.96 440.02 599.96 779.08 993.99
2–4 B 110.00 139.94 210.01 319.96 439.97 599.00 773.24 975.79
2.6-4.5 B 110.00 139.94 210.01 319.72 437.81 589.77 748.28 926.05
3.1-5 B 110.00 139.25 206.95 310.29 416.74 548.81 680.11 824.73
850 100 Myr
5-3.1 21.61 5.07 50.72 17.67 69.25 14.33 124.45 23.72
4-2.1 21.63 5.08 50.97 17.79 69.92 14.52 126.75 24.30
3.1-5 21.61 5.07 50.72 17.67 69.25 14.33 124.45 23.72
5-3.1 N 109.93 139.57 208.97 317.73 435.81 592.03 765.85 976.25
4-2.1 N 110.02 139.94 210.01 319.96 440.03 600.00 780.00 1000.00
3.1-5 N 109.93 139.57 208.97 317.73 435.81 592.03 765.85 976.25
5-3.1 B 110.00 139.57 208.97 317.73 435.81 592.03 765.85 976.25
4-2.1 B 110.02 139.94 210.01 319.96 440.03 600.00 780.00 1000.00
3.1-5 B 110.00 139.57 208.97 317.73 435.81 592.03 765.85 976.25
N= Normalised, B= Buffered to equilibrium composition




