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1. Nd analyses 

1.1. Sample descriptions 

Two samples of amphibolite (IBA1C and IBSP4) and two samples of siliceous gneiss (IBPM10 

and IBPM10a) were analysed. Sample IBA1C was collected at NC 27962 96462; sample IBSP4 

at NC 28104 96733; samples IBPM10 and IBPM10a at NC 28210 96733. The amphibolites 

typically comprise a foliated to granoblastic assemblage of hornblende-plagioclase-biotite-

quartz with accessory titanite, zircon, ore, cummingtonite, rutile, garnet, epidote and apatite 

and secondary chlorite and calcite. The siliceous gneisses typically comprise a granoblastic 

assemblage of quartz-plagioclase-biotite with accessory garnet, amphibole, titanite, allanite 

and ore.  

1.2. Analytical methods 

Major element and REE data were obtained by ICPAES at Oxford Brookes University, following 

rock dissolution by standard fusion and HF/HClO4 procedures. REE were preconcentrated 

before analysis by standard cation exchange procedures. Other trace elements were analysed 

by XRF at the British Geological Survey. Natural rock standards, including certified reference 



materials, were used for all calibrations. Accuracy and precision of the data were estimated 

at 2-3% rsd for major elements, and 5-10% for trace elements. Data are available in Burns et 

al (2004). 

Isotopic data were acquired at the University of Oxford. Samarium and neodymium were 

separated from whole-rock powders using standard dissolution and ion-exchange 

chromatography methods (modified after Eugster et al. 1970). Element concentrations were 

determined by isotope dilution using a mixed 149Sm and 150Nd enriched tracer prior to 

dissolution. Isotope ratios were determined using a VG54E single collector thermal ionisation 

mass spectrometer operated by the ANALYST software of Ludwig (1992). Neodymium isotopic 

ratios were corrected for within-run mass fractionation by normalisation to a 146Nd/144Nd 

ratio of 0.7219; replicate analyses of La Jolla standard yielded a mean 143Nd/144Nd ratio of 

0.511851 ± 0.000025 (0.005%, 2σ); error on 147Sm/144Nd ratios is c. ± 0.1%. All regression 

calculations used a 147Sm decay constant of 6.54 x 10-12a-1 (Lugmair & Marti 1978) and were 

plotted using Isoplot (Ludwig (1991); all quoted errors are at the 95% confidence level. εNd 

parameters were calculated relative to CHUR (143Nd/144Nd = 0.512638; 147Sm/144Nd = 0.1966; 

Jacobsen & Wasserburg 1984). Depleted mantle models used the parameters of De Paolo 

(1981) and De Paolo et al. (1991).  

1.3. Results 

 

Sample Sm ppm Nd ppm 144Nd 2 sigma 144Nd eNd(0) eNd(500)  

========= ========= ========= ========= ========= ========= ========= ========= 

IB A1c 1.815  5.630  0.512970  0.0017 0.1949  6.5  6.6  

IB PM10 3.588  12.901  0.512775  0.0019 0.1681  2.7  4.5  

IB PM10a 6.171  20.212  0.512958  0.0029 0.1846  6.2  7.0  

IB SP4 4.575  14.516  0.512949  0.0026 0.1906  6.1  6.5  

         

BCR-1 6.541  28.664  0.512616  0.0021 0.1380  -0.4  3.3  
 

Table 1. Nd isotope data 



 

Fig. 1. Nd isotope data 

 
2. U-Pb zircon, monazite and rutile geochronology 

2.1. Sample descriptions and petrology 

One of three samples of homogenous grey gneiss yielded zircon and monazite, this was 

collected from a small quarry at NC 8215 6490 (RS-14-16). It is composed of 45% quartz, 35% 

plagioclase, 10% biotite, 5% magnetite, 3% garnet, 1% K-feldspar, giving it a trondhjemitic 

composition (Burns, 1994). The weak medium grained gneissic fabric is defined by aligned 

biotites with elongate quartz featuring embayments and tails. Two weaker foliations are also 

apparent at c. 40° either side of the main foliation, although due to the lack of defining 

minerals of each their relative ages are uncertain. 

A sample of a very coarse-grained, unfoliated pegmatite within a localised sinistral shear zone 

was collected from NC 7821 6512 (MD-16-05). It is composed of 40% quartz, 30% plagioclase, 

20% K-feldspar and 10% biotite, giving it a granodioritic composition. The sub-vertical shear 

zone and associated sheet trend c. E-W, cross cutting regional upright folds. 

Samples from two weakly foliated pegmatites were collected from a road section at NC 8082 

6471 (MD-16-06/07). MD-16-06 is composed of 40% quartz, 30% plagioclase, 20% biotite, 

10% K-feldspar with accessory garnet. MD-16-07 is composed of 45% quartz, 35% plagioclase 



and 20% biotite with minor K-feldspar and rare garnet. Biotite defines the foliation of both 

samples with quartz and plagioclase phenocrysts (≤3cm) often aligned to the foliation. The 

foliation in both samples is parallel to the margins of the intrusions, which cross cut the ‘S1’ 

foliation of the host gneisses as well as upright folds. 

Sample MD-16-01 was obtained from a garnet-staurolite-sillimanite paragneiss present 

within a boudin (ca. 6 by 2m) situated in the eastern foundations of the Strathy lighthouse 

(NC 8282 6964). The foliation preserved in the boudin is subvertical (at c. 90° to the main 

foliation of the host gneiss) and trends roughly east-west. The rock is medium-coarse grained, 

foliated and contains garnet, quartz, plagioclase, anthophyllite, biotite, sillimanite, staurolite, 

spinel, apatite, zircon, rutile, ilmenite and chlorite. 

2.2. Analytical methods 

Samples were crushed using a hydraulic splitter, jaw crusher and disc mill before being sieved 

to <500µm. Samples were then put across a Wilfley table, through a Frantz diamagnetic 

separator and LST Fastfloat heavy liquids (2.80 g/mL). Zircon (RS-14-16, MD-16-05, 06, 07) 

and monazite (RS-14-16) were picked from the high-density, low-magnetism fraction of the 

sample using fine tweezers. Grains were mounted in epoxy resin and polished to 

approximately halfway through the grains to reveal internal structures. Grains were imaged 

using a combination of two scanning electron microscopes at the University of Portsmouth: 

Phillips XL30 W filament and Zeiss EVO10MA LaB6 source. The majority of images were taken 

using backscattered electron (BSE) detection due to a general lack of CL response. These 

images were used to guide further analysis and all following image descriptions are based on 

observations in BSE.  

U-Pb dating was undertaken by laser ablation inductively coupled mass spectrometry (LA-ICP-

MS) using an ASI RESOlution excimer (193mm) laser ablation system coupled with an Analytik 

Jena Plasma Quant MS Elite ICP-MS. Spot sizes of 9 and 11 µm were used for zircon anaylsis 

due to the small grain size, fine zoning and high concentrations of inclusions and cracks. Spot 

sizes of 7, 9 and 11 µm were used for monazite analyses at a fluence of 2 - 2.5 J/cm2 and a 

repetition rate of 2 Hz. Thorium was not recorded at 11 µm due to high concentrations. Spot 

sizes of 25 and 30 µm were used for rutile analyses at a fluence of 4 J/cm2 and a repetition 

rate of 5 Hz. 204Pb, 208Pb and 232Th were monitored to detect the presence of initial Pb.   



 

 Zircon    Monazite Rutile 

ICP-MS  

Type of ICP-MS Quadrupole 

Brand and model Analytik Jena Plasma Quant MS Elite 

Gas Flows  

Plasma (impure Ar) 10 L/min 10 L/min 10 L/min 

Auxiliary flow (Ar) 1.65 L/min 1.65 L/min 1.65 L/min 

Nebulising flow (Ar) 0.90 - 0.92 L/min 0.89 - 0.91 L/min 0.90 - 0.92 L/min 

Carrier (He) 300 mL/min 300 mL/min 300 mL/min 

Nitrogen (N) 3 mL/min 3 mL/min 3 mL/min 

Laser   

Type of laser ArF excimer 

Brand and model ASI RESOlution excimer (193mm) 

Wavelength 193 nm 193 nm 193 nm 

Spot size 9 and 11 µm 7 and 11 µm 30 and 25 µm 

Rep. rate 3/2 Hz 2 Hz 5 Hz 

Fluency 4 -3 J/cm2 2 -2.5 J/cm2 4 J/cm2 

Data acquisition 
parameters 

 

Scanned masses 202, 204, 206, 207, 208, 
232, 235, 238 

202, 204, 206, 207, 208, 
232, 235, 238 (232 not 

collected at 11 µm) 

202, 204, 206, 207, 
208, 232, 235, 238 

Settling time 0.001 s 

Sample time 0.01, 0.02 (for 206), 
0.03 s (for 207) 

0.01, 0.02 (for 206), 
0.03 s (for 207) 

0.01, 0.02 (for 206), 
0.03 s (for 207) 

Number of runs 12 7 2 

Detector mode Counting 

Deadtime 20 ns 

Background collection 25 s 

Ablation 30 s 

Washout 15 s 

Table 2. Detailed LA-ICP-MS parameters 

Plešovice zircon (Sláma et al., 2008) was used as a primary standard for zircon dating, with 

BB9 (Santos et al., 2017) and 91500 (Wiedenbeck et al., 1995) zircons as secondary standards. 

Zircon standards Temora (Black et al., 2003) and GJ1 (Jackson et al., 2004) were also used to 

check for accuracy. Trebilcock monazite (Tomascak et al., 1996) was used as a primary 

standard for monazite dating, with KMO (MacLachan et al., 2004; Goudie et al., 2014), 

Bananeiro and Itambé (Gonçalves et al., 2016) monazites as secondary standards. R10 rutile 

(Luvizotto et al., 2009, Zack et al., 2011) was used as a primary standard for dating rutile, with 

R19 (Luvizotto et al., 2009, Zack et al., 2011), R13 (Luvizotto et al., 2009) and SAE (C. Lana, 

pers. comm.) used as secondary standards. Data processing was conducted using Iolite (Paton 



et al., 2011) and plotted in Excel using the IsoPlot plugin (Ludwig 2003). Discordance was 

calculated using (1 - 206Pb/238U / 207Pb/235U) x 100.  

Forty-nine of 57 analyses of BB9 yield a Concordia age of 559.8 ± 1.5 Ma which is within error 

of the TIMS age 561 ± 0.83 Ma (Santos et al., 2017; Lana et al., 2017). Seventeen of 59 analyses 

of 91500 yield a Concordia age of 1059.8 ± 5.1 Ma, which is within the expected range, 1059.2 

- 1065.2 Ma (Santos et al., 2017). Eighteen of 36 analyses yield a Concordia age of 414.8 ± 1.9 

Ma, which is within error of the TIMS age 416.8 ± 1.1 Ma (Black et al., 2004; Santos et al., 

2017). Twenty-four of 36 analyses of GJ1 yield a concordia age of 598.6 ± 1.8 Ma, which is 

within the expected range, 596.2 - 602.7 Ma (Jackson et al., 2004; Santos et al., 2017). 

Thirty-nine analyses on 15 monazite grains from sample RS-14-16 were performed in three 

U-Pb sessions. When using the Iolite software for data processing of the first two runs at 7µm, 

the VizualAge_UcomPbine Data Reduction Scheme was applied (Chew et al., 2004) due to 

variable common Pb reported in the primary standard. Lead isotopic composition was 

calculated based on multiple K-feldspar analyses from the Trebilcock pegmatite acquired by 

Tomascak et al. (1996). The third run was undertaken at 11µm and the U-Pb_Geochronology 

Data Reduction Scheme was applied for this run as Th was not recorded (Paton et al., 2011). 

Secondary standards for the three runs yielded Concordia and Intercept ages within 1 and 

1.5% error compared to the published values of c. 508 Ma for Itambé (Gonçalves et al., 2016) 

and 1822 ± 2 for KMO monazite (MacLachan et al., 2004). 

Seven of 10 analyses of R19 yield a Concordia age of 495.6 ± 6.3 Ma which is within error of 

the TIMS age of 493 ± 10 Ma (Luvizotto et al., 2009; Zack et al., 2011). Five of 8 analyses of 

R13 are concordant and yield a concordia age of 509.1 ± 7.9 Ma which is within error of the 

SIMS age of 504 ± 4 Ma (Luvizotto et al., 2009). All 34 analyses of SAE are concordant and 

yield a concordia age of 508.8 ± 3.7 Ma, which is outside of the TIMS age of 495 (pers comm, 

C. Lana, University of Ouro Preto) although the University of Portsmouth usually obtains an 

age of c. 505 Ma. Six of 15 analyses of R632 yield a Concordia age of 510 ± 8 Ma, compared 

to the LA-ICP-MS age of 496 ± 2 Ma (Axelsson et al., 2018). It is common for sets of secondary 

standards analysed by LA-ICP-MS to have an offset for 1.5% to TIMS ages, attributed to several 

pieces of zircon over several runs on multiple days (e.g. Gehrels et al., 2008; Frei & Gerdes, 

2009). 



2.3. Accessory minerals characteristics and results 

2.3.1 Zircon 

Zircon grains from sample RS-14-16 (grey gneiss of Strathy Complex) are subhedral to 

anhedral in form and range from 60 - 200 µm in length with aspect ratios from 1:1 to 1:6. Care 

was taken during analysis as many grains exhibit ‘patchy’ textures, thought to be caused by 

metamictisation either during hydrothermal alteration (Burns et al., 2004) or high-grade 

metamorphism. The grains typically have many inclusions (usually apatite, xenotime, 

monazite), particularly around the edges, thought to be caused by hydrothermal alteration 

late in zircon formation. Twenty-six of 46 analyses are <15% discordant, with ages ranging 

from 522 Ma to 383 Ma. Eleven analyses form a cluster giving a concordia age of 503 ± 2 Ma 

(Fig. 2), with two slightly older grains (not included in the concordia age) at ca. 522 Ma. These 

two older grains have sector zoning (Fig 3) and can be explained by a number of means, such 

as uranium gain (e.g. Seydoux-Guillaume et al., 2015), being part of an early stage magma 

crystallisation or mixing (antecrysts or xenocrysts) (e.g. Miller et al., 2007) or that they 

represent the minimum age of the complex while the other c. 503 Ma grains have suffered 

lead loss (e.g. Geisler et al., 2002). A weighted mean average of grains older than 485 Ma 

rejects the oldest grain (95% confidence level) and yields an age of 504.5 ± 4.7 Ma (Fig 4), 

which is within the uncertainty of the concordia age.  Therefore, we choose to present the 

Concordia age discounting the aforementioned oldest grain, two grains with large errors and 

one grain due to mixing of core and rim (CL textural control-based; Fig. 3). This results in the 

best estimation of the rock at c. 503 Ma, which we interpret as the crystallisation age of the 

complex. The proposed tectonic model is still valid if the oldest grain represents the minimum 

age of the complex. A spread of ages from 468 Ma to 425 Ma was also recorded from 

metamict cores and rims with one rim measurement younger than this at 383 ± 5 Ma. 

 

 

 

 

 



Fig. 2. U-Pb Concordia diagram for zircon analyses from sample RS-14-16, inset showing sample 

zircon grains, locations of laser pits and corresponding ages. 

 



 

Fig. 3. Backscatter SEM images showing the zircon grains, spot locations and associated ages >485 

Ma (206Pb/238U). One age of <485 Ma is included as it was located on the same grain. 



 

Fig. 4. Compilation graph showing weighted average calculations of each group of analyses. The 

oldest zircon age was eliminated by Isoplot due to being outside 95% confidence limits. 

 

Sample MD-16-05 (pegmatite within dextral shear zone) contains zircon grains that are 

usually euhedral prisms 80 - 300 µm in length with aspect ratios from 1:2 to 1:7. Some grains 

preserve small (<10µm diameter), possibly resorbed cores with a high concentration of 

inclusions; these areas were therefore not analysed. Other grains have homogenous to 

weakly oscillatorily zoned cores. Most grains have a sector zoned overgrowth and a 

homogenous to weakly oscillatorily zoned outer rim. Nine of 24 analyses are <16% discordant. 

Eight analyses have a spread of ages from c. 470 ± 11 Ma to c. 422 ± 9 Ma, with one younger 

rim at 395 ± 8 Ma (Fig. 5). 



 

Fig. 5. U-Pb Concordia diagram for zircon analyses from MD-16-05. 

 

Zircon from samples MD-16-06 and MD-16-07 have near identical characteristics so are 

therefore described together. The zircons are euhedral to subhedral prisms 60 - 200 µm in 

length with aspect ratios from 1:2 to 1:5. Grains sometimes preserve small (<20µm), possibly 

resorbed, inclusion-rich cores as in sample MD-16-05; these areas were not analysed. There 

are two other core types: homogenous and ‘patchy’. Most grains have thick oscillatory zoned 

areas overgrowing the core and sometimes have a thin (<10µm) outer growth. In sample MD-

16-06 12 of 24 analyses are <16% discordant. These grains yield a range of ages from c. 469 ± 

11 Ma to c. 414 ± 7 Ma (Fig. 6). In sample MD-16-07 15 of 24 analyses are <15% discordant. A 

range of ages were recorded, from c. 463 ± 5 Ma to c. 411 ± 6 Ma (Fig. 7). 



 

Fig. 6. U-Pb Concordia diagram for zircon analyses from sample MD-16-06. 

 

Fig. 7. U-Pb Concordia diagram for zircon analyses from sample MD-16-07. 



2.3.2. Monazite 

RS-14-16 yields pale yellow anhedral to subhedral monazites 60 – 80 µm in length, with aspect 

ratios from 1:1.5 to 1:5. Grains range from homogenous to patchy and usually contain <5µm 

inclusions of apatite. No rims were observed. The first two sessions used 7 µm spot size and 

show a Concordia age of 422.1 ±3.3 Ma using 20 out of 24 analyses. The third run used 11 µm 

spot size and consisted of 15 analyses. Of those, 12 yielded a Concordia age of 416.5 ± 2.0 

Ma. Between all three runs thirty-two of 39 analyses on 15 grains are concordant, with a range 

from 401 Ma to 469 Ma, which together yield a Concordia age of 417.3 ± 1.5 Ma (Fig. 8).  The 

difference of precision between the two acquisition parameters (7 and 11 µm) is interpreted 

as a result of signal intensity. The counts per second are more than two times higher for all 

the masses acquired when ablated with the bigger spot size.  

 

Fig. 8. U-Pb Concordia diagram from monazite analyses from sample RS-14-16. 

 

 

 

 

 



2.3.3. Rutile 

MD-16-01 yields yellowish orange subhedral to euhedral rutiles 40 – 150 µm in length, with 

aspect ratios from 1:2 to 1:6. Grains are mostly homogenous with some showing a patchy 

texture, with common <10µm inclusions of zircon. Ten of 16 analyses are <5% discordant, 

which together yield a concordia age of 433 ± 5 Ma (Fig. 9). The discordant analyses have high 

levels of common lead, whereas the concordant data points have negligible levels.  

 

Fig. 9. U-Pb Concordia diagram for rutile analyses from sample MD-16-01. 

 

 

 

 

 

 



Sample number: Zircon Monazite Rutile 

RS-14-16 (grey gneiss) 503 ± 2 Ma 422 ± 3 to 417 ± 2 

Ma 

 

MD-16-01 (paragneiss)   433 ± 5 Ma 

MD-16-05 (pegmatite) 470 ± 11 Ma to 

395 ± 8 Ma 

  

MD-16-06 (pegmatite) 469 ± 11 Ma to 

414 ± 7 Ma 

  

MD-16-07 (pegmatite) 463 ± 5 Ma to 

411 ± 6 Ma 

  

Table 3. Summary of U-Pb data and results from accessory minerals 

3. Hafnium analyses 

Hafnium isotope ratios were measured by laser ablation multi-collector inductively coupled 

plasma mass spectrometry (LA-MC-ICP-MS) at the University of Portsmouth, UK. The same 

193 nm RESOlution Excimer laser used for U-Pb analyses was connected to a Nu Plasma I MC-

ICP-MS. The following masses were measured in the respective Faraday collectors 

configuration: 171 (L3), 173 (L2), 175 (Ax), 176 (H1), 177 (H2), 178 (H3), 179 (H4) and 180 (H5). 

Calibration of the equipment was realised utilizing raster lines on NIST 610 glass, Mud Tank 

and 91500 zircon standards. Laser conditions for tuning were 40 µm, 4.5 J/cm2 and 5 Hz and 

total Hf intensity was typically 17 V for Mud Tank and 10 V for 91500. For the unknown 

analyses, only grains with a concordant U–Pb age and sufficient material remaining were 

analysed, using 50/60 µm spots on top of the U–Pb pits. Laser fluence was 4.0 J/cm2, 

repetition rate was 6 Hz and gas flows were Ar 0.8 L/min and He 300 mL/min. The isotopes 

171Yb, 173Yb and 175Lu were monitored to allow for correction of isobaric interferences of Lu 

and Yb isotopes on mass 176. Reproducibility of the analyses was assured by periodic 

measurements of Plešovice (Sláma et al., 2008), 91500 (Blichert-Toft, 2008), Mud Tank 

(Woodhead and Hergt, 2005) and Temora 2 (Wu et al., 2006) and are consistent with 

published values. A number of analyses were carried out on top of previous U-Pb analyses in 

the standards and show no difference compared to analyses acquired on flat surface of the 

same materials. Data reduction was based on Hawkesworth and Kemp (2006). εHf values 

were calculated based on a two-stage model, using the bulk Earth (chondrite uniform 



reservoir; CHUR) 176Hf/177Hf and 176Lu/177Hf from Bouvier et al., (2008), depleted mantle (DM) 

176Hf/177Hf and 176Lu/177Hf from Griffin et al., (2002), and the 176Lu decay constant from 

Söderlund et al. (2004). Model ages were calculated assuming an average crustal 176Lu/177Hf 

value of 0.015 (Griffin et al., 2002). 

It is important to note that unknown zircons are abundant in 176Yb, having 30% to 50% of the 

total Yb. This mass bias was corrected and the errors propagated to the final data, which 

yielded less precise ratios when compared to the standards. Nonetheless, the ratios are 

consistent and εHf values tightly cluster between +6 and +10. 

 

4. Metamorphic petrology 

4.1. Sample description and petrology 

Sample MD-16-01 (garnet-staurolite-sillimanite paragneiss) was also analysed in order to 

determine its metamorphic conditions. 

Staurolite occurs in two different textures in the rock. Frequently it occurs as rounded 

inclusions within plagioclase and less commonly within garnet and anthophyllite. It is also 

found in quartz and plagioclase (up to 1-2 mm in size) dominated domains in the matrix where 

it occurs with sillimanite. If matrix staurolite is only in the presence of plagioclase, then it is 

occasionally replaced by symplectites of spinel. 

The matrix foliation is defined by anthophyllite and biotite (up to 1.5 mm), although both of 

these can cross cut the foliation. Occasionally laths of sillimanite occur almost entirely within 

plagioclase grains (sometimes occurring with staurolite), these are always oriented parallel to 

the foliation. Garnet grains are anhedral and fragmented (fragments are up to 4 mm but 

groupings of fragments can be up to 1 cm in diameter). Some grains appear to have a core 

which is poikiloblastic (inclusions of quartz, plagioclase, rutile and occasionally staurolite and 

possibly kyanite). Other fragments are inclusion poor but occasionally preserve a fibrolite line 

which demarks a euhedral garnet, where inclusions occur they are sillimanite, staurolite, 

biotite and rutile. 

Anthophyllite occurs as blades (up to 5 mm in length) and is variably replaced by biotite and 

chlorite, in some instances it is nearly pristine while in other places it is almost entirely 



replaced by chlorite. Anthophyllite is occasionally found as an inclusion in plagioclase and 

itself has inclusions of staurolite and rutile. Where anthophyllite is found with staurolite, the 

contact is marked by the growth of biotite and quartz. 

Ilmenite and rutile are found in the matrix and as inclusions in garnet and anthophyllite. 

4.2 Analytical methods 

Pressure-temperature pseudosections were calculated for sample MD-16-01 using 

THERMOCALC V.3.33 (June 2009 update of Powell & Holland 1988) in the geologically realistic 

system MnNCKFMASHTO (MnO-Na2O-CaO-K2O-FeO-MgO-Al2O3-SiO2-H2O-TiO2-Fe2O3) (Fig.8). 

Even though a revised thermodynamic dataset is now available (Holland and Powell 2011) 

and updated activity-composition (a-x) models (White et al 2014a,b), at the time the 

calculations for this study were conducted, the models were only calibrated for the Mn-free 

system, thus this study uses the dataset of (Holland and Powell 1998) and a-x models 

compatible with that dataset. The calculations included MnO because a small amount of MnO 

can have an important effect on stabilizing garnet to lower pressures than predicted in 

modelling with the MnO-free system (e.g. Mahar et al. 1997; White et al. 2014b). The 

modelling for this system uses the a-x relationships of White et al. (2007) for silicate melt; a 

combination of Mahar et al (1997) and Holland & Powell (1998) for cordierite and staurolite; 

White et al (2005) for garnet, biotite, ilmenite and hematite; White et al. (2002) for 

orthopyroxene, spinel and magnetite; a combination of Mahar et al (1997) and White et al 

(2000) for chloritoid; Coggon and Holland (2002) for muscovite and paragonite; Diener et al 

(2007) for orthoamphibole; Holland & Powell (1998) for epidote; a combination of Mahar et 

al (1997) and Holland et al (1998) for chlorite; and Holland & Powell (2003) for plagioclase 

and alkali feldspar. 

The bulk composition of the sample was obtained by whole-rock X-ray fluorescence (XRF) 

analysis. For the lower temperature part of the diagram (<650°C), the H2O content is set in 

excess. For the calculation of the solidus, H2O was set such that the solidus was H2O present 

for the entire diagram. 

The proportion of Fe2O3 to FeO has been estimated considering the abundance of Fe3+-

bearing minerals. In addition, a T-MFe2O3 diagram was calculated at 7.5 kbar. Compositional 



isopleths for garnet were calculated and have been plotted onto the peak field of the 

pseudosection to aid with interpretation of the P-T path. 

4.3. Results 

The peak assemblage is interpreted to be garnet + orthoamphibole + sillimanite + biotite + 

plagioclase + quartz + rutile, this occurs on the phase diagram at 625-700 °C and 6-7.5 kbars 

(Fig. 10). The P-T path can be defined by the change of mineral assemblage and the growth of 

garnet. Staurolite occurs as inclusions in garnet and preserved in the matrix (not in contact 

with quartz) and is inferred to have been stable during the prograde evolution of the sample. 

Ilmenite is also preserved within garnet. Together this gives an up-P and T evolution with peak 

conditions of 6-7 kbar and 650-700 °C. An inclusion of kyanite with staurolite in garnet 

potentially indicates that the P-T path may have pass through the kyanite bearing field before 

reaching peak conditions in the sillimanite bearing field. However, the complex zonation of 

garnet could indicate this sample has actually experienced multiple metamorphic events. 

Garnet isopleths were calculated for the peak field. Compositions obtained from garnet with 

sillimanite inclusions (Burns 1994) are interpreted to have grown during peak metamorphic 

conditions and give compositions of ca. 0.57, 0.07 and 0.01 for Xalm, Xgrs and Xsps respectively. 

This is broadly similar to values obtained from the model in the peak field (0.58-0.6 for Xalm, 

0.1 to 0.02 for Xsps and 0.06 to 0.07 for Xgrs). Unfortunately, the garnet compositions do not 

offer any additional constraints on the peak P-T conditions. 



 

Fig. 10. Calculated phase diagram for sample MD-16-01. Mineral abbreviations from Kretz (1983) 
except orthoamphibole (Oamp). Left hand axis corresponds to pressures in kb, lower axis 

corresponds to temperature in degrees centigrade. 
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