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Abstract 

16 samples of increasing metamorphic grade from the Ballachulish Igneous Complex and Aureole, 

located in the west of Scotland, were studied in order to analyze the sulfide mineralogy and to what 

extent they were affected by contact metamorphism. The samples were collected from two 

lithologies, the Creran Succession and the Ballachulish Slate lithology, as well as from the igneous 

complex.  

   The sulfides of main interest in the samples are pyrite and pyrrhotite. At the onset of contact 

metamorphism, pyrite disappears while pyrrhotite gets more abundant as metamorphic grade 

increases. Pyrrhotite also undergoes multiple changes such as 1) elongation and thinning of the 

grains, 2) development of 120° grain-boundaries, 3) development of pyrite-zones within the 

pyrrhotite and 4) the decomposition of pyrrhotite and alignment of pyrite along its grain-boundaries 

at high temperature. The elongation of the grains occurs in both the Creran Succession and the 

Ballachulish Slate. The rest of the textures, however, can only be found in the Creran Succession. The 

two lithologies differ by the high graphite content in the Ballachulish Slate.  

The elongated grains as well as the pyrite inclusions in the pyrrhotite both are strong evidence of 

recrystallization. The absence of pyrite in the Ballachulish Slate was most probably caused by the 

buffering properties of the graphite-rich fluid in these rocks, causing more reducing conditions. 

   There is evidence against a heavy, pervasive fluid flow through the aureole. However, the inner 

contact zone seems to have been affected by a more pronounced fluid flow. This could have been 

caused by the metamorphic fluid working in conjunction with fluids released from the intrusion. 

Regarding the mobility of S in the aureole, no strong evidence could be found, other than the 

decomposition of pyrrhotite grain-boundaries in the high-grade metamorphic samples. 
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Introduction 

 

Significance of project 
The Ballachulish igneous complex and contact metamorphic aureole is one of the world’s most well 

studied contact metamorphic systems (Pattison & Harte, 2001). The igneous complex intrudes host 

rocks of variable chemical composition, which has led to formation of a diverse mineralogy during 

contact metamorphism (Pattison & Harte, 1997). However, the sulfide minerals in the metamorphic 

aureole have not been previously investigated. The hydrothermal fluids produced during contact 

metamorphism may react with the host rock in such a way that sulfur and metals mobilize, which 

may play an important role in the formation of ore deposits (Wilkinson, 1991). This study will 

investigate the sulfide mineralogy in the contact metamorphic zones of the Ballachulish aureole. 

Transects within the compositionally different Creran and Ballachulish Slate successions may also 

show whether bulk rock composition has affected the sulfide paragenesis.  

 

Background literature review 
The Ballachulish Igneous Complex and Aureole are located in the west of Scotland, in Argyllshire, by 

the south-east junction of two lochs, Loch Linnhe and Leven close by the Great Glen Fault (Fig. 1). 

The igneous complex was formed at 412±28 Ma (Pattison & Harte 1997), during the main period of 

calc-alkaline magmatism in the Caledonian Orogeny. The Caledonian Orogeny was a sequence of 

tectonic events that occurred during the Silurian and Devonian period, which has shaped much of the 

British Isles into what is seen today. These events involved not just only terrane accretion but also 

metamorphism and igneous activity (Pattison & Harte, 2001). The two dominant series of 

metamorphic rocks, the Moinian and Dalradian Series, form the Scottish Highlands with the Moinian 

Series located north of the Great Glen Fault and Dalradian to the south of it. Igneous intrusions are 

frequent in both series, labeled as early or late granitoids depending on their location in relation to 

the amount of regional deformation (Pattison & Harte, 2001).  

 

The three main intrusive rock types of the Ballachulish Igneous Complex using the IUGS classification 

scheme are monzodiorites, quartz diorites and granites (Fig. 1) (Pattison & Harte, 2001). The 

monzodiorites and quartz diorites form together a zoned envelope with a core consisting of 

porpyhritic granite. The entire igneous complex covers an area of 7.5 X 4.5 km², with the granite core 

being exposed over an area of about 8 km² (Pattison & Harte 1997). The host rock comprises of the 

Leven Schist, Ballachulish Limestone, Appin Quartzite, Appin Limestone, Appin Phyllite, Cuil Bay Slate 

and the Creran successions of the Dalradian metasedimentary terrane (Pattison & Harte 1997). These 

metasedimentary units were regionally metamorphosed during the Caledonian Orogeny to biotite-

garnet zone greenschist facies (Pattison & Harte, 2001). 
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Through the extensive contact metamorphism caused by the igneous complex and its intrusion, the 

regional mineral assemblages became overprinted with the new contact metamorphic ones. These 

minerals begin in the pelitic to semi-pelitic rocks with the development of cordierite. Cordierite 

forms from recrystallization of Al-Fe-Mg minerals under low pressure, high temperature conditions. 

Between the regional metamorphism and the intrusion of the Ballachulish Igneous Complex, 

considerable uplift took place and at the same time erosion of the overlying rocks (Pattison & Harte, 

1997). Contact metamorphism can be detected in the field as “spots” of cordierite, often occurring in 

pelitic schists. The extent of contact metamorphism can be measured using the cordierite isograds.  

The Ballachuish aureole is 1700 m wide between its eastern and western flank, where the host rock 

is quartzite. The northern and southern flanks of the aureole marks the narrowest part at less than 

400 m in width, and are hosted by pelites. Quartzite conducts heat more efficiently than pelites, 

which explains why the aureole show more width in the quartzite hosted areas. Furthermore, these 

pelites occur in contact with the most fractionated and also the lowest temperature part of the 

igneous complex (Pattsion & Harte, 1997). The mineral assemblages in the aureole tell of a varying 

extent of fluid flow between rock units. The fluid seems to have moved between rock units through 

cracks, faults and bedding planes. The inner contact zone seems to have hosted the most abundant 

fluid flow as the dehydration of the pelites took place. Isotopic evidence along with the variable 

retrograde alteration suggests that the fluid had a metamorphic origin instead of a magmatic or 

meteoric one (Pattison & Harte, 1997). 

 

Aims of the project 
The aim of this project is to investigate the sulfide paragenesis in the Ballachulish contact 

metamorphic aureole through a set of 16 samples from the region, including metamorphic transects 

from Creran and Ballachulish Slate successions which will be used for the study. The general 

mineralogy of these samples will be described with specific focus on the opaque oxide and sulfide 

minerals. Transmitted and reflected-light microscopy will be used to investigate the mineralogy and 

this will be combined with use of the scanning electron microscope (SEM), which will provide a more 

detailed view of the mineral textures, as well as provide semi-quantitative chemical compositions of 

them.  

Geological setting 

The Dalradian metasedimentary belt 
The country rock in the Ballachulish area consists of a diverse set of meta-sedimentary rocks. These 

sedimentary rocks belong to both the Argyll and Appin groups, which in turn belong to the Dalradian 

Supergroup and consist of siltstones, mudstones, sandstones, limestones and dolostones. The eight 

different meta-sedimentary rock series that occur in the Ballachulish area are described in Table 1 

(Pattison & Harte, 1997). They were deposited in the late Proterozoic or early Cambrian. The rocks 

underwent deformation during the Cambrian and Ordovician, as well as regional metamorphism 

during the Dalradian (520-480 Ma), which formed psammitic, semipelitic and pelitic rocks including 

meta-carbonates. The regional metamorphism that took place before the intrusion shows an 

increase in metamorphic grade from NW-SE. The grade that stretches across the area ranges from 
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chlorite±biotite grade to garnet grade. The estimated metamorphic temperatures ranges in between 

~400 ˚C in NW to ~550 ˚C in SE with pressures approximately 5-7 kbar (Pattison & Harte, 1997).  
Garnet shows a complex distribution throughout the Ballachulish area. The garnet zone trends NW to 

SE, first occurring in the Leven Schist and Creran Succession. Garnet also appears in a NE-SW trending 

strip, 500-700 m wide, to the east of the previously mentioned isograd. This strip is largely cut by the 

igenous complex.  

   Further east of this strip, by the Ballachulish Slide, garnet is absent in an interval occupied by the by 

Appin Limestone/Phyllite, and especially the Ballachulish Slate. Continuing east, garnet appears again 

at the same time with the Leven Schist. 

   Theories and a debate about the disappearing garnet were presented by Bailey (1923, and Bailey 

and Maufe 1960) and by Elles and Tilley (1930). Bailey proposed that the Ballachulish Slide occurred 

before the metamorphism took place, and that the abrupt disappearances of garnet across the slide 

were caused by bulk composition differences between the rocks. Elles and Tilley on the other hand 

suggested that the slide to have juxtaposed rocks of different metamorphic grade, and that the slide 

postdated the metamorphism (Pattison & Harte, 1997). 

 

During the Dalradian deformation, extensive deformation took place in the Ballachulish area. This 

deformation affected the host rock, creating NE-SW trending folds and slides. On a smaller scale, 

parasitic folds that range between tight and isoclinals dip NE-SW. Crosscutting the Ballachulish 

Igneous Complex is the Ballachulish strike-slip fault that trends NE-SW. The strike-slip fault is 

characterized by crushed and shattered rocks along its length, and show post-intrusion sinistral 

displacement of 600-800 m. The Ballachulish fault may also be a splay of the nearby Great Glen Fault 

Zone, and is thought have been active before the intrusion as some fault rocks show evidence of 

contact metamorphism. It is also suggested that the Ballachulish Fault facilitated emplacement of the 

igneous complex (Pattison & Harte, 1997).  

 

 

 

 

 

  

 

Stratigraphic unit 
(Oldest to youngest) 

Description (Table 1) 
(Pattison & Harte, 1997) 

Leven Schist Dirty quartzites, grey-green phyllites and graphitic slates as well as thinly bedded metasiltstones. Oldest 

stratigraphic unit. 

Ballachulish Lim estone Calcareous schist with dolomitic interbeds and upper section of dark, graphitic marble. 

Transition Series A unit which shows upwards grading from graphitic phyllite with thin interbeds of quartzite near the base, to 

quartzite with thin phyllite interbeds near the top. 

Ballachulish Slate A grey graphitic slate with some silty layers, abundant in pyrrhotite inside the aureole and pyrite on the 

outside of its borders. 

Appin Quartzite A white to grey, medium to coarse-grained feltspathic quartzite with prominent cross-bedding and grading. 

Appin Limestone and Appin 

Phyllite 

Repetetive layered units, higher proportions of limestone towards the Appin quartzite boundary. The limestone 

part ranges from the bottom upwards from quite pure dolomite and marble to impure dolomites and 

calcareous phyllites interbedded with phyllitic layers at the top. The phyllite part show phyllite and micaceous 

meta-sandstones interbedded with quartzite layers. 

Cuil Bay Slate Graphitic slate, dark grey in colour and show millimeter to centimeter-scale interbeds near the top. 

Creran Succession Similar to Leven Schist, consist of flags and striped which are thinly bedded. 
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The Ballachulish Igneous Complex 

The Ballachulish Igneous Complex covers an area of ~7,5 X 4,5 km2, and stretches down to a depth of 

~4 km , while being shaped roughly cylindrical (Pattison & Harte, 2001). The igneous complex 

consists of quartz diorites and monzodiorites, which envelopes the granite and granodiorite core. 

The intrusion into the Dalradian metasediments by the diorites and monzodiorites took place under a 

temperature of ~1100 ˚C (Fraser et al., 2002). The eastern and southern parts of the intrusion 

feature a monzodiorite envelope which occupies a crescent shaped area, showing a fine-grained 

marginal facies. The southern, northeastern and northern parts of the envelope hold the quartz 

diorite. A central body of granite and granodiorite can be found in the diorites, emplaced under a 

temperature of approximately 850 ˚C. A small leucocratic granitic body of later origin can be linked 

with weak Cu-Mo mineralization and sericitic alteration. The Cu-Mo mineralization is too small to be 

of any economic importance (Pattison & Harte, 2001).  

   The contacts are generally sharp, discordant and steeply outward dipping between the igneous 

complex and the metasediments. Abundant metasedimentary rafts up to 250 m in length can be 

found in the southeastern part of the igneous complex. This suggests that the former 

metasedimentary roof disintegrated by block stoping. This combined with the abundant 

metasedimentary xenoliths in the quartz diorite further suggests that the present level of erosion has 

reached close to the roof of the intrusion. Proof of possible magma mixing zones can be found in the 

internal contact zones between the different phases of the igneous complex. The middle and eastern 

parts where the granites cut the monzodiorites show sharp, well-defined contacts, while hybrid 

transitional zones can be found separating the quartz diorites from the granites. The intrusive 

mechanisms probably comprised of the combined processes of roof displacement, stoping and block 

faulting, with the possible aid of the Ballachulish Fault (Pattison & Harte, 2001).   

Contact metamorphism of pelites 
The igneous complex is surrounded by a well-defined contact aureole. Of the metasedimentary 

rocks, pelites and semi-pelites are the most abundant showing the most change by texture and 

mineralogy. The cordierite spots visible in the field are one of the more obvious markers for contact 

metamorphism. Going upwards in grade from these cordierite spots towards the igneous contact, a 

pronounced textural change gradually occur from phyllites and schists to hardened cordierite-rich 

hornfelses (Pattison & Harte, 2001).    

    

The pelites feature a very well developed sequence of prograde mineral assemblage zones. Based on 

how these minerals are distributed five metamorphic zones can be mapped, which are described in 

Table 2. The minerals include muscovite (Ms), quartz (Qtz), Chlorite (Chl), biotite (Bt), cordierite 

(Crd), k-feldspar (Kfs), andalusite (And), sillimanite (Sil), corundum (Crn), garnet (Grt), spinel (Spl) and 

hypersthene (Hy). Ms + Qtz are the stable subassmeblage in zone I-IV, while zone V contains the 

stable sub-assemblage Al2SiO5 + Kfs (Pattsion & Harte, 1997). The mineral assemblages differentiate 

between the different rock units, not just only according to bulk composition of the pelites and semi-

pelites, but also according to presence (i.e. Ballachulish Slate) or absence (i.e. Creran Succession) of 

graphite (Table 2). This is most likely due to graphite interacting with the metamorphic fluid 

composition.  A particular difference is noted in metamorphic zones III to V. In the graphite-free 

assemblages K-feldspar develops before andalusite, while the opposite occurs in the graphite-bearing 

ones (Pattison & Harte, 2001).      
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(Table 2) 

Graphite-free sequence Graphite-bearing sequence 

Zone/isograd Zone 

assmeblage/isograd 

reaction (key minerals in 

bold) 

Estimated 

temperature 

Zone/isograd Zone 
assmeblage/isograd 
reaction (key minerals in 

bold) 

Estimated 

temperature 

 

I (Regional 

grade phyllites 

and schists) 

Ms+Qtz+Chl±Bt±Grt  I and II (Similar 

to graphite-free 

sequence) 

Ms+Chl+Qtz±Bt  

I/II isograd 

(Reaction P1) 

Ms+Chl+Qtz=Crd+Bt+H20 

(First development of 

cordierite spots) 

560 ˚C    

II Ms+Crd+Chl+Bt+Qtz     

II/III isograd Loss of primary chlorite 

(reaction P1) 

570 ˚C II/III isograd Loss of primary chlorite 

(reaction P1) 

560 ˚C 

III Ms+Crd+Bt+Qtz  III Ms+Crd+Bt+Qtz  

III/IVb 

isograd 

(Reaction P2b) 

Ms+Bt+Qtz = 

Crd+Kfs+H2O 

(First development of k-

feldspar) 

620 ˚C III/IVa isograd 

(Reaction P2a) 

Ms+Crd = 

And+Bt+Qtz+H2O (First 

development of andalusite) 

600 ˚C 

IVb Ms+Crd+Kfs+Bt+Qtz  IVa Ms+Crd+And+Bt+Qtz  

IVb/V 

isograd 

(Reaction P3b) 

Ms+Qtz = And+Kfs+H2O 

(First development of 

andalusite) 

640 ˚C IVa/V isograd 

(Reaction P3a) 

Ms+Qtz = And+Kfs+H2O 

(First development of K-

feldspar) 

625 ˚C 

Va Crd+Bt+And+Kfs+Qtz±Sil 

(Loss of Ms in Qtz-baring 

pelitic lithologies and loss of 

Qtz invery aluminous pelitic 

lithologies) 

 Va Crd+Bt+And+Kfs+Qtz±Sil 

(Similar loss to the 

graphite-free sequence) 

 

Va/Vb 

isograd 

(Reaction P5) 

Ms = Crn+Kfs+H2O (First 

development of Crn in Qtz-

absent rocks only) 

670 ˚C Va/Vb+highest 
grades 

Similar to the graphite-
free sequence 

 

Vb Crn+Crd+Bt+And±Sil+Kfs 

(Qtz-absent lithologies only) 

Crd+Bt+And+Sil+Kfs+Qtz 

(Qtz-bearing lithlogies only) 

    

Partial 

melting 

Migmatitic features and 

quartzofeldspathic veins 

670 - 720 ˚C   (Pattison & 

Harte, 

2001). 
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Zone I 

This zone shows schists of regional grade without any visible contact metamorphic attributes. Two 

main regional grades can be found here depending on the graphite composition (Pattison & Harte, 

1997). 

 

Zone II and III 

These zones mark the lower cordierite zone. Zone II, known as the chlorite zone, is narrow (< 200m 

wide). The cordierite can be observed as small ~1 mm wide ellipsoidal spots in the pyhllitic rocks. It 

occurs together with biotite. The transition to zone III is characterized by the reaction where 

cordierite and biotite is created at the expense of biotite (see reaction P1 in Table 2).  

   Zone III features the same mineralogy as zone II with the exception that chlorite no longer exists in 

its primary form. This zone Is also the widest one in the aureole (Pattison & Harte, 1997). 

 

Zone IV 

The zone is divided into the two assemblages IVa and IVb, of which the latter is the most common 

one. It appears in all stratigraphic units except in the Ballachulish Slate and the Transition Series, 

where assemblage IVa instead occurs. Here, andalusite joins the assemblage (P2a) as tiny, ill-formed 

crystals. This differs from the zone IVb, where k-feldspar coincides (P2b) with the abrupt textural 

change from phyllites and slates to massive hornfelses. This transition is credited to the abundance 

of cordierite and the creation of k-feldspar (Pattison & Harte, 1997). 

 

Zone V 

The transition from zone IV to V is marked by the development of k-feldspar of andalusite (P3a and 

P3b). An abrupt disappearance of coexisting quartz or muscovite can also be noted, which also can 

be linked to the graphite presence or absence (Pattison & Harte, 1997).   

 

The migmatic zone (Partial melting) 

The upper part of zone V, evidence of partial melting can be found. These grades can only be found 

100-400 m from the igneous contact. This zone distinguishes itself in thin section by showing a series 

of typical textures. Among these include granophyric intergrowths of quartz and k-feldspar, quartz 

with interstitial textures between feldspars, intergranular albite rims around the k-feldspars and 

coarse-grained poikilitic biotite (Pattison & Harte, 1997). 
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The role of fluids during contact 

metamorphism 

Evidence for fluid flow in the Ballachulish Igneous Complex and Aureole 
Concerning the fluid flow through the aureole, δ 18O and δD, when measured and compared, 

provided no evidence of greater fluid flow between rock units, although a lowering in δ 18O within 

100 m from the intrusion was noted. This could be evidence of a local outward fluid migration from 

the intrusion. Furthermore, when δ 18O and δD were measured in the pelites and semipelites, the 

values vary from + 9,3 to + 16,1 ‰ and -62 to -38 ‰ respectively. 60 pelites and semipelitic samples 

were analyzed, of which 51 show a range in δ 18O between 11 and 15 ‰ (Pattison & Harte, 1997). 

   However, when petrological evidence concerning fluid movement and presence is taken into 

account, the mineral assemblages tell of fluid infiltration in varying extent. These assemblages can be 

found in the pelites, siliceous carbonates as well as the quartzites. Fluids must have occurred 

commonly as devolatilization reactions took place in the pelites and siliceous carbonates. Release of 

quite large quantities of fluid must have been particularly large in the abundant pelites, caused by 

transitions that took place from chlorite-bearing schists outside the aureole to anhydrous pelitic 

hornfelses inside the aureole. When the pelites and siliceous carbonate rocks generated fluid, the 

fluid would then have escaped the rocks, channeled upwards and perhaps laterally through fractures 

and channel ways. This mechanic is controlled by a number of factors. This include, for rocks 

generating and expelling fluids, the behavior and response to hydraulic fracturing, but also lithostatic 

anisotropies as faults, fractures and bedding planes. Fluids are also influenced by the orientation of 

metamorphic fabric, such as schistosity and small fractures frequently found in brittle rock types like 

quartzite. An example of this is the abundant quartz veins (Pattison & Harte, 1997).  

    

The most abundant fluid flow seems to have been concentrated in the inner contact zone. Here, the 

most probable source of fluid being the pelitic rocks which underwent dehydration. A magmatic 

component close to the contacts could also be proven important locally. The indicators for the 

varying fluid flow show in the mineral assemblages. For example, garnet and wollastonite-bearing 

assemblages suggest water-rich fluid infiltration whereas combinations of quartz, tremoline and 

forsterite among others tell of fluid poor environments (Pattison & Harte, 1997).   

   As the fluid is thought to have been channeled through the rocks rather than pervaded them, the 

mineralogical evidences may underestimate the total fluid flow. Another evidence for fluid 

infiltration can be found in the retrograde minerals in pelitic hornfelses and siliceous carbonates. The 

signs of retrogression in the pelites reveal themselves as replacement of cordierite by intergrown 

muscovite, biotite, chlorite and pinite. More evidence includes sericite replacing k-feldspar, 

corundum and andalusite as well as chloritization of biotite. The general retrogression, especially of 

cordierite is widespread through the lower metamorphic grades (zones II+III); it is more localized 

starting from zone IV and up. This suggests a more concentrated channeling through the 

recrystallized hornfelses (Pattison & Harte, 1997).  

   Retrograde minerals of siliceous carbonates are also common in the aureole. The most common 

types of retrograde development are serpentine after forsterite, brucite after periclase and tremolite 

after diopside. Few rocks are entirely free of retrograde minerals, which is evidence of widespread 

fluid movement during cooling of the aureole. However, the timing and uniformity of the 
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retrogression appear varied with some retrogression taking place much later than the contact 

metamorphic event. The isotopic evidence along with the variability of retrograde alteration rules 

out pronounced circulation of magmatic and meteoric fluids, suggesting that metamorphic fluids 

being the most likely possibility (Pattison & Harte, 1997). 

Evidence for fluid flow in other contact aureoles 
Regarding fluid flow in other aureoles, a study was made on how organic matter affected volatile 

production during contact metamorphism. The area of this study lies on the west coast of the Lizard 

Peninsula, Cornwall. The area comprise mainly of two lithofacies; the Portscatho Formation and the 

Mylor Slate Formation. The Portscatho Formation consists of sequences of sandstone and shale, 

while the Mylor Slate Formation is dominated by dark grey to grey-green mudrocks with sandy to 

silty intercalations. These lithofacies were then intruded by the Cornubian granite batholith at 

shallow depths (~4 km) at approximately 290 Ma. Two stages of contact metamorphism followed, 

the first event resulting in spotting, folding and the formation of crenulation cleavages as a result of 

the intrusion of the batholith. The other event, created by stoping of the granitic stock, resulted in 

contact metamorphism that reached hornblende hornfels grade. Cordierite and andalusite are both 

found among other minerals up to 2 km from the granitic intrusion (Wilkinson, 1991).  

    

The results show that both organic carbon and nitrogen became depleted in the Mylor Slates as the 

granite was approached. This reflects the devolatilization that took place during the intrusion which 

caused loss of CO2 and N2. Fluid inclusions in quartz-veins in the contact aureole show significant 

quantities of CO2 and N2. One δ13C value of -11,9 ‰ could be acquired directly from CO2 contained in 

the fluid inclusions. This value correlates with an organic origin for the carbon (Wilkinson, 1991). To 

calculate the amount of water the Mylor Slates gave off, data could be used from a previous study of 

the aureole by Chesher (1971). Chesher quantified the H2O-contents of sediments outside the 

aureole to 2,7-5 wt% and 1-2 wt% in close proximity to the granitic pluton. A linear average could 

then be calculated for the depletion of H2O in the slates to 1,5 wt%. This suggests that each kg of the 

rock gave off 0,83 moles of H2O during the contact metamorphism. The value could then be 

combined with the result of the CO2 and N2 yields to estimate a bulk fluid composition that closely 

correlated with the results from the measurements that were taken directly from the fluid inclusions 

(Wilkinson, 1991). This result is counted as the strongest argument for fluid release in metamorphic 

contact aureoles where the devolatilization of pelites takes place.  

Ore deposits associated with contact metamorphism 
Ore formation is well known to occur in contact aureoles, especially in places where plutons intrude 

carbonate rocks forming skarn type deposits. A locality known for this type of deposit is found on the 

island of Seriphos, Greece. Here, a series of regionally metamorphosed gneisses, marbles and 

marble-bearing schists were intruded by a shallow granodiorite pluton. This process produced a 

contact metamorphic aureole with rich deposits of Ca-Fe-Mg skarns and Fe-ores. The contact aureole 

formed when dry thermal heating accompanied the emplacement and gradual crystallization of the 

magma. When the final solidification took place, the granodiorite underwent major autobreccication. 

Both the country rock and the plutonic body suffered intense fracturing, which greatly facilitated 

metasomatic hydrothermal activities as the rock permeability increased. As the metasomatic 

processes acted along the newly opened channels, the granodiorite was leached of its mafic 

components such as Fe, Mg and Mn among others. These were then deposited in skarns and ores in 
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the country rock (Salemink, 1985). The Seriphos metasomatism took place under decreasing 

temperatures while a local equilibrium between the solids and hydrothermal solutions was 

maintained. When studies of the fluid inclusions found were made it was indicated that the 

metasomatic fluids were largely saline NaCl-KCl-CaCl2-MgCl2-(FeCl2)-brines. Their origin was 

dominantly magmatic. Further study of the mineral inclusions show that fluid pressures decreased as 

the metasomatism progressed and temperatures dropped. The metasomatic system at Seriphos 

must have been a closed one, as confirmed by a quantative comparison of the mass exchange 

between the country rock and granodiorite pluton (Salemink, 1985).  

 

Locations and sampling  
The samples (Table 3) for this study were extracted according to the field guide The Ballachulish 

Igneous Complex and Aureole (Pattison & Harte, 2001). For this study, samples from two transects 

were used, one in the Creran Succession and one in the Ballachulish Slate lithology. Two samples 

were also taken in the igneous complex (Fig. 2, 3, 4 and 5). The samples were collected by increasing 

metamorphic grade as the igneous complex was approached. 
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Ballachulish sampling (Table 3) 

Sample name Field guide stop no. Group Met Zone Lithology 

Bal-1-1 1.1 Ballachulish Slate Biotite Greenschist Sulfide-rich slate 

Bal-1-3 1.1 Ballachulish Slate Biotite Greenschist Sulfide-rich slate 

Bal-2-2 3.1 Creran Succession 2 Fissile cordierite spotted phyllite 

Bal-2-4 3.2 Creran Succession 3 Hardened cordierite spotted phyllite 

Bal-2-6 3.3 Creran Succession 3 Massive cordierite spotted hornfels 

Bal-2-7 3.4 Creran Succession 4b Cordierite and K-feldspar hornfels 

Bal-2-9 3.5 Creran Succession 5a K-feldspar hornfels 

Bal-2-12 3.6 Creran Succession 5b Hornfels 

Bal-2-15 3.8 Creran Succession Migmatic zone Biotite-garnet hornfels 

Bal-3-2 4.2 Ballachulish Slate 2 Cordierite-rich slaty pelite 

Bal-3-5 4.3 Ballachulish Slate 3 Cordierite-rich slaty pelite 

Bal-3-6 4.4 Ballachulish Slate 3 Cordierite-rich hornfels 

Bal-3-10 4.5 Ballachulish Slate 4a Cordierite hornfels 

Bal-3-12 4.6 Ballachulish Slate 5 Hornfels 

Bal-3-14 2.2 Igenous Complex Igneous Complex Diorite 

Bal-3-15 2.2a Igenous Complex Igneous Complex Granite  

Methods 
In the beginning of this study, the rock-samples were cut into smaller pieces that then were to be 

sent to Vancouver for preparation into thin sections.  
 

Two methods were used for the thin section analysis; reflected and transmitted light microscopy 

using a (MODEL NAME) microscope, and for a more detailed study, a Scanning Electron Microscope 

(SEM) (MODEL NAME).  

 

The SEM 
Before the samples were analyzed in the SEM, points of interest were mapped using reflected and 

transmitted light, as well as a general study on their mineralogy.  

 

The SEM uses electrons instead of light to create an image. These electrons are generated in an 

electron gun, and then focused in vacuum with magnetic lenses into a beam. This beam can have a 

diameter of down to 10 Å. The beam then sweeps over the sample in a rectangular pattern, and as 

the sample is being hit by the beam, the surface of the sample emits electrons and X-rays as a 

response. These are registered by detectors in the sample chamber. The electrons ejected from each 

point of the sample can be assigned to different levels of brightness on the computer screen 

overlooking the sample, which is how the image is generated. This screen follows the electron beam 

in its path. Before the samples are placed in the sample chamber, they must be coated to prevent 

them from being charged. In the case of this study the coating consisted of carbon. The advantage of 

the sample emitting X-rays is that each element has a specific X-ray wavelength, thus making it 

possible to determine the element and its quantity (Hogmark, Jacobson & Kassman-Rudolphi, 2005)   
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Results and sample descriptions 
The results from the SEM revealed a number of opaque and silicate minerals and textures that were 

hard to detect in the general microscopy, as well as the element quantity. Presented below are the 

descriptions for each of the samples in the Creran Succession and the Ballachulish Slate lithologies, as 

well as a table (Table 4 and 5) that comprises the results of the average and standard deviation of 

the values for Fe and S in pyrite and pyrrhotite, in atomic %.  
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Bal-1-1 and Bal-1-3, Ballachulish slate, metamorphic zone 1: greenschist facies regional 

metamorphism 

Lithology: Sulfide-rich slate 

 

Mineralogy: Quartz, Plagioclase, Muscovite, Chlorite, Biotite, Calcite and Zircon. 

Opaque mineralogy: Pyrrhotite, Pyrite, Rutile, Sphalerite, Ilmenite, Chalcopyrite, Galena and Barite. 

 

Description: 

Background mineralogy: 

These samples show a fine-grained matrix consisting mainly of quartz, muscovite and plagioclase 

which are the most abundant minerals, with less abundant chlorite and biotite. Quartz segregations 

and patches, some containing sericited feldspar, can be found throughout the two samples. Sample 

Bal-1-3 feature more visible and uniform patches (Fig. 6, Bal-1-3), all of them elliptical and trending 

in the direction of the foliation. The quartz patches in sample Bal-1-1 have been deformed but not to 

the same extent as in Bal-1-3. The foliation is well developed, especially in the sample Bal-1-3, as the 

foliation in Bal-1-1 appears to have undergone a second phase of deformation. Both samples show 

layers in the mineralogy that are noticeably darker which might be remnants from organic material. 

Biotite appears sporadically throughout the samples along with chlorite, which mostly appear as thin 

needles and prisms. The quartz-grains are subrounded and elongated in the matrix. Euhedral grains 

of zircon can be found in pyrite. 
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Opaque mineralogy: 

Both samples contain about 20-30% opaque minerals, but the sulfide mineralogy differ to some 

extent between both samples. Sample Bal-1-1 mostly contains larger crystals of pyrite, where some 

crystals appear as round and subhedral while others are formed into thin elongated shapes. Rutile is 

intergrown with pyrite. Sample Bal-1-3 is dominated by large euhedral to subehdral pyrrhotites (Fig. 

7) with pyrite and rutile intergrowths. Calcite has formed around the pyrrhotites and forms in veins 

in sample Bal-1-3. Galena forms in thin streaks and isolated areas by pyrite and pyrrhotite (Fig. 8, Bal-

1-3).  Rare barite forms in cracks in pyrrhotite. 
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Bal-2-2, Creran Succession, metamorphic zone 2 

Lithology: Fissile cordierite spotted phyllite 

Mineralogy: Quartz, Plagioclase, Muscovite, Chlorite, K-feldspar, Biotite, Calcite and Apatite ± 

Cordierite. 

Opaque mineralogy: Pyrrhotite, Pyrite, Arsenopyrite, Chalcopyrite, Sphalerite, Titanite, Cassiterite 

and Ilmenite. 

 

Description: 

Background mineralogy: 

Quartz and plagioclase veins runs throughout the sample (Fig. 9), and are sometimes surrounded by 

large chlorites. Both muscovite and quartz is abundant in the sample. The quartz-plagioclase veins 

and patches show large subrounded grains. The sample show relict sedimentary layers where some 

layers are finer grained and some coarser. The coarser grained areas appear to consist of mainly 

quartz and plagioclase. Muscovite and chlorite, as well as quartz to a lesser extent, has become 

elongated in the crenulation cleavage domains. Chlorite and muscovite are more abundant where 

the crenulation cleavage is well developed. Cordierite should be present according to the mineralogy 

for this metamorphic zone, but none were found in this sample. Chlorite occurs predominantly 

around sulfides. Isolated grains of k-feldspar and plagioclase can be seen in the coarser parts of the 

matrix. Biotite is beginning to replace chlorite.  
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Opaque mineralogy: 

The opaque minerals make up about 20% of the sample. The pyrrhotites (Fig. 10), which also are the 

most prominent sulfides in the sample, are generally found near or in the quartz veins and 

segregations. They are anhedral and commonly feature pyrite strips and chalcopyrite which is 

intergrown with them (Fig. 11). Euhedral pyrites can also be found, as well as anhedral pyrites. 

Ilmenite is being replaced by titanite. Cassiterite is formed in inclusions in the pyrrhotite, showing 

high relief and strong internal reflection. Rare, large arsenopyrite has pyrite and pyrrhotite 

aggregating around it (Fig. 12).  
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Bal-2-4 and Bal-2-6, Creran Succession, metamorphic zone 3 

Lithology Bal-2-4: Hardened cordierite spotted phyllite 

Lithology Bal-2-6: Massive cordierite spotted hornfels 

 

Mineralogy: Muscovite, Quartz, Plagioclase, Biotite, Cordierite, K-feldspar, Pinite and Apatite. 

Opaque mineralogy: Pyrrhotite Pyrite, Sphalerite, Chalcopyrite, Ilmenite, Titanite, Rutile, Hematite 

and Monazite.  

Description: 

 

Background mineralogy: 

Well-defined elliptical cordierite lenses appear throughout sample Bal-2-4. They stand out from the 

quartz-plagioclase-muscovite-biotite matrix and often show dark rims surrounding a light to dark 

grey mass filled with inclusions of muscovite, biotite and quartz. They have been somewhat 

deformed by the crenulation cleavage (Fig. 13, Bal-2-4). The cordierite lenses are difficult to see in 

sample Bal-2-6. Quartz segregations and patches appear throughout both samples. The foliation is 

crosscut by veins which contain iron oxide. Layers consisting of primarily larger quartz and 

plagioclase grains form along the direction of the crenulation cleavage. Biotite assembles heavily 

around the sulfides and iron oxides as well as in the crenulation cleavage, especially in Bal-2-6. Pinite, 

a fine-grained muscovite and clay-mineral that is derived from the replacement of cordierite, can be 

found in the cordierite rims, appearing as an anhedral green-brown isotropic mineral in plane-

polarized light.  
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Opaque mineralogy: 

The samples comprise of about 15-20% opaque minerals. The most prominent opaque mineral in 

sample Bal-2-4 is a large grain of pyrite. The rest of the opaques consist almost entirely of ilmenite 

that is being replaced by titanite, with small single isolated grains of pyrrhotite and chalcopyrite. 

Veins of iron oxide run through Bal-2-6 where ilmenite and rutile form. Pyrrhotite (Fig. 14, Bal-2-6) 

has formed into thin, elongated shapes with ilmenite aggregating around it (Fig. 15, Bal-2-6). Pyrite 

forms as strips in the pyrrhotite, while ilmenite is being replaced by titanite. Bal-2-6 contains several 

skeletal pyrrhotites. Chalcopyrite is intergrown with pyrrhotite. Monazite appears as anhedral 

specks. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9 Bal-2-6, Ilmenite aggregating on pyrrhotite 
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Bal-2-7, Creran Succession, metamorphic zone 4b 

Lithology: Cordierite and K-feldspar hornfels 

 

Mineralogy: Quartz, Muscovite, K-feldspar, Plagioclase, Cordierite, Biotite, Pinite and Zircon ± 

Andalusite  

Opaque mineralogy: Pyrrhotite, Ilmenite, Chalcopyrite, Rutile and Pyrite. 

 

Description: 

 

Background mineralogy: 

The sample shows moderately defined cordierite lenses in a matrix of quartz, muscovite, k-feldspar, 

plagioclase and biotite. Biotite and pinite can be found surrounding the cordierite lenses (Fig. 16). 

The lower left of the sample is biotite poor, where the matrix consists of quartz, muscovite, 

plagioclase and k-feldspar. Thin needles and prisms of muscovite are abundant in the cordierite 

lenses. Pinite is strongly focused along a vein running from the bottom left of the sample going 

upwards. A small remnant of the crenulation cleavage can be seen.  K-feldspar appears as small 

needles near cordierite lenses. Biotite is abundant around and near opaque minerals, especially 

ilmenite.   
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Opaque mineralogy: 

The sample contain about 5-10% opaque minerals. Pyrrhotite appears thin and stretched (Fig. 17) in 

the direction of the foliation. Just a few ilmenites show titanite growth. Chalcopyrite is intergrown 

with pyrrhotite. Pyrite can be found in pyrrhotite as small strips, which probably represent grain-

boundaries within the pyrrhotite (Fig. 18). Rutile can be found in inclusions in the pyrrhotite. 
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Bal 2-9 and Bal-2-12, metamorphic zone 5a and 5b 

Lithology 5a: K-feldspar hornfels 

Lithology 5b: Hornfels 

 

Mineralogy: Quartz, Muscovite, Cordierite, Biotite, K-feldspar, Plagioclase and Pinite ± 

Andalusite/Sillimanite 

Opaque mineralogy: Pyrrhotite, Ilmenite, Titanite, Chalcopyrite, Pyrite and Rutile. 

 

Description: 

Background mineralogy: 

Sample Bal-2-9, which represents metamorphic zone 5a, features a clear crenulation cleavage that 

has deformed the cordierite spots. The biotite assembles strongly around the opaque minerals as 

well as around the cordierite lenses, especially in sample Bal-2-9 (Fig. 19, Bal-2-9). The matrix 

consists mainly of quartz, muscovite, k-feldspar, plagioclase and biotite, and the inclusions in the 

cordierite still feature quartz, muscovite and biotite but appear more welded together. In sample Bal-

2-12, metamorphic zone 5b, a very faint crenulation cleavage is visible. The quartz-grains show an 

interlocking texture and appear much more rounded than in previous samples. Biotite isn’t as 

focused around the cordierite lenses in this sample as in the Bal-2-9. 
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Opaque mineralogy: 

The samples contain approximately 20-25 % opaque minerals The textures of the sulfides differ 

somewhat between the both samples. In Bal-2-9, the largest sulfides are the thin, elongated 

pyrrhotites (Fig. 20, Bal-2-9) that seem to follow the sample’s pronounced crenulation cleavage. The 

sulfides in Bal-2-12 on the other hand are still somewhat elongated, but not to the same extent as in 

Bal-2-9.  The most abundant opaque minerals in both samples are pyrrhotite, followed by ilmenite. 

Many of the ilmenites have cores consisting of titanite, where some of the ilmenite in sample Bal-2-9 

has completely been altered to titanite. The sample Bal-2-12 has a larger percentage of ilmenite, but 

they are not as affected by titanite as in Bal-2-9. The pyrrhotites in both samples feature 

intergrowths of chalcopyrite as well as inclusions of rutile. In Bal-2-12, pyrrhotites show small strips 

of pyrite as well as iron-rich cordierite that aggregate along its edges (Fig. 21, Bal-2-12). 
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Bal 2-15, migmatic zone 

Lithology: Biotite-garnet hornfels 

 

Mineralogy: Quartz, K-feldspar, Cordierite, Muscovite, Plagioclase, Biotite and Pinite. 

Opaque mineralogy: Pyrrhotite, Ilmenite, Titanite, Pyrite and Chalcopyrite. 

 

Description: 

 

Background mineralogy: 

The sample show phenocrysts of quartz, biotite and plagioclase in a matrix consisting of smaller 

grains of quartz, muscovite and k-feldspar (Fig. 22). Very faint fine-grained layers can be seen 

consisting of the same mineralogy as the coarser, phenocryst-rich mass. Biotite assembles around 

the opaque minerals, their shape euhedral to subhedral.  

 

Opaque mineralogy: 

The sample comprise of about 5-10 % opaque minerals. The largest opaque minerals in the sample 

are the pyrrhotites, with the most abundant being ilmenite. The pyrrhotite appears as rounded 

anhedral shapes with pronounced grain-boundaries, its margins showing signs of replacement (Fig. 

23). Ilmenite on the other hand have become thin and stretched, and a moderate amount of them 

show titanite cores. Veins of iron oxide run through the sample, interacting with the biotite. 
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Pyrrhotite shows intergrowths of pyrite, appearing as strips between grain boundaries (Fig. 24). The 

edges of the pyrite consist of iron oxide. Ilmenite, sometimes with titanite cores, is intergrown with 

the pyrrhotite and also aggregates around it.  
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Bal-3-2, Ballachulish Slate, metamorphic zone 2 

Lithology: Cordierite-rich slaty pelite 

 

Mineralogy: Quartz, Muscovite, Biotite, Chlorite, Plagioclase, K-feldspar and Cordierite. 

Opaque mineralogy: Pyrrhotite, Pyrite, Ilmenite and Sphalerite. 

 

Description: 

 

Background mineralogy: 

The sample shows a very fine-grained matrix (Fig. 25) with larger grains of quartz as well as bigger 

quartz-patches. Both the patches and the smaller quartz-grains appear to have been stretched by the 

somewhat well-defined relict layering. The quartz-patches host large sulfides. Cordierite lenses 

appear in a muscovite-rich part of the sample and show inclusions of quartz, biotite and abundant 

muscovite (Fig. 26). They appear to have been somewhat deformed by a small-scale crenulation 

cleavage. The matrix consists of quartz, muscovite and chlorite as well as biotite which are rare and 

appear as isolated specks throughout the sample.   

 

Opaque mineralogy: 

Sample Bal-3-2 contain about 5 % opaque minerals. Pyrrhotites, which are the largest opaques in the 

sample, form in the quartz-patches. They appear thin and stretched (Fig. 27). They show chalcopyrite 

intergrowths, as well as ilmenite. Ilmenite appears throughout the sample as small specks and in 

some cases aggregates around the pyrrhotite. Pyrites are thin and stretched with pyrrhotite 

intergrowths.  
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Bal-3-5 and Bal-3-6, Ballachulish Slate, metamorphic zone 3 

Lithology Bal-3-5: Cordierite-rich slaty pelite 

Lithology Bal-3-6: Cordierite-rich hornfels 

 

Mineralogy: Quartz, Muscovite, Cordierite, Biotite, K-feldspar, Plagioclase, Pinite, Flourapatite, and 

Zircon. 

Opaque mineralogy: Ilmenite, Titanite, Pyrrhotite, Rutile and Monazite.  

 

Description: 

 

Background mineralogy: 

Sample Bal-3-5 features a well defined foliation, which has stretched both the mineral grains and the 

quartz-patches. Extremely well-defined cordierite lenses with dark rims all show elongation in the 

same direction and appear throughout the sample (Fig. 28, Bal-3-5). The matrix is made up of quartz, 

k-feldspar, plagioclase, muscovite and to a lesser extent biotite. The sample Bal-3-6 has a more 

uneven texture, with a strong crenulation cleavage and cracks running throughout it. The cordierite 

lenses are not as well defined and elliptical as in Bal-3-5. The matrix is rich in muscovite and quartz, 

which show larger grains that are affected by the crenulation cleavage. Some areas show quartz 

segregations. K-feldspar is abundant, while biotite appears quite abundant around the opaque 

minerals.  
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Opaque mineralogy: 

The two samples comprise of about 5-10 % opaque minerals. In sample Bal-3-5, the largest opaque 

minerals are large ilmenites that have been completely or partially taken over by titanite. Small 

pyrrhotite occurs as anhedral, elongated crystals. Smaller ilmenites speck the entire sample. Bal-3-6 

on the other hand contains almost only ilmenite. These have not been as affected by titanite as in 

the previous samples. Very small grains of pyrrhotite can be found as well as rare chalcopyrite grains 

(Fig. 29, Bal-3-6).  
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Bal-3-10, Ballachulish Slate, metamorphic zone 4b 

Lithology: Cordierite hornfels 

 

Mineralogy: Quartz, Cordierite, K-feldspar, Muscovite, Biotite, Plagioclase and Pinite ± Andalusite  

Opaque mineralogy: Ilmenite, Titanite, Pyrrhotite, Chalcopyrite and Monazite. 

 

Decription: 

 

Background mineralogy: 

The sample shows suhedral phenocrysts of muscovite along with quartz-patches and cordierite 

lenses with moderately diffuse edges (Fig. 30). The matrix and cordierite lenses, along with most of 

the muscovite phenocrysts and quartz-patches all trend in the same direction. The muscovite 

phenocrysts appear throughout the sample and can be found in the cordierite lenses. The quartz-

patches host the largest opaque minerals in the sample. Some of the larger plagioclase-grains in the 

matrix show sericitation.  
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Opaque mineralogy: 

The sample contains about 20 % opaque minerals. Large pyrrhotites (Fig. 31) show iron oxide 

aggregating around the edges and in cracks (Fig. 32) as well as monazite and ilmenite inclusions. 

Biotite assembles around the ilmenite, of which half of them show titanite cores. Chalcopyrite is 

intergrown with pyrrhotite, while smaller specks of pyrrhotite dot the sample.  
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Bal-3-12, Ballachulish Slate, metamorphic zone 5 

Lithology: Hornfels 

 

Mineralogy: Quartz, Muscovite, K-feldspar, Cordierite, Plagioclase, Biotite and Zircon ± 

Andalusite/Sillimanite 

Opaque mineralogy: Rutile, Pyrite and Ilmenite. 

Description: 

 

Background mineralogy: 

The sample is difficult to interpret due to that the original mineralogy is overprinted by extreme 

alteration. However, the quartz and biotite as well as muscovite Is largely unaffected by the 

alteration (Fig. 33). 

 

Opaque mineralogy: 

The opaque mineralogy comprise of about 5 % in the sample. It is quite weathered and the largest 

opaque minerals in the sample are two subhedral pyrites (Fig. 34), which have formed in a quartz-

vein. The sample is dotted with anhedral, round specks of ilmenite and rutile. Rare pyrrhotite 

appears as smeared-out dots.  
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Bal-3-14 and Bal-3-15, the igneous complex 

Lithology Bal-3-14: Diorite 

Lithology Bal-3-15: Granite  

Mineralogy: Plagioclase, Quartz, Orthopyroxene, Clinopyroxene, Muscovite, Biotite and Apatite. 

Opaque mineralogy: Iron oxide, Ilmenite and Chalcopyrite. 

Description: 

 

Background mineralogy: 

Both samples are dominated by large phenocrysts. Sample Bal-3-14 (Fig. 35) contains large quantities 

of plagioclase and biotite phenocrysts, along with orthopyroxene, clinopyroxene as well as 

muscovite. Sample Bal-3-15 on the other hand shows higher amounts of quartz along with 

plagioclase and biotite, but considerably less pyroxene and small amounts of muscovite.  

Opaque mineralogy: 

Both samples show an opaque mineralogy of 15-20%, with abundant iron oxides. They appear both 

as round anhedral dots (Fig. 36, Bal-3-15) throughout the samples and in a symplectic texture in Bal-

3-14, which forms in pyroxenes, plagioclase and biotite (Fig. 37, Bal-3-14).  
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 Creran Succession (Table 4) (all values in atomic%) 

 Greenschist zone Bal-1-3  Met zone 2 Bal-2-2  

 Pyrite Pyrrhotite  Pyrite Pyrrhotite 

 Fe S Fe S  Fe S Fe S 

 32.35 66.46 44.32 53.51  32.15 67.85 46.69 53.31 

 33.56 65.19 44.95 53.34  34.33 65.67 46.58 53.42 

 33.8 64.62 44.64 53.42  33.88 66.12 45.83 54.17 

 32.15 65.98 44.36 53.65  32.32 67.68 46.25 53.75 

 33.49 66.51 45.92 54.08  33.05 66.95   

 34.14 65.86 44.52 53.42  32.24 67.76   

 32.41 66.4 44.37 52.97  31.81 67.3   

 30.36 69.64 44.37 52.97      

   45.26 53.78      

          

Average 32.78 66.33 44.75 53.46  32.83 67.05 46.34 53.66 

StDev 1.23 1.49 0.54 0.36  0.96 0.85 0.39 0.39 

          

 Met zone 3 Bal-2-4 and 2-6  Met zone 4b Bal-2-7 

 Pyrite Pyrrhotite  Pyrite Pyrrhotite 

 Fe S Fe S  Fe S Fe S 

 30.92 69.08 46.58 53.42  38.77 61.23 47.88 52.12 

 30.13 69.87 46.75 53.25  30.43 69.57 46.04 53.96 

 32.7 67.3 45.26 54.74    46.84 53.16 

 31.35 68.65 45.52 54.48    43.6 56.4 

 32.1 67.9 46.37 53.63      

 31.44 68.56 46.42 53.58      

          

Average 31.44 68.56 46.15 53.85  34.6 65.4 46.09 53.91 

StDev 0.90 0.90 0.61 0.61  5.90 5.90 1.82 1.82 

          

 Met zone 5a Bal-2-9  Met zone 5b Bal-2-12 

 Pyrite Pyrrhotite  Pyrite Pyrrhotite 

 Fe S Fe S  Fe S Fe S 

   47.07 52.93  33.65 66.35 45.75 54.25 

   47.15 52.85  37.49 61.35 45.24 53.94 

   46.16 53.84    46.33 53.67 

   45.47 54.53    44.2 55.8 

   46.08 53.92      

          

Average   46.39 53.61  35.57 63.85 45.38 54.42 

StDev   0.71 0.71  2.72 3.54 0.90 0.95 
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Cont. Creran Succession (all values atomic%) 

 Migmatic zone Bal-2-15 

 Pyrite Pyrrhotite 

 Fe S Fe S 

 30.69 69.31 43.16 56.84 

     

Average 30.69 69.31 43.16 56.84 

StDev     

 

 Ballachulish Slate (Table 5) (all values in atomic%) 

 Met zone 2 Bal-3-2  Met zone 3 Bal-3-5 and 3-6 

 Pyrite Pyrrhotite  Pyrite Pyrrhotite 

 Fe S2 Fe S  Fe S2 Fe S 

   42.92 57.08    44.65 54.58 

   43.55 56.45      

   42.89 57.11      

   43.03 56.97      

   43.71 56.29      

   42.18 57.82      

   43.02 56.98      

   42.77 57.23      

   43.48 56.52      

   43.53 56.47      

   44.16 55.84      

   43.15 56.85      

   43.15 56.85      

          

Average   43.20 56.80    44.65 54.58 

StDev   0.50 0.50      

          

 Met zone 4a Bal-3-10  Met zone 5 Bal-3-12 

 Pyrite Pyrrhotite  Pyrite Pyrrhotite 

 Fe S2 Fe S  Fe S2 Fe S 

   43.93 56.07  29.1 70   

   44.2 55.8  29.33 69.9   

   43.85 56.15      

   43.53 56.47      

   43.25 56.75      

   43.5 56.5      

          

Average   43.71 56.29  29.22 69.95   

StDev   0.35 0.35  0.16 0.07   
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Discussion  
The textures and composition of the sulfides in the rocks surrounding the Ballachulish Igneous 

complex undergo significant changes during contact metamorphism. The sulfides in the Ballachulish 

Slate for example, clearly show a transformation in texture from the samples extracted outside the 

aureole. from the dominantly euhedral grains to completely stretched anhedral shapes within the 

aureole. They become thin and elongated, stretching in the direction of the relict foliation. Another 

noticeable change is that pyrite becomes much less abundant in the samples inside the contact 

aureole. Rare pyrite euhedra can be found in low-grade contact metamorphosed samples, but 

upwards of metamorphic zone 2 it only occurs as strips inside the elongated pyrrhotite, which 

becomes more abundant and aligned as the metamorphic grade increases. This behavior is limited to 

just the pyrrhotites from the Creran Succession. The sulfides in the contact metamorphosed samples 

are commonly found in quartz-segregations, veins and patches. In multiple samples, the elongated 

sulfides follow the shape of the crenulation cleavage.  
 

Sulfides mineralogy outside the contact aureole 
In order to discuss the textural and compositional changes the sulfides have undergone during 

contact metamorphism, we need to know their composition and texture outside the aureole. Both 

samples collected from outside the aureole (see Bal-1-1 & 1-3) show euhedral to subhedral, massive 

sulfides.  

 

Sample Bal-1-1 

This sample features about 80 % pyrite, with pyrrhotite appearing as smaller grains and specks. The 

pyrites in this sample seem to consist of recrystallized pyrite euhedra, forming large clusters. These 

clusters either form round blebs or rounded, elongated crystals. Both textures of the pyrite have 

inclusions of iron oxides and show a faint annealing texture. The elongated crystals all trend in the 

same direction and assemble in the most strained part of the fabric.  

 

Sample Bal-1-3 

Sample Bal-1-3 contains about 70 % pyrrhotite, which mainly appears as two very large and euhedral 

grains (see fig. 7). Both pyrrhotites feature inclusions of iron oxides, and the largest one show a 

wedge of pyrite intergrown with it. The wedge show a rim of euhedral pyrites, much like the ones in 

sample Bal-1-1, as well as single pyrite euhedra. Veins of very thin and stretched anhedral pyrite 

seem to form close to the larger of the two pyrrhotites.  

 

To establish the paragenetic sequence in these samples regarding pyrite and pyrrhotite, several 

textures should be taken into account. Looking at sample Bal-1-1, the small anhedral specks of 

pyrrhotite and the large, recrystallized pyrites could mean that pyrite has formed from the cooling of 

S-rich fluid. The pyrite wedge growing into the euhedral pyrrhotite in sample 1-3 could be further 

evidence of the process of pyrite replacing pyrrhotite during retrograde metamorphism. This process 

is explained in more detail below. 
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The two main sulfides throughout these samples, pyrite and pyrrhotite, show an intricate 

relationship between each other. The connection between them can be expressed using the general 

redox reaction:  

 

2FeS ↔ FeS2 + Fe2+ + 2e-       (1) 

 

Pyrite (FeS2) is thus more oxidized than pyrrhotite (Hall, 1987). Pyrite is characterized by both its 

bond strength and its ability to form, usually, cubic crystals. Its hardness, measured in Vicker’s 

hardness number (VHN) lies between 1505 and 1620 (compare with pyrrhotite, VHN 230-318). This 

makes pyrite withstand deformation exceedingly well. However, it is prone to recrystallize when 

faced with metamorphic grades of greenschist and above. These recrystallizations show as annealed 

textures and grain-size changes (Craig & Vokes, 1993). 

 

Pyrrhotite is formed from the desulfidation reaction of pyrite during prograde heating, where pyrite 

ends up as the left over mineral. The sulfur from the reaction of pyrite gets transported away by the 

metamorphic fluid. During the retrograde cooling, the same fluid which is enriched in sulfur sulfidizes 

pyrrhotite as it condenses so that pyrite can be formed at a much later stage (Fig. 33) (Craig & Vokes, 

1993). 
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Textural changes of sulfides during contact metamorphism 
During the study of the thin-sections, several textural changes were noted. The ones observed were 

1) elongated sulfide grains, 2) the development of orthogonal 120 ° grain-boundaries, 3) the 

development of pyrite-zones within pyrrhotite and 4) their relationship to the fluid flow.  

 

1) The elongation of the sulfides is noticeable as early on as metamorphic zone 2 in both samples. As 

the metamorphic grade increases, the elongation seems to become more pronounced in the Creran 

Succession. The last sample of the Creran Succession however, shows a more rounded form instead 

of the previous stretched ones. An explanation for the elongated sulfides found in both series could 

be remobilization. As mentioned above, pyrrhotite, which shows the most deformation, is soft and 

mobile. At high temperatures (~ 500 ° C and above) sulfides can undergo partial melting, combined 

with fluid flow, and by this process be remobilized and later re-deposited in segregated or vein-like 

forms. This re-deposition often occur parallel to the foliation, as can be noted in the samples for this 

study. The deformation that later took place deformed them according to the crenulation cleavage 

(Misra, 2001).  

 

2) The 120 ˚ grain-boundaries first appear at zone 3 (see fig. 15, bottom right in Po) in the Creran 

Succession and are an effect caused by either slow heating or cooling of the sulfide, with the 

recrystallization minimizing grain-surface areas and interfacial tension through the development of 

approximately equant grains (Craig & Vaughan, 1981).  

 

3) Another noticeable change that occurs during the transition to metamorphic zone 2 is the strip-

like inclusions of pyrite in the pyrrhotite (see fig. 11). These appear seemingly random in the 

pyrrhotite in zone 2 and 3, before orienting themselves along the 120 ° grain-boundaries. At the 

highest grades of the Creran Succession, the magmatic zone, well defined orthogonal grain-

boundaries can be seen. These are lined with pyrite, which in turn feature rims of iron oxide (see fig. 

23 & 24). The margins on the pyrrhotite on which these textures are visible show signs of 

replacement as they appear eaten away. At later metamorphic stages (see fig. 21), pyrite starts to 

form in grain-boundaries of pyrrhotite. In order for pyrite to form pyrrhotite, an oxidation reaction is 

required. Hall (1987) suggest the following: 

 

8FeS + 5CO2 + 2H2O → 4FeS2 + CH4 + 4FeCO (solution)       (2) 

 

4) The fluid did most likely originate from the chlorite – mica dehydration reactions (see reaction P1 

and P3a in Table 2). The fluid-flow will be discussed in more detail below. The pyrite recrystallized in 

the pyrrhotite grain-boundaries by the oxidizing fluid flow. At the highest temperature, the migmatic 

zone, iron oxide has developed around the pyrite in the grain-boundaries as the oxidation alteration 

was the strongest here.  
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Creran Succession compared to the Ballachulish Slate 
The main visible difference between the Creran Succession and the Ballachulish Slate is that the 

latter lack the pyrite grain-boundaries noted in the Creran Succession. As stated above (see table 2), 

the Ballachulish Slate lithology is graphite-rich, which as a consequence alters the fluid composition 

in the rock along with the general mineralogy. This is reflected for example in the assemblages IVa 

and IVb. The graphite occurring in the Ballachulish Slate lithology causes the fluid-composition to be 

water-poor. This expands the stability field of assemblage IVa to IVb (Pattison 1997). As the graphite 

interacts with the hydrous fluids in the graphitic pelites, it results in the addition of C-bearing species 

like CO2 and CH4. The reaction is presented by Pattison (2005) as following: 

 

2C + 2H2O = CO2 + CH4        (3) 

 

The addition of these species maintain the H/O = 2, and causes it to remain in equilibrium with 

graphite. The C-O-H fluid acts as an oxygen fugacity buffer, cutting across the more common oxide 

and silicate oxygen buffers (HM, hematite-magnetite; NNO, nickel-nickel oxide; QFM, quartz fayalite-

magnetite; MW, magnetite-wustite; IW, iron-wustite; IM, iron-magnetite; IQF, iron–fayalite-quartz) 

to more reducing conditions (Fig. 34) (Pattison, 2005). 

 

These reducing conditions could have made it more difficult for pyrite to from, as it needs an 

oxidation reaction to form from pyrrhotite (see reactions 1 and 2). 
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When sulfur content of the sulfide minerals in the two rock types are compared, only a slight 

difference can be noted between the two lithologies (Table 6). As an example, metamorphic zone 2 

in the Ballachulish Slate show a slightly higher value for S in the pyrrhotite (56,80 ± 0,50) than the 

Creran Succession (53,46 ± 0,36). This slightly higher S-value for pyrrhotite in the Ballachulish Slate 

remains constant throughout the zones.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Creran Succession  
(Table 6) 

Met zone Sulfide 
assemblage 

Texture Fe/S Average StDev 
(atomic%) 

   Pyrrhotite Pyrite 

   Fe S Fe S 

Met zone 1, 
greenschist 
facies 

Po, Py,  
Sph, Chp, 
Gal 

Euhedral Po with Py and Chp intergrowth. 44,75  
± 

0,54 

53,46  
± 

0,36 

32,78  
± 

1,23 

66,33  
± 

1,49 

Met zone 2 Po, Py, As, 
Chp, Sph 

Anhedral Po with Py strips and Chp 
intergrowths. Euhedral and anhedral Py. Rare 
As.  

46,34  
± 

0,39 

53,66  
± 

0,39 

32,83  
± 

0,96 

67,05  
± 

0,85 

Met zone 3 Po, Py, Sph, 
Chp 

Thin, elongated Po with Py strips. Skeletal Po. 46,15  
± 

0,61 

53,85  
± 

0,61 

31,44  
± 

0,90 

68,56  
± 

0,90 

Met zone 4b Po, Chp, Py Po thin and stretched with Py strips. 46,09  
± 

1,82 

53,91  
± 

1,82 

34,6  
± 

5,90 

65,4  
± 

5,90 

Met zone 5a Po, Chp, Py Thin, elongated Po with Chp inclusions. 46,39  
± 

0,71 

53,61  
± 

0,71 

0 0 

Met zone 5b Po, Chp, Py Thin elongated Po with Py strips and iron-rich 
Crd aggregating along its edges. 

45,38  
± 

0,90 

54,42  
± 

0,95 

35,57  
± 

2,72 

63,85  
± 

3,54 

Migmatic zone Po, Py, Chp Round, anhedral Po with 120 ˚ Py grain-
boundaries. Edges of Py consist of FeO. 

43,16 56,84 30,69 69,31 

       

Ballachulish Slate 

Met zone Sulfide 
assemblage 

Texture Fe/S Average StDev 
(atomic%) 

   Pyrrhotite Pyrite 

   Fe S Fe S 

Met zone 2 Po, Py, Sph Thin, stretched Po in Qtz-patches. Py are thin 
and stretched with Po intergrowths. 

43,20  
± 

0,50 

56,80  
± 

0,50 

0 0 

Met zone 3 Po Small, thin and elongated Po. 44,65 54,58 0 0 

Met zone 4a Po, Chp Large, stretched Po in Qtz-patches, FeO 
aggregating around its edges. 

43,71  
± 

0,35 

56,29  
± 

0,35 

0 0 

Met zone 5 Py Small, stretched Py in Qtz-vein. 0 0 29,22  
± 

0,16 

69,95  
± 

0,07 

Ign. complex Chp Small specks of Chp. 0 0 0 0 
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Evidence for sulfur and metal mobility 
Evidence for fluid mobility in the aureole can be found in the two dehydration reactions mentioned 

above. When chlorite breaks down in the transition between metamorphic zone 2 and 3, 56% of the 

water is lost. Another 20% of water is lost at the second dehydration, when muscovite breaks down 

at zone 5. These reactions together account for 76% of water removed from the rock (Fig. 35) 

(Pattison, 2005). This flow was however limited to certain rock-units, with the isotopic compositions 

and variations in the aureole showing no evidence for a widespread fluid flow between rock-units.  

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A series of samples from the Ballachulish aureole were analyzed by Hoernes and Voll (1991). These 

were taken successively closing in on the contact. By looking at the variation of quartz δ 18O-values, 

they could conclude that that no homogenization caused by an abundantly flowing pervasive fluid 

phase had occurred. They proved this by using the following model calculation:  

   Through out the entire period of cooling in the Ballachulish intrusive complex, the magmatic fluid 

released during crystallization is approximately 8 ‰. At 700 ˚ C, the fractionation between quartz 

and water is 0,7 ‰. This would mean that if a significant amount of water of this composition were 

to flow through the rocks, the δ 18O-values in the quartz-grains would be lower. Using data from the 

oxygen isotopes, integrated water/rock (W/R) ratios could be calculated. In order for quartz to be 

lowered from δ 18O +13 ‰  to 12,5 ‰, by using +8 ‰ as a value for the infiltrating magmatic water 

and the quartz-water fractionation as mentioned above, the W/R ratio is 0,07 weight units. If the 

value instead were to be lowered to 11 ‰, the W/R ratio would be 0,49. The ratio would increase 

even further if the invading water had a composition heavier than 8 ‰. Homogenization of quartz δ 
18O would be expected at such high W/R ratios. 
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Further evidence can be found in the smaller quartz-grains, which one would expect to adopt a 

different isotopic composition more easily. To conclude, a heavy influx of an external fluid would 

have revealed itself in a more obvious way (Hoernes et al., 1991). 

    

Regarding the mobility of S, no data on bulk S mobility have been found as the whole-rock data is 

unknown. But the presence of pyrrhotite in some rocks tells of S-species present in the fluid. These 

species would mainly manifest themselves as H2S (Pattison, 2005). This must have occurred on a local 

level as sulfides in the samples of this study don’t show any significant decrease in their abundance. 

However, in the samples collected at the highest temperatures there clearly have been some 

mobilization of S, judging from the textures such as decomposition along grain-boundaries (see fig. 

23). These textures could be explained by that the most abundant fluid flow seems to have occurred 

in the inner contact zone, closest to the intrusion. Here, the dehydration that took place in the 

pelites could have been combined with magmatic fluid from the intrusion close-by (Pattison, 1997). 

Conclusion 
Looking at the combined data collected from this study, evidence points to the mobilization of S, if 

just locally, as shown by isotopic compositions and variations. The signs of the mobilization manifest 

as elongated recrystallized sulfides and the decomposition along their grain-boundaries at high 

temperature. The data from table 6 suggest that the sulfides remain constant through the zones 

without any significant decrease which shows that the mobilization was limited.  

The fluid flow in the aureole, however limited, had a profound role in creating many of the textures 

noted in the samples of this study. The composition of the fluid also proved to be important for 

explaining the metal mobilization or the lack of it. The primary example from this study is the 

absence of pyrite grain-boundaries in the graphite-rich Ballachulish Slate lithologies. As the fluid in 

these rocks was considerably more reducing pyrite could not be formed through the required 

oxidation reaction. 
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Fig. 1: Pattison, D.R.M. and Harte, B. (1997), Geology and evolution of the Ballachulish 

Igneous Complex and Aureole.Scottish Journal of Geology. 

Fig. 2 – 5: Pattison, D.R.M. & Harte, B. (2001), The Ballachulish Igneous Complex and Aureole: 

A field guide. Edinburgh Geological Society Guidebook Series, Edinburgh. 148 pp with an 

accompanying coloured map. ISBN-0-904440-117. 

Fig. 6 - 32: Ossian Åström 

Fig. 33: Craig, J.R. and Vokes, F.M. (1993), The metamorphism of pyrite and pyritic ores: an 

overview. Mineralogical Magazine, March. 

Fig. 34 - 35: Pattison, D.R.M. (2005), The fate of graphite in prograde metamorphism of pelites: 

An example from the Ballachulish aureole, Scotland. Elsevier B.V. 

 

 

 
 
 
 
 


