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A B S T R A C T

Unpicking the fluid and metal sources, and the number of mineralizing events, can be challenging because fluids 
from different origins mix and can overprint existing mineralization. Crustal and/or basinal fluids may play a 
role in “diluting” magmatic or mantle fluids and can have a significant impact on the isotope composition of the 
precipitated phases in an ore deposit, which ultimately leads to difficulties in classifying the deposit style. We 
present a case study of this problem from the southern margin of Loch Tay (Scotland). The results from sulfur and 
lead isotope studies indicate that magmatic-hydrothermal processes were responsible for the establishment of the 
mineralizing system, but this signature gets progressively obscured in some localities due to mixing between 
magmatic-hydrothermal and crustal fluids. Indications of two separate mineralization events have been 
observed, but differentiating the first stage from the second one is challenging. Our study demonstrates the need 
to understand the characteristics of the mineral system and the geological setting to support robust interpreta
tion. The results also have implications for regional exploration models: we suggest that the majority of the 
auriferous vein occurrences at Loch Tay are probably of a magmatic origin, rather than of an “orogenic gold” 
type. Furthermore, the veins around Loch Tay provide a case study of how vein-hosted gold mineralization with 
some orogenic characteristics may be related to magmatism, suggesting that isotope data from other auriferous 
veins globally may be misinterpreted due to fluid mixing, particularly if the regional context is poorly 
understood.

1. Introduction

The formation of gold-bearing mineralization in orogenic terranes 
has been controversial (Goldfarb and Pitcairn, 2023), particularly 
regarding the origin of the mineralizing fluids. Previous researchers 
have suggested that meteoric (Pitcairn et al., 2006; Menzies et al., 2014), 
magmatic (Damdinov et al., 2021), metamorphic (Groves et al., 1998; 
Goldfarb et al., 2005; Phillips and Powell, 2010), and subcrustal fluids 
(Goldfarb et al., 2001; Goldfarb and Santosh, 2014; Groves et al., 2020) 
are involved in the mineralization processes, in varying proportions and 
depending on the deposit type in question (Goldfarb and Groves, 2015). 
Crucially, the vein-hosted gold deposit type referred to as “orogenic 
gold” is thought to form from mainly crustal fluid sources with no direct 
input from magmatic fluids (Ridley and Diamond, 2000; Yardley and 

Cleverley, 2013; Goldfarb and Groves, 2015; Goldfarb and Pitcairn, 
2023) although, more recently, various authors have suggested an 
involvement of mantle-derived fluids (Groves et al., 2020). Significant 
overlaps between the ‘magmatic’ and orogenic’ systems exist, however. 
Whilst magmatic gold-bearing mineralization is typically quite distinct 
in its mineralogy, mode of occurrence, and alteration (Sillitoe and 
Thompson, 1998; Thompson et al., 1999; Simmons et al., 2005; Sillitoe, 
2010), some deposits in quartz ± carbonate veins resemble an orogenic 
deposit type (‘gold only’; without extensive alteration) but show isotopic 
characteristics more compatible with a magmatic system, leading to a 
recognition that many magmatic gold deposits may have been mis
interpreted as orogenic (Dirks et al., 2020; Lipson et al., 2024; McDivitt 
et al., 2021).

The situation is further complicated by the tendency for temporally 
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distinct episodes of mineralization (with potentially compositionally 
distinct fluids) to overprint one another; such relationships have been 
documented at several gold deposits globally (e.g., Fielding et al., 2018; 
Liu et al., 2020). Furthermore, mixing of hydrothermal and crustal fluids 
can have an impact on the isotopic signature of the precipitated phases, 
which poses challenges for interpreting fluid sources (Hill et al., 2013; 
Lambert-Smith et al., 2016). Potential strategies for reducing interpre
tational uncertainty include detailed paragenetic mapping (Webb et al., 
2024a) and in-situ analyses, particularly when fluid mixing has 
occurred. Here, we use these strategies to investigate the isotope 
signature variability across multiple gold-vein occurrences near Loch 
Tay, Scotland. Our findings enable the assessment of the extent of both 
magmatic fluid flow and fluid dilution across the area, as well as the 
development of a new mineralization model for Loch Tay. Our study 
demonstrates approaches to address challenges in isotopic data inter
pretation and represents a contribution in the ongoing debate regarding 
why some auriferous quartz ± carbonate veins in orogenic belts may 
have been misinterpreted as orogenic.

2. Regional geology and metallogeny

The northern British Isles comprises several geological terranes 
(Fig. 1). The Grampian Terrane, which hosts our study area (Fig. 1), is 
mostly composed of a package of Neoproterozoic metasediments and 
volcaniclastics of the Dalradian Supergroup, deposited on the 

Laurentian margin (Stephenson et al., 2013). The composite Caledonian 
Orogeny (known as the Appalachian Orogeny in North America) resul
ted in a series of deformation episodes between the Ordovician and the 
Devonian, culminating in the closure of the Iapetus Ocean (McKerrow 
et al., 2000; Searle, 2021). The first deformation episode, the Grampian 
phase, occurred between c. 475–465 Ma and was characterized by a NW- 
SE collision between the Laurentian margin and various arc and 
microcontinental blocks of Avalonian affinity (Dewey, 2005; Cooper 
et al., 2011; Chew and Strachan, 2013; Tanner, 2014b; Rice et al., 2016; 
Molyneux et al., 2023). Peak metamorphism coincided with granitic 
magmatism following arc-ophiolite accretion and subduction reversal 
(Oliver, 2001; Baxter et al., 2002; Oliver et al., 2008; Cooper et al., 
2011). Following the Grampian phase, a period of uplift occurred be
tween c. 460–430 Ma (Soper et al., 1999; Moles et al. 2024). During this 
interval, the subduction of the Iapetus Ocean continued but magmatic 
events were less common, potentially due to a shallow angle of sub
duction and extensive erosion of the composite Laurentian margin 
(Miles et al., 2016; Moles et al., 2024).

The second stage of the Caledonian Orogeny, the Scandian phase, 
occurred between 435 and 410 Ma and is the most relevant for the 
present study (Dewey and Mange, 1999; Dallmeyer et al., 2001). During 
the Scandian, docking of Avalonia occurred against Laurentia in present- 
day Scotland and Ireland (Dewey and Strachan, 2003; Tanner, 2014a). 
Thrust tectonics were significant elsewhere but in the Grampian 
Terrane, no major crustal thickening or metamorphism occurred, the 

Fig. 1. Gold-bearing veins and magmatic gold mineralization in the Grampian Terrane (Shaw et al., 2022). The following abbreviations have been used: RC = Rhynie 
Chert (Baron et al., 2004), GC = Glen Clova (Smith et al., 2003), GT = Glen Turret (Smith et al., 2003), LH = Lochearnhead (Smith et al., 2003), TY = Tyndrum 
(Curtis et al., 1993), CON = Cononish (Rice et al., 2012), SG = Sron Garbh (Graham et al., 2017), GO = Glen Orchy (Hill et al., 2013), LAG = Lagalochan (Zhou, 
1987), KIL = Kilmelford (Zhou, 1988), BC = Beinn nan Chaorach (Smith et al., 2003), SC = Stronchullin (Naden et al., 2010), CN = Curraghinalt (Rice et al., 2016), 
CC = Cavanacaw (Parnell et al., 2000). Furthermore, there are several occurrences of polymetallic mineralization around Loch Tay (Fig. 2), the outline of which is 
represented approximately using white infill.
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deformation being mainly expressed by major sinistral strike-slip 
structures (Treagus, 2003; Tanner, 2014a). The transpression evolved 
into transtension around 425–410 Ma (Dewey and Strachan, 2003). This 
change coincides with the onset of widespread calc-alkaline igneous 
activity (the ‘Newer Granites’; Oliver, 2001; Neilson et al., 2009). A 
genetic link between subduction and magmatism has been suggested 
(Thirlwall, 1982) although the lack of sedimentation post c. 420 Ma in 
the Southern-Uplands-Down-Longford Terrane accretionary prism im
plies that the subduction and closure of the Iapetus Ocean had ceased by 
this date. Late Caledonian magmatism persisted until 390 Ma, meaning 
that subduction alone cannot explain the occurrence of the magmatism 
(Oliver, 2001; Oliver et al., 2008; Miles et al., 2016). Alternative models 
involving post-collisional slab break-off/roll-back and asthenospheric 
upwelling have been suggested (Oliver et al., 2008; Neilson et al., 2009; 
Graham et al., 2017; Rice et al., 2018).

Regardless of the geodynamic drivers of magmatism, the NE-SW 
trending strike-slip/oblique-slip fault systems within the Grampian 
Terrane are likely to have facilitated the ascent of the plutons (Neilson 
et al., 2009; Rice et al., 2018). Tanner (2014a) considered the majority 
of the faults to represent Riedel shears that developed in response to 
shearing of the rock volume between the Great Glen Fault and Highland 
Boundary Fault. The larger faults in particular are very likely to be long- 
lived structures: for example, K-Ar dates from the Tyndrum Fault indi
cate this structure was still active at c. 410 Ma (Treagus et al., 1999). The 
final stage of the Caledonian-Appalachian Orogeny is known as the 
‘Acadian’ phase, which is not well defined in Scotland. However, 
Acadian deformation, mostly in the form of strike-slip fault reactivation 
and minor folding, may have occurred from 400 to 390 Ma (Mendum 
and Noble, 2010; Chew and Strachan, 2013). The Acadian phase post- 
dates the mineralization concerned in our study (c. 425–417 Ma; 
Webb et al., 2024b) and is not discussed further.

In terms of metallogeny, the Grampian Terrane hosts many historical 
lead and copper mines (Wilson and Flett, 1921) but numerous auriferous 
vein systems also exist (Fig. 1). Few have drawn commercial interest: in 
Northern Ireland, gold has been extracted from Cavanacaw since 2005, 
whilst the development of Curraghinalt (one of the largest gold deposits 
in Europe) is ongoing (Dalradian Resources, 2018). Gold mining also 
occurred at Cononish between 2020 and 2023 (BBC News, 2023). In 
addition, several gold-bearing vein occurrences and prospects are 
known (e.g. in the Loch Tay area; Chapman et al., 2023). The gold is, in 
all cases, structurally controlled and related to Scandian transpressional- 
to-transtensional tectonics and strike-slip fault systems (e.g. Tanner, 
2014a; Shaw et al., 2022). Although the structural association is clear, 
there are competing views regarding the type of gold mineralization and 
regional metallogeny in the Grampian Terrane. For example, Craw 
(1990), Craw and Chamberlain (1996), Pitcairn et al. (2015) and Parnell 
et al. (2017) propose an orogenic gold model for most known occur
rences of gold mineralization in the region (e.g. based on fluid inclusion 
studies); regarding specific deposits, Rice et al. 2016 suggest that Cur
raghinalt is an orogenic gold deposit, given the high grade of the 
mineralization, the low salinity of fluids, the lack of alteration and the 
fact that there is no known coeval magmatism locally. Others consider a 
magmatic deposit model to be more likely; for example, Parnell et al. 
2000 interpret the Curraghinalt fluid inclusion data to indicate a 
magmatic-hydrothermal system. At Cononish, Hill et al. (2013) and 
Spence-Jones et al. (2018) suggest a significant input from magmatic 
fluids with progressive mixing with sedimentary fluids, based on sulfur 
isotopes and Te signatures in the gold. Chapman et al. (2023), in turn, 
found both orogenic and magmatic signatures in a regional study of 
alluvial gold particles around Loch Tay. Therefore, more detailed 
investigation is required to better resolve the role of different fluids in 
the entire region. Only a single vein system is known at Cononish and 
Curraghinalt: consequently, to investigate the spatial changes associated 
with larger-scale mineralization, we turn our attention to Loch Tay 
where several mineralized vein systems resembling those at Cononish 
and Curraghinalt are known (Corkhill et al., 2010; Ixer et al., 1997).

2.1. Loch Tay geology and metallogeny

Before comparing isotope data from different localities and inter
preting their regional significance, we first summarize the characteris
tics of the geology and mineralization in the Loch Tay area (Fig. 2; 
Fig. 3a-c). The region is dominated by the pelites and psammites of the 
Pitlochry Schist Formation, with some limestone and mafic to felsic 
metavolcanic intervals (Batchelor, 2004a, b; Stephenson et al., 2013). 
The majority of the mineralized veins in our study are hosted in meta
siliclastics, with the exception of Coire Buidhe, which is hosted in 
limestone (Fig. 3c). It is also worth noting that the Foss and Duntanlich 
SEDEX deposits (Ba-Pb-Zn; Re-Os ages of c. 610 Ma; Moles and Selby, 
2023) are situated just north of the study area (Fig. 1) and some authors 
suggest this horizon exists at depth in our study area due to overturned 
nappe tectonics (Treagus, 2000; Tanner, 2014a). Igneous bodies intrude 
the metasupracrustals within the Dalradian Supergroup. Six intrusions 
around Loch Tay have been dated (Fig. 2). The composite Comrie Pluton 
yielded ages of 425 ± 3 Ma (diorite) and 404 ± 6 Ma (granite; Oliver 
et al., 2008). Webb (2024) dated four felsic dykes throughout the region 
(Fig. 2); these ranged between c. 420–418 Ma.

The Loch Tay area hosts several gold and base metal occurrences 
(Figs. 2 and 3) and numerous alluvial gold particles have been retrieved 
in stream sediments throughout the region (Fig. 4). Several occurrences 
of the Loch Tay mineralization are close to the Loch Tay Fault (Fig. 2). 
Historic mining targeted mainly Coire Buidhe and the Finglen Vein (for 
lead and silver), and Tomnadashan (copper) (Pattrick, 1984; Ixer et al., 
1997; Webb et al., 2024a,b). Both also contain some gold although it is 
volumetrically very minor (Pattrick, 1984; Webb et al., 2024b).

We distinguish between “magmatic mineralization” which has a 
clear link with porphyry intrusions (Tomnadashan and Comrie Pluton) 
and “vein systems” that outwardly resemble orogenic gold deposits (all 
the other occurrences). Collectively, and given the relative proximity of 
the know magmatic mineralization at Tomnadashan in particular, the 
vein-hosted mineralization around Loch Tay represents an ideal op
portunity to investigate whether veins resembling ‘orogenic’ gold 
mineralization have in fact formed in response to magmatic processes. 
We describe the vein systems first. The auriferous veins in the 
Calliachar-Urlar area (Fig. 3a) and Tombuie (Fig. 3b) were discovered 
by Colby Gold in the 1980s. Further discoveries include discovery of 
gold mineralization by Erris Gold Resources at Lead Trial in 2019, and in 
the same year the authors discovered the auriferous vein at Glen Almond 
(Webb et al., 2024a, Fig. 2). None of these occurrences have to date been 
proven economic, but together they provide an ideal case study to 
investigate the characteristics of a regional metal-bearing hydrothermal 
event. Most of the veins around Loch Tay resemble orogenic gold veins 
rather than magmatic (porphyry-epithermal) mineralization: they have 
a relatively simple mineralogy (Table 1; Table 2), often massive textures, 
and in most cases lack intensive hydrothermal alteration or proven 
disseminated mineralization in the wallrock (Fig. 2).

Paragenetic interpretations have been published for the Glen 
Almond Vein (Webb et al., 2024a; Fig. 5) and broad mineralogical de
scriptions have been given by Ixer et al. (1997) for Calliachar-Urlar and 
Tombuie, and by Pattrick (1984), both complemented by the authors’ 
own observations. Furthermore, Webb (2024) produced a preliminary 
paragenetic interpretation for Lead Trial (Fig. 5). The summary of the 
mineralogy of the vein systems is provided below and in Table 1.

Mineralogically, the auriferous veins have some broad similarities in 
that they all comprise quartz veins with galena, gold ± chalcopyrite, 
sphalerite and pyrite (Table 1). In most cases, the vein textures are 
massive with occasional vugs. Where detailed paragenetic in
terpretations are available, gold occurs typically in two paragenetic 
stages, with an earlier one usually as small inclusions within the pyrite 
and arsenopyrite (with very minor galena), and a later gold generation 
along fractures together with pyrite, sphalerite and chalcopyrite and, in 
places, silver tellurides (Ixer et al., 1997; Webb et al., 2024a,b). How
ever, analysis of alluvial gold particles from the Calliachar-Urlar burns 
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and Glen Almond (Fig. 4) has revealed a more complex mineralogy not 
necessarily captured by the in-situ samples (e.g. the presence of tellu
rides, pyrrhotite, arsenopyrite, gersdorffite cobaltite, sulfosalts as in
clusions within the gold; Ixer et al. 1997; Chapman et al., 2023). A late 
galena ± sphalerite-bearing stage is also identified (without gold).

Lead Trial and Coire Buidhe are slightly different to the other veins 
systems: the vein textures resemble those reported from low sulfidation 
epithermal mineralization globally (vuggy quartz, extensive brecciation, 
sheeted quartz indicative of several episodes of fracturing; Cooke and 
Simmons, 2000), although it should be noted that textural features 
within a hydrothermal vein do not necessarily serve as a reliable indi
cation of deposit type. Lead Trial also contains very little pyrite, whereas 
in the other veins pyrite is common. Furthermore, at Coire Buidhe, 
Pattrick (1984) reported the presence of Pb-Bi-Ag sulfosalts and native 
bismuth, which is not typical of the other gold-bearing vein systems 
(Table 1).

The ‘magmatic’ mineralization at Tomnadashan and the Comrie 
Pluton, in contrast, is quite distinct from the vein systems. Two para
genetic stages have been identified at Tomnadashan; a disseminated 
assemblage within the host rocks, mainly comprised of molybdenite, 
tetrahedrite, pyrite and chalcopyrite; and a later, quartz ± carbonate 
vein-hosted mineralization with copper sulfosalts, galena, native bis
muth and other Bi-phases, and sphalerite (Pattrick, 1984; Webb et al., 
2024b). The Comrie Pluton aureole is seen to contain disseminated 
arsenopyrite, chalcopyrite, molybdenite and pyrite (Naden et al., 2010; 
Webb, 2024).

2.2. Existing genetic models

There is evidence in support of the classification of Tomnadashan as 
a Cu-Mo porphyry deposit. The mineralogy of Tomnadashan (Pattrick, 
1984; Webb et al., 2024b) is very similar to that which has been reported 

from porphyry deposits globally (Sillitoe, 2010). Additionally, the 
limited published δ34S data (between 0 and +2 ‰; Lowry et al., 2005) 
are consistent with a magmatic-hydrothermal fluid source, and the age 
of mineralization (c. 417–425 Ma; molybdenite Re-Os, Webb et al., 
2024b) closely overlaps with ages derived from granitic dykes both at 
Tomnadashan and throughout the wider Loch Tay region (c. 420–418 
Ma; Webb, 2024). The distribution of alteration haloes is consistent with 
genetic models for porphyry mineralization (Sillitoe, 2010), with 
potassic alteration associated with the granitic dykes injected into the 
country rock (Webb et al., 2024b). For the Comrie Pluton, a dissemi
nated assemblage dominated by pyrite, arsenopyrite and chalcopyrite is 
associated with the potassic alteration confined to the granitic portion of 
the pluton (Fig. 2; Naden et al., 2010).

The regional mineral system and the deposit model for the gold- 
bearing veins is, by contrast, much less clear and the general assump
tion has been that they represent a system that is different to the 
magmatic mineralization (Pattrick, 1984; Corkhill et al., 2010; Webb 
et al., 2024b). Signatures compatible with both a magmatic system and 
orogenic gold have been observed, but the work to date has been 
inconclusive. A magmatic origin has been proposed for Coire Buidhe, 
largely based on the mineralogy (Pattrick, 1984; Corkhill et al., 2010; 
Naden et al., 2010; Smith et al., 2022), although Pattrick (1984) sug
gested that the geographically restricted alteration haloes of Tomnada
shan and Coire Buidhe meant that the two were unlikely to comprise the 
same magmatic-hydrothermal system. Corkhill et al. (2010) used stream 
sediment data collected in the wider region by the British Geological 
Survey (Johnson and Breward, 2004) and noted that several of the 
mineralized localities around Loch Tay (Tombuie, Coire Buidhe and 
Calliachar-Urlar) displayed elevated bismuth concentrations, which 
were tentatively considered to be comparable with magmatic- 
hydrothermal systems globally. Chapman et al. (2023) studied the 
microchemical characteristics of alluvial gold particles collected from 

Fig. 2. Geological map of the Loch Tay study area, annotated with localities where polymetallic mineralization has been described. Numbers are as follows: 1 = Foss 
and Duntanlich (Foss closed in 2021 and is represented by downward facing arrows, whilst operations at Duntanlich are ongoing), 2 = Calliachar and Urlar, 3 =
Tombuie, 4 = Lead Trial, 5 = Tomnadashan, 6 = Finglen Vein, 7 = Coire Buidhe, 8 = Glen Almond Vein, 9 = Comrie Pluton. Several sources were used to compile the 
geological information (Bradbury and Smith, 1981; Searle, 2021; Digimap, 2023). The terms ‘TOM_FELS_2′, ‘ARD_FELS_1′, ‘CB_FELS_2′, and ‘SW3′ represent granitic 
dykes that were dated to c. 420–418 Ma via CA-ID-TIMS U-Pb geochronology (Webb, 2024).
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across the Loch Tay area (Fig. 4): they reported two categories of gold 
particles, orogenic and porphyry/epithermal, based on the similarities 
of the microchemical signatures to other regions with established ge
netic models. This was the first finding indicating that a variety of fluid 
sources may have been involved in the development of gold minerali
zation around Loch Tay.

Previous isotope data from the region around Loch Tay are limited to 

a few δ34S values derived by Smith (1996) and Lowry et al. (2005) from 
Calliachar-Urlar, Coire Buidhe, Tombuie, Tomnadashan and the Comrie 
Pluton (Fig. 6). The data mostly cluster outside of the various ranges 
suggested typical for magmatic sulfur (i.e. < +5 ‰; Ohmoto, 1972; 
1986; Labidi et al., 2013; Hutchison et al., 2020). However, no para
genetic or mineralogical context were provided for the data by either 
author. Fluid inclusion data from the different localities within the study 

Fig. 3. Geological maps of individual prospects of interest. a. The different veins, each identifiable by a distinct ‘V’ number (Ixer et al., 1997), in the Calliachar and 
Urlar burns (collectively referred to as’CUB’). The strike and dip measurements of the bedding were collected by Webb (2024). b. Tombuie (Corkhill et al., 2010). c. 
Coire Buidhe (Pattrick, 1984). In this region, the limestone represents a small, isolated lenses overlying the rest of the Dalradian metasedimentary package.
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area is compiled in Table 3, although these previous studies lack para
genetic context. For example, it is unknown whether the hotter, Type 1 
inclusions (350 ◦C) precede or postdate the Type 4 inclusions 
(91–175 ◦C) in the Calliachar-Urlar burns (Table 3). Nonetheless, the 
localities show a very broad range in the homogenization temperature. 
Ixer et al. (1997) interpreted the range in fluid inclusion temperatures 
recorded from Calliachar-Urlar to reflect a hotter, deeper fluid mixing 
with meteoric fluids, and suggested that the Urlar Burn Fault (Fig. 3a) 
was the main conduit facilitating transportation of the deeper fluid. Ixer 

et al. (1997) further suggested that the gradual variations in gold 
composition indicate that the Calliachar-Urlar veins comprise a single 
mineralizing system (as opposed to temporally separated fluid pulses). 
Corkhill et al. (2010) considered the veins at Tombuie (Fig. 3b) to share 
a genetic link to the Calliachar-Urlar mineralization based on the simi
larities in mineralogy, strike of the veins and the occurrence of mercu
rian electrum. None of the previous studies have, however, made a 
wider assessment of the genetic relationships of the various mineralized 
occurrences around Loch Tay.

Fig. 4. Satellite image of the Loch Tay region depicting localities where alluvial or detrital gold has been retrieved. The’Group 1′ and’Group 2′ populations are 
categories recognized by Chapman et al. (2023). The following abbreviations have been used: ALM = Alt Mathaig, ALT = Allt A Mheinn, AMP = Ample, ARD =
Ardtalnaig Burn, CAM = Camsernay, CB = Coire Buidhe (detrital gold from spoil heaps), CE = Carrie, CUB = Calliachar-Urlar Burns, FIN = Finglen (not to be 
confused with the Finglen Vein, this distinct geographical feature shares a similar name), GAR = Garry, GA = Glen Almond, GAR = Garry, GL = Glen Lyon, GQ =
Glen Quaich, IVG = Invergeldie, KB = Keltie Burn, MB = Monzie, MIB = Milton Burn, MO = Moness, TOM = Tomnadashan, TU = Tuerrich, SB = Shian Burn, SG =
Sma Glen. Here, the term ‘sample group’ is intended to denote a group of samples that have been collected from the same stream. The locations have been compiled 
from many previous publications (Chapman et al., 2000, 2002, 2023), although several localities where gold has been panned by researchers from the University of 
Leeds have not been reported anywhere (ALM, ALT, CAM, IVG, MO, CE, and ARD).

Table 1 
Mineralogy of the known in-situ localities around Loch Tay. At all localities, quartz ± carbonate veins have been recorded. Only the most abundant ore minerals have 
been described, demonstrating the broad similarities and localized differences between the different localities, based on our own observations and those from several 
previous studies (Pattrick, 1984; Ixer et al., 1997; Corkhill et al., 2010; Naden et al., 2010; Smith et al., 2022; Webb et al., 2024a,b). The ‘Abbreviation’ column 
indicates the abbreviations used for each locality in Fig. 3, Fig. 4, Fig. 8, and Fig. 9.

Name Abbreviation Bismuth 
phases

Tetra- 
hedrite

Arseno- 
pyrite

Chalco- 
pyrite

Galena Molyb- 
denite

Pyrite Pyrrhotite Sphale- 
rite

Nickel 
sulfides

Cobaltite

Gold-bearing vein systems
Tombuie TB ​ ​ ✓ ✓ ✓ ​ ✓ ✓ ✓ ✓ ✓
Calliachar- 

Urlar
CUB ​ ​ ✓ ✓ ✓ ​ ✓ ✓ ✓ ✓ ✓

Lead Trial LDT ​ ​ ​ ✓ ✓ ​ ​ ​ ✓ ​ ​
Finglen Vein FV ​ ​ ✓ ✓ ✓ ​ ✓ ✓ ✓ ✓ ​
Coire Buidhe CB ✓ ​ ​ ✓ ✓ ​ ✓ ​ ✓ ​ ​
Glen Almond 

Vein
GAV ​ ​ ​ ✓ ✓ ​ ✓ ​ ✓ ​ ​

Magmatic systems
Tomnadashan TOM ✓ ✓ ​ ✓ ✓ ✓ ✓ ​ ✓ ​ ​
Comrie Pluton CP ​ ​ ✓ ✓ ​ ✓ ✓ ​ ​ ​ ​
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3. Samples and methods

In total, 73 rock samples were collected. These were analysed for 
their δ34S signatures (both in-situ and bulk) and Pb isotope ratios (from 
galena) as detailed below. To facilitate accurate interpretation of isotope 
data, paragenetic analyses from previously published studies by the 
authors were used to contextualize the analysed material (Fig. 5; Webb 
et al., 2024a, b; Webb, 2024). It should be noted that tabulated results 
for the sulfur and lead isotope analyses can be found in Supplementary 
Material A and B (Table A1; Table A2; Table B1); furthermore, co
ordinates for each sample are provided in Supplementary Material C 
(Table C1).

3.1. δ34S analyses

The δ34S signatures were determined for pyrite, chalcopyrite, galena, 
molybdenite and/or arsenopyrite, depending on the mineralogy at each 
locality and which phases were available in sufficient quantities for 
analysis. Both bulk and in-situ analyses were used, conducted at the 
University of Leeds and the Scottish Universities Environmental 
Research Centre (SUERC) at the University of Glasgow. The in-situ δ34S 
data have the specific advantage of enabling the data to be linked to the 
paragenetic context. The bulk δ34S data have a better efficiency-cost 
ratio, although the paragenetic context of each measurement is lost 
and the analysed sample can contain material from more than one 
paragenetic stage. It should also be noted that the results of previous 
sulfur isotope studies in Scotland and Ireland are presented in Fig. 6.

3.1.1. Bulk δ34S analyses
93 analyses from 73 samples representing 9 localities (Fig. 2) were 

conducted in the Cohen Geochemistry Laboratory at the University of 
Leeds. The analyses utilized an Elementar PYRO cube coupled to an 
IsoPrime continuous flow mass spectrometer in accordance with the 
methodology described in He et al. (2020). Sulfide powders were ob
tained by Dremel drilling sulfide grains separated from a crushed rock 
sample. The powders were placed into tin cups prior to ignition at 
temperatures of approximately 1150 ◦C; a flow of both helium and pure 
oxygen of the CP and N5.0 grades respectively was used (He et al., 
2020). The gas was funnelled through tungsten oxide; excess oxygen was 
removed from the gas stream using pure copper wires held at 850 ◦C, 
and water was removed using SICAPENT. The SO2 was separated from 
N2/CO2 by temperature-controlled adsorption/desorption columns. To 
calculate the δ34S of each sample, the cumulative mass spectral signals at 
m/z 64 and 66 from the sample were normalized to those of an SO2 
reference gas (N3.0). These values were calibrated to the international 
V-CDT scale using a seawater-derived lab barium sulphate standard, 
SWS-3, which has been analyzed against the international standards 
NBS-127 (20.3 ‰), NBS-123 (17.01 ‰), IAEA S-1 (− 0.30 ‰), and IAEA 
S-3 (− 32.06 ‰) and assigned a value of 20.3 ‰, and an interlab chal
copyrite standard CP-1 assigned a value of − 4.56 ‰. The precision 
obtained for repeat analysis of a laboratory check standard BaSO4 is 
±0.3 ‰ (1 SD) or better

3.1.2. In-situ δ34S analyses
54 measurements from 11 polished blocks representing 6 localities 

were derived via in-situ δ34S analyses using a laser ablation inductively- 
coupled plasma mass spectrometer at SUERC. The method was origi
nally developed by Kelley and Fallick (1990); the laser sulfur system was 
developed in-house and consists of three key systems: The laser system 
(i.e. The laser, microscope, motorized X-Y-Z stage, imaging system and 
the vacuum chamber), a vacuum line to purify the gas, and a mass 
spectrometer to perform the measurement. The laser is a CGI Laser FL- 
1064-CW 30-Watt diode with pumped neodymium-doped yttrium 
aluminium garnet (Nd: YAG), which provided a 1064 nm beam focused 
to a spot size of ~ 80 µm. The laser was fired across a 0.25 mm2 portion 
of the sample to combust the sulfide and produce SO2 which is trans
ferred to the mass spectrometer (a VG Isotech Optima with a Nier type 
gas source, a small radius analyzer and three fixed Faraday cups) 
configured to measure masses 64 and 66 along with a reference gas of 
known composition. Individual measurements of an internal chalcopy
rite (CP1) standard were used alongside those of the NBS 123 (sphal
erite) and IAEA-S-3 (silver sulfide) standards, to plot a 3-point regression 
line, from which the sample δ34S data could be calibrated. SO2 (g) for 
these standards and individual mineral samples, drilled out of a polished 
block, were generated on the conventional vacuum extraction line for S. 
The average difference of repeat measurements (at least triplicate) of 
each mineral between the conventional and laser-ablation systems was 
used to correct the final δ34S values. The δ34S data were corrected 
following the procedure of Kelley and Fallick (1990), with the resulting 
precision of the analyses being consistently better than ±0.3 ‰. The 
small isotopic fractionation associated with the laser combustion of 
sulfide minerals is taken into account in the calculations.

3.2. Pb isotopes

42 measurements from 33 samples representing 9 localities were 
obtained. A Dremel drill was used to extract galena powder from hand 
specimens; the powders were dispatched to the geochronology and 
Tracers Facility at the British geological Survey and the National Centre 
for isotope Geochemistry, University College Dublin (UCD).

For the Pb isotope analyses, 1 ml 2 M Teflon distilled HNO3 was 
inserted into each vial, after which each sample was dissolved through 
heating to temperatures of > 100 ◦C over 24 h. A Thermo Fisher Sci
entific Neptune Plus MC-ICP-MS instrument, coupled with a Jet Inter
face, was used to measure the Pb isotope ratios. Prior to analysis, 
samples were diluted with 2 % Teflon-distilled nitric acid and spiked 
with a thallium solution at a ratio of approximately 1 thallium to 10 
lead. The isotopes measured simultaneously included 202Hg, 203Tl, 
204Pb/Hg, 205Tl, 206Pb, 207Pb, and 208Pb. Each acquisition involved 75 
ratio measurements, each with a 4.2-second integration time. Baseline 
measurements were defocused for 60 s before each acquisition. The 
precision of the method was assessed by repeatedly analyzing the NBS 
981 Pb reference solution, which was also spiked with thallium. The 
computed average values for the NBS 981 isotopic ratios were then 
juxtaposed with the known isotopic ratios for this reference material 
(Thirwall, 2002). The sample data were normalized using the average 
relative deviation of measured reference values from their true coun
terparts. Internal uncertainties, stemming from the reproducibility of 
measured ratios, were propagated relative to external uncertainties, 
such as those associated with the reproducibility of NBS 981 reference 
material.

4. Results

4.1. δ34S data

δ34S results from this study are compiled in Supplementary Material
A (Table A1; Table A2). In the Loch Tay region, the δ34S values range 
from –2 to +13 ‰ (Figs. 7, 8). Around Tomnadashan and Lead Trial, the 

Table 2 
Compilation of the different categories of veins in the Calliachar and Urlar burns, 
as described by Ixer et al. (1997).

Vein Type Description

High grade 
gold

Veins 1, 3, 6 and 7. Contain galena, pyrite, sphalerite, chalcopyrite, 
arsenopyrite, and electrum. Wallrock alteration (described as 
‘bleaching’) occurs up to 20 m away from the contact margins of 
these veins. Gold grades of 77–150 and 480 g/t were reported from 
V6 and the gossan, respectively.

Base metal Veins 2, 4, 5, 8 and 12; Contain galena, chalcopyrite, sphalerite, 
pyrite and arsenopyrite. Wallrock alteration is minimal. Gold grades 
were reported for V5 (0.5 g/t) and V12 (<2 g/t).

Barren Quartz veins with no notable sulfide mineralization.
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δ34S signatures are typically between 0 and +5 ‰ whilst the veins in the 
eastern part of the study area (Tombuie, Calliachar-Urlar) on one hand, 
and in Finglen Vein on the other hand, yield isotopically higher values of 
+6 to +13 ‰ (Fig. 7a-c; Fig. 8). We interpret these differences in the 

light of typical ‘magmatic’ and ‘crustal’ sulfur isotope profiles as dis
cussed by Hutchison et al. (2020): for example, typical ‘magmatic’ 
(porphyry-epithermal) values are 0 ± 5 ‰, whereas sulfides associated 
with crustal S sources typically show higher values. The interpretation is 

Fig. 5. Previously published paragenetic interpretations for localities around Loch Tay. a. Tomnadashan (Webb et al., 2024b). The question marks indicate phases 
that were described and interpreted by Pattrick (1984) but not observed in the more recent studies of vein parageneses. Regarding gold, Webb et al., 2024b suggested 
that the discovery of bismuth tellurides within gold particles retrieved from Tomnadashan was evidence that gold occurs within the first paragenetic stage. b. Lead 
Trial (Webb, 2024). c. The Glen Almond Vein (Webb et al., 2024a).
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summarized in Fig. 9 and further discussed below (see Fig. 5 for the 
paragenetic context of the analyzed phases).

Tomnadashan (a known Cu-Mo porphyry) and the Comrie Pluton 
show clear magmatic affinities with δ34S values ranging between 0 and 
+5 ‰ for all of the studied sulfide minerals (Fig. 7). At Coire Buidhe, the 
galena sulfur data seems to show a bimodal distribution with clusters 
around 0 ‰ and +5 ‰; the nearby Finglen Vein shows values around +6 
‰. The more depleted signature was derived from in-situ samples whilst 
the higher signatures were from bulk samples, although only 2–3 data
points in each could be obtained and only galena was analyzed. For Lead 
Trial, the δ34S values in galena ranged between − 1 and +5 ‰ (n = 13), 
the in-situ samples again showing a lower profile.

For the rest of the vein systems, the δ34S values are much higher; 
Finglen Vein also shows higher signatures for the analyzed sulfides other 
than galena (Figs. 7, 8). The higher values seem to cluster into two 
groups: around +6 ‰ for galena and +8 ‰ for other sulfides, and around 
+8 ‰ for galena (with an outlier at Tombuie of c. 12 ‰) and +11 to +12 
‰ for the other sulfides. Overall, the signatures get higher further away 
from the magmatic center at Tomnadashan. However, the higher values 
are seen in samples from the Glen Almond Vein and Tombuie, where the 
pyrite displays δ34S values of between +9 to +13 ‰; in-situ samples 
from the Glen Almond Vein show slightly higher values. The values 

obtained from galena are significantly lower in the Glen Almond Vein, 
but not at Tombuie. The Finglen, Calliachar and Urlar veins are gener
ally slightly lower with δ34S values from pyrite, arsenopyrite and chal
copyrite ranging between +7 and +10 ‰; the galena values are slightly 
lower for the Finglen Vein and Calliachar, but less so for Urlar. The vein 
sample V7 (Calliachar Burn; Table 2) shows the most consistent δ34S 
values from pyrite (between +8 and +9 ‰). On the other hand, several 
occurrences of the ‘Crustal’ veins (Finglen Vein and Urlar Burn) showed 
examples of some minor intracrystal δ34S zonation, in which the sulfide 
rims recorded slightly higher δ34S values than the core (Fig. 10h, i).

The greater range in the data from pyrite from the isotopically higher 
‘Crustal’ veins (Fig. 8a) may be indicative of a larger amount of het
erogeneity associated with this population. However, this trend is not 
replicated in the galena δ34S data (Fig. 8b). The galena δ34S values show 
a much more homogeneous spread, although the spatial trend for higher 
signatures away from Tomnadashan is still evident from Fig. 7.

4.2. Pb isotope data

The Pb isotope data derived in this study are depicted in Fig. 11 and 
in Supplementary Material B (Table B1). The Pb isotope ratios of galena 
show a clear spatial trend with the ratios being lowest around the 

Fig. 6. Compilation of previous δ34S studies on gold and base metal mineralization throughout Scotland and Ireland, as well as δ34S values from intrusions and 
sediments throughout the same region. Mantle-derived melts usually display δ34S values of 0 ± 3 ‰ (Ohmoto, 1986). The following references were used to compile 
the data: 1 = Curtis et al. (1993), 2 = Hall et al. (1988), 3 = Hall et al. (1994a), 4 = Lowry (1991), 5 = Lowry et al. (1995), 6 = Pattrick et al. (1983), 7 = Pattrick 
et al. (1988), 8 = Scott et al. (1987), 9 = Scott et al. (1991), 10 = Willan and Coleman (1983), 11 = Conliffe et al. (2009), 12 = Hall et al. (1994b), 13 = Moles et al. 
(2014), 14 = Hall et al. (1987), 15 = Spence-Jones et al. (2018), 16 = Rice et al. (2018), 17 = Smith (1996), 18 = Lowry et al. (2005), 19 = Parnell et al. (2000), 20 
= Graham et al. (2017), 21 = Parnell et al. (2017), 22 = Hill et al. (2013).

S. Webb et al.                                                                                                                                                                                                                                    Ore Geology Reviews 181 (2025) 106619 

9 



‘magmatic’ Lead Trial and highest in the ‘crustal’ Calliachar-Urlar veins 
(Fig. 11). Samples from the Glen Almond Vein and the Finglen Vein and, 
to a degree, Coire Buidhe, form intermediate populations between Lead 
Trial and the veins further to the east. Regarding the individual pop
ulations, there is some variation in the ranges between localities. The 
values from Lead Trial were quite consistent (n = 13) whilst the ‘crustal’ 
veins show more variability. The data plot between the Zartman and Doe 
(1981) lower crust and mantle curves between 400 and 0 Ma (Fig. 11). It 
is important to note that these curves are global averages and are not 
region specific. Our results from Loch Tay are also plotted with a range 
of published Pb isotope data from Ireland and Scotland in Fig. 12.

Calculated model ages for orogenic gold mineralization typically 
show large degrees of scatter, due to mixing of Pb from multiple sources 
and/or the contribution of Pb from host rocks during mineralization 
(Mortensen et al. 2022). Model Pb ages are, however, a useful indicator 
as to whether different deposits and occurrences may have similar or 
varied geological histories. Intrusion-related or magmatic-hydrothermal 
deposits can be expected to have more homogenous compositions than 
those where additional Pb was derived from external sources. At Loch 
Tay, model ages vary significantly between localities but are relatively 
consistent at each site. Ages are oldest for Lead Trial (520–507 Ma), Glen 
Almond Vein (429 Ma) and Finglen Vein (429–405 Ma), compared to 
Urlar Burn (419–372 Ma), Coire Buidhe (386–353 Ma), Tomnadashan 
(379 Ma), Tombuie (365 Ma), and Calliachar (331–317 Ma). Calculated 
µ (238U/204Pb) values cluster at ~ 9.2 to 9.3 for Coire Buidhe, Finglen 
Vein, Calliachar, Tombuie, and ~ 9.0 for Lead Trial. A single analysis 
from Tomnadashan yielded a very high µ value of 9.32, whilst samples 
from the Glen Almond Vein yielded intermediate µ values of ~ 9.1 The 
interpretation of all the data will be further discussed below.

5. Discussion

Using the paragenetic interpretations (Fig. 5), it is possible to further 
investigate the isotope data and the fluid events. Gold is associated with 
chalcopyrite and pyrite at most localities with voluminous galena being 
later, except for Lead Trial where pyrite is very minor and the 

voluminous galena stage is coeval with gold mineralization (Fig. 7c). In 
addition, for Tomnadashan, the δ34S data from molybdenite is particu
larly important because these δ34S values can be linked to the molyb
denite Re-Os dates (c. 425–417 Ma; Webb et al., 2024b).

Regarding the sulfur isotope data, the bulk and in-situ values were 
relatively consistent for the pyrite but for galena, the in-situ values tend 
to be lower than the bulk data (Fig. 7). There are several explanations for 
this trend. The bulk analyses may contain contamination from other 
sulfides, but paragenetic variations may also play a role. For example, at 
Coire Buidhe, different hand specimens were used in bulk and in-situ 
analyses, whilst the paragenetic context for the galena is not available 
at this locality. Therefore, there might be several galena generations 
here, but a geological control is also possible: Coire Buidhe is the only 
locality in our study area where the mineralization is hosted in lime
stone, meaning that dynamic changes in pH during wallrock reactions 
may have resulted in different δ34S values. On the other hand, Lead Trial 
(which is hosted in a felsic metavolcanic sheet) similarly shows signif
icantly lower in-situ galena values compared to the bulk values: here, 
the gold is paragenetically coeval with the voluminous galena but 
several galena generations are present (Fig. 5). Unfortunately, no gold 
was present in the analysed in-situ material so we are unable to judge 
which δ34S values relate to the gold mineralization. Regardless, using 
the in-situ analyses allowed for the targeting of relatively pure portions 
of the galena crystal (i.e. without inclusions, although inclusions in 
galena are not common in the Loch Tay area), meaning the in-situ values 
may be more representative of the δ34S signature at each of the different 
localities. The in-situ measurements, on the other hand, target a much 
smaller region of the crystal, and are therefore perhaps more likely to 
represent extreme values in the overall range, whilst the bulk mea
surements may instead reflect a homogenized value for the entire 
crystal.

The δ34S dataset from the galena samples typically displays lower 
values than the measurements derived from the analysis of other sul
fides, although this result is expected given the principles of sulfur 
isotope fractionation. Heavier elements, such as Pb, are able to bond 
more efficiently with lighter stable isotopes that have higher energy 
levels (e.g. 32S; Seal, 2006), explaining the relatively depleted δ34S 
values derived from the galena samples. It is, therefore, typical for pyrite 
δ34S values to be < 2 ‰ higher than values in galena from the same 
paragenetic generation or fluid flow event (Ohmoto, 1972; Seal, 2006). 
However, as the discrepancy is often much greater than 2 ‰ and the 
voluminous galena typically post-dates gold and other sulfides around 
Loch Tay, the galena data is more likely to reflect a distinct fluid and 
mineralization event. Even where the pyrite and galena values are near 
identical (e.g. Tombuie), this does not indicate coeval precipitation of 
these phases. However, at Tomnadashan the galena (in the Stage 3 
quartz veins; Fig. 5) records δ34S bulk and in situ values that are the 
same or higher than those measured from Stage 3 pyrite at this locality 
(Fig. 7), indicating a possible isotopic disequilibrium between pyrite and 
galena in Stage 3 of the paragenesis of this deposit. Such isotopic 
disequilibrium can be caused by the dynamic nature of temperature, pH 
and fO2 conditions that are associated with porphyry and epithermal 
mineralization processes (Seal, 2006). At all localities, the influx of 
meteoric or crustal fluids may have further stimulated changes in the 
fluid composition (and potentially, the isotopic signature).

5.1. Tomnadashan, Lead Trial and Coire Buidhe

The sulfur isotope profile from the ‘Magmatic’ mineralization (Fig. 9) 
is consistent with values commonly reported from I-type granitoids 
(Ohmoto, 1972; Seal, 2006; Hutchison et al., 2020). The mineralogy and 
alteration assemblages of Tomnadashan (Webb et al., 2024b; Table 1) 
are typical of porphyry Cu-Mo mineralization (Simmons et al., 2005; 
Sillitoe, 2010; Webb, 2024). Re-Os dating of molybdenite at Tomnada
shan (c. 425–417 Ma) closely overlaps with the age of several granitoids 
around Loch Tay (c. 420–418 Ma; Oliver, 2001; Webb et al., 2024b; 

Table 3 
Previous fluid inclusion studies on vein quartz from the Loch Tay region. The 
data was compiled from three sources (Smith, 1996; Ixer et al., 1997; Naden 
et al., 2010).

Calliachar-Urlar
Type Description
1 300 ◦C, 4–8 wt% NaCl; detectable quantities of CH4C003 and N2

2 Laq + LCO2 + VCO2, 225–245 ◦C; 1.4–4.3 wt% NaCl
3 Laq + V, 120–270 ◦C; 2–13 wt% NaCl
4 Laq + V, 91–175 ◦C, 10.2–13.7 wt% NaCl, Ca/Mg cations

Tombuie
Type Description
1 CO2 abundant, 3.3–15 wt% NaCl
2 Aqueocarbonic inclusions
3 Aqueous, 120–425 ◦C, 3–14 wt% NaCl

Tomnadashan
Type Description
1 Aqueocarbonic, >350 ◦C
2 >300 ◦C, liquid vapour, host halite and sylvite
3 110–250 ◦C, 5–10 wt% NaCl

Coire Buidhe
Type Description
1 Aqueocarbonic, >350 ◦C
2 Liquid vapour, >300 ◦C, host halite and sylvite
3 Aqueous, 110–250 ◦C, 5–10 wt% NaCl
Comrie Pluton
Type Description
1 35 wt% NaCl, >300 ◦C
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Webb, 2024). There is a slight increase in mean δ34S values from Stage 1 
to Stage 3 at Tomnadashan (disseminated sulfides to the quartz veins 
crosscutting the dissemination). This could be indicative of minor 
crustal sulfur assimilation and fluid mixing in the later paragenetic 
stages or, alternatively, a lower temperature of pyrite formation at Stage 
3. Therefore, the slight difference in the δ34S values at Tomnadashan 
may simply pertain to the nature of porphyry and epithermal environ
ments, where variability may arise from dynamic changes in fO2, pH and 

temperature (Börner et al., 2022; McKibben and Eldridge, 1990; Seal, 
2006).

In terms of the lead isotopes, the data imply that Pb in the galena was 
sourced from the mantle and/or lower crust (Fig. 11). This fits well with 
the geodynamic models of Siluro-Devonian magmatism in Scotland and 
Ireland suggesting that the granites were derived from melting of the 
lithospheric mantle and/or the lower crust (Oliver et al., 2008; Miles 
et al., 2016; Rice et al., 2018). However, slight differences in the µ values 

Fig. 7. δ34S results from this study (the full dataset is presented in Supplementary Material A). a. Pyrite, chalcopyrite, molybdenite and arsenopyrite. b. Galena. c. 
Mean δ34S values of pyrite and galena from each locality. It should be noted that with the exception of Lead Trial, voluminous galena paragenetically postdates the 
other sulfides and gold mineralization (Pattrick, 1984; Ixer et al., 1997; Webb et al., 2024a,b).
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for Lead Trial and Tomnadashan suggest either subtly different source 
compositions and/or minor additional crustal incorporation of Pb dur
ing fluid flow (Fig. 12). At Lead Trial, galena is paragenetically coeval 
with other sulfides and gold, whereas at Tomnadashan galena mainly 
occurs in Stage 3 of the mineralization. Therefore, incorporation of Pb 
derived from Dalradian metasediments into galena at Tomnadashan 
may explain the difference in the data. Either way, the evidence is 
consistent with a magmatic-hydrothermal source for the sulfur, and 
mantle/lower-crustal lead, at both Lead Trial and Tomnadashan.

5.2. ‘Crustal’ vein mineralization around Loch Tay

The ‘crustal’ veins around Loch Tay are hosted in metasediments and 
show different isotope signatures compared to the ‘magmatic’ mineral
ization at Tomnadashan, Lead Trial and Coire Buidhe. The possible 
reasons for the differences between values obtained from galena and the 
other sulfides has already been discussed; however, the generally higher 
δ34S values of the ‘crustal’ veins are more typical of crustal sources of 
sulfur (Ohmoto, 1972; Seal, 2006). It might be tempting to interpret the 

Fig. 8. Frequency of the δ34S values (measured both in bulk and in-situ; Supplementary Material A, Table A1) in sulfides recorded from the Loch Tay region. a. 
Pyrite. b. Galena. Abbreviations are as follows: LDT = Lead Trial, TOM = Tomnadashan, CB = Coire Buidhe, CP = Comrie Pluton, FV = Finglen Vein, GAV = Glen 
Almond Vein, TB = Tombuie, UB = Urlar Burn, CUB = Calliachar Burn (individual veins are given for CUB, e.g., CUB_V3; Fig. 3a).
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higher values to arise purely from a non-magmatic fluid (i.e. ‘orogenic 
gold’). However, the Pb isotope profile of the Loch Tay region is 
considerably less radiogenic than similar datasets from many other oc
currences of Phanerozoic gold-bearing mineralization interpreted to 
represent orogenic gold deposits (Fig. 11; Mortensen et al. 2022). This 
suggests that the ‘crustal’ mineralization in the study area is not derived 
from the upper crust but from the mantle and/or lower crust. It should 
be noted, however, that some recent models for orogenic gold suggest a 
significant input from mantle fluids (Groves et al., 2020). Either way, 
salinities of 13.7 wt% in the Calliachar Burn veins (Ixer et al. 1997) are 
higher than the values typically associated with orogenic gold miner
alization (Ridley and Diamond, 2000; Goldfarb and Groves, 2015) but 
lower than those typically reported for porphyry deposits (20–60 wt%), 
although values as low as 5 wt% have been reported further away from 
the intrusive centres of several porphyries (e.g. in the epithermal parts of 
the system; Sillitoe, 2000).

Collectively, the available data demonstrates that the ‘crustal’ veins 
have characteristics of both magmatic-hydrothermal and crustal fluids. 
This is difficult to explain with a single fluid source: we suggest that the 
‘crustal’ veins have formed via mixing of fluids originating from both 
magmatic-hydrothermal and crustal sources. This interpretation is 
supported by the genetic model of the nearby Cononish Mine (Fig. 1), 
which suggest that the mineralizing fluids at this locality evolved from 
an initially magmatic-hydrothermal fluid that progressively mixed with 
crustal sources over time (Hill et al., 2013; Spence-Jones et al., 2018). 
The later, higher δ34S values are also compatible with progressively 
lower fluid temperatures (Hill et al., 2013). The tendency for the rims of 
sulfide crystals from the vein-hosted mineralization around Loch Tay to 
record isotopically higher δ34S values than the cores may also be 
indicative of increasing crustal assimilation and/or decreasing temper
ature. Such δ34S zonation within individual sulfide crystals is a common 
feature in magmatic-hydrothermal deposits (McKibben and Eldridge, 
1990; Börner et al., 2022). However, it must be stressed that our in-situ 
dataset is limited (approximately 40 measurements; Supplementary 
Material A).

Overall, the data are consistent with the interpretation that the 
mineralizing fluids in the Loch Tay region were initially magmatic- 

hydrothermal, associated with magmatism derived from the mantle or 
lower crust; and their isotopic signatures changed over time and 
spatially in response to various degrees of mixing with crustal sources of 
sulfur. The differences in Pb isotope ratios between localities (Fig. 11), 
as well as the variations in model ages and Mu values (Supplementary 
Material B), can also be explained by incorporation of Pb from various 
crustal materials, depending on the local host rock. These trends can be 
observed more widely: the data fit well with the data from Northern 
Ireland and Ireland (O’Keefe, 1986; Standish et al. 2014; Hollis et al. 
2019). In the following section, the nature of the mixing process around 
Loch Tay is explained in detail, particularly regarding its impact on the 
isotopic characteristics of the different auriferous veins and the potential 
lithologies/fluids that were involved.

5.3. Mixing between magmatic-hydrothermal and crustal fluids around 
Loch Tay

Proximally to an intrusion, prograde contact metamorphism may 
result in crustal fluid release: this process has been indicated for some 
gold mineralization globally (Fabricio-Silva et al., 2021; Hastie et al., 
2021). At Lead Trial and Tomnadashan, the overwhelming majority of 
δ34S data clusters within the ranges of magmatic sulfur, suggesting that 
the impacts of contact metamorphism and fluid mixing at these localities 
were minor. Rapid ascent of magma, which is typical for porphyry de
posits, is also a likely explanation for a low degree of mixing in the 
Tomnadashan area. Tomnadashan is located adjacent to the Loch Tay 
Fault (Fig. 2) which at this locality shows a left-stepping kink, consistent 
with a releasing bend that was likely to facilitate a rapid ascent of the 
magma. For the Comrie Pluton, whilst a limited amount of δ34S data is 
available, the dataset may provide some evidence for a greater degree of 
crustal assimilation of Dalradian metasediments during the emplace
ment of the pluton. The δ34S values of pyrite from the Comrie Pluton 
(+4.9 and +5.3 ‰) sit outside of the typical range for ‘Lower Caledo
nian’ porphyries (− 3 to +3 ‰) in the Grampian Terrane (Fig. 6.; Lowry 
et al. 2005). The relatively high δ34S values of sulfides from the Comrie 
Pluton may, therefore, indicate some mixing between magmatic and 
crustal fluids.

Fig. 9. Distribution of the ‘Magmatic’ (δ34S values <+5 ‰) and ‘Crustal’ veins’ (δ34S values >+5 ‰) around Loch Tay. The two categories are distinguished on the 
basis of the upper limit for magmatic sulphur sources (+5 ‰; Hutchison et al. 2020). See Fig. 2 for the legend providing information on the different lithologies. The 
abbreviations are the same as in Fig. 8.
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Distally from Tomnadashan, the magmatic signature becomes 
increasingly diluted as indicated by the isotopically higher values of the 
‘crustal’ veins. However, given the distance between Tomnadashan and 
Calliachar-Urlar, we consider it likely that a separate intrusion system 
exists at depth in the eastern part of the study area. Tombuie is partic
ularly interesting: whilst we obtained isotopically higher δ34S values 
(+13 ‰), the data collected by Smith (1996; Fig. 6) show a much wider 

spectrum of δ34S values (0 to +16 ‰) from pyrite, chalcopyrite and 
galena. This is a strong indication of the input of an initially magmatic 
sulfur source to the veins at Tombuie, although the potential role of 
remobilization of sulfur from a magmatic host rock (amphibolites) in the 
vicinity of the veins at Tombuie is unclear (Fig. 3b).

Either way, given the lithological diversity of the study area (Fig. 2), 
several sources for crustal sulfur are possible. δ34S values recorded the 

Fig. 10. Petrographic context for selected in-situ δ34S values (represented by the black/red circles). a. Lead Trial; Stage 3 galena and sphalerite displaying textures 
typical of mutual intergrowth. This stage of galena precipitation is coeval with gold mineralization (Fig. 5b). b. Tomnadashan; pyrite crystals (PyA) disseminated 
throughout the host rock overprinted by crosscutting copper sulfosalts belonging to a later paragenetic stage. c. Tomnadashan; Stage 3 PyC, which has been crosscut 
by CcpD. d. Tomnadashan; disseminated PyA in the granitic host rock. Note the occurrence of molybdenite in the fracture. e. Glen Almond Vein; Stage 2 PyB with 
inclusions of monazite and apatite (likely the result of coprecipitation). f. Glen Almond Vein; Stage 3 PyC (distinguished based on the As concentration; Webb et al., 
2024a). g-i. Several occurrences of δ34S variations within individual crystals from the Glen Almond Vein (g), Finglen Vein (h) and Urlar Burn (i). The mineral 
abbreviations of Warr (2021) have been used to indicate the mineral species in each image. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)

S. Webb et al.                                                                                                                                                                                                                                    Ore Geology Reviews 181 (2025) 106619 

14 



Dalradian Supergroup metasedimentary and metavolcanic rocks range 
from − 4 to +18 ‰; Fig. 6). Especially interesting are the isotopically 
very high SEDEX horizons in the Loch Tay area (δ34S values of 20–25 ‰; 
Moles et al., 2014): although these are not exposed in our study area, 
published structural models suggest they are likely to exist at depth due 
to overturned nappe tectonics (Tanner; 2014a). Mixing between 
magmatic sulfur and sulfur from Dalradian units (in variable pro
portions) would be capable of producing sulfides with δ34S values of 
between +5 and +12 ‰. Interaction of the magmatic fluids with a va
riety of lithologies (e.g. shales or ultramafic rocks) could also explain the 
presence of nickeliferous and Co-bearing phases in some of the veins 
within the Calliachar Burn, where mafic metavolcanic lithologies are 
present (Ixer et al., 1997; Chapman et al., 2023). The overlap between 
the Pb isotope values of the ‘crustal’ veins around Loch Tay and those 
reported from SEDEX horizons within the Dalradian Supergroup 
(including Cononish; Fig. 12) is further evidence in support of an 
interpretation of mixing with a local crustal source, where Pb was 
incorporated from SEDEX mineralization (Fig. 2).

Apart from sulfur originating from the Dalradian Supergroup rocks, 
basinal or meteoric fluids may have played a role in the mixing process. 

Meteoric fluid influx is known to be an important stimulant of miner
alization in several genetic models, including porphyry-epithermal de
posits (Hedenquist et al. 1993; Heinrich et al., 2004; Seedorff et al., 
2005; Sillitoe, 2015) and orogenic gold mineralization (Pitcairn et al., 
2006). Meteoric and basinal fluids can in some cases contain large 
quantities of sulfur and record isotopically high δ34S values (> +10 ‰; 
Seal, 2006). Previous research has advocated for the involvement of 
meteoric fluids in Scottish gold mineralization, based mostly on fluid 
inclusion studies (Craw, 1990; Craw and Chamberlain, 1996; Curtis 
et al., 1993). Furthermore, Ixer et al. (1997) also suggested that the 
broad range in fluid inclusion temperatures around Loch Tay (e.g. 
Calliachar-Urlar; Table 3) is compatible with fluid mixing between 
magmatic or mantle-derived fluids and meteoric fluids.

Collectively, the range of the δ34S values around Loch Tay of +0.1 to 
+13.0 ‰ is very similar to what has been observed at Cononish, where a 
process involving the mixing between magmatic sulfur and sulfur 
derived from the Dalradian metasediment pile has been invoked (Hill 
et al. 2013; Spence-Jones et al. 2018). At Cononish, the initial input of 
magmatic fluids, diluted over time with crustal fluids, was evidenced by 
the Te fractionation profile reported from this deposit (Spence-Jones 

Fig. 11. Pb isotope ratios of galena from different occurrences of mineralization around Loch Tay presented alongside global lead evolution curves produced by 
Stacey and Kramers (1975) and Zartman and Doe (1981). The full dataset is provided in Supplementary Material B (Table B1).
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et al. 2018). Our study did not address Te profiling of the system but the 
range of δ34S values is entirely comparable with Cononish. The highest 
δ34S values (+13 ‰) from the Loch Tay region (Tombuie and the Glen 
Almond Vein) are similar to the δ34S values recorded from Stage 4 Pyrite 
(late syn-Au) at Cononish (+12 ‰; Hill et al., 2013). Hill et al. (2013)
calculated that it was not possible for such isotopically high values to 
develop without a sulfur contribution from the Ben Eagach Schist SEDEX 

horizons and suggested that the mixing involved two-thirds magmatic 
and one-third metasedimentary sulfur.

5.4. Model for mineralization

Our findings support the interpretation by Pattrick (1984) of a 
magmatic (porphyry-epithermal) model for Tomnadashan and Coire 

Fig. 12. Pb isotope data from several mineralizations, intrusions and lithologies in the British Isles, including the data from Loch Tay that was collected in this study. 
SET = Southeastern Terrane, NWT = Northwestern Terrane. All data represents galena, with the exception of the granites (feldspar) and Dalradian metasediments 
(whole rock data). The dashed lines indicate various Pb evolution models for the Earth (Stacey and Kramers, 1975; Zartman and Doe, 1981), whilst the ticks represent 
intervals of 400 Ma. 1 = Clayburn et al. (1983), 2 = Clayburn (1988), 3 = Hollis et al. (2019), 4 = Parnell et al. (2000), 5 = O’Keefe (1987), 6 = Swainbank et al. 
(1981), 7 = Standish et al. (2014).

Fig. 13. Genetic model for gold mineralization around Loch Tay. a. Tomnadashan and Lead Trial (c. 425–417 Ma; Webb et al., 2024b); this model also applies to 
Coire Buidhe where the veins are hosted in limestones. b. Fluid mixing and the development of the ‘crustal’ veins, using the veins at Tombuie (Fig. 3b) and Calliachar- 
Urlar (Fig. 3a) as an example. Different lithologies have been added under both localities to illustrate the potential for mineralizing fluids to mix with various li
thologies in different parts of the study area. Further investigations are required to constrain the structural characteristics of the Loch Tay region to refine the model 
and interpret potential fluid flow pathways.
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Buidhe; we are able to extend this interpretation to the Lead Trial 
prospect, which we consider to be a part of the same system (Figs. 9, 
13a). The textures and mineralogy of these deposits (Fig. 2) indicate that 
Tomnadashan comprises a zone of porphyry mineralization, with Lead 
Trial and Coire Buidhe representing low sulfidation epithermal miner
alization. The isotopically higher veins showing evidence of significant 
fluid mixing (Glen Almond Vein, Finglen Vein, Tombuie, Calliachar- 
Urlar; Fig. 2) are, with the possible exception of Glen Almond, too far 
from Tomnadashan to feasibly represent the same magmatic system. 
Therefore, we discard a model where a magmatic-hydrothermal fluid 
gradually migrated away from Tomnadashan along structurally 
controlled conduits, with mixing occurring during a broadly contem
poraneous mineralization event on a regional-scale. Our preferred 
interpretation is that the ‘crustal’ veins are also epithermal but formed in 
response to a localized and potentially temporally separate emplace
ment of igneous intrusion(s) in the eastern parts of the study area 
(Fig. 13b).

Available geochronology supports our interpretation of a widespread 
magmatic-hydrothermal mineralising system. Six intrusions in our study 
area have been dated: the diorite and granitic portions within the 
Comrie Pluton (425 ± 3 Ma and 404 ± 6 Ma; Oliver et al., 2008), and the 
four dykes, including one at Calliachar (Fig. 2; c. 420–418 Ma; Webb, 
2024). The 420–418 Ma ages of the dykes are practically identical with 
the c. 425–417 Ma molybdenite Re-Os age for the Tomnadashan 
mineralization (Webb et al., 2024b). Based on this limited dataset alone, 
magmatic events around Loch Tay are evident between c. 425–404 Ma. 
Throughout the wider Loch Tay region, there are several other, undated 
granitoids that could also have facilitated magmatic-hydrothermal 
mineralization: for example, small granitoid bodies have been 
emplaced along the Loch Tay Fault, Urlar Fault and faults at Tombuie 
(Fig. 3b; Ixer et al., 1997; Treagus, 2000; Corkhill et al., 2010; Naden et 
al, 2010; Fig. 3a). Furthermore, the association between sulfide miner
alization and the c. 404 Ma granite within the Comrie Pluton (Table 1), 
is evidence for the occurrence of a later mineralization event regionally 
around Loch Tay. Chapman et al. (2023) suggest that this later event 
produces a distinct signature in the alluvial gold grains throughout the 
region. It should also be noted that gold mineralization in the Rhynie 
Chert and Cononish (Fig. 1) have been dated at 407 ± 1 Ma and 408 ± 1 
Ma, respectively (Rice et al., 1995; 2012; Mark et al., 2011). Auriferous 
mineralization processes related to magmatism are, therefore, known to 
have occurred throughout the Grampian Terrane in the time interval 
between c. 420–407 Ma.

The sulfur isotope histograms (Fig. 8) further support the interpre
tation of separate fluid systems. The pyrite shows a bimodal distribution, 
with distinct peaks around Tomnadashan (+2 ‰) and the ‘crustal’ veins 
(+11 ‰) (Fig. 8a). The lack of any gradation in δ34S values between the 
two peaks is consistent with the suggestion that they are associated with 
distinct fluid systems. The situation is more complex for the para
genetically later galena (Fig. 8b) which shows a wide range of values. 
This can be explained by increased levels of mixing between magmatic- 
hydrothermal fluids and local lithologies, resulting in the incorporation 
of sulfur from a wider range of sources. In addition, in hydrothermal 
fluids, Pb is typically transported in Cl complexes, as opposed to the 
bisulfide complex usually associated with gold (Pokrovski et al., 2014). 
Incorporation of saline basinal fluids in the Early Devonian, when 
widespread transtension was underway (Dewey and Strachan, 2003), 
may explain the influx of Cl-rich solutions and remobilization of lead. 
The broad range in δ34S values from the galena samples may therefore 
partially reflect the heterogeneous δ34S profiles of the Dalradian host 
rocks. Further evidence for an entirely separate mineralization event is 
given by the δ34S data from galena. At Glen Almond, the δ34S values 
from galena are, typically, lower than the δ34S values recorded from 
pyrite (mean values of +7 and +11 ‰, respectively; Fig. 7c). Galena 
typically shows lower δ34S values than a coeval pyrite (Seal, 2006), but 
the voluminous galena is seen to be paragenetically later than the other 
phases (Fig. 5). This supports the interpretation that the final 

mineralization stage involved the influx of an isotopically lower fluid; 
despite the spread in both the pyrite and galena data, there is no evi
dence for gradual sulfur fractionation throughout the paragenesis, as 
would be anticipated from a scenario involving a continuous evolution 
of the same mineralizing fluid during a single mineralization event.

In summary, the isotopic and paragenetic evidence together strongly 
point towards an extensive, c. 420–415 Ma magmatic-hydrothermal 
system responsible for the gold mineralization, followed by a later 
(Mid-Devonian?), probably basin/extension-related, event remobilizing 
lead (and zinc) from the Neoproterozoic SEDEX units. However, the 
studies on gold microchemistry by Chapman et al. (2023; Fig. 4) suggest 
that a Mid-Devonian magmatic-hydrothermal system may also have 
operated south of our main study area (at Glen Lednock, Keltie Burn and 
Sma Glen). This system is probably related to the c. 404 Ma granitic 
stage of the Comrie Pluton and other, probably coeval intrusions along 
the Highland Boundary Fault. We did not find evidence that this later 
magmatic system extends into our main study area, although we cannot 
exclude the possibility that the late, voluminous galena-sphalerite 
mineralization included an input from these later magmatic fluids. 
Either way, this is a mineralization event that we consider to the entirely 
separate to the gold-bearing event operating around Tomnadashan and 
in Tombuie-Urlar-Calliachar area.

Future research that could provide further insight into the mineral
ization processes around Loch Tay may include compositional/trace 
element mapping of auriferous phases, in order to further refine the 
understanding of sulfide mineralogy and fluid evolution. Whilst some 
fluid inclusion data has previously been published (Table 3), there is 
scope to conduct further fluid inclusion studies to assess regional vari
ations in the temperature of the mineralizing fluids, particularly for 
some of the newly described localities (e.g. Lead Trial, Glen Almond 
Vein; Table 2) where no fluid inclusion data exists. Finally, further 
geochronological constraints on the auriferous veins and intrusions 
around Loch Tay and the wider Grampian Terrane, combined with high- 
resolution geophysical datasets, would provide better constraints to the 
extent of magmatism.

Our findings have wider implications for interpreting vein-hosted 
gold mineralization. It is clearly possible for magmatic fluids to un
dergo major changes in their isotopic signature as a result of mixing with 
crustal fluids, potentially to the extent where the mineralization re
sembles other deposit styles, particularly orogenic gold. A robust 
interpretation of deposit models should always involve an appreciation 
of the wider geological and paragenetic context of the mineralization, 
whether or not stable isotope or other microanalytical studies are 
included. In particular, our study illustrates the caveats with relying 
solely upon stable isotope data to constrain fluid sources: integration of 
multiple data sources provides a crucial context in which to consider the 
isotopic datasets.

6. Conclusions

Collectively, the synthesis of our findings with published literature 
allow us to propose a new, comprehensive model for the Loch Tay 
mineralization. Our study also demonstrates how some vein-hosted gold 
deposits that outwardly may resemble ‘orogenic gold deposits’ are, in 
fact, related to magmatic-hydrothermal activity (epithermal deposits); 
this has implications for the interpretation of vein-hosted gold deposits 
globally. In summary: 

1. The mineralizing fluids associated with gold mineralization were 
derived from granitoid intrusions at c. 425–417 Ma (Fig. 13a). The 
magmatic signature from sulfur isotopes is well established around 
Tomnadashan, with the lead isotope data indicating a mantle or 
lower crustal source for the lead. The magmatic signature becomes 
increasingly obscure at other vein localities where fluid mixing be
comes significant.
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2. During mixing, the isotopically higher signature developed as a 
result of extensive assimilation of sulfur from the Dalradian meta
sediment package during the emplacement of intrusions in different 
parts of the region around Loch Tay (Fig. 13b). The Dalradian units 
include Neoproterozoic SEDEX horizons.

3. A later, Mid-Devonian mineralization event around Loch Tay is 
expressed as voluminous galena-sphalerite mineralization. It is un
clear whether this event is related to the c. 404 Ma magmatic events 
along the Highland Boundary Fault, or whether it was solely a result 
of the basin extension processes.

4. Fluid mixing is common in all magmatic-hydrothermal systems 
globally, and our study demonstrates how this may lead to misin
terpretation of vein-hosted gold deposits as ‘orogenic’.

The default approach in constraining the fluid sources of vein-hosted 
deposit studies should, therefore, involve an integrated view where both 
the paragenetic and wider geological contexts are carefully considered.
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