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Abstract: Paragenetic interpretation, defined as the process of constraining the order in which the phases (min-
erals) comprising a rock formed, are fundamental in all disciplines requiring a detailed mapping of the genetic
relationships between the investigated crystal(s) and their surrounding phases. Ore geology, geochronology,
petrological and fluid inclusion studies are underpinned by a robust interpretation of the paragenesis. Without
this understanding, the interpretation of the analytical data will be greatly restricted and potentially wrong. Tex-
tural mapping is particularly useful for studying phases precipitated into hydrothermal veins because the host
many metallic ore deposits. Understanding the paragenesis and the association of ore minerals feeds directly
into the approach taken towards exploration, mining operation and ore processing. Apart from ore deposits, pre-
cipitation of hydrothermal phases occurs in any setting where hot fluids interact with rock or sediment (e.g. CCS
storage; geothermal facilities). This paper summarizes the principles for developing a robust paragenetic inter-
pretation, including demonstrating the practical workflow via a case study from a sulfide-bearing vein near Loch
Tay, Scotland. The principles and the workflow outlined in this paper are applicable to any discipline and route
of investigation that necessitates a robust understanding of the relationships of the phases in a rock.

Paragenesis is defined as the ‘association of minerals
in rocks and rock suites in relation to their origin’
(Bowes 1989). The first recorded use of the term
‘paragenesis’ was by the German mineralogist
August Breithaupt (1849: Die Paragenesis der Min-
eralien). The etymology of the word comes from the
Greek phrase for ‘born beside’, and in petrological
studies, the application of paragenesis typically per-
tains to the process of constraining the order in which
the phases (minerals) comprising a rock or vein
formed (e.g. Kamilli 1998). Phases in a rock can
form via the following processes: a single progres-
sive episode of crystallization (e.g. fractional crystal-
lization of magma); precipitation/crystallization
from repeated fluid or magma injections separated
by intervals of non-deposition (e.g. hydrothermal
veins); during the progressive metamorphic evolu-
tion of a rock volume; or a combination of these.

The aim of all paragenetic studies is to establish
the context of phases in a sample; this guides vari-
ous subsequent analytical studies and the interpreta-
tion of the data acquired from them. Although the
word ‘paragenesis’ in principle may be applied to
any material from the Earth that shows evidence
of multiple or progressive phases of crystallization
or precipitation, the most common usage of the
term is perhaps within the field of ore geology
and, in particular, in the context of hydrothermal
veins (e.g. Kamilli 1998; Tadesse 2004; Monteiro

et al. 2007; van Ryt et al. 2017; Mansurbeg et al.
2020). Precipitation of different phases at different
times (either via multiple fluid injection events or
progressively) often occurs in hydrothermal ore
deposits as a result of variations in pore fluid pres-
sure, the temperature or chemical composition of
the hydrothermal solution, or a combination of
these processes. In ore geology, understanding the
paragenesis facilitates the correlation of the metal
(s) with distinct fluid episodes and their characteris-
tic phase assemblages, which can then be used to
formulate strategies for geochemical exploration.
Paragenetic information can also give circumstantial
indications of processes that may affect the grade
of a deposit. For example, later fluid episodes
post-dating an initial mineralization stage may be
associated with dissolution and downgrading of a
prospect, or conversely, remobilization and concen-
tration of the metal to augment the grade (Hastie
et al. 2020). An important by-product of describing
the paragenesis is a superior understanding of the
mineralogical characteristics of the deposit, which
can have implications for processing the extracted
ore (Gregory et al. 2013; Sykora et al. 2018; Müller
and Ehle 2021). For example, documenting the
paragenesis of the Pebble Cu-Mo-Au deposit in
Alaska (USA) led to the revelation that, whilst
some of the gold was hosted within chalcopyrite, a
significant amount occurs within pyrite and
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consequently different ore processing approaches
may be required (Gregory et al. 2013).

Paragenetic analyses are, however, fundamental
not only in ore geology and hydrothermal vein stud-
ies: robustly performed research into diagenetic stud-
ies, rock alteration, geochronology and fluid
inclusions is underpinned by a detailed understand-
ing of the relationships between the investigated
crystal(s) and their surrounding phases. For example,
Fulignati (2020) emphasized the importance of con-
straining the paragenesis of clay minerals as a means
of describing the physiochemical conditions (tem-
perature and pH) of the environment in which the
alteration developed. In geochronology, paragenetic
interpretations allow radiometric ages, obtained from
phases crystallized or precipitated within the studied
rock volume, to be tied to specific episodes in the
geological history. It is, therefore, common for
researchers to publish geochronological ages within
the framework of a paragenetic sequence (e.g.
deMelo et al. 2016; Babo et al. 2017; Fan et al.
2021; Myint et al. 2021). For example, Li and Vas-
concelos (2002) noted the importance of constrain-
ing the paragenetic context of dateable minerals in
their attempts to unravel the palaeoclimatic condi-
tions in Central Australia during the Oligocene–Mio-
cene transition. Paragenetic studies are similarly
important for constraining the context of fluid inclu-
sions; a robust linkage of the observed inclusions to
the paragenesis allows for the homogenization tem-
peratures and geochemical characteristics derived
from the inclusions to be linked directly to a specific
phase assemblage and episode of fluid flow (e.g.
Imai 2000; Moura et al. 2014; Soloviev and Kryaz-
hev 2018; Mehrabi et al. 2019). In metamorphic
petrology and microstructural analysis, the interpre-
tation of the relationships of the mineral assem-
blages, their metamorphic and/or melting reactions
and equilibrium textures (or lack thereof) is, techni-
cally, a form of paragenetic interpretation that under-
pins a variety of studies, e.g. palaeostress analysis
and geothermobarometry for establishing the defor-
mational and metamorphic history of the rock (e.g.
Vidal et al. 2006; Pittarello et al. 2012; Lanari
et al. 2014; Lee et al. 2020; Gilio et al. 2021).

The conceptual development of paragenetic anal-
ysis in the nineteenth century was made possible by
the construction of the first polarizing microscope by
Giovanni Battista Amici in 1833 (Rochow and
Tucker 1994). Initially, paragenetic observations
were made chiefly with either a transmitted (polar-
ized) light microscope or, in the case of metallic
ore deposits, with a reflected light microscope. In
the absence of quantitative mineralogical analysis
tools, the earlier publications that reference paragen-
esis were qualitative and descriptive, particularly in
the nineteenth century and well into the twentieth
century (e.g. Gruner 1922; Brammall et al. 1937;

Keys 1940; Sims 1956). The papers generally
focused on informing readers of the cross-cutting
relationships of the phases, i.e. the order in which
the minerals formed, and most contained little (if
any) interpretation about the wider geological impli-
cations of the paragenetic sequence. For example,
Pumpelly (1871) simply catalogued the paragenesis
of two copper veins around Lake Superior. Finlayson
(1910) was one of the first authors to attempt a
regional paragenetic assessment: he described the
paragenesis of lead-zinc-copper ores throughout
the British Isles and concluded that the sulfides,
regardless of their location, show consistent parage-
netic relationships. Similar studies began to emerge
elsewhere at this time: e.g. Ray (1914) used a
reflected light microscope to study over 500 speci-
mens collected from various mines throughout the
Butte District of Montana, interpreting that the pre-
cipitation of pyrite induced the formation of chalco-
pyrite. These and other similar early papers
demonstrate that authors were beginning to develop
an awareness of the regional and sequential nature of
the hydrothermal processes that are associated with
different ore deposits.

The advent of more sophisticated, quantitative
analytical instrumentation along with the growing
realization that many geological systems were para-
genetically complex led to the design of more
advanced studies. With the introduction of tech-
niques such as Laser-Raman spectroscopy, Laser-
Ablation – Inductively-Coupled Plasma Mass Spec-
trometry (LA-ICP-MS) and Electron Probe Micro-
analysis (EPMA), it became possible to derive
detailed (trace) element and (stable) isotope data
from almost any phase in a rock (e.g. Engel et al.
1958; Taylor 1974; Randive et al. 2022). The
advances in the analytical capabilities and the quality
of the ensuing observations required robust links to
be made between the samples and phases being ana-
lysed and their textural and geological context. Con-
sequently, paragenesis began to be discussed as part
of both the analytical and the wider geological set-
ting, with researchers increasingly relating the inter-
pretation of their quantitative analytical data to
paragenetic interpretations and the regional geologi-
cal history (e.g. Hagni and Grawe 1964; Kelly and
Turneaure 1970; Richardson and Pinckney 1984).

The commercialization of the Scanning Electron
Microscope (SEM) in 1965 addressed the problem of
routinely and easily combining detailed geochemical
and spatial (i.e. visual) data. The proliferation of
SEM marked a significant improvement in our capa-
bility to link textural observations with quantitative
compositional data (e.g. McMullan 2006). Today,
SEMs include a range of tools such as Back-Scatter
Electron Microscopy (BSE), Energy Dispersive
X-ray Spectroscopy (EDS or EDX), cathodolumi-
nescence (CL), and Electron Back-Scatter
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Diffraction (EBSD). These allow for visual phase
mapping at a micron scale, along with the capability
to simultaneously acquire semi-quantitative geo-
chemical data of the composition of the different
phases and their crystallographic textures, including
discrete zoning in individual grains. For example,
some phases (e.g. hydrothermal vein quartz) appear
to be homogenous to the naked eye, but the CL tech-
nique has revealed that they may be comprised of
several distinct generations (Fig. 1a; e.g. Marshall
1988; Machel 2000; Götze et al. 2001; Landtwing
and Pettke 2005). The incorporation of SEM tech-
niques has led to paragenetic interpretations becom-
ingmore robust by providing a detailed and powerful
context against with which to consider other
analytical results.

This paper will summarize the key principles of
textural mapping and what textural evidence can be
used towards developing a paragenetic interpreta-
tion. Our examples come mostly from metal-bearing
hydrothermal veins but the fundamental consider-
ations and principles of spatial relationships between
phases are largely applicable to any paragenetic
study. After describing the theoretical principles,
we will demonstrate a practical workflow for devel-
oping a robust paragenetic interpretation with a case
study from a small Au-Ag-Cu–Pb–Zn vein in Glen
Almond, south of Loch Tay, Scotland.

Samples and instrumentation in paragenetic
studies

In this section, we briefly summarize some key con-
siderations when planning a sampling campaign for
a paragenetic study, and discuss the most common
instruments used in paragenetic analysis. Spatial
relationships can be established at several scales,
from naked-eye outcrop observations to micro- and
even nano-scale data, but in paragenetic studies
observations are typically made at microscale. In
modern research, the traditional microscopy tech-
niques are supplemented by more detailed and semi-
quantitative electron optics. The Scanning Electron
Microscope (SEM) is, in particular, the most com-
monly used instrument in paragenetic studies as it
enables relatively fast and cost-efficient way of gain-
ing very detailed textural and compositional semi-
quantitative data. Basic SEM techniques can, if nec-
essary, be complemented by more detailed quantita-
tive microstructural or microchemical analyses using
e.g. Electron Backscatter Diffraction in SEM, Elec-
tron Microprobe Analyser, or Laser-Ablation
Inductively-Coupled Plasma Mass Spectrometry
(e.g. Combes et al. 2021; Perret et al. 2021), but
SEM is normally sufficient for establishing a robust
textural analysis. However, classical microscopy still
forms an important first step in any sample

characterization and can, in some cases, be sufficient
to formulate a good paragenetic interpretation. Para-
genetic relationships can be established at several
scales, and spatial relationships can in some cases
be established either at outcrop or by eye from sec-
tions of samples or core.

Sample collection, sample representativeness
and scale of observation

The number and volume of samples depends on the
specific aims of the study and the geological context
but sample representativeness must be carefully con-
sidered. Most studies are constrained by the number
of observations that can be feasibly made, and it is
therefore imperative that the sample suite(s) are as
representative of the whole system as possible. If
structural interpretation is required (e.g. interpreta-
tion of shape fabrics with transmitted light micros-
copy, or EBSD analysis of crystallographic
textures), the samples must be orientated. Further-
more, the three-dimensional nature (textural anisot-
ropy) of many geological materials needs to be
taken into account.

The paragenesis is typically determined through
examination of polished thin-sections or resin
blocks. The representativeness of a single thin sec-
tion/block decreases rapidly with the increase in
the studied rock volume and/or textural anisotropy.
For example, it is not uncommon for vein and dyke
systems to be hundreds of meters or even many kilo-
metres long, with individual vein/dyke widths in the
order of several metres (Higgins 1985; Plumlee and
Whitehouse-Veaux 1994; Wang et al. 2021). Such
veins form via repeated fracturing-sealing cycles
where the fluid properties and precipitated phases
may or may not change over time (Fig. 1b; Sibson
1994). The spatial evolution of the fracture porosity
and, consequently, the distribution of the precipitated
phases in such a multi-generational vein system is,
therefore, inherently texturally anisotropic and het-
erogeneous. This is famously demonstrated by the
so-called ‘nugget effect’ in vein-hosted gold depos-
its, where large volumes of the vein system are barren
or lower grade, interrupted by smaller high-grade
volumes (e.g. Dominy et al. 2001). The heteroge-
neous distribution of phases precipitated during mul-
tiple fluid injection events poses inevitable
challenges to sample representativeness. The crystal
sizes in many rocks, including veins and dykes can
also be quite large (cm-scale to m-scale) particularly
in rapidly de-pressurizing, or undercooled fluid sys-
tems such as pegmatites (e.g. Butler and Torvela
2018). Large crystal sizes severely reduce the repre-
sentativeness of a single sample or thin section.

A reasonably robust approach to large vein sys-
tems can be achieved via a systematic approach to
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Fig. 1. Examples of various textures used in paragenetic interpretation. These images showcase the importance of
understanding the underlying geological process that resulted in the observed textures, as each will imply different
number of events. (a) Law of cross-cutting relationships, illustrated by a panchromatic SEM-CL image (left) and its
line drawing (right) of three different quartz generations in a quartz vein near Aberfeldy, Scotland. The occasionally
zoned but dominantly CL-light grey, angular quartz a is brecciated by the CL-dark grey/black quartz b; both are
cross-cut by the thin, CL-light grey quartz veins c. In this example, therefore, the law of cross-cutting relationships
dictates that the zoned quartz is interpreted as the oldest phase; followed by a brecciation event with quartz b; with c
being the youngest. (b) Part of a .2 m thick layered vein at Lead Trial, Loch Tay, Scotland. The vein is clearly
layered, probably as a result of repeated fracturing-sealing episodes, with the individual layers all showing slightly
different mineral assemblages, colours and textures. Note also the hydrothermal breccia on the left-hand side of the
image, further evidence of multiple fluid injection and fracture opening events. In this case, it will be very difficult to
determine the sequence of deposition in most of the layers, although some cross-cutting relationships can be
observed. In addition, this is a good example of problems with sample representativeness: the area of a single thin
section is not representative of the variations within the vein. (c) An extreme example of smearing of the CL caused
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the pre-sampling characterization of the sampled
rock, in order to capture those parts of the system
that are assessed to be representative. This will
require detailed field observations on vein mineral-
ogy, structures and textures, including any obvious
compositional or textural zonation or other anisotro-
pies. Sampling and subsequent micro-scale analysis
must, therefore, always be underpinned by develop-
ing an understanding of the field relationships and
characteristics of sampled rocks in as much detail
as is reasonably possible. It is normally necessary
to sample several parts of the representative rock vol-
ume and prepare multiple thin sections/blocks repre-
senting a single rock sample. Nevertheless, the scale
of thin sections compared to the size of a typical geo-
logical system means that it may not be possible to
observe the complete set of interactions between spe-
cific fluid/melt generations and mineral phases. A
critical assessment of uncertainties must be incorpo-
rated into any paragenetic interpretation and its
implications.

Transmitted light and reflected light
microscopy

Whilst undertaking analyses using an SEM is now
the standard approach for detailed paragenetic stud-
ies, this facility may not always be available. How-
ever, the principles of textural mapping, outlined
later in this paper, are equally applicable in ‘classi-
cal’ microscopic studies. Furthermore, any SEM
analyses (or other microanalytical investigations)
should always be preceded by a careful recording,
including initial hand sketches, photography and
scanning of the polished thin sections using tradi-
tional transmitted light microscopy (and reflected
light microscopy, where appropriate). This serves
two important purposes: (i) observations of the over-
all mineralogy, grain sizes, initial observations and
interpretations of the paragenesis and the general
context of the phases of interest will greatly inform
and guide the microanalytical investigations, facili-
tating efficient usage of equipment time; and (ii) pho-
tographs of the areas of interest, and scans or

photographic montages of entire thin sections, both
in plane polarized and cross-polarized light, provide
extremely useful maps for navigating the thin sec-
tions whilst using the microanalytical equipment,
again facilitating efficient equipment usage. In addi-
tion, the sections need to be carbon-coated for SEM;
a detailed and complete classical microscope study
ahead of SEM characterization eliminates the need
for the extra step of removing the carbon coating.

Transmitted light microscopy (TLM) is a generic
term pertaining to any form of microscopic study
involving transmission of light from below the speci-
men, through the polished thin section and into the
objective lens where the image is produced (Köhler
1894; Oldenbourg 2013). TLM is frequently used
in geological sciences for the study of non-opaque
minerals, and it can be perfectly sufficient in textural
mapping that involves relatively simple non-opaque
mineralogy. TLM is also useful for a basic character-
ization of hydrothermal alteration (e.g. chlorite, feld-
spar and epidote-group minerals are all easily
detectable with TLM). In addition, TLM is a cheap
and reliable way of identifying obvious cross-cutting
relationships between different phases. However, the
usability of TLM is limited by its relatively low res-
olution and its inability to resolve the often subtle
internal variations in mineral chemistry that are fre-
quently observed in silicates, sulfides (e.g. the As
content of Py and native metals in hydrothermal
vein systems e.g. Thomas et al. 2011; Frelinger
et al. 2015; Chapman et al. 2021; Combes et al.
2021). In addition, TLM cannot distinguish between
opaque minerals.

Reflected light microscopy (RLM) is another
relatively inexpensive standard method and it is
particularly suitable for the examination of opaque
minerals. The first reference to the use of reflected
light to study opaque bodies was made in the mid-
nineteenth century and RLM eventually became
the most popular tool for ore mineral characterization
from the 1950s onwards (Nuttall 1979). The basic
process involves the illumination of a polished thin
section from above with the objective lens (Davidson
and Lofgren 1991). Opaque minerals are observed

Fig. 1. Continued. by the presence of carbonates in late fractures cross-cutting the earlier quartz generations. Locality
cannot be disclosed for confidentiality reasons. (d) K-feldspar (kf) and quartz (qz) inclusions within garnet (gt) in a
quartzo-feldspathic gneiss metamorphosed to upper amphibolite facies conditions. In this case, the inclusions are part of
an older phase assemblage and the younger garnet grew around it during prograde metamorphism. Il = ilmenite. TLM
image, modified from Lee et al. (2020). (e) An example of a texture showing inclusions, in this case chalcopyrite (cpy)
inclusions within sphalerite (sph). Although the cpy is present as inclusions within the sph, both phases probably
precipitated approximately coevally during a single fluid event rather than two separate events (see text). BSE image,
Lead Trial, Loch Tay, Scotland. (f) An example of the ‘chalcopyrite disease’ (see text). The exolution of chalcopyrite
(cpy) and sphalerite (sph) results in small blebs and inclusion trails of cpy within the sph. Note how the phase boundaries
are slightly more subtle than in the case of sequential co-precipitation of cpy and sph in D) and how the cpy forms an
inclusion trail along a sph cleavage plane in the lower part of the picture. This texture requires only one precipitation
event. The later fractures in the lower left-hand corner carry some BSE-bright galena; a second fluid event is needed for
this later texture. Glen Almond, Scotland.
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Fig. 1. Continued. (g) Sequential co-precipitation of sulfides during a single fluid event (see text). The pyrite (Py) is
precipitated early but is fractured due to the rapidly changing physico-chemical ambient conditions, with subsequent
precipitation of chalcopyrite (Ccp) and galena (Gn) into the pyrite fractures. The sphalerite (Sp) is probably also part
of the same precipitation sequence although this image alone is insufficient to determine this with certainty. BSE
image, KSM porphyry deposit, British Columbia. Photo credit: Hugh Graham. (h) Growth zoning in pyrite. The
pyrite (PyA) in the core of the larger grain is relatively BSE-homogeneous (core-rim boundary partly outlined with a
red stippled line). The core is surrounded by a rim that consists of an inclusion ring of a copper sulfosalt phase
(CuSS) near interface with the featureless pyrite (BSE-bright phase) which is in turn interfingered and surrounded by
another, more heterogeneous pyrite phase (PyB). These relationships imply at least two, possibly three, separate fluid
events. Mount Milligan porphyry deposit, British Columbia. (i) Growth zoning in quartz crystals growing into a void
(i.e. a vug) in a hydrothermal quartz vein. Note how the BSE image (right) is unable to resolve the internal structure
of the quartz grains, clearly visible in the CL (left; see the methodology section for further information). This type of
growth zoning occurs during a single, evolving fluid event due to slightly chancing or fluctuating fluid compositions.
The precipitating crystals are free to grow according to its natural crystal morphology. Had any subsequent
precipitation of phases (quartz or other) into the vug occurred, these later phases would encompass the older,
euhedral, zoned quartz grains without altering their morphology. However, interpreting the euhedral grains as the first
to precipitate within the entire vein system may be erroneous as vugs can form at any stage of repeated vein opening
and growth (see text). Lead Trial, Loch Tay, Scotland. (j) Alteration of a titanite grain in a quartzo-feldspatic,
high-grade gneiss. The original titanite has been partially altered during retrograde metamorphism and associated
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when light gets reflected back towards the lens by
specular or diffuse mechanisms, producing an
image in which different phases can be identified
and studied (e.g. Sanderson 2019). By combining
TLM observations with RLM observations, a rela-
tively detailed mapping of the basic cross-cutting
relationships of non-opaque and opaque phases can
be conducted. However, like TLM, RLM resolution
is relatively low compared to microanalytical tech-
niques and is equally incapable of resolving most
compositional zoning and detailed geochemical var-
iations within crystals. Efficient usage of RLM also
requires significant experience that can take years
to develop, and differences in the ability of individ-
ual observers to perceive subtle colour changes can
be a significant issue.

SEM approaches involving CL, BSE, and EDX
(EDS)

The advantage of SEM approaches is the ability to
image subtle variations in the crystallographic tex-
ture and compositional variations in individual crys-
tals in much greater detail and resolution than is
possible with TLM/RLM. There are various SEM
tools that can be used, but for paragenetic mapping
the most commonly used tools are CL, BSE and
EDX.

The ‘bread-and-butter’ of SEM-facilitated tex-
tural mapping is the combination of Back-Scatter
Electron (BSE) analysis and Energy Dispersive
X-ray (EDX) Spectroscopy. The BSE detector
records electrons emitted from the sample upon
scanning; the backscattered electrons are used to cre-
ate high-resolution images showing the distribution
of different elements in a sample. The rate of produc-
tion of backscattered electrons depends on the
atomic number of the element being analysed; denser
elements and, therefore, denser phases will deflect
incoming electrons more strongly, producing
brighter images (Niedrig 1978). BSE can resolve
some zoning within individual crystals and it is com-
monly used in geochronological studies to identify
zoning in dateable minerals such as zircon or titanite
(e.g. Torvela and Kurhila 2022). EDX, on the other
hand, generates semi-quantitative compositional

data for targets at a micron scale: in practice, EDX
is used as a phase identification tool through compar-
ison of the elemental spectrum of the target with
known spectra for specific minerals. The combina-
tion of BSE and EDX provides a powerful analytical
toolkit for detailed mineral identification and tex-
tural/compositional mapping.

Whilst BSE can be used to detect subtle compo-
sitional variations in some phases, the resolution of
this technique is insufficient to enable a full range
of observations on detailed mineral geochemistry.
Cathodoluminescence (CL) can help in gaining
more information of specific phases and their precip-
itation history. The CL technique is based on the
emission of light from a mineral upon electron bom-
bardment (Marshall 1988). Electrons are stimulated
through the use of a hot filament and accelerated
towards an anode. The electron beam scans across
the sample and a specific CL detector, attached to
the SEM, records the emitted light from the sample
as a series of images (Götze and Kempe 2009).
CL imaging for paragenetic mapping is particularly
suitable for quartz: variations in quartz compositions
are associated with impurities comprised of trace
elements substituted into the mineral lattice, espe-
cially aluminium (Götze et al. 2001; Götze 2009;
Stevens-Kalceff 2009; Frelinger et al. 2015). The
specific element substituted depends on a wide
range of factors such as crystallization rate, fluid
composition, pressure, temperature and post-
mineralization deformation (Götze and Möckel
2012). In the context of the paragenetic analysis of
hydrothermal veins, commonly composed of multi-
ple quartz generations injected at different times,
the ability to image different quartz generations can
greatly assist in developing a robust paragenetic
interpretation and development history for the vein
(Fig. 1a).

However, there are limitations to the resolution of
CL in terms of its ability to distinguish between
phase generations. The textural variations within
quartz, for example, that are resolvable with CL are
due to crystal lattice defects caused by trace element
substitution, giving different CL responses (Götze
et al. 2001; Götze 2009; Stevens-Kalceff 2009; Fre-
linger et al. 2015). Depending on the fluid source and
fluid-rock interactions, it is possible that successive

Fig. 1. Continued. re-hydration of the amphibolite-facies gneisses, expressed by the BSE-lighter patchy zoning of the
grain. Note also the partly dissolved, porous outer edge of the lower part of the grain. Greenschist-facies Karkkila shear
zone, Finland. (k) An example of alteration and dissolution textures. A later fluid reacted chemically with the existing
phases (mostly pyrite in this image), resulting in a mottled, diffuse appearance replacing the zoned, BSE-darker texture of
the original pyrite (grain boundary outlined in red). The reaction front, outlined with the yellow stippled line, progressed
from right to left as indicated by the arrows. In this case, the alteration reactions have also caused partial dissolution of the
original pyrite, evidenced by the holes in the pyrite to the right of the reaction front whereas to the left, similar holes are
absent within this pyrite grain. BSE image, modified from Hastie et al. (2020). (l) The principle of sphalerite stratigraphy.
Modified from McLimans et al. (1980).
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generations of quartz may not display sufficient var-
iations in their trace element geochemistry, in which
case CL will not be able to resolve the textural vari-
ability of the different generations. This could result
in the interpreted paragenetic sequence for a given
deposit being incomplete, or the incorrect conclusion
that all of the quartz belongs to the same generation.
In theory, this could be resolved through the coupled
use of CL and LA-ICP-MS, which will enable the
visualization of more detailed trace element varia-
tions within the section of quartz (or any other
phase) that is being observed.

Another issue with CL analyses relates to the
higher relative luminescence of carbonate minerals,
particularly of calcite, compared to silicate minerals.
The higher luminescence typically manifests itself as
‘smearing’ of the CL image (Fig. 1c). It may, there-
fore, not be possible to image carbonate-rich materi-
als without reducing the brightness to the point that
the internal textural features are lost. Reed and Milli-
ken (2003) found that, in some cases, this problem
can be at least partly resolved by using broadband
short wavelength filter, which allows 80–90% trans-
missivity from 385 to 495 nm and minor transmis-
sivity at 350 nm, to fire shorter wavelengths.

Developing a paragenetic interpretation

The rest of the paper is divided into two parts in
which we (1) summarize the basic approaches and
principles underpinning textural mapping and a
subsequent paragenetic interpretation; and (2)
demonstrate a practical workflow for documenting
observations and developing a robust paragenetic
interpretation, via a small case study.

Part 1: basic principles of textural mapping

The basic principles in this section are not necessarily
instrument-specific and apply whether one uses
sophisticated microanalytical methods or traditional
optical microscopy. Whatever methodology is used,
it should be reiterated that a robust sampling strategy,
recording and description of observations at all
stages, and communicating the observations to the
reader via high-quality images, are crucial in order
to justify the final interpretation of the paragenesis.

Crosscutting relationships and inclusions

The law of crosscutting relationships is the funda-
mental tool for establishing the age relationship
between geological features of any type. This con-
cept is familiar to all geologists, and the importance
of it was recognized already by Steno (1669) who
stated, ‘If a body or discontinuity cuts across a stra-
tum, it must have formed after that stratum’. The law

of crosscutting relationships applies at all scales, and
it is ubiquitous in both field and paragenetic studies
(Slack 1980; Haeberlin et al. 2004; Dewaele et al.
2006; Legros et al. 2016; Wei et al. 2019; Taylor
et al. 2021). Observations of crosscutting relation-
ships are crucial in determining the paragenesis of
multi-generational veins (e.g. Taylor et al. 2021).
In its most simple form, crosscutting relationships
consist simply of an older material being intruded
or fractured by younger material (Fig. 1a). Another
geometric relationship arising from the law of cross-
cutting relationship is the ‘law of inclusions’ which
stipulates that clasts or grains engulfed by other
material are older than that surrounding material
(Fig. 1d; Lyell 1833; Vaughan and Ixer 1980;
Martínez-Abad et al. 2015; Andersen et al. 2016;
Alford et al. 2020).

However, using cross-cutting relationships or
inclusions to indicate the sequence of precipitation
can be problematic in dynamically crystallizing sys-
tems and in systems where the fluid composition
and/or the physico-chemical conditions of precipita-
tion evolve. Hydrothermal vein systems in particular
are slightly different in terms of the dynamic nature
of their formation compared with most other geolog-
ical features. Hydrothermal vein formation is charac-
terized by extremely rapid fracture propagation and
fluid depressurization that often (although not inevi-
tably) results in phase separation and (partial) precip-
itation of crystals from the fluid and, consequently,
progressive changes in the fluid chemistry and
temperature (Sibson 1994; Quilichini et al. 2016).
Therefore, phases can co-precipitate sequentially
during a single fracturing and fluid injection event.
This may result in inclusions within their host crys-
tal, despite both having formed during the same
overall fracturing event. This phenomenon arises
from small differences in how the phases respond
to the transient and evolving geochemical and phys-
ical conditions. For example, galena can precipitate
slightly earlier in hydrothermal veins than sphalerite
due to the higher solubility of Zn in lower tempera-
tures, compared to Pb (e.g. Barrett and Anderson
1988; Leach et al. 2001). Similarly, chalcopyrite
often slightly predates both sphalerite and galena in
the precipitation sequence due to the lower solubility
of copper in decreasing fluid temperatures (Fig. 1e;
Kamilli 1998). In mineralization processes that
involve deterioration of Au-H2S metal-ligand com-
plexes, sulfide and gold co-precipitation is also com-
mon with gold being captured within sulfides
as inclusions (Huston and Large 1989; Liu et al.
2010). A further complication may be brought
about by exsolution textures: an example of such a
feature is ‘chalcopyrite disease,’ a term referring to
the exsolution of sphalerite and chalcopyrite where
the chalcopyrite typically manifests itself as inter-
growths of varying morphologies within the
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sphalerite (lamellae, blebs or vermicular; Fig. 1f;
Eldridge et al. 1988; Bortnikov et al. 1991). These
might be mistaken as inclusions but, on the other
hand, the paragenetic implications of chalcopyrite
disease are not conflicting with the interpretation of
co-precipitation of the two sulfides, i.e. that they
are coeval. Finally, phases precipitated early during
a single fluid event can sometimes be fractured dur-
ing the same event. For example, pyrite often precip-
itates from the solution faster than most other phases
but it deforms relatively easily by both brittle and
ductile means over a wide range of P-T conditions,
including fracturing as a result of thermal expansion
during (continued) depressurization (Cox et al.
1981; Liu et al. 2010). As a consequence, pyrite is
often fractured during the ongoing event with possi-
ble deposition of other phases (such as gold or other
sulfides) inside pyrite microfractures (Fig. 1g; Hus-
ton et al. 1992; Cook et al. 2013; Sahoo and Venka-
tesh 2015; Yang et al. 2016; Rogowitz et al. 2018; Li
et al. 2020, 2022; Fougerouse et al. 2021). Either
way, the implications of evolving fluid composition
and physico-chemical conditions of precipitation to
the paragenetic interpretation are profound: in all
of the cases described above, the observed relation-
ships imply a single fluid event/paragenetic stage,
not two as conventional approaches to cross-cutting
and inclusion relationships would suggest. On the
other hand, specifically for gold it should be men-
tioned that gold can also be remobilized by a later
fluid from the crystal lattice of pyrite precipitated
in an earlier event, and redeposited in the pyrite frac-
tures (Mills et al. 2015; Fougerouse et al. 2016;
Lebrun et al. 2016; Hastie et al. 2020). A remobiliza-
tion and local reprecipitation of gold in this way has
been suggested by Hastie et al. (2020) as a mecha-
nism to coarsen the gold grains in hydrothermal
veins. A remobilization scenario, or an alternative
scenario where gold in fractures has been brought
in by a later fluid, would require two separate fluid
events. When cross-cutting relationships are
observed between pyrite and gold, more detailed
microgeochemical investigations may, therefore, be
needed of the pyrite to elucidate the most likely para-
genetic position of the crack-hosted gold; the review
of these is, however, outside the scope of this paper.

Another type of a texture belonging to this cate-
gory is growth zoning. Growth zoning typically
manifests itself as concentric zoning approximately
tracing the euhedral crystal shape of the phase
(Fig. 1h, i and k). In some cases, growth zoning
arises from separate fluid events (Fig. 1h). In other
cases, growth zoning can result from a single fluid
event as a consequence of progressively changing
or fluctuating composition of the fluid or magma
from which the phase precipitates. This is a typical
texture in e.g. quartz (Fig. 1i), pyrite (Fig. 1k)
or in magmatic zircon. The interpretation and

implications of growth zoning are, therefore, inti-
mately linked to understanding the general behav-
iour of the phase in question in the hydrothermal or
magmatic system from which it precipitated.

Further challenges in interpreting inclusions and
fractures arise also from the fact that thin sections
are two-dimensional representations of three-
dimensional rock volumes. The complications of
making 3D interpretations of 2D thin sections have
many implications to various applications within
geosciences (e.g. Bandy 1940; Heilbronner and
Bruhn 1998). In paragenetic analysis, the 3D con-
nectivity of grains can be complex, resulting in erro-
neous interpretation of features. In particular, mutual
crystal intergrowths may appear as if one phase is
included in the other if the plane of the section is at
right angles to the intergrowth direction, leading to
the one phase being misidentified as inclusions.
The best way to mitigate for this is to increase the
number of observations (i.e. thin sections), including
in other orientations, so that a more complete assess-
ment of the three-dimensional textural aspects can
be achieved.

Finally, it should be noted that material inherited
from the wall rocks may in some cases be misinter-
preted as inclusions representing an earlier hydro-
thermal fluid phase. Wall rock is often incorporated
within hydrothermal veins as small breccia frag-
ments. They are usually easy to identify as inherited
fragments by their typically polymineralic composi-
tions. However, in some cases individual crystals are
entrained in veins that may be misinterpreted as hav-
ing precipitated from earlier or coeval hydrothermal
fluids. Correct interpretation of individual crystals
becomes crucial, e.g. when identifying phases for
geochronological analyses. An understanding of
the chemical and mineralogical composition of the
wall rock is essential to mitigate for this but, in addi-
tion, it is necessary to always perform a detailed tex-
tural analysis of the phases of interest.

Alteration textures

Alteration is here defined as a phase in a rock being
completely or partly replaced by another phase, due
to a chemical reaction of the original phase with an
ambient hydrous or carbonitic fluid phase (Schwartz
1959; Hemley and Jones 1964; Mathieu 2018). This
is a slightly different definition from metamorphism
where all reacting phases are typically solids or
melts. Alteration textures are particularly common
in rocks proximal to magmatic intrusions that con-
tain a significant vapour phase, and within and
around hydrothermal vein systems. In addition, in
systems that involve several fracturing and fluid
events (hydrothermal vein systems and many mag-
matic systems that involve several magmatic pulses),
the fluid geochemistry can change between
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successive fluid injection events. However, even
without significant changes to the incoming fluid
chemistry between the separate fluid events, the
dynamic nature of the precipitation process in hydro-
thermal veins in particular means that the chemistry
of the fluid in any single event can change during
precipitation: therefore, especially those phases that
precipitated late in the sequence can be in disequili-
brium with the next incoming fluid pulse, making
them susceptible to reactions with the new fluid.
Whatever causes the disequilibrium between the sol-
ids and the fluid, the result is various alteration and
other replacement reactions (Fig. 1j, k). These can
be complete or partial, or only affect some phases
and not the others, depending on whether or not
that phase is in equilibrium with the fluid present.
Identifying any alteration textures is crucial in con-
straining the paragenesis and can also inform on
the nature and chemistry of the incoming fluid.

A specific form fluid-rock interaction and alter-
ation is dissolution (Fig. 1j, k). Dissolution events
typically manifest themselves as embayed, and
often diffuse, crystal margins and/or intra-crystal
boundaries, and as pores or patchy alteration textures
within the original crystal. Dissolution can be fol-
lowed by either reprecipitation of the dissolved
phase or precipitation of a new phase - either proxi-
mally, at micron-scale (Rubatto et al. 2008; Hu et al.
2014; Zhu et al. 2021) or the dissolved material can
move away and reprecipitate distally (Wangen and
Munz 2004; Fougerouse et al. 2016; see also Hastie
et al. 2020 and previous section re. gold
remobilization-reprecipitation).

A note should be made here that, whilst sphalerite
and chalcopyrite often co-precipitate or exsolve from
a single fluid as discussed above, in certain condi-
tions chalcopyrite has been suggested to represent
a later, partial replacement of sphalerite by a solution
enriched in Fe and Cu (e.g. Nagase and Kojima
1997). This would fundamentally change the
interpreted number of fluid events, but a careful
examination of the textural relationships and the
morphologies of the crystals involved should, in
most cases, be sufficient to mitigate this issue.

Alteration and dissolution textures are often rela-
tively easy to identify, particularly if incomplete,
although distinguishing zoning as a result of alter-
ation (instead of primary growth) can be more chal-
lenging (Shore and Fowler 1996). Compositional
zoning caused by alteration is perhaps most easily
identified by the commonly diffuse or irregular or
patchy nature of the zoning (Fig. 1j), whereas growth
zoning tends to follow the crystal habit (Fig. 1i, k).

Crystal morphology

Crystal morphology has historically had an impor-
tant role in establishing paragenetic sequences, e.g.

coeval precipitation may be inferred from inter-
growth textures (Newhouse 1927; Mookherjee
1964). In hydrothermal veins, euhedral crystal
faces of particularly quartz are commonly interpreted
as representing the first minerals to form in a parage-
netic sequence because this morphology is facilitated
by unimpeded growth into an open fracture space
(Fig. 1i; Wilson 1994; Ahmed et al. 2009). Later
minerals are, according to this approach, constrained
by the pre-existing material and must grow around it,
leading to concave faces and anhedral crystals.
Whilst this is true in principle, in the context of
hydrothermal veins with multiple fracturing events
which will introduce new porosity (fractures and
vugs) into the previously precipitated material, inter-
preting the euhedral grains as the first to form in the
entire vein may be erroneous. Vugs, which are a
common feature in hydrothermal veins, can be par-
ticularly difficult to interpret if filled with later
phases, because can form at any stage during the
repeated fracturing-sealing cycles of a typical hydro-
thermal vein system. In fact, as fractures normally
become more connected over repeated fracturing
episodes, the likelihood of vug formation increases
in later mineralization stages due to the increased
total volume of pore space (e.g. Tchalenko 1970).

Another complication related to crystal morphol-
ogy arises from differences in the surface energies of
phases. Some phases, such as garnet or pyrite, have
very high surface energies and are capable of form-
ing euhedral crystals whilst co-precipitating phases
around them will show sub- to anhedral morpholo-
gies (e.g. Carstens 1986; Arrouvel and Eon 2019).
A euhedral crystal shape is not, therefore, automati-
cally an indication of it being precipitated earlier and,
therefore, being paragenetically older than its
surrounding phases.

Layering

In stratiform ore deposits, the law of superposition
(Steno 1669) has been used to establish stratigraphic
sequences, most notably in colloform Mississippi
Pb–Zn deposits, where sphalerite typically precipi-
tates in layered sequences (Craig and Vaughan
1994). Provided that the unidirectional growth of
the mineralized layers can be constrained and the
grain size is suitable for the scale of of observation,
it is possible to interpret the paragenesis on the
basis of layering. Craig and Vaughan (1994)
described the use of banding as a paragenetic indica-
tor as ‘sphalerite stratigraphy’; colour and/or com-
position are used to identify marker layers before
tracing these over disparate localities in the same
way that sedimentary horizons are correlated across
basins (Fig. 1l; McLimans et al. 1980). These princi-
ples can, in theory, be applied to any form of banded
ore deposit; for example, colloform or crustiform
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textures in quartz are interpreted to represent rapid
layered deposition in open-space (Bodnar et al.
1985; Fournier 1985). Therefore, the quartz bands
closest to the vein wall(s) are oldest, with successive
layers being deposited in the centre of the vein. How-
ever, care is needed as layered textures in hydrother-
mal veins do not typically form via simple sequential
deposition. The cyclic fracturing-sealing processes
and associated high pore fluid pressure gradients of
most hydrothermal vein systems have been dis-
cussed in other contexts in this paper, but these pro-
cesses also have implications to the layering in veins.
Subsequent fracturing episodes can open up any part
of a previously precipitated vein, including the vein-
wall rock contact, and repeated crack-seal processes
can result in veins with a ‘laminated’ or layered
structure (Fig. 1b). Unless clear cross-cutting rela-
tionships can be observed, it can be impossible to
visually determine precisely the order of the forma-
tion of the various sub-veins. Awareness of the pro-
cess is, however, crucial especially when the
individual layers are thicker than the area of a thin
section, as this can influence both the sampling
approach and interpretation of the observations.

Part 2: a workflow for developing a
paragenetic interpretation

The last part of this paper demonstrates a practical
workflow, i.e. how the described theoretical and
methodological considerations can be applied to
developing a robust paragenetic interpretation
using SEM, including documentation of the textural
evidence. We have chosen a Au-Ag-Zn-Pb quartz
vein at Glen Almond near Loch Tay, central Scot-
land, to illustrate the approach. We chose this vein
as it shows evidence of a multi-generational precip-
itation history whilst also having a relatively simple
mineralogy. Therefore, it is an excellent example to
showcase the workflow for paragenetic interpreta-
tion via textural mapping.

A description of the general geological setting,
which is very brief in this section where the focus
is on workflow, is followed by detailed descriptions
and documentation of the observations made during
the textural mapping of the vein. The textural evi-
dence is then used to build a paragenetic interpreta-
tion. The workflow case study finishes with a very
brief demonstration on the main implications of the
findings to the ore exploration in the area: an
in-depth regional discussion is outside the scope of
this paper.

As a general note, because paragenetic interpreta-
tion is based on evidence gathered via visual obser-
vations of textural relationships, a key aspect of the
workflow is the inclusion of high-quality representa-
tive images, preferably with a supporting table to

summarize observations. We also recommend an
approach to textural mapping that is not dissimilar
from geological fieldwork in the sense that, in addi-
tion to high-quality digital images, a notebook
should be used to record observations (including
sketches of textural relationships) as they are made
during both SEM and optical microscopy. A robust
visual record of the textural relationships is essential
as evidence for the construction of a paragenetic
interpretation, which is typically illustrated by a
paragenetic table where the interpreted temporal
relationships of the different phases (i.e. distinct
vein generations) are summarized.

Geological setting

The case study area is located near Loch Tay, within
the Grampian Terrane of Scotland (Fig. 2). It belongs
to the Southern Highland Group of the Dalradian
Supergroup comprised predominantly of Cambrian
pelites and psammites with some layers of mafic
lavas and tuffs, deposited onto the Laurentian passive
margin (Stephenson et al. 2013; Tanner et al. 2013).
The Grampian Terrane was pervasively deformed
and metamorphosed during the Ordovician–Silurian
Caledonian orogeny. The first Caledonian collisional
event at c. 475–465 Ma was characterized by a
∼NW–SE relative convergence with crustal thicken-
ing through thrust and nappe tectonics (e.g. Roberts
and Treagus 1977; Baxter et al. 2002; Oliver et al.
2008; Chew and Strachan 2013; Tanner 2014a;
Mark et al. 2020). The Grampian phase was followed
by a period of uplift and unroofing until c. 430 Ma
(e.g. Dempster 1985; Soper et al. 1999; Oliver
2001). The second phase of the Caledonian orogeny
resulted in the final closure of the Iapetus Ocean and
the docking of Avalonia against Laurentia between c.
435–410 Ma (e.g. Dewey and Mange 1999; Dall-
meyer et al. 2001; Chew and Strachan 2013). This
event did not result in further significant thickening
of the crust in central Scotland and is mainly
expressed as transpressional sinistral strike-slip
movement along major transcurrent orogen-parallel
faults (e.g. Dewey and Strachan 2003; Treagus
2003; Tanner 2014b). These structureswhich include
the Loch Tay Fault in Figure 2 are widely recognized
throughout the Grampian Terrane; they are probably
long-lived structures but at least some of the fault
activity has been dated to 416–395 Ma (Chew and
Strachan 2013). Significant granitoid magmatism
took place around the same time, from c. 425 Ma
onwards (e.g. Jacques and Reavy 1994; Oliver
et al. 2008; Neilson et al. 2009). Treagus et al.
(1999) suggest that this emplacement of the late Silu-
rian granites occurred in a transtensional setting, with
a WSW–ENE directed regional extension. Certainly
there was a transition from transpression to transten-
sion near this time: by c. 410 Ma, Devonian Red
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Beds were being deposited into transtensional pull-
apart basins across the Grampian Terrane (e.g.
Dewey and Strachan 2003).

Gold occurs in the alluvial and glacial sediments
throughout the Grampian Terrane of Scotland and
Ireland (e.g. Chapman et al. 2000). The bedrock
sources for these occurrences are mostly unknown
but, in addition to the Glen Almond vein, various
localities with gold-bearing quartz veins have been
identified in the Grampian Terrane in Scotland (Con-
onish gold mine in Tyndrum; Calliachar-Urlar and
Tombuie areas near Loch Tay; and Rhynie in NE
Aberdeenshire; e.g. Pattrick et al. 1988; Rice et al.
1995; Ixer et al. 1997; Corkhill et al. 2010; Spence-
Jones et al. 2018). In addition, several gold-bearing
vein systems are known in Ireland and Northern Ire-
land (notably Curraghinalt, Cavanacaw and Croagh
Patrick; Wilkinson and Johnston 1996; Wilkinson
et al. 1999; Parnell et al. 2000; Rice et al. 2016;
Shaw et al. 2022). Which phase of the
Caledonian-Acadian tectonism resulted in the forma-
tion of the veining and the gold mineralization in the
Grampian Terrane of Scotland is partly an open
question as few of the vein systems have been
directly dated, but available age data implies that at
least Cononish and Rhynie were deposited at c.
410 Ma, i.e. at the late stages of the Scandian
phase or during the transition from transpression to
extension (Treagus et al. 1999; Mark et al. 2011).

In the Loch Tay area, there are several sulfide-
bearing quartz(+carbonate) veins, some of which
may be economical: in particular, a gold-bearing

vein array has been identified by Green Glen Miner-
als Ltd (formerly Erris Gold Resources Ltd.) at Lead
Trial near Ardtalnaig in 2020–21. Little published
information exists of the known Loch Tay vein sys-
tem. Some observations of the mineralogy and the
cross-cutting relationships using TLM and RLM
have been published for the Calliachar-Urlar vein
in Ixer et al. (1997) and for Coire Buidhe in Pattrick
(1984), and Corkhill et al. (2010) describe minerali-
zation in the Tombuie veins. None of the papers pro-
vide a complete paragenetic interpretation. All the
veins are subvertical with fairly consistent NNW–

SSE strikes.
The Glen Almond vein was identified by the

authors in 2019. The vein is part of the wider Loch
Tay vein system, the detailed characterization of
which is a part of a larger research project by the
authors (Chapman et al. 2023). The vein strikes
NNW–SSE and cross-cuts a layered package con-
sisting of Dalradian metasedimentary schists. Its
mineralogy is predominantly quartz with the main
sulfides consisting of galena, sphalerite and pyrite,
with some chalcopyrite (Fig. 3). Late carbonate-
bearing fractures cut the vein and its host schists.
The outcrop of the vein is small, only slightly over
1 m long and the exposed vein is up to c. 20 cm in
thickness. The steeply dipping vein margins are
sharp with the host rock. The vein shows a variety
of textures but it is mostly massive with occasional
vugs with euhedral crystals (Fig. 3 inset) indicative
of significant dilation and high pore fluid pressure
gradients during at least some stage(s) of fracturing.

Fig. 2. Generalized geological map of the Loch Tay area, showing the locations and orientations of the known
quartz-sulfide-gold veins, including the sampled Glen Almond vein. The inset outline of Scotland also shows the
locations of the Cononish gold mine and Rhynie epithermal gold mineralization (see text).
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Description of the textural relationships

This section highlights how observations made dur-
ing the textural mapping can be documented and
communicated. It is important that observations are
presented in a systematic, comprehensive and
representative manner, and clearly separated from
interpretations.

Five polished blocks (RC1-5) and one thin sec-
tion (AVRE) from the Glen Almond vein were

analysed with an SEM. The entire thin section was
scanned with a TLM scanner before analysis to aid
navigation; and overview SEM scans of all polished
blocks were also prepared for the same reason.
Table 1 and Figure 4 document the SEM observa-
tions that are considered representative for the ana-
lysed samples and used as evidence for the final
paragenetic interpretation. We briefly summarize
these observations below. The observations are
described with letter nominations, instead of

Fig. 3. Photograph and its line drawing of a sulfide-rich (pyrite-chalcopyrite-galena) part of the Glen Almond vein at
the sampling locality. The vein texture is mostly massive but there are some vugs outlined by sub- to euhedral crystal
faces of quartz and sulfides (inset). Note that the outcrop surface is oblique to the vein strike, resulting in vein
margins that appear irregular, whereas the NNW–SSE striking vein in reality cuts the host rock sharply.
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Table 1. Summary of the observations made during textural mapping, with references to representative SEM images (Fig. 4)

Mineral Thin section
(s) ID

A B C D E

Quartz AVRE Early qtz
stage, often
zoned.
Brecciated
by all later
phases.
Figure 4b.

QtzB + C filled fractures brecciating the early zoned qtz,
brecciated by DolD. QtzB/QtzC indistinguishable in CL
Figure 4b.

Hairline fractures cutting all
previous generations and
sulfides. Figure 4c.

Pyrite RC2, RC5 (4) PyB: BSE-darker, No
As (contrary to PyC).
Some ,5 um Sph,
Ga, Cpy and Au
inclusions. Figure 4a,
d–f.

PyC: BSE-lighter than PyB, c.
1.5 wt% As. As rims around/in
fractures within PyB, or as
individual crystals. Small Ga,
Cpy along interfaces btw PyB
and PyC. Co-precipitates with
Au, sph and cpy (Au often in
fractures in the py). Figure 4a,
b and d–g.

Chalcopyrite RC5(4) Small blebs of cpy
within PyB.
Figure 4e.

RC1, RC2,
RC3, RC4
(5)

CpyC: Fractured, co-precipitates
with late PyC, AuC, SphC,
Cross-cut by fractures with
QtzE and GaE. Also as small
inclusions within SphC.
Figures 1f, 4g and h.

Galena RC2, RC5(4) Early GaB:, ,5 um,
co-precipitating with
Au in the no-As
darker py. Figure 4b.

GaC (or late GaB): very small
(,10 um) blobby grains only
seen along interfaces between
PyB and PyC. Figure 4b.
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RC1 GaE: large ..100 um
crystals with visible
cleavage and in hairline
fractures. Intergrown with
SphE. Cross-cuts all
earlier phases. Figure 4d.

Sphalerite RC1, RC2,
RC5(4)

SphB: ,5 um inclusions
of sph within early
PyB. Figure 4b.

SphC: grains .100 um,
co-precipitates with CpyC,
AuC and PyC although the Au
and Cpy often brecciate the
Sph. Occasional ,5 um cpy
exsolution blebs. Cross-cut by
fractures with QtzE and GaE.
Figure 4c.

SphE: very large
..100 um crystals
intergrown with GaE.
Cross-cuts all earlier
phases. Figure 4d.

Gold RC2, RC4 (5) AuB: Blebby Au
inclusions within PyB
(,5 um),
co-precipitates with
Ga. Lower Ag content
∼25% than AuC.
Figure 4b.

AuC: in cracks (mostly py and
sph) with co-precipitating cpy
and qtz. Higher Ag content
∼35% than AuB and coarser
(up to ∼100 um). Figure 4b, c.

AVRE AuC or AuB: circular gold grains ,5 um in QtzB + C.
Carbonate AVRE, RC1 DolD: cross-cuts

earlier phases;
cross-cut by late
sulfides and hairline
fractures. Crystals up
to .100 um.
Figure 4d.
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Fig. 4. SEM and BSE photographs of representative vein textures illustrating the relationships described in Table 1.
(a–c) The quartz generations in the Almond Vein and association of sulfides within them. (a) BSE image: the vugs and
the pyrite grains (light grey) are clearly imaged, but the internal textures of the quartz (dark grey) cannot be resolved. The
pyrite is affected by supergene oxidation, expressed by the medium-grey dots and fractures within the pyrite grains;
(b) and (c) CL imaging enables observing three different types of quartz in the sample. The early, typically zoned, quartz
A is brecciated by a voluminous, fairly CL-homogeneous quartz that, based on wider observations, must consist of at
least two generations (B+ C; see text). The homogeneous quartz B + C are associated with most of the sulfides (here
pyrite). Thin hairline fractures (QtzE) cut all previous generations: (c) shows a high-contrast CL detail of the more
homogeneous QtzB+ C, showing the hairline fracturing; (d–g) High-contrast BSE images of various pyrite stages. The
darker pyrite PyB is enveloped (Fig. 4d) or fractured (Fig. 4f) by lighter-grey PyC. PyC also grows as individual grains
with other sulfides (Fig. 4g). PyB can be distinguished from PyC via inclusion suites and As content: PyB is As-free and
contains abundant micron-scale inclusions of GaB, CpyB and SphB (Fig. 4e, f) as well as gold with ∼26 wt% Ag (AuB;
Fig. 4e). PyC, in contrast, is typically fairly inclusion-free and consistently contains c. 1.5 wt% As. Galena (GaC) is
commonly precipitated at the interface between PyB and PyC (Fig. 4f) but is only very rarely found as inclusions within
PyC. PyC contains gold in fractures, the gold being richer in Ag and coarser than AuB (Fig. 4f, g). The observation that
AuC is often found in fractures within PyC associated with other sulfides indicates that this stage involved a common
scenario of continuum precipitation of the sulfides and gold, with the pyrite precipitating early in the sequence (see text).
(h) and (i) BSE images showing the relationships between stage C sphalerite, chalcopyrite and gold, and a later, stage E
galena and quartz. In both images, AuC, SphC and CpyC show co-precipitation textures (intergrown crystal faces; see
also Fig. 4g). These phases are cross-cut by quartz and galena-bearing fractures (QtzE and GaE in Fig. 4i). CpyC is also
present as small, medium-grey, rounded inclusions within SphC in G) (chalcopyrite disease; see also Fig. 1f). (j) A BSE
image showing the relationships of the last two precipitation stages. A Mg-rich carbonate (DolD) brecciates the earlier
phases but is in turn brecciated by the voluminous, late sphalerite and galena (SphE and GaE), and quartz (QtzE).
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numbers, to clearly distinguish them from the inter-
pretations presented later in this section.

Quartz is in CL seen to show typically zoned
crystals (QtzA), pervasively brecciated byCL-homo-
geneous quartz filling the fractures (Table 1, Fig. 4b).
It is not possible to distinguish multiple quartz gener-
ations within this CL-homogeneous quartz but for
consistency, we have termed this quartz QtzB + C
because it is associated with both sulfides B and C
(as described below). QtzA-C are brecciated by frac-
tures filled with DolD and GaE, SphE and QtzE
(Fig. 4c, j).

Pyrite is associated with QtzB + C (Fig. 4a, b)
and shows complex textural relationships with
other sulfides and gold. There are two pyrite types
in the samples: a slightly BSE-darker pyrite (PyB)
and another, BSE-lighter pyrite (PyC) that precipi-
tates either around or in the fractures of PyB, or as
individual, up to mm-scale grains (Fig. 4d–g). PyB
has micron-scale rounded inclusions of gold, galena,
sphalerite and chalcopyrite (AuB, GaB, SphB,
CpyB; Fig. 4e, f; Table 1). EDX semi-quantitative
analysis shows that PyB contains no arsenic,
whereas PyC contains small amounts of As (c.
1.5 wt%). The interface of PyB and PyC commonly
contain small grains of galena (GaC) and sometimes
chalcopyrite (Fig. 4f), but most of PyC is inclusion-
free and the sulfides and gold associated with PyC
precipitated together with, or slightly later than, the
pyrite (Fig. 4c).

Chalcopyrite and sphalerite. There are two types of
chalcopyrite and three types of sphalerite in the sam-
ples. Some of the chalcopyrite and sphalerite are
seen as micron-scale inclusions within PyB (Fig.
4e); chalcopyrite is also very occasionally seen
along the PyB-PyC interfaces. The second, most
voluminous cpy and sph occur as up to mm-scale
grains co-precipitating with each other, PyC pyrite
and gold (CpyC and SphC; Fig. 4g–i). In addition,
micron-scale CpyC inclusions are common within
SphC (chalcopyrite disease; Figs 1f and 4g). A
third sphalerite type (SphE) co-precipitates with
coarse galena and quartz (GaE and QtzE) that are
seen to cross-cut all other phases (Fig. 4j).

Galena occurs as two types: as micron-scale
inclusions within PyB and along PyB-PyC interfaces
(Fig. 4d, f). Contrary to pyrite, sphalerite and chalco-
pyrite, however, no galena seems to have precipi-
tated during the main stage C. The second galena
type to precipitate is associated with the late hairline
fractures and coarse SphE cross-cutting all previous
phases, including stage D carbonates (Fig. 4i, j).

Carbonates, mostly Mg dolomite, occur as one
type only: DolD precipitated as up to mm-scale,
sub-to euhedral crystals in fractures cross-cutting
stage A-C crystals (Fig. 4j). DolD is in turn fractured
by GaE, SphE and QtzE.

Gold precipitated as three types. The first type
occurs as micron-scale inclusions within PyB
(Fig. 4e). Semi-quantitative EDX analysis shows
that this gold consistently contains c. 25–26 wt%
Ag. The second gold type is associated with stage
C sulfides (Fig. 4f, g). This gold is distinguished
from AuB by its coarser grain size and higher Ag
content (35–37 wt% Ag). It occurs together with
CpyC and within cracks of SphC and PyC. The
third type of gold has been identified as micron-scale
inclusions within QtzB + C: we have not been able
to establish further textural relationships or Ag con-
tent for this gold type.

Paragenetic interpretation

This section demonstrates how the evidence from the
textural mapping is used to arrive at an interpretation
of the paragenesis. The paragenetic interpretation of
the Glen Almond vein is based mostly on cross-
cutting relationships and inclusions across several
samples (thin sections and polished blocks). An
important general note is that a robust paragenetic
interpretation necessitates a careful inspection of
several thin sections and polished blocks: the case
study clearly illustrates that the complete set of rela-
tionships are not usually observable in a single sam-
ple, even for a relatively small vein such as the Glen
Almond vein.

Using the mapped textural relationships
described above, we have interpreted the paragenesis
and the evolution of the mineralization in the Glen
Almond vein, presented as a paragenetic table in
Figure 5. Quartz is the dominant gangue mineral in
the vein as it is observed with all other phases
apart from stage D carbonates. The initial fracturing
event (Stage 1) precipitated only quartz, with typi-
cally zoned grains (QtzA). The next events (Stage
2 and Stage 3) are evidenced by QtzA being frac-
tured by the CL-homogeneous quartz (QtzB + C)
and its associated sulfides and gold. Stage 2 and
Stage 3 seem to form a precipitation continuum:
the sulfides and gold show a textural and geochemi-
cal evolution but the quartz associated with B and C
sulfides is CL-homogeneous (i.e. geochemically
indistinguishable), implying that the underlying
fluid composition did not change significantly. We
have, however, separated Stage 2 and Stage 3 here
because certain clear mineralogical variations can
be observed which we interpret to indicate repeated
(at least two) fluid pulses rather than a chemical evo-
lution of a fluid injected in a single, protracted event:
During Stage 2, the volume of precipitated sulfides
and gold was small, the pyrite contains no arsenic
and the gold has a lower silver content than the
later, Stage 3 gold. SphB, CpyB and GaB inclusions
within PyB have rounded, poorly defined edges and
typically occur in clusters: such morphologies are
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typical of co-precipitation (e.g. Imai 1999). In con-
trast to the other sulfides, galena is absent in Stage
3, apart from having precipitated at the interface
between PyB and PyC as a very early phase of
Stage 3. Sphalerite and chalcopyrite, with Ag-richer
gold and some pyrite containing a small amount of
As, dominate the late Stage 3 precipitation, with all
sulfides and the gold being much more voluminous
and coarser-grained (typically mm-scale sulfides)
than in Stage 2.

A separate, carbonate-rich fluid was injected into
fractures within the vein during Stage 4. No conclu-
sive evidence of coeval quartz precipitation at this
stage was found. The last fluid injection event seen
in the samples is Stage 5 where all previous phases
are brecciated by fractures carrying coarse galena
and sphalerite: some quartz is present particularly
in hairline fractures but the precipitated phases are
dominated by the sulfides. No gold associated with
this stage has been identified in the Glen Almond
vein.

Discussion

This last section of the case study briefly demon-
strates how the textural evidence and the paragenetic
interpretation can be put into the context of the Loch
Tay metallogeny and ores exploration. A compre-
hensive discussion is beyond the scope of this
paper so we focus on the immediate implications
of our paragenetic interpretation.

Our study is the first complete paragenetic inter-
pretation of any of the veins in the Loch Tay area.
Despite the similar main phase assemblages in the
veins across the area and very consistent strike orien-
tations of all veins, there are some clear mineralogi-
cal differences between the Glen Almond vein
and the other Loch Tay veins, based on published
literature. At Calliachar, nickeliferous minerals,

arsenopyrite and pyrrhotite are present (Ixer et al.
1997) and alluvial gold grains collected in Calliachar
Burn contain inclusions of various cobalt, nickel and
arsenic phases (Chapman et al. 2023). The Coire
Buidhe veins contain Pb-Bi-Ag sulfosalts, arsenopy-
rite and pyrrhotite, but also siderite and native bis-
muth (Pattrick 1984). All of these minerals seem to
be absent in the sampled Glen Almond vein. The
mineralogical differences are tentatively explained
by a late re-opening of the larger veins and injection
of a new fluid, the source and composition of which
may vary between areas. In other words, the small
size of the Glen Almond vein may indicate a lack
of significant re-opening/reactivation, as opposed
to the much bigger (up to c. 2 m thick) veins at Cal-
liachar, Coire Buidhe and Lead Trial which all show
phases that are absent at Glen Almond. Alterna-
tively, the mineralogical differences might reflect
local variations in lithology, i.e. different styles of
fluid-wall rock interaction. Different fluid sources
for each vein locality cannot be ruled out either,
although this seems unlikely with the view of the
similarities in the main sulfide assemblages and the
very consistent vein strikes across the area.

Our paragenetic interpretation implies a common
fluid source for Stages 2 and 3, based on the broad
mineralogical similarities and the similarity of quartz
B and C in CL. However, the evidence from the sul-
fides strongly suggest that this fluid was injected into
the vein during at least two separate events: two gold
(and sulfide) types precipitated in the Glen Almond
vein during Stages 2 and 3. The first gold generation
(Stage 2; AuB) is found as inclusions within pyrite
PyB with other sulfides, whilst Stage 3 gold (AuC)
occupies fractures affecting Stage 2 phases and
Stage 3 pyrite. The AuB alloy has systematically a
lower Ag content than the coarser AuC, although it
should be noted that the difference in the Ag content
is not large enough to be used as a definite genetic
discriminator: the Ag content of gold alloy can

Fig. 5. Paragenetic interpretation of the Glen Almond vein, based on the mapped textural relationships. The thickness
and continuity of the line indicates the relative volumes between stages (thicker line = more/very voluminous;
thinner line = less voluminous; stippled line = rare/very small volume). A tapered line indicates that the precipitated
mineral is phased in or out during the precipitation stage.
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evolve during a single fluid event (Gammons and
Williams-Jones 1997) and a continuum of Ag con-
tents in gold grains is often found in studies involv-
ing large gold grain datasets (Chapman et al. 2021).
The textural and compositional characteristics
described, including the observed differences in the
associated sulfides suggest, however, that AuB and
AuC probably precipitated at different times, from
different fluid events. This interpretation, along
with the more general evidence of a multi-stage frac-
turing and phase precipitation history for the Glen
Almond vein, shows that the vein formed via cycles
of fracturing, fluid injection, and sealing via mineral
precipitation.

The paragenesis has some implications to explo-
ration and regional metallogeny. The metallic miner-
alization shows some commonalities across the Loch
Tay area veins, with all veins containing some gold,
pyrite, galena and chalcopyrite, although sphalerite
is less common. This implies that the metallic miner-
alization in the area is not conditional to more local,
vein-specific fluid chemistries or local fluid-rock
interactions (although these may have played a role
in the some of the variation observed in the vein min-
eralogies). There seems to be no direct association
between galena and (AuC) gold precipitation at
Glen Almond: although both galena and gold are
present as small inclusions in Stage 2 pyrite, the
later more voluminous and coarser Stage 3 gold
seems to be unrelated to galena precipitation.
Whether this holds true for the other Loch Tay
veins is unclear and further investigation is required,
but if this is a generic feature it has implications for
interpreting regional soil geochemical data. In partic-
ular, the lead content of soil samples is not necessar-
ily the most reliable proxy for gold mineralization
whilst zinc or copper may be more directly associ-
ated with gold. Furthermore, there seems to be an
absence of arsenopyrite in the Glen Almond vein,
although a small amount of As was found in Stage
3 pyrite. Therefore, As may also be an unreliable
proxy for gold in soil geochemical exploration in
the area although, again, the general applicability
of this observation remains unknown until detailed
paragenetic interpretations are available for the
other Loch Tay veins.

Conclusion

In this paper, we have established that textural map-
ping and interpretation of paragenesis is an exercise
that can be undertaken across the spectrum of geosci-
ences, mainly with the purpose of contextualizing
phases that may be subject to further analysis. Para-
genetic interpretation is particularly complex in the
analysis of hydrothermal vein systems. Over the
years, paragenetic studies have gradually become

more sophisticated, in terms of both the analytical
equipment typically deployed and the application
of the results.

We have described the theoretical considerations
and approaches for textural mapping and paragenetic
interpretation, and demonstrated a practical work-
flow applying these principles, via a case study
developing a paragenetic interpretation for the
gold-sulfide-bearing Glen Almond vein near Loch
Tay, Scotland. The Glen Almond case study particu-
larly emphasizes the importance of textural mapping
and paragenetic interpretation to ore geology, in
which the results may have ramifications for under-
standing regional metallogeny and for exploration.
We have approached the paper and the workflow
case study from the viewpoint of ore geology and
hydrothermal veins, in which paragenetic interpreta-
tions are commonly used, but the principles and the
workflow outlined in this paper are equally applica-
ble to any discipline and route of investigation that
necessitates a robust understanding of the spatial
and temporal relationships of the phases in a rock.
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