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Abstract

Scar Crags and Dale Head North in the English Lake District host mineralised veins enriched in ‘Energy Critical Elements’ (ECEs)
specifically, bismuth, cobalt and copper. A limited number of studies in the 1970s investigated the mineralogy and inferred the genesis
of these veins as being related to the intrusion of the Lake District batholith.

This study investigates the geology, mineralogy, composition and paragenesis of these two mineralised areas. The results highlight the
ubiquitous presence of Co–Fe–Ni-sulfarsenides in both deposits and the presence of some mineral species, hitherto unreported. Scar
Crags samples contained high concentrations of cobalt, commonly present within arsenopyrite, whereas cobalt is of minor importance
at Dale Head North, where copper and arsenic are the primary metals. A sequence of events, with As–Co–Ni-bearing fluids infilling the
veins after an initial stage of quartz and chlorite precipitation is the most striking resemblance between the two mineralised systems,
potentially indicating a common process for Co-rich vein-type deposits in the area. If so, understanding such processes could prove
vital in aiding exploration in other terranes.
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Introduction

Finding primary resources of metals and non-metals classified
as critical for our renewable energy future (Energy Critical
Elements – ECE) has become a priority for international agencies
and organisations (California Institute of Technology, 2011,
European Commission, 2020). Energy Critical Elements are
essential for the advancement of technology and the development
of renewable energy harvesting plants (e.g. manufacture of
permanent magnets for wind turbines or production of solar/
photovoltaic cells; California Institute of Technology, 2011).
Among the ECE, cobalt is employed in rechargeable batteries
for hybrid and electric vehicles, and its worldwide demand is fore-
cast to grow to ∼460% of the current supply by 2030 (Alves et al.,
2018). In addition, nearly 70% of the current supply of cobalt
comes from the Democratic Republic of Congo, generating a
near-monopoly of production (Alves et al., 2018). The outcomes
of recent gatherings of scientists across the disciplines of geos-
ciences and social sciences with representatives of the mining
industry and politicians, have presented a number of scenarios.
Among those is the exploitation of local, small-scale untapped

resources, over the next 20–30 years, in contrast to oligopolies
(e.g. Department of Energy of the United States of America,
2011; Moss et al., 2011). This outcome implies a necessity for
re-evaluation of known metallogenetic areas in Europe, and
most of all the need to devise novel metallogenetic models to
aid prospectivity of new deposits.

Within this context, the Lake District inlier in England pro-
vides a conveniently accessible case study to understand forma-
tion processes, main triggers, and specific characteristics of
ECE-bearing mineralisation, which could then be used to devise
prospectivity indicators applicable to similar terranes worldwide.
The present study investigated the As–Bi–Co–Cu mineralisation
at two key localities: Scar Crags and Dale Head North, to con-
strain their paragenesis and style of mineralisation, emplacement
history, and to infer the source of mineralising fluids.

Geological context

The English Lake District inlier is a roughly 50 km × 50 km region
of Cumbria, in north-west England, where the greatest majority of
rock outcrops are from the Early-Ordovician (separation
of Avalonia from Gondwanaland) to Late-Silurian (collision of
Avalonia–Baltica with Laurentia, closure of the Iapetus Ocean)
periods, bordered to the north-west, north, east and south by
Carboniferous limestones, and to the south-west and south by
Permian and Triassic rocks (Bennison and Wright, 1969;
Anderton, et al., 1995; Hunter and Easterbrook, 2004, Stone
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et al., 2010; Fig. 1). A series of intrusive bodies of Late-Silurian
and Early-Devonian age, emplaced during the final stage of the
Caledonian Orogeny, crops out across this region, with a batholith
thought to extend underneath most of the Lake District inlier
(Firman and Lee, 1986; Milliward, 2002; Fig. 1). The emplace-
ment of these intrusions caused enhanced circulation of hydro-
thermal fluids in the overlying Skiddaw Group and Borrowdale
Volcanic Group rocks (Cooper et al., 1988).

The lithologies of the Lake District are divided into three main
groups: (1) The Skiddaw Group (commonly referred to as
Skiddaw Slates); (2) the Borrowdale and Eycott Volcanics (inclu-
sive of the Borrowdale Volcanic Group and the Eycott Volcanic
Group), which are Ordovician; and (3) the Windemere

Supergroup (encompassing the Dent Group and the Silurian
Shales) formed during the Late Ordovician and the Silurian per-
iods. These three lithostratigraphic units are organised north to
south in successive bands trending roughly in a SW to NE direc-
tion separated by a series of WSW–ENE thrusts (Fig. 1; Stone
et al., 2010).

The Caledonian Orogeny is the dominant geodynamic event
that affected the rocks of the Lake District from the Late
Ordovician, with a final episode, the Acadian Orogeny (or
Acadian phase), that developed during the Early to Mid
Devonian period (Stone et al., 2010). The Caledonian orogeny
is responsible for the majority of faulting, folding and the very
low- to low-grade metamorphism recorded by the rocks of the

Fig. 1. Simplified geological map of the Lake District
area (UK), including the two studied localities
(adapted after Stanley and Vaughan 1982). A high-reso-
lution figure is available in Supplementary materials.
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Lake District (Dewey, 1969; Mosely, 1978), and it has been con-
sidered the main trigger of mineralisation events that occurred
in the area by some authors (e.g. Cooper et al., 1988). Of particu-
lar relevance for this investigation is the development of a meta-
somatic aureole, the Crummock Water aureole, caused by the
magmatic event also responsible for the emplacement of the
Shap and the Skiddaw plutons (Stanley and Vaughan, 1982,
Fig. 1; Cooper et al., 1988). The metasomatic event is recorded
by a marked change of colour of the affected dark grey siltstone
and mudstone, which becomes a bleached pale grey (Cooper
et al., 1988).

Mineralisation in the region

Several episodes of hypogene mineralisation occurred in the
region of the Lake District from the Darriwilian to the
Hettangian stages, spanning over 200 M.y. Those were triggered
by various processes, ranging from favourable tectonics and
increased geothermal gradients during the main phases of the
Caledonian Orogeny (and to a far lesser extent the Variscan
Orogeny), to the intrusion of magma in the deep, or shallower,
crust during Late Silurian to Mid Devonian periods (Strens,
1962; Firman and Lee, 1986). Using the principal metal/element
in each mineralised region, it is possible to subdivide the Lake
District mineral deposits into seven categories (Fig. 1). The metals
documented over historic times include Co, Cu, Fe, Pb, Sb, W,
and Zn together with graphite. These occur as mineralised
veins, skarns, greisens and sedimentary ores. Cobalt, Cu, Fe, Pb,

Sb and Zn were extracted from sulfides and sulfarsenides during
the 19th and 20th Centuries. This study focusses on the vein-type
Co-bearing deposits of Scar Crags and Dale Head North. The ore
assemblages of these occurrences resemble closely those of one of
the four accepted categories of Co ores; i.e. the arsenides-
dominant ‘five element vein’ type (Halls and Stumpfl, 1972;
Kissin, 1992; Markl et al., 2016).

It has been assumed that the extensive network of metallifer-
ous veins and occurrences are associated, directly, or indirectly,
with the concealed underlying batholith, as they display a close
structural relationship to each another (Firman and Lee, 1986;
Stone et al., 2010).

Scar Crags

The mineralised veins of Scar Crags represent the only cobalt
mineralisation s.s., as it is the only occurrence in all of the Lake
District to host a series of cobalt minerals constituting the bulk
of the mineralisation: Co-bearing arsenopyrite; glaucodot
((Co0.50Fe0.50)AsS); alloclasite (Co1–xFexAsS, with x = 0.00–0.35);
and cobaltite (CoAsS). Scar Crags veins are hosted within mud-
stones and siltstones of the Kirkstile Formation (Skiddaw
Group) in relative proximity (5–6 km) to the Borrowdale
Volcanic Group rocks (Fig. 2). The veins are hosted by the pale
grey ‘shales’ (mudstones and siltstones – see ‘Geological context’)
that form the Crummock Water metasomatic aureole.

Fig. 2. Detailed geological map of Scar Crags. The main mineralised vein corresponds to a fault plane marked as ‘Co, Ni, As’ on the map. Formation names from
British Geological Survey, 1:50 000 Series, England and Wales Sheet 29, Keswick, Solid Geology. Licensed Data: © Crown copyright and database rights [2021]
Ordnance Survey (100025252). A high-resolution figure is available in Supplementary materials.
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Dale Head North

The mineralisation of Dale Head North locality is hosted by rocks
of the Buttermere Formation (Skiddaw Group), in close proximity
to the boundary with Borrowdale Volcanic Group (<100 m,
Fig. 3). This deposit was included originally in the ‘chalcopyrite–

pyrite–arsenopyrite type’ proposed by Stanley and Vaughan
(1982). The Dale Head North vein is unique in the context of cop-
per mineralisation of the Lake District as it contains cobalt miner-
als, such as Co-bearing pyrite and cobaltite, in contrast to the
associated and proximal east–west trending copper veins in the
Vale of Newlands (Stanley and Vaughan, 1980).

Fig. 3. Detailed geological map of Dale Head North. The main mineralised vein corresponds to a fault plane marked as ‘Cu, +/- Co’ on the map. Formation names
from British Geological Survey, 1:50 000 Series, England and Wales Sheet 29, Keswick, Solid Geology. Licensed Data: © Crown copyright and database rights [2021]
Ordnance Survey (100025252). A high-resolution figure is available in Supplementary materials.
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Methods

The designation of Scar Crags and Dale Head North mineralisa-
tion as the target for field study and sampling was based on the
reported occurrences of minerals containing Energy Critical
Elements, specifically Bi and significantly Co (Ixer et al., 1979;
Stanley and Vaughan 1982).

Fieldwork and sampling

Geological mapping and structural data were collected on suffi-
ciently broad areas (10.5 and 5.4 km2 for Scar Crags and Dale
Head North, respectively) to provide a context to the mineralisa-
tion and to allow a comparison with published geological maps at
smaller scale (Figs 2 and 3). The majority of samples were taken
from mining spoil heaps, fewer were obtained from the least
weathered outcrops. At Dale Head North, samples were selected
primarily on the basis of the abundance of euhedral pyrite, recog-
nised previously as bearing Co (Stanley and Vaughan 1980).

Remote Sensing

Analysis of satellite images from various sources including Google
Earth™ [http://www.earth.google.com] and Bing Maps™ [https://
www.bing.com/maps] was employed to infer lithological changes
and structures (e.g. fault planes) when fieldwork provided scarce
evidence due to the presence of dense vegetation.

Microscopy and petrography

Reflected light microscopy was conducted using a Microphot-FX
and an Eclipse LV100ND NIKON petrographic microscope. The
distinction between various cobalt sulfarsenides proved excep-
tionally difficult (see section ‘Mineralogy and Petrography’ in
‘Results’), but careful observations on the basis of optical proper-
ties and polishing characteristics observed in previous studies
(Ixer et al., 1979; Stanley and Vaughan 1980) proved successful
and were confirmed by energy dispersive spectroscopy (EDS).

Scanning electron microscopy and energy dispersive
spectroscopy

Scanning electron microscopy (SEM) imaging (normally using
back-scattered electron – BSE) and semi-quantitative analysis
were carried out with a Hitachi S3000 SEM with an attached
Oxford Instrument X-Max50TM energy-dispersive X-ray spec-
trometer system. An acceleration voltage of 20 kV was used for
the analysis of both ore and non-ore minerals with a probe cur-
rent of 2–3 nA. Prior to SEM-EDS analysis, all samples were car-
bon coated. This characterisation work allowed for the
identification of extremely minute micro-textural features and to
complete the identification of minerals. Furthermore, semi-
quantitative analysis was employed to refine the sample choice
and to devise specific mineral grains as the target of electron
microprobe analysis (EMPA).

Electron microprobe analysis

The primary focus of EMPA was to obtain quantitative compos-
itional analysis of selected samples and to collect high-resolution
X-ray elemental maps of key minerals. A JEOL 8200 Superprobe
at the Earth Sciences Department of the University of Geneva

(Switzerland) was used with a 1–2 μm focused beam, an acceler-
ation voltage of 20 kV and 20 nA probe current for both ore and
silicate minerals. Precision and accuracy were >1.0% for all mea-
sured elements. Accuracy of measurements was tested by
re-analysing the standards every 20 spot analyses, with reproduci-
bility within 99.5%. Precision was computed via multiple analysis
of the same mineral and up to six spot analysis of each standard,
with reproducibility >99.8%. Oxide ZAF and Metal ZAF matrix
correction methods were used. A complete list of the standards
and E-line used for each element is reported in Table S1 (depos-
ited with the Principal Editor of Mineralogical Magazine and
available as Supplementary material (see below).

Results

Geology of the areas

The mineralised veins of Scar Crags occur in the ‘bleached’ rocks
of the metasomatic aureole of Crummock Water (Figs 1, 2;
Cooper et al., 1988). In the field these siltstones and mudstones
are paler in colour with respect to the unaltered rocks and
appear to be slightly hornfelsed, in that they are more competent
and brittle, breaking along a nearly-conchoidal fracture. No
increase in grain size with respect to the ‘unbleached’ lithologies
was observed. The bedded siltstones and mudstones at Scar
Crags dip predominantly towards the west at a range of angles
(Fig. 2). At the Scar Crags locality this pattern is interrupted
by eastwards dipping beds due to a number of medium scale
folds (100–200 m wave length) with fold axes striking NE to
SW. Numerous faults are present in this locality, consisting of
two series of predominantly N-S and E-W trending normal
and strike-slip faults (Fig. 4). Folds and faults recognised in
this area can be ascribed to the regional footprints of the
early- and mid-phases of the Caledonian Orogeny, with faults
possibly reactivated during the Acadian phase (e.g. Stone
et al., 2010). The most notable of these is a NNE-SSW trending
strike-slip fault which runs parallel to the cobalt vein. The kine-
matics of the fault is deducible by the presence of slickensides
along the eastern margin (Fig. 5), which indicates a sinistral
movement. A direct association between the mineralisation
and the fault can be observed as in some areas the mineralising
fluid appears to have infilled the fault plane (Fig. 5). Small scale
(metres to tens of metres) deformational features recorded in the
area of the cobalt mineralisation could be the manifestation of the
regional-scale Causey Pike Fault thrust that developed during the
Grampian phase of the Caledonian Orogeny (Stone et al., 2010).

Fig. 4. (a) Rose diagram for faults trending at Scar Crags (both sets with dominant
strike-slip kinematics). (b) Rose diagram for joint planes trending at Scar Crags.
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This is confirmed by remote sensing and field observations (abrupt
lithological changes and deformational structures) indicating the
close proximity of the Causey Pike Fault to Scar Crags veins. A sche-
matic representation of fault and joint planes orientation at Scar
Crags is presented in Fig. 4.

The Dale Head North mineralised Cu–As–Co vein is located
in close proximity (<100 m) to the volcanics of the Borrowdale
Volcanic Group (Fig. 3). The most prominent structural feature
at Dale Head North is a finely spaced, regular cleavage striking
NE–SW (particularly evident in the mudstones), which continues
across the boundary with the Borrowdale Volcanic Group (most
visible in tuff lithologies). The development of a pervasive cleav-
age across rocks of the Skiddaw Group and Borrowdale Volcanic
Group is ascribed to the Acadian Orogeny (Stone et al., 2010).
Bedding dips homogeneously towards the S to SSE hinting to
the possible localisation of the Dale Head North vein on an E–
W striking fault plane (curving towards the ENE east of the min-
eralisation – Fig. 3). The kinematics of the fault is uncertain and
inferred from remote sensing combined with minor field evidence
(e.g. sudden topographic changes, barely defined slickensides).

Mineralogy and petrography

Scar Crags
At Scar Crags, sulfides and sulfarsenides are found as highly-
fractured grains in a gangue of quartz and chlorite, ranging in
size up to 1.0 mm (Fig. 6a). Characteristic radiating chlorite is pre-
sent throughout the vein and along the wall rock, whereas quartz
forms euhedral crystals commonly associated with tourmaline.
Arsenopyrite is the most abundant sulfide mineral, usually forming
euhedral grains (Fig. 6b), typically associated with the Co–Ni–
Fe-bearing sulfarsenides: alloclasite (Fig. 6d,e); cobaltite; and glauco-
dot (Fig. 6g,h). Alloclasite is distinguishable from arsenopyrite in
crossed polarised light by its ‘off-blue’ (occasionally purple) and
green reflection anisotropy (Fig. 6d,e). Cobaltite is less common,
occurring as small euhedral crystals (up to 120 μm, Fig. 6e,f) usually
located within, or along, the boundaries between larger grains of
other ore minerals. Glaucodot is significantly less common than
arsenopyrite and alloclasite, and forms euhedral crystals up to 0.5
mm in size (Fig. 6g,h). Occasionally, glaucodot exhibits slightly dar-
ker reflection colour tones that have been confirmed as nickel-rich
zones via EMPA (see section ‘Mineral composition’). It is possible
to distinguish alloclasite from glaucodot by the lower polishing
hardness of alloclasite (resulting in a smoother surface then glauco-
dot) and through the grey-to-brown anisotropy of glaucodot (Ixer
et al., 1979; Fig. 6g–l). Chalcopyrite (up to 1 mm, anhedral grains
with thin rims of covellite), native bismuth (maximum 0.2 mm
inclusions or as infill of fractures in arsenopyrite, Co-sulfarsenides
and quartz, occasionally with rims of bismuthinite), pyrrhotite
(euhedral grains, up to 0.1 mm, seldom with goethite overgrowths),
and electrum (single grain, 50 μm proximal to native bismuth) were
observed. Ferroskutterudite ((Fe,Co)As3), tetrahedrite and wittiche-
nite (Cu3BiS3) were also identified using SEM-EDS (Table 1).

Dale Head North
The ore minerals of Dale Head North are hosted within a set of
quartz–chlorite sub-veins. Two stages of quartz precipitation
were observed: Earlier massive, anhedral milky quartz, followed
by highly vitreous, clear and euhedral crystals. Chlorite forms
radiated aggregates similar to Scar Crags. Pyrite is the most abun-
dant ore mineral (euhedral-to-subhedral and anhedral crystals up
to 1 mm, Fig. 7a), followed by chalcopyrite (anhedral crystals,
many exceeding 1 mm, Fig. 7b). Arsenopyrite is also abundant,
forming fractured, euhedral rhombs (>1 mm, Fig 7d), and as
overgrowths onto sulfides (Fig. 7e), most typically pyrite. Nearly
all euhedral arsenopyrite crystals show concentric and more elab-
orate zoning in crossed polarised light (Fig. 7d,e). Pyrrhotite is the
fourth major ore mineral forming anhedral crystals (up to 0.8 mm,
Fig 7c), usually as replacement of pyrite. Minor amounts of native
bismuth and bismuthinite were recognised (<0.2 mm, Fig. 7f).
Cobaltite is the only Co-bearing mineral found at Dale Head
North, in the form of small, ∼50 μm, euhedral crystals located
in fractures between other ore minerals. Occasionally, medium-
sized (∼1 mm) crystals of sphalerite and galena were observed.
A number of other minerals were identified using SEM-EDS.
Specifically: apatite, allanite, cassiterite, stannite (Cu2FeSnS4),
rutile and zircon. Two minerals, attributed speculatively to the
breakdown of allanite, were defined tentatively as rare earth elem-
ent (REE) minerals: ‘Y-LREE fluorocarbonates’ (possibly a min-
eral of the bastnäsite group) and ‘Y-Ti-HREE phosphate’
(probably xenotime) on the basis of EDS analysis. Further details
are given in Supplementary Fig. S1.

Fig. 5. Mineralisation development along the fault plane at Scar Crags (NY 205 205).
The white dashed line highlights the boundary of the mineralisation.
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Mineral composition

Sulfarsenides
The results of quantitative (wavelength dispersive spectroscopy)
compositional analyses of sulfarsenides present at Scar Crags
and Dale Head North (alloclasite, arsenopyrite, cobaltite and
glaucodot) revealed that they are generally solid-solutions of Co,
Fe and Ni end-members, with an exception being that arseno-
pyrite does not show measurable amounts of Ni (Fig. 8;
Table 2). Due to the extensive compositional zoning observed
in many sulfarsenide grains, as seen via X-ray elemental mapping
(e.g. Figs 9, 10), it is possible that the range of composition for
each of the minerals extends beyond those obtained via

quantitative spot analyses operated with the EMPA. Specific min-
eral grains that show very similar composition and near-identical
grey tone in BSE imaging (alloclasite, cobaltite and glaucodot)
were targeted after optical verification of their mineral species
(see section ‘Mineralogy and petrography’). Alloclasite and glau-
codot (only present at Scar Crags) hosted <10.0 and >11.0 wt.%
Fe, respectively. Glaucodot contains maximum 1.4 wt.% Ni, but
up to 14.1 wt.%, if a particular grain, SA-2, with extensive com-
positional zoning were to be defined as glaucodot. Arsenopyrite
showed markedly different characteristics at Scar Crags (Co is
always present and up to 4.2 wt.% with no apparent zoning) to
Dale Head North (insignificant Co content, complex As-Sb zon-
ing, with Sb content between 0.0 and 3.3 wt.%). Cobaltite is

Fig. 6. (a–l) Photomicrographs of mineralisation from Scar Crags. All: Alloclasite, Bi: Native bismuth, Bis: Bismuthinite, Apy: Arsenopyrite, Chl: Chlorite, Cob:
Cobaltite, Ccp: Chalcopyrite, Gla: Glaucodot, Ni-Gla: Ni-bearing glaucodot, Qz: Quartz. (a, b, j, k, l) parallel polars observation. (c–i) crossed polars observation.
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Ni-free at Scar Crags (except for a particular grain, SA-1, with
complex zoning and up to 14.2 wt.% Ni, if accepted as cobaltite
– see further in this section), but it contains up to 3.0 wt.% Ni
at Dale Head North. A special case is represented by a relatively
large (∼2 mm × 2 mm) crystal of glaucodot (labelled SA-2),
which seems to have engulfed a smaller cobaltite grain (0.15 mm
× 0.10 mm, labelled SA-1) in a sample from Scar Crags, both
of which show extensive and complex zonation (Figs 9, 10). In
BSE imaging mode various grey tones are evident and after collec-
tion of high-resolution X-ray elemental maps for As, Co, Fe, Ni
and S, it was possible to target specific areas of each of the two
grains and measure maximum and minimum contents of Co,
Fe and Ni. The Ni content of the small cobaltite crystal ranges
from 0.3 to 14.2 wt.%, whereas in the large glaucodot grain it var-
ies between 6.0 and 14.1 wt.%. The high Ni-content in cobaltite is
ascribed to solid solution with the Ni end-member gersdorffite
(NiAsS), whereas for glaucodot, it is only possible to define the
crystal as Ni-glaucodot. All compositions are reported in Table 2.

Sulfides
Chalcopyrite, covellite, galena and pyrrhotite showed nearly
stoichiometric composition and no zonation where present at
Scar Crags and Dale Head North. Bismuthinite containing up
to 3.8 wt.% Sb was found at Scar Crags. Sphalerite and stannite,
found at Dale Head North only, contained up to 8.2 wt.%
Fe and 1.6 wt.% Zn, respectively. The most notable feature of
the sulfide minerals is the presence of As-bearing patchy zones
inside pyrite at Dale Head North (Supplementary material,
Fig. S2). Electron microprobe spot analysis revealed up to 1.6
wt.% As. The darker grey tone of the As-bearing zones in BSE
imaging (Fig. S2) suggests the presence of elemental arsenic rather

than arsenopyrite inclusions. This could be ascribed to the break-
down of pyrite at low temperature associated with leaching of
arsenic from the sulfarsenides which then precipitated in pyrite
micropores (e.g. Le Pape et al., 2016). Compositional analyses
of sulfides are reported in Table 3.

Other minerals
Non-sulfarsenide and non-sulfide ore minerals, as well as ferro-
skutterudite and wittichenite were only analysed with EDS, thus
no full quantitative interpretation of their chemistry is possible.
A summary of the mineral species identified, and their compos-
ition is reported in the Supplementary material, Table S2.

The common presence of native bismuth and bismuth miner-
als such as bismuthinite, (Pb)-Bi-telluride, and Bi-selenide (sel-
dom associated with electrum) is worthy of mention and more
details regarding the composition of these minerals are also
reported in Table S2)

Discussion

Structures and lithologies

The only detailed attempt to correlate deformational events with
mineralisation development is reported by Cooper et al. (1988).
These authors attribute N-S oriented vein emplacement to joint
plane infill and considered that E-W trending folds are a key
element influencing mineralising fluid migration. In contrast,
this investigation revealed numerous NE–SW to NNE–SSW
trending folds in the area proximal to the mineralisation of Scar
Crags and Dale Head North, and showed that the Co-rich veins
of Scar Crags are emplaced on a fault plane (Figs 2, 5; section
‘Geology of the areas’, in ‘Results’).

Paragenetic sequences and mineralogy

At Scar Crags chalcopyrite, electrum, pyrrhotite, tetrahedrite and
wittichenite have not been reported previously, however apatite,
marcasite, molybdenite, muscovite and rutile were not observed
in the samples investigated (cfr. Ixer et al., 1979). Samples from
Dale Head North contained allanite, apatite, stannite and zircon,
also not reported previously, but gold, muscovite and tennantite
(cfr. Stanley and Vaughan, 1980) were not observed. The use of
textural characteristics to define a paragenetic sequence is
discussed below.

Scar Crags
The mineralisation at Scar Crags started with deposition of quartz
and minor amounts of tourmaline (intergrown with quartz), fol-
lowed closely by radial chlorite precipitation, that seldom occupies
the intergranular space of quartz. These minerals might represent
a very early short-lived precipitation from sulfur-absent or sulfur-
poor fluids, though limited evidence for chlorite–sulfarsenide
intergrowths was found. The main stage of ore mineral precipita-
tion (stage 1, Fig. 11) followed, with formation of all or most of
the sulfarsenides suite, as evidenced by ore mineral grain bound-
aries cutting across chlorite needles and laths (Fig. 6a). During
stage 1, euhedral, rhombic Co-rich arsenopyrite formed first, as
it does not cut across any other ore mineral grain boundary. A
second phase of arsenopyrite is evidenced from the presence of
subhedral grains displaying marked Fe–Co–Ni zoning (Fig. 6c,
d). Precipitation of Ni-bearing glaucodot (e.g. SA-2, Fig. 10)
appears to be synchronous with the second phase of arsenopyrite,

Table 1. Mineralogy (in alphabetical order).

Mineral Scar Crags Dale Head North

Allanite + *
Alloclasite ++++
Apatite ++++ *
Arsenopyrite ++++ ++++
Bismuth +++ +++
Bismuthinite ++ ++
Cassiterite +
Chalcopyrite +++ * ++++
Chlorite ++++ ++++
Cobaltite +++ +++
Covellite ++
Electrum ++ *
Ferroskutterudite +
Galena
Glaucodot +++
Marcasite ++++
Pyrite +++ ++++
Pyrrhotite +++ * +++
Quartz ++++ ++++
Rutile +
Sphalerite ++
Stannite + *
Tetrahedrite + *
Tourmaline ++++
Wittichenite + *
Y-HREE-phosphate + *
Y-LREE-fluorocarbonate + *
Zircon + *

Abundance of minerals: ++++ common; +++ minor; ++ rare; + very rare, identified with
SEM-EDS.
*First record of the mineral at the location.
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through comparison with their relationships with other minerals
(subhedral arsenopyrite and Ni-glaucodot are never actually in
contact, Fig. 6i). Ni-bearing cobaltite might have precipitated
after the first phase of arsenopyrite, as it is in one instance present
as an inclusion within the zoned glaucodot (Fig. 6f). Un-zoned
glaucodot was formed after the second phase of arsenopyrite as
it overgrows it (Fig. 6c). Penecontemporaneous precipitation of
alloclasite with glaucodot is inferred by occasional replacement
of earlier glaucodot, while typically the two share straight grain
boundaries (Fig. 6i). Alloclasite also shows intergrowths with
the second-phase subhedral arsenopyrite (Fig. 6i). Ni-free cobal-
tite (labelled just ‘cobaltite’ in Fig. 11) precipitation followed

alloclasite and all of the aforementioned sulfarsenides. This is evi-
denced by cobaltite crystals located along other sulfarsenide grain
boundaries or within vugs formed between those crystals (Fig. 6j).
Cobaltite also forms euhedral crystals (<100 μm) along fractures
within arsenopyrite. The second stage (stage 2) of the paragenetic
sequence involves precipitation of the non-sulfarsenide minerals.
It is difficult to place tetrahedrite and wittichenite in sequence
(both were identified via electron spectroscopy and show no
clear association with any of the sulfarsenides), but their forma-
tion might be an indicator of a change of the composition of
the mineralising fluids (from As–Co–Ni dominated to Ag–Au–
Bi–Cu–Sb–Zn bearing). Tetrahedrite appears to be replaced partly

Fig. 7. (a–j) Photomicrographs of mineralisation from Dale Head North. Aln: Allanite, Ap: Apatite, Apy: Arsenopyrite, Bi: Native bismuth, Bis: Bismuthinite, Chl:
Chlorite, Ccp: Chalcopyrite, Mrc: Marcasite, Po: Pyrrothite, Py: Pyrite, Qz: Quartz, Sp: Sphalerite. (d, e) Crossed polars observation, all other photos taken in parallel
polars mode.
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by native bismuth and cross-cut by bismuthinite. Wittichenite is
overgrown, and replaced partially by bismuthinite. Native bis-
muth forms predominantly subhedral and anhedral crystals infill-
ing fractures in the sulfarsenides (Fig. 6k) and it is usually
replaced partially or fully by bismuthinite. Electrum is observed
in close association with bismuthinite forming an adjacent
small anhedral crystal (Fig. 6j). Few crystals of pyrite and pyrrho-
tite precipitated towards the end of the mineralisation sequence,
with the former appearing typically as overgrowths onto sulfarse-
nides. Pyrrhotite precipitation took place before pyrite as
observed by replacement textures. During the last phases of min-
eral precipitation, chalcopyrite was formed (overgrowths onto the

earlier sulfarsenides and sulfides), followed by covellite (Fig. 6l).
The second stage of mineral precipitation might be attributed to
a change in the composition of the fluids, similar to a transition
from high-sulfidation (sulfarsenides) to medium- and then low-
sulfidation (presence of Ag, Au, Bi, Sb and transition from pyr-
rhotite to pyrite; e.g. Ahmed et al., 2009).

Dale Head North
Four stages of mineralisation were recognised at Dale Head
North. Stage 1: An initial phase of sulfur-free mineral precipita-
tion (Fig. 12) is evident after petrographic examination of samples
from Dale Head North. Quartz was the first phase to precipitate,
displaying two phases of growth (see section ‘Dale Head North’ in
‘Mineralogy and petrography’ of ‘Results’), and it is intergrown
with allanite (Fig. 7g). Apatite does not show direct relationships
with quartz or allanite, though it is overgrown and to lesser extent
replaced by sulfides and sulfarsenides, indicating early precipita-
tion (Fig. 7h). Chlorite is the last mineral to form during stage
1, indicated by the presence of chlorite needles cutting across
allanite and chlorite replaced apatite (Fig. 7g). Stage 2: The pre-
cipitation of chlorite continued from stage 1 until formation of
the first sulfur-bearing mineral, pyrite, with which it shares occa-
sional straight boundaries (yet chlorite grain boundaries are cut
across by all other sulfides and sulfarsenides). Pyrite in the
form of euhedral crystals is the first formed and the most abun-
dant metallic mineral at Dale Head North. It marks the start of
stage 2, although a second generation of pyrite crystal growth is
recorded in a later stage (stage 4; see below and Fig. 12). Stage
3: The third phase of mineral precipitation began with cassiterite
found as subhedral grains formed within fractures of stage 2 pyr-
ite (though rare). All sulfarsenides and bismuth-bearing minerals
were precipitated during stage 3. Arsenopyrite formed euhedral
rhombs overgrowing early-stage pyrite (Fig. 7). Cobaltite is diffi-
cult to position within the sequence due to the scarcity of grains.

Fig. 8. Composition of sulfarsenides. Squares are sulfarsenides from Scar Crags, cir-
cles are from Dale Head North. Empty squares are analyses of grain SA-1, and grey-
filled squares are analyses from grain SA-2 (see ‘Results’ and Fig. 8).

Table 2. Representative compositions of sulfarsenide minerals from EPMA.

Location Mineral species Grain S As Fe Sb Co Ni Total Fig. / analysis #

Scar Crags Alloclasite 19.85 45.04 9.94 bdl 25.73 0.38 100.94
Alloclasite 19.99 44.77 10.00 bdl 25.62 0.20 100.58
Cobaltiferous arsenopyrite 20.28 44.89 30.29 0.29 4.16 bdl 99.91
Cobaltiferous arsenopyrite 20.16 45.55 31.33 0.25 3.20 0.02 100.52
Cobaltite 20.58 44.53 5.52 bdl 29.58 0.01 100.22
Glaucodot 19.73 44.87 12.16 bdl 23.46 bdl 100.22
Glaucodot 19.64 45.34 12.31 bdl 23.49 bdl 100.78
Glaucodot 20.42 45.58 11.28 bdl 23.17 1.41 101.86 *
Co–Fe–Ni sulfarsenide SA-1 20.33 45.24 2.00 bdl 34.33 0.25 102.15 Fig. 10; “1”
Co–Fe–Ni sulfarsenide SA-1 20.14 45.55 4.07 bdl 27.30 5.02 102.08 * Fig. 10; “2”
Co–Fe–Ni sulfarsenide SA-1 19.47 46.60 4.00 bdl 17.66 14.23 101.96 * Fig. 10; “3”
Co–Fe–Ni sulfarsenide SA-1 19.75 46.60 4.88 bdl 20.95 10.23 102.41 * Fig. 10; “4”
Co–Fe–Ni sulfarsenide SA-2 19.87 45.82 3.04 bdl 27.09 6.07 101.89 * Fig. 10; “1”
Co–Fe–Ni sulfarsenide SA-2 19.45 46.22 4.02 bdl 17.49 14.14 101.32 * Fig. 10; “2”

Dale Head North Arsenopyrite 21.75 44.03 34.83 0.04 0.09 bdl 100.74
Arsenopyrite 23.13 41.37 34.61 0.18 0.26 bdl 99.54
Arsenopyrite 24.66 38.71 35.83 1.11 0.07 0.02 100.40
Arsenopyrite 21.59 40.94 34.21 3.34 0.06 bdl 100.14 Fig. 9; “1”
Arsenopyrite 23.29 41.28 35.31 0.22 0.09 bdl 100.19 Fig. 9; “2”
Arsenopyrite 22.40 41.07 34.77 2.36 0.06 0.01 100.68 Fig. 9; “3”
Arsenopyrite 22.16 42.63 34.55 1.19 0.06 0.01 100.60
Arsenopyrite 21.60 43.89 34.46 0.10 0.05 0.02 100.11
Cobaltite 21.07 44.39 4.89 0.16 28.26 3.02 98.77 *
Cobaltite 20.75 44.71 4.52 0.12 28.90 2.76 99.00 *

* Low or high totals attributed to issues with standardisation of Ni, though repeated measurements of the standard returned reproducibility to > 99.3%
bdl = below detection

206 Giulio F.D. Solferino et al.

https://doi.org/10.1180/mgm.2021.22 Published online by Cambridge University Press

https://doi.org/10.1180/mgm.2021.22


It can be found as overgrowths on both pyrite and arsenopyrite
and along fractures within the latter. Native bismuth is not pre-
sent within sulfarsenides (contrarily to Scar Crags), but exclu-
sively in fractures and overgrowths of euhedral pyrite (Fig. 7f).
Native bismuth is typically replaced partially by bismuthinite
(Fig. 7f). Crystallisation of pyrrhotite might have occurred during
stage 3 but it forms no mutual grain boundaries other than with
chalcopyrite, thus, it cannot be placed coherently in the paragen-
etic sequence. Stanley and Vaughan (1980) noted that pyrrhotite
appears to surround bismuth–bismuthinite and tends to replace
pyrite throughout the mineralisation. No evidence of this was
observed in the current investigation. Stage 4: The sulfide miner-
als were formed during the fourth stage of precipitation.
Chalcopyrite, galena, sphalerite and stannite are probably

co-precipitated as they all form infills of fractures in minerals
from stage 2 and 3 (Fig. 7a, b, f). A second generation of euhedral
pyrite crystals cutting across the grain boundaries of arsenopyrite
(Fig. 7b) was also formed during this stage. Occasionally, these
pyrite grains present patchy zones with > 1 wt.% As (see section
‘Mineral composition’) (Fig. S2). Chalcopyrite is by far the most
abundant mineral of stage 4, it occupies the majority of fractures
between sulfarsenides and the first generation of pyrite, and it has
substantially replaced pyrrhotite (pyrrhotite is only present as
inclusions within chalcopyrite, Fig. 7c, i). Marcasite (always pre-
senting a ‘sponge-like’ texture) forms replacements of pyrite
throughout most of the samples (Fig. 7b). Stanley and Vaughan
(1980) indicated that marcasite also replaces chalcopyrite and
pyrrhotite, and assuming that this is the case, it has been placed

Fig. 9. (a) Back-scattered electron image of zoned arsenopyrite crystal from Dale Head North. (b) X-ray antimony elemental map of the same crystal. 1, 2, and 3
indicate spot EMPA analyses, reported in Table 2 as “1”, “2”, and “3”, where arsenopyrite zones contain 3.3, 0.2, and 2.4 wt.% Sb, respectively.

Fig. 10. (a) Back-scattered electron image of zoned glaucodot (SA-2) and cobaltite (SA-1) crystals from Scar Crags. (b–c) X-ray cobalt, nickel and iron element-
distribution maps of the same crystals as in (a). (e) Back-scattered electron image of zoned cobaltite (SA-1) crystal from Scar Crags. (f–h) X-ray cobalt, iron,
and nickel element-distribution maps of the same crystal as in (e). 1, 2 in panels (b–d) indicate spot EMPA, reported in Table 2 as “1”, “2” (for grain SA-2). 1,
2, 3 and 4 in panels (f–h) indicate spot EMPA, reported in Table 2 as “1”, “2”, “3” and “4” (for grain SA-1).
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at the end of the paragenetic sequence. As in Scar Crags, there
appears to be a transition from low sulfur- (stage 3) to high
sulfur-bearing (stage 4) type mineralising fluids.

Comparison between mineralisation and with previous
findings

In both localities, growth of the various sulfarsenides overlapped
and precipitated after silicates and oxides, followed by copper,
iron (or copper, iron, lead, tin and zinc) sulfides and possibly sul-
fosalts. However, at Dale Head North, the first minerals formed
are oxides, phosphates and silicates only, followed by chlorite
and possibly pyrite, whereas at Scar Crags the sulfarsenides preci-
pitated very early and are seldom intergrown with chlorite. This
might indicate a first stage of oxidised and/or sulfur-poor fluids
pulse at Dale Head North, which is not (or barely) recorded at
Scar Crags.

In comparison with previous studies of the ore minerals form-
ing the Scar Crags and Dale Head North veins this investigation
has identified the presence of Ni-bearing sulfarsenides at Scar
Crags, in notable contrast with Ixer et al. (1979), who indicated
the absence of nickel minerals is a key factor to differentiate
Dale Head North from Scar Crags cobalt–arsenic mineralisation.
In addition, this has implications for the maximum temperature
of formation of sulfarsenides at Scar Crags, because Ni expands
their stability field to and above 350°C (Petruk et al., 1971).
Another fundamental observation is the presence of significant
amounts of elements other than Fe and As in arsenopyrite, spe-
cifically Co, Ni and/or Sb. Kretschmar and Scott (1976) indicated
that the arsenopyrite geothermometer is not reliable if the mineral

contains impurities in excess of 1 wt.%, as it is the case for the
majority of arsenopyrite grains at Scar Crags and Dale Head
North (Tables 2,3). Geothermometric inferences used by Ixer
et al. (1979) to define the activity of sulfur, aS2 , at Scar Crags
was based on arsenopyrite geothermometry, and should be
re-evaluated. The presence of compositional zoning in all of the
sulfarsenides (Figs 9, 10) discards the hypothesis that optical zon-
ation, evident in crossed polar observation, are related to deform-
ation and/or exsolution processes (Ixer et al., 1979). Sudden
changes of Co, Fe, Ni and/or Sb content at the scale of tens of
micrometres in arsenopyrite grains (and in most of the other sul-
farsenides, except for the absence of antimony) could be attribu-
ted to: (1) vigorous compositional mixing in the mineralising
fluids at the scale of the individual vein/pockets; or (2) sudden
changes of physical conditions, e.g. pH, Eh, T, P or aS2
(Kretschmar and Scott 1976; Lowell and Gasparrini 1982;
Vesselinov et al., 1995; Shore and Fowler, 1996). If we extend
our observation to the whole paragenesis, a change in temperature
and/or an increase of aS2 is envisaged to foster precipitation of
sulfides after the Co–Ni-sulfarsenide stage in both localities, and
the late-stage precipitation of native bismuth suggests a subse-
quent lowering of aS2 . At Dale Head North the appearance of
marcasite after stage 4, suggests a decrease of the pH of the
fluid. A different, more complex scenario could be envisaged if
two or more competing sources of fluids are capable of entering
the same space synchronously (see section ‘Genesis of mineralisa-
tion and fluids pathways’ in ‘Discussion’).

A fluid-inclusion study was not carried out, and the arseno-
pyrite geothermometer could not be used to refine mineral pre-
cipitation conditions. Nevertheless, the paragenetic sequence
reconstruction coupled with the attempted reconstruction of aS2

Table 3. Representative compositions of sulfide minerals from EPMA.

Locality Mineral species S As Zn Fe Sb Se Sn Cu Bi Total

Scar Crags Bismuthinite* 18.61 0.04 0.03 0.05 3.76 0.21 bdl‡ 0.27 74.24 97.21
Bismuthinite* 18.65 0.08 0.01 0.08 3.69 0.22 bdl 0.23 74.33 97.28
Bismuthinite* 19.08 0.10 0.04 0.04 3.30 0.22 bdl 0.47 73.12 96.35
Bismuthinite* 18.99 0.11 bdl 0.12 3.27 0.22 bdl 0.31 74.16 97.16
Bismuthinite* 18.10 0.05 bdl 0.01 0.65 0.39 bdl 0.32 77.18 96.70
Chalcopyrite 34.78 0.01 bdl 29.82 bdl 0.04 0.07 34.34 bdl 99.06
Covellite 32.61 bdl bdl 0.38 0.42 bdl bdl 65.85 0.06 99.31
Pyrite 53.33 0.02 0.01 46.09 bdl 0.01 bdl 0.02 bdl 99.48
Pyrite 52.46 bdl bdl 46.41 bdl 0.01 bdl 0.01 bdl 98.89
Pyrite 53.02 bdl bdl 45.89 bdl 0.03 bdl bdl bdl 98.94
Pyrrhotite 39.48 bdl bdl 58.84 0.01 bdl bdl 0.11 bdl 98.44

Dale Head North Bismuthinite 18.42 0.09 bdl 0.62 0.12 0.08 bdl 0.56 79.58 99.47
Chalcopyrite 34.87 0.01 0.01 30.14 bdl 0.01 0.03 33.74 bdl 98.81
Chalcopyrite 35.21 bdl 0.71 29.70 bdl 0.05 0.08 33.70 bdl 99.45
Chalcopyrite 34.86 0.01 bdl 29.63 bdl bdl 0.03 33.70 bdl 98.23
Chalcopyrite 34.39 bdl 0.04 29.88 bdl 0.03 0.12 34.06 bdl 98.52
Chalcopyrite 34.84 bdl bdl 29.86 bdl 0.03 0.09 34.02 bdl 98.84
Chalcopyrite 34.93 bdl bdl 30.00 bdl 0.02 0.04 34.03 bdl 99.02
Chalcopyrite 35.30 bdl 0.04 30.07 bdl bdl 0.11 34.04 bdl 99.56
Pyrite 53.82 bdl 0.01 46.07 bdl bdl bdl 0.01 bdl 99.91
Pyrite 52.15 1.32 bdl 45.14 0.04 bdl bdl 0.03 bdl 98.69
Pyrite 53.17 0.01 bdl 45.22 bdl bdl bdl 0.66 bdl 99.07
Pyrite 52.20 1.59 0.01 45.71 bdl bdl bdl bdl bdl 99.51
Pyrite 53.14 0.01 bdl 45.58 bdl bdl 0.01 0.22 bdl 98.95
Pyrrhotite 39.55 0.02 bdl 59.30 bdl bdl 0.01 bdl bdl 98.89
Pyrrhotite 39.63 0.04 bdl 59.33 bdl bdl 0.05 bdl bdl 99.05
Sphalerite 33.03 0.03 58.51 8.23 bdl 0.01 bdl 0.22 bdl 100.03
Stannite 29.52 0.01 1.55 12.68 bdl 0.05 27.38 29.21 bdl 100.40

* Low totals for bismuthinite in the samples from Scar Crags attributed to oxidation of the mineral as per EDS analysis flagging > 1 wt.% oxygen.
bdl = below detection limit
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evolution with time and temperature by Ixer et al. (1979) and
Stanley and Vaughan (1980, 1982) can be used to coarsely con-
strain the process that may have governed mineral formation.
Using the sulfidation curves from Vaughan and Craig (1978)
and Barton and Skinner (1979) (as per Stanley and Vaughan,
1982, Fig. 2) it can be inferred that the precipitation of
sulfarsenides and bismuth after pyrite at Dale Head North could
be the result of a sudden drop of aS2 (∼2–4 log units), assuming
that temperature of the fluids remained nearly constant (Fig. 13).
In contrast, the reappearance of pyrite in the late phases of mineral
precipitation (second phase of pyrite, Fig. 12) suggests a tempera-
ture decrease of several tens of degrees by stage 4, plus a reduction
of pH to allow marcasite precipitation (Fig. 12). In addition, the

formation of pyrite in the late-stage mineralisation at Scar Crags
(stage 2, Fig. 11) forces the calculated log(aS2 )-temperature path
to extend to temperatures <280°C, thus, suggesting a ∼80–90°C
temperature drop during mineral precipitation from stage 1 to 2.

Genesis of mineralisation and fluids pathways

A thorough review of the existing literature indicates the most
probable source of the mineralising fluids of Scar Crags and
Dale Head North are the rocks of the Borrowdale Volcanic
Group (Stanley and Vaughan 1982), though Ixer et al. (1979) sug-
gest the underlying stock intrusion at Causey Pike as the principal

Fig. 11. Paragenetic sequence at Scar Crags.
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source. The Skiddaw Group rocks were excluded on the basis that
those lithologies would have been deprived of most of their ori-
ginal water by the main metamorphic events of the Caledonian
orogeny (Stanley and Vaughan, 1982).

There are two pivotal, though contrasting, features from pre-
vious investigations. (1) The suggested net input of multiple ele-
ments, such as As, B and K, to induce chemical changes in
siltstone and mudstone in the proximity of Scar Crags
(‘bleached’ rocks, metasomatic aureole of Crummock Water;
Cooper et al., 1988; Figs 2 and 14a-b). This process is attributed
to the action of upward-migrating, magmatic fluids from a con-
cealed intrusion (similar in age to the Shap Granite, Cooper
et al., 1988). (2) The nature of mineralising fluids as connate
waters forced into strong circulation by the heat flow generated
from the intrusion of the Lake District batholith (Stanley and
Vaughan 1980). Additionally, Stanley and Vaughan (1980)
explain the difference of estimated temperature of mineral pre-
cipitation at Scar Crags and Dale Head North by suggesting

that Dale Head North veins were emplaced at shallower depth,
thus further away from the intrusion. The latter interpretation
could be challenged by considering that the topography of the
intrusions at Scar Crags and Dale Head North might differ as
suggested by Cooper et al. (1988). In this hypothesis Scar
Crags would be located on top of a high-level stock-like hypa-
byssal body (see section ‘Mineralisation formation models’;
Fig. 14), whereas the intrusives at Dale Head North would be
deeper with respect to the level of ore mineral precipitation. In
any case, in both scenarios the combination of different distance
from intrusions and the lithology of the country rock at the two
localities, would have yielded different styles of fluid–rock inter-
action and mineralisation.

We speculate that at Dale Head North, fluids released by the
intrusives followed vein-type emplacement as faulting became
the preferred pathway (Fig. 14a). For Scar Crags, it should be
noted that the activity of the Causey Pike Fault, crossing through
the Scar Crags area, could have controlled the emplacement of the

Fig. 12. Paragenetic sequence at Dale Head North.
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intrusives (Cooper et al., 1988) and possibly allowed rapid upward
migration of large volumes of magmatic fluids. Neither of these
early stage events involved sulfur-rich fluids, proven by lack of
sulfides during the first stage of Dale Head North mineral precipi-
tation and by the absence of disseminated sulfides in the
Crummock Water metasomatic aureole. The sulfarsenides min-
eralisation (similar at both localities) can be interpreted as a
later event, and it is probably the result of contribution from later-
stage magmatic fluids (As–Co–Cu–Ni-rich) followed by hydro-
thermal scavenging of metals (Bi, Cu, Pb, Sb, Se, Te and Zn) as
a result of intense fluid circulation through the host rock, both
of which accumulated into fault planes and fractures. This
hypothesis is in part supported by whole-rock data given by
Cooper et al. (1988) indicating loss of Cu, Zn and S (among
other elements) in the ‘bleached’ rocks in comparison to the
unaltered protoliths. The hypothesised marked drop in tempera-
ture during the later stages of mineral deposition at Dale Head
North (see Comparison between mineralisation and with previous
findings; Figs 13, 14) could be related to waning of the magmatic
fluids contribution in favour of relatively cooler circulating host
rock-derived fluid, perhaps with mixing of the two fluid types.
A decrease of magmatic fluid input could also have triggered a
fluid composition shift at Scar Crags (input of Bi, Cu and possibly
Ag, Au), but a temperature drop was not recorded, presumably
due to closer proximity to the intrusives.

The mineralogy and paragenesis of Scar Crags and Dale Head
North are similar to those of the world class Bou Azzer cobalt
deposits in Morocco. Ahmed et al. (2009) modelled ore precipita-
tion in Bou Azzer as triggered by mixing of magmatic fluids and

meteoric waters in a fashion similar to that envisaged for Scar
Crags and Dale Head North. Ghandi et al. (2018) described an
early Co-bearing sulfarsenide precipitation stage as magmatic
waters, followed by later sulfides precipitation from convecting
meteoric waters for the Port Radium ore (Northwest Territories,
Canada). This is comparable to the process responsible for min-
eral precipitation in the two localities studied in terms of paragen-
esis, but we infer that mixing of the fluids is necessary to trigger
sulfarsenide deposition (see above in this section and further in
‘Mineralisation formation models’). The cobalt-mineral-bearing
veins in Bou Azzer, Port Radium, as well as those of numerous
other cobalt world-class ore deposits (see table 1 in Markl et al.,
2016) all share the common characteristic of carbonates as a prin-
cipal gangue mineral. The presence of carbonates is ascribed to
the input of high-salinity basinal brines, rich in calcium (Ikenne
et al., 2020 and references therein) and possibly with hydrocar-
bons (Markl et al., 2016) that could be the principal responsible
for scavenging Co, Ni, As and other metals from various source
rocks. These types of brines do not seem a viable medium for
the genesis of Scar Crags and Dale Head North due to the lack
of a potential source for these.

Potential sources of Co, Ni, As and S vary from serpentines
(Ahmed et al., 2009, Ikenne et al., 2020) to metasediments and/
or volcano-sedimentary lithologies (Ikenne et al., 2020 and refer-
ences therein).

A comprehensive definition of the nature of the fluids and the
source/s of metals in Scar Crags and Dale Head North exceeds the
scope of this investigation, and it might be tackled after fluid
inclusions and stable isotope data become available.

Fig. 13. Simplified log aS2 vs. temperature phase diagram for the mineral precipitation sequence at Scar Crags and Dale Head North (modified after Stanley and
Vaughan, 1982). The evolution of temperature and sulfur activity in the two mineralised systems is based on the interpretation of the paragentic sequences as
described in section ‘Genesis of mineralisation and fluids pathways’.
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Mineralisation formation models

We suggest a genetic model based on a two-stage process for both
localities, as illustrated in Fig. 14.

In the initial stage at Scar Crags, the Causey Pike Fault con-
trolled the genesis of a metasomatic aureole through siltstones
and mudstones of the Kirkstile Formation (Stanley and
Vaughan 1982; Cooper et al., 1988; Fig. 14a). This is the first
phase of the genesis of the mineralised veins (pre-mineralisation).
The geometry of the thrust fault plane influenced the emplace-
ment of a concealed intrusive similar in age to the Shap granite
(Cooper et al., 1988), creating a domed structure (stock-like intru-
sion), and enhancing the release of large volumes of late-stage
crystallisation fluids from the intrusion into the overlying, rela-
tively porous sedimentary rocks. Convection-like circulation of
connate and meteoric waters was driven by the exaggerated geo-
thermal gradient generated by the shallow intrusion (Ixer et al.,
1979). The second stage of mineralisation at Scar Crags was dri-
ven by the development of a near-vertical fault (probably with

a strike-slip movement) becoming the preferred site for accumu-
lation of both magmatic and convecting connate/meteoric fluids
(Fig. 14b). These mixed fluids formed the mineralisation of Scar
Crags, located on the fault plane itself. The metasomatic aureole
has expanded through time (Fig. 1); thus, the mineralisation is
hosted by ‘bleached’ rocks (Stanley and Vaughan 1982; see section
‘Geology of the areas’ in ‘Results’).

At Dale Head North the emplacement of the early stage min-
eralisation (i.e. oxides, phosphate and silicates) occurred via fluid
infill on a fault plane that extended downwards to the Lake
District batholith or another concealed, yet smaller, intrusive
body (Fig. 14c). The fault plane became the preferred pathway
for late-stage magmatic fluids resurgence. Convection-like circula-
tion of connate and meteoric waters occurred due to the geother-
mal gradient generated by the intrusion, yet, this is weaker than at
Scar Crags. This is a consequence of the lower porosity of the
sedimentary and volcanic rocks overlying the batholith at Dale
Head North and of the greater depth of the intrusives with respect

Fig. 14. Schematic illustrating the process of emplacement and genesis of the Scar Crags and Dale Head North mineralisation. (a) Scar Crags: Genesis of a meta-
somatic aureole (light grey shade) controlled by the Causey Pike Fault. Convection-like circulation of connate and meteoric waters (arrow-headed, blue curves) is
driven by the exaggerated geothermal gradient generated by the shallow intrusion. (b) Scar Crags: After the pre-mineralisation stage (panel (a)) a near-vertical fault
(probably with a strike-slip movement) develops and becomes a preferred site for accumulation of both magmatic (red colour) and convecting connate/meteoric
(blue colour) fluids. These mixed fluids formed the mineralisation of Scar Crags, located on the fault plane itself (purple block). The mineralisation is hosted by
‘bleached’ rocks (light grey shaded area). (c) Dale Head North: Emplacement of early stage mineralisation (i.e. oxides, phosphates and silicates – red block) via infill
on a fault plane. The fault plane becomes the preferred pathway for late-stage magmatic fluids (red colour) resurgence. Convection-like circulation of connate and
meteoric waters (arrow-headed, blue curves) is induced by the geothermal gradient generated by the intrusion. (d) Dale Head North: Intense convection of
meteoric/connate waters (arrow-headed, blue curves), developed over time, fostering input of these fluids into the fault plane. This yielded a mixed fluids
stage of mineral precipitation (purple block). CPF: Causey Pike Fault, DN: Dale Head North, SC: Scar Crags, t1: early stage of mineralisation process, t2: late
stage of mineralisation process, dot and dash line indicates thrust fault planes, dashed line indicates strike-slip faults, light grey shaded area represents metaso-
matised lithologies, red colour with crosses represent intrusive rocks.
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to Scar Crags (Ixer et al., 1979). The development and the expan-
sion of intense convection of meteoric/connate waters over time
(later stage, Fig. 14d) resulted in a major input of these fluids
into the fault plane. The latter fluids bring metals (As, Co, Bi,
Cu, Ni, Pb, Sn and Zn), additional to those derived from the
intrusives, into the Dale Head North mineralised veins, finally
yielding a mixed fluid stage of mineral precipitation, similar to
that recorded at Scar Crags.

Final remarks

With the combination of techniques used in this investigation
together with analysis and discussion of new data in the light of
previous studies of the As–Bi–Co–Cu mineralisation of Scar
Crags and Dale Head North it was possible to establish that: (1)
the emplacement of Scar Crags mineralised veins exploited the
space created by a NE–SW trending strike-slip fault; (2) sulfarse-
nides in both localities are solid solutions of Fe, Co and Ni end-
members; (3) the arsenopyrite geothermometer is not applicable
to either of the mineral assemblages; and (4) an early stage of
mineral precipitation from a S-poor fluid is recorded at Dale
Head North.

It is worth noting that cobalt- and nickel-bearing arsenopyrite
is present in both localities, and it appears to mark the start of the
deposition of cobalt minerals. Therefore, we hypothesise that it
could be developed further as a first-pass fingerprint of cobalt-
bearing mineral formation. We suggest that further investigation
is needed to ascertain whether finding Co- and/or Ni-bearing
arsenopyrite during fieldwork (e.g. recording measurable
amounts of Co and Ni with portable X-ray fluorescence or laser-
induced breakdown spectroscopy on larger arsenopyrite crystals),
could be used to aid discrimination of a potential Co–Ni suite of
alloclasite, cobaltite and glaucodot.

In order to expand the conclusions of this investigation, it is
necessary to study several more of the vein-type deposits of the
Lake District region, focusing on those emplaced in the early
Devonian, especially if associated with As-bearing mineralisation
(e.g. Carrock End, Coniston veins, Greenburn, Long Crag, Ulpha,
etc.; Stanley and Vaughan, 1982). Moreover, to best constrain the
source of the mineralising fluids and of the metals it is recom-
mended to obtain stable isotopic data for hydrogen and oxygen
of gangue minerals, and for sulfur of ore minerals. Finally, a com-
prehensive study of the primary fluid inclusions of hydrother-
mally grown quartz from the mineralised veins is necessary to
assess emplacement temperature of the fluids, their salinity, and
to estimate the broad chemistry of the fluids.
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