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Abstract: Gold grains, up to 40 µm in size and containing variable percentages of admixed platinum,
have been identified in coals from the Leinster Coalfield, Castlecomer, SE Ireland, for the first time.
Gold mineralisation occurs in sideritic nodules in coals and in association with pyrite and anomalous
selenium content. Mineralisation here may have reflected very high heat flow in foreland basins north
of the emerging Variscan orogenic front, responsible for gold occurrence in the South Wales Coalfield.
At Castlecomer, gold (–platinum) is attributed to precipitation with replacive pyrite and selenium from
groundwaters at redox interfaces, such as siderite nodules. Pyrite in the cores of the nodules indicates
fluid ingress. The underlying Caledonian basement bedrock is mineralised by gold, and thus likely
provided a source for gold. The combination of the gold occurrences in coal in Castlecomer and in
South Wales, proximal to the Variscan orogenic front, suggests that these coals along the front could
comprise an exploration target for low-temperature concentrations of precious metals.
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1. Introduction

Much of the world’s resources of gold and other precious metals occur in magmatic and metamorphic
“basement” rocks. The gold deposits may be located following detection of anomalies in stream sediment
and water samples, especially in terrains where bedrock exposures can be very limited [1]. However,
the mobility of gold indicated by the water-borne anomalies implies that gold is also susceptible to
concentration in sedimentary geochemical or hydrodynamic traps, such as in coal-forming settings [2].
Coal-hosted gold mining first took place over a century ago in the USA [3], with a renewed interest in
coals and associated derivatives taking place in recent years [4–8]. There are numerous records of gold
mineralisation within coal [2,5–23]. Concentrations of gold-bearing Upper Carboniferous coals have
been identified in the US Appalachians [9,10], Canada [11], Great Britain [12,13], France [14], Central
Europe [15–17], Black Sea [18], Ukraine and Russia [19–21], Central Asia [22] and China [7,23,24].
These include enrichments of gold above global averages in coal (0.003–0.0044 ppm [25]), and discrete
occurrences of gold grains and gold-bearing minerals. Anomalous concentrations of gold in coal have
a potentially high significance because large quantities of coal are converted to ash in power stations,
and thereby concentrates of trace elements become available as a by-product [26–28]. This processing
could yield economically viable gold.

In Great Britain, the discovery of gold in anthracitic coal in South Wales [12,13], often spatially
associated with sulphide and selenide minerals, was accompanied by widespread speculation about
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coal as a source of precious metals. More recently, speculation has been renewed by claims of new
technology for the extraction of gold from coal in Russia [20]. Since 2016, interest in gold and platinum
occurrences in SE Ireland has been rejuvenated thanks to their discovery in stream sediments by the
Geological Survey of Ireland’s Tellus Programme.

In this study, microscopic observations and mineral associations (e.g., spatial and chemical relationships
with siderite, pyrite and selenium) have been used to demonstrate the first known occurrence of platinum-
rich gold particulates within Carboniferous coals at Castlecomer, SE Ireland (Figure 1). We show that
precious metal deposits in the Caledonian basement of SE Ireland are represented in mineralisation
of coal in the cover succession. Anomalous concentrations of gold and platinum in modern stream
samples imply similar mineralising groundwaters during the Carboniferous when the basement had
been exhumed. These observations offer new prospects for exploration in SE Ireland, and in coal-
bearing strata and coal-hosted nodular mineralised zones worldwide.
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2. Gold in Global Coals 

The potential of coal and coal combustion products as a source of strategically and/or 
commercially valuable gold has been recently highlighted [2] in widespread Upper Carboniferous 
(313–304 Ma) coal deposits of the northern Hemisphere. Scarce but temporally related gold-bearing 
coals have been shown to coincide with the foreland and associated basins adjacent to the Variscan–
Alleghanian Orogen. The 3000 km Variscan orogenic belt marks the collision of Laurussia with 
Gondwana, forming the supercontinent Pangea was marked by the Variscan Orogen [30]. The belt 
extends from the USA (Appalachia) to central Europe (Figure 2), with orogenesis and associated belts 
continuing eastwards to China [2]. The Variscan belt is characterised by proximal and extensive gold-
mineralised zones. The west–east to northwest–southeast oriented orogenic belt was mineralised by 
gold ore from 410 to 310 Ma [10], over 10,000 km from the Appalachians to China [2].  

The age of mineralisation overlaps with Carboniferous basins receiving a very young component 
of detrital material from the orogenic front (less than 100 Ma at time of deposition [2]). The rapidly 
eroding Variscan orogenic belt therefore provided an overlapping gold-fertile source to the newly 
depositing Upper Carboniferous sediments. Subsequently, gold is spatially concentrated by shear 

Figure 1. Location of the Castlecomer Plateau and Upper Carboniferous coal region, west of known gold-
hosting Lower Palaeozoic bedrock and gold–platinum-rich stream sediment localities. Gold-mineralised
Irish Caledonides (containing both gold and silver, red text indicating the percentage of silver comprising
the alloy [29]) were exposed and eroded into the sedimentary succession in advance of coal deposition—
The provenance of Carboniferous rocks is dominated by this basement material. The sampling localities
are indicated by grey stars.

2. Gold in Global Coals

The potential of coal and coal combustion products as a source of strategically and/or commercially
valuable gold has been recently highlighted [2] in widespread Upper Carboniferous (313–304 Ma)
coal deposits of the northern Hemisphere. Scarce but temporally related gold-bearing coals have
been shown to coincide with the foreland and associated basins adjacent to the Variscan–Alleghanian
Orogen. The 3000 km Variscan orogenic belt marks the collision of Laurussia with Gondwana, forming
the supercontinent Pangea was marked by the Variscan Orogen [30]. The belt extends from the USA
(Appalachia) to central Europe (Figure 2), with orogenesis and associated belts continuing eastwards
to China [2]. The Variscan belt is characterised by proximal and extensive gold-mineralised zones.
The west–east to northwest–southeast oriented orogenic belt was mineralised by gold ore from 410 to
310 Ma [10], over 10,000 km from the Appalachians to China [2].

The age of mineralisation overlaps with Carboniferous basins receiving a very young component of
detrital material from the orogenic front (less than 100 Ma at time of deposition [2]). The rapidly eroding
Variscan orogenic belt therefore provided an overlapping gold-fertile source to the newly depositing
Upper Carboniferous sediments. Subsequently, gold is spatially concentrated by shear zone pathways
parallel to (and proximal to) the belt. These gold occurrences are attributed to detritus associated with
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rapid erosion, and/or post-depositional hydrothermal mineralisation (e.g., enrichment by metal-rich
fluid migration due to orogenic compression [31]). The high organic matter content of coals provided a
chemical trap for gold liberated from the orogen [2]. Palaeoplacer gold, the product of mechanical erosion,
also occurs in coal-bearing sequences in proximity to the orogenic front [14,16,17,32]. Such deposits result
from the presence of the mineralised protolith, a sedimentary system that includes the erosion products
from the protolith, a depositional foreland basin trap and subsequent preservation [2].
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Figure 2. Setting of the Leinster Coalfield and South Wales Coalfield as basins north of the Variscan belt,
modified from [33]. Gold associated with selenides, pyrite and siderite nodules have been previously
recognised in the South Wales Coalfield [12,13,34], while Castlecomer coals of the Leinster Coalfield
(sample area indicated by black star) are both pyritic and contain abundant siderite nodules [35].

3. Study Site

An anthracitic (high rank) belt of coal extends from the South Wales Coalfield, Great Britain, to the
Leinster Coalfield, SE Ireland, adjacent to the Variscan orogenic front (Figures 1–3). These Upper Carboniferous
coal deposits have a greater thermal maturity than other coals in Great Britain and Ireland [36,37]. Samples
from the Leinster Coalfield represent coals of the Westphalian and Namurian (Figure 3a), deposited
as basin sediments [35,38,39]. The Leinster Coalfield is the largest onshore coalfield in Southern
Ireland, located in NW Co. Carlow, NE Co. Kilkenny and SE Co. Laois. The Coal Measures of the
Castlecomer Plateau (Leinster Coalfield) formed from plant material in a swamp environment atop a
massive delta. The 30 cm thick No. 2 horizon is the most economically important seam of the coalfield,
historically worked in Castlecomer, while the Peacock Coal (0–20 cm thick), Stony Coal (0–20 cm),
Double Seam (0–20 cm), Old 3 Foot Coal (90 cm), Jarrow Coal (22–30 cm), Wards Seam (20–30 cm) and
No. 1 Coal (0–20 cm) horizons were also worked [38–40]. Castlecomer coals are generally anthracitic,
though in some instances, coals of the Leinster coalfield have been classified as meta-anthracites,
having undergone considerable thermal alteration [41]. This classification is reflected in the zones
of increasing thermal maturity to the south of Ireland, delimited by vitrinite reflectance values in
Carboniferous rocks (Figure 3b; [36]).

The descending series of the Castlecomer Plateau has a total thickness of ~520 m, and the series
rests on top of the Leinster granite (Figure 3c; [39]). The regional geology exhibits a relatively uniform
succession above Carboniferous limestone units, with the Castlecomer Plateau forming a basin (Figure 3c).
The highest beds (characterised as “Stage F” in the descending section classification of [39]) are focused
in the centre of the basin, with Middle Coal Measures of sandstone, shales and several coal seams
(from the Jarrow Coal upwards). These beds are surrounded by “Stage E Gannister Beds” of grits, shales
and thin coal seams, followed by “Stage D Flagstone Series” of sandstones and shales, “Stage C Shale
Series” of grey sandy shales to dark shales and limestones, “Stage B” Carboniferous Upper, Middle
and Lower Limestone and carbonaceous shales. The “Stage G” Upper Coal Measures are absent due to
denudation [39].
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Figure 3. Regionalgeologicalsettingof theCastlecomerPlateaustudyarea intheLeinsterCoalfield[35,36,38,39].
(a) Generalised stratigraphic section of the Castlecomer Plateau [38], including worked coal seams in
the area (bold red text). (b) Map of Ireland showing coal sample study area, and division into zones
1–4 of increasing thermal maturity, delimited by vitrinite reflectance (R0) values in Carboniferous rocks
(simplified from [36]). (c) Section across the Leinster Coalfield, with Stages B–F classification of the
series [39].

The presence of gold has not been previously reported in Irish coalfields. Gold was previously
recorded in South Wales coals, accompanied by selenide minerals, on fracture surfaces of anthracite [12,13].
The gold–selenium mineralisation is described as a localised expression of more widespread
sulphide-rich mineralisation in South Wales coal containing siderite nodules [34]. The Westphalian
section in the vicinity of Castlecomer is both pyritic and contains abundant siderite nodules [36].
Therefore, we investigated the sideritic–pyritic coals of Castlecomer for evidence of mineralisation
comparable to that in South Wales. Coal mining in Castlecomer has ceased, but coal seams and loose
spoil, including sideritic nodules, can be sampled from former opencast mines and the River Dinin in
and around the town of Castlecomer (Figure 4; Table 1).
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4. Materials and Methods

Coal samples (n = 9), including coals impregnated with nodular siderite, were collected from in situ
seams, abandoned spoil heaps (Castlecomer Colliery and Bilboa Quarry) and stream sediment (River
Dinin) in the former coal mining region of Castlecomer (Figure 4; Table 1). A suitable method for directly
determining if gold is present and anomalous in coals as discrete particles is by direct identification
using scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM–EDS) and laser
ablation inductively coupled mass spectrometry (LA–ICP–MS) methods, as utilised in this study.
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Figure 4. Sampling locations in the Castlecomer area of the Leinster Coalfield, County Kilkenny.
(a) In situ coal seam and loose spoil at the abandoned Bilboa Quarry, Castlecomer. (b) Sideritic nodule
hosted within coal (Bilboa Quarry). (c) The River Dinin, which flows through the former coal mining
Castlecomer area, which hosts mineralised coal and siderite samples.

4.1. Scanning Electron Microscopy (SEM–EDS)

Whole rock samples were examined for gold particles using an ISI ABT-55 scanning electron
microscope (SEM) (Kevex, Thermo Fisher Scientific, Waltham, MA, USA) with Link Analytical 10/55S
EDAX (EDS) (Link An, High Wycombe, UK) facility at the University of Aberdeen.

4.2. X-Ray Diffraction (XRD)

X-ray diffraction (XRD) was performed on whole rock coal samples to determine individual
mineralogical and compositional phases that otherwise cannot be determined by SEM–EDS. The finely
powdered (<64 µm) samples were placed on a flat disk sample holder, gently compressed and scanned
on a Bruker D8 Discover diffractometer at the University of Aberdeen, using CuKα radiation and a
scan range from 5◦ to 90◦ (2θ), a 0.03◦ (2θ) step size and a data collection time of 10s per step.

4.3. Whole Rock and Sediment Geochemistry

Whole rock coal samples were analysed by both inductively coupled plasma atomic emission
spectroscopy (ICP–AES) and solution mass spectrometry (ICP–MS). The element of interest was the
indicator selenium content (ppm), due to the association of gold and selenium in the South Wales
Coalfield. Samples of ~30 g were individually milled and homogenised, and 0.5 g were digested with
aqua regia in a graphite heating block. The residue was diluted with deionised water (18 MW cm),
mixed, and analysed using a Varian 725 instrument at ALS Minerals (Loughrea, Ireland; method ID:
ME-MS41). Results were corrected for spectral inter-element interferences from the sample matrix,
solvent medium, and plasma gas. Errors for whole rock for ICP–MS were calculated based on certified
and achieved values for certified reference materials (CRM). Results for CRM analyses were within the
anticipated target range for each metal and standard. Duplicate analyses produced reported values
within the acceptable range for laboratory duplicates, with an average relative percent difference of 4%.
Total organic carbon (TOC) and sulphur contents were also measured using a LECO CS225 elemental
analyser at the University of Aberdeen, to a precision of ±0.05%. Analyses were run concurrently with
standards 501-024 (Leco Instruments, Saint Joseph, MI, USA) and BCS-CRM 362 (Bureau of Analysed
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Samples Ltd., Middlesbrough, UK). The repeatability (based on 3 repeats of standards and blanks) of
samples was consistently within 1%.

4.4. Laser Ablation ICP–MS

Trace element analysis of polished blocks was performed by using a New Wave laser ablation
system UP213 nm (New Wave Research, Fremont, CA, USA) coupled to an ICP–MS Agilent 7900
(Agilent Technologies, Tokyo, Japan). The laser beam was fired with a spot size of 100 µm moving in
straight line, a 10 Hz repetition rate, and at 50µm·s−1 ablation speed with 1 J·cm2 energy. Before ablation,
a warm-up of 15 s was applied with 15 s delay between each ablation. Settings parameters were
optimised by using National Institute of Standards and Technology Glass 612 (NIST, Gaithersburg, MD,
USA) to obtain the maximum sensitivity and ensure low oxide formation. In order to remove possible
interferences which could affect selenium measurements, a reaction cell was used with hydrogen
gas (between 3.0 and 3.5 mL/min optimisation to decrease selenium background). MASS-1 synthetic
polymetal sulphide (US Geological Survey, Reston, VA, USA) was used to provide a semi-quantification
by calculating the ratio concentration (µg·g−1)/counts per seconds and multiplying this ratio by the
sample counts. Certified and informative values are available by request through the US Geological
Survey website.

5. Results

Coals of the Leinster coalfield generally comprise up to 80% TOC (Table 1), with reported 89%
vitrinite, 7.2% inertinite, 0.7% liptinite and 4.1–5.5% vitrinite reflectance, with 1.44 bireflectance [42,43].
Mineral content is generally low (~3% mineral matter), with visible pyrite, nodular siderite and
minor quartz present in samples. Qualitative XRD also reveals the presence of minor mixed clays
and carbonates. Samples CC3–CC9 show visible replacive pyrite, conformable to bedding, and are
impregnated with nodular siderite (CC5–CC9), containing fracture-filling pyritic septarian infills.
Pyrite is evident sporadically in samples (typically from River Dinin samples) as anhedral grains
(Figure 5) and within coal veins. Siderite nodules (Figure 5b) are hosted within the coal matrix.
Electron microscope studies of rough and polished surfaces of the sideritic nodules showed that they
are extensively mineralised by replacive pyrite (Figure 5b), and also by barite, xenotime, iron oxides
and clay minerals. Pyrite in siderite nodules is part of the crack-fill septarian mineral assemblage
(Figure 4b).

Discrete gold grains occur in pyrite within the siderite nodules (Figures 5 and 6, found in Bilboa
quarry spoil heaps and River Dinin samples), and also within the coal matrix in (or in close proximity
to) pyrite (Figure 5a,c). Gold grains are typically less than 10 µm in length, though in some cases are
up to 40 µm. Free gold grains are planar crystalline, sub-rounded and slightly elongate (Figure 5b,c,
and evident in EDS gold maps in Figure 6). Discrete gold phases were also identified by LA–ICP–MS
(Figure 7). Bulk analysis of targeted pyrite-containing coal matrix areas (~2500 µm × ~2500 µm flat
surfaces) by LA–ICP–MS show an average gold content of 0.01 to 0.02 ppm in two of the samples where
gold was recognised (samples CC6 and CC7, see Table 1), above world average coal concentrations of
0.003 to 0.004 ppm [25], while other samples did not contain gold above levels of detection (0.01 ppm for
LA–ICP–MS). Direct EDS spot analyses of the gold grains show that they contain variable percentages
(5.3–18.6%, mean 10.5%) of admixed platinum, though the amount and particle sizes were too small to
quantify the abundances within grains. No silver was detected, which thus cannot exceed 0.2%. Direct
EDS qualitative analysis also showed that gold grains also contain traces of copper (up to 0.3%).

Measurements were made to test rigorously the genuine attribution of the gold to the Castlecomer
samples, including:

(1) Gold was recorded in four distinct (sideritic and pyritic) samples by SEM–EDS and LA–ICP–MS
analyses (Table 1).

(2) Gold was recorded on both polished and unpolished surfaces.
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(3) The composition of the gold is distinct from that of gold sputter coating used in the laboratory.
(4) No other gold-bearing material was prepared at the same time.
(5) The context of trace element sulphur in the gold is variable, suggesting that it is a natural

precipitate rather than a man-made artefact.

Bulk ICP–MS analysis of the coal shows a mean selenium content of 9.7 ppm (n = 9; Table 1),
higher than the mean selenium content of British coals (2.1 ppm; [44]). Samples generally free of visible
pyrite and siderite (CC1–CC2) contain 0.7 to 0.8 ppm selenium, while pyritic coal samples contain
4.2 to 7.1 ppm selenium and heavily pyritic–sideritic coal samples contain up to 25.8 ppm selenium.
Heavily pyritic-siderite nodular coal samples also contain up to 29.5% sulphur (0.4% to 0.7% in the coal
matrix) and TOC content below 40% (40% to 80% in the coal matrix; Table 1). Sulphur and selenium
concentrate in pyrite within veins in coal (Figure 5c), while possible discrete selenide “hot spot” phases
were also identified within pyrite by LA–ICP–MS (Figure 7d).
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Figure 5. Mineralogy of Castlecomer coal samples. (a) Pyrite within the coal matrix (closely associated
with a siderite nodule), containing discrete gold grains. (b) Siderite nodule with pyrite filling the septarian
cracks, and a large gold grain present. (c) Gold grains at the edge of pyrite in coal.
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Figure 6. Energy-dispersive X-ray spectroscopy (EDS) element mapping images of gold (Au, high concentrations represented by red spots) grains in pyritic and
sideritic Castlecomer coals. Maps are 50 µm × 50 µm flat surfaces.

Table 1. Selenium (Se), gold, (Au), sulphur (S) and total organic carbon (TOC) content of Castlecomer coal samples. Locality information also shown, as well as a
qualitative indication of presence of gold in each sample (based on SEM–EDS observations).

Sample Code Locality Latitude Longitude Sample Description Se (ppm) Au (ppm) S (%) TOC (%) Gold Present
in Sample

CC1 Castlecomer 52.813683 −7.2049499 Coal matrix (free of pyrite and siderite) 0.7 - 0.4 77 No
CC2 Bilboa quarry 52.809600 −7.022492 Coal matrix (free of pyrite and siderite) 0.8 - 0.4 80.1 No
CC3 River Dinin 52.805511 −7.1924973 Coal matrix (containing pyrite) 7 - 0.7 64.4 No
CC4 Castlecomer 52.813683 −7.2049499 Coal matrix (containing pyrite) 7.1 - 0.7 64.4 No
CC5 River Dinin 52.805511 −7.1924973 Coal matrix (containing pyrite and siderite) 4.2 0.00 12.1 38.4 Yes
CC6 River Dinin 52.805511 −7.1924973 Sideritic coal (abundant pyrite and siderite) 25.8 0.02 24.3 3.8 Yes
CC7 River Dinin 52.805511 −7.1924973 Sideritic coal (abundant pyrite and siderite) 20.5 0.01 29.5 3.9 No
CC8 Bilboa quarry 52.809600 −7.022492 Sideritic coal (abundant pyrite and siderite) 9.9 0.00 25.1 37.5 Yes
CC9 Bilboa quarry 52.809600 −7.022492 Sideritic coal (abundant pyrite and siderite) 11.2 0.00 12.3 27.6 Yes



Minerals 2020, 10, 635 9 of 15
Minerals 2020, 10, x FOR PEER REVIEW 2 of 15 

 

 
Figure 7. Laser ablation inductively coupled mass spectrometry (LA–ICP–MS) trace element maps of 
Castlecomer coal samples (CC6 and CC7). (a) High iron content indicating the presence of microscopic 
pyrite and siderite in coal (CC6). (b) Discrete gold phases (with silver absent) in association with 
pyrite and siderite (same area analysed as (a)). (c) Selenium concentrated within pyritic vein in coal 
(CC7). (d) Concentrated “hot spot” of selenium, indicating possible selenide within pyrite (CC6). 

6. Discussion 

6.1. Conditions of Mineralisation 

The mineralisation in the Carboniferous coals at Castlecomer, as in several parts of the spatially 
and temporally correlative South Wales Coalfield, predominantly occurs in siderite nodules. The 
development of siderite nodules is a feature of burial diagenesis at depths down to a few hundred 
metres [45], in a non-marine environment, where iron is deposited as carbonates. Subsequent 
mineralisation by pyrite occurs replacively in septarian crack fills (Figure 5b). Siderite nodules in 
coals and organic-rich shales elsewhere are consistently mineralised at their cores by pyrite, base 
metal sulphides, barite and petroleum (e.g., [46]). These mineral occurrences indicate the ingress of 
fluid during burial (post-peat depositional diagenesis [47]), despite the low permeability of the 
nodules and their host rocks, with increasing thermal maturation (rank advance) and fluid migration 
through time. Selenium enrichment can also be attributed to such fluid ingress.  

Data from South Wales suggest that mineralisation commenced at relatively low temperatures 
(<100 °C; [48]), but at temperatures high enough (>60 °C) to explain the incorporation of migrated 
hydrocarbons within cracks [48]. It is speculated that these conditions were also prevalent in the 
Leinster Coalfield. Mineralisation of these basins, rather than other coal basins in Great Britain and 
Ireland, may have reflected the very high heat flow in foreland basins north of the emerging Variscan 

Figure 7. Laser ablation inductively coupled mass spectrometry (LA–ICP–MS) trace element maps of
Castlecomer coal samples (CC6 and CC7). (a) High iron content indicating the presence of microscopic
pyrite and siderite in coal (CC6). (b) Discrete gold phases (with silver absent) in association with pyrite
and siderite (same area analysed as (a)). (c) Selenium concentrated within pyritic vein in coal (CC7).
(d) Concentrated “hot spot” of selenium, indicating possible selenide within pyrite (CC6).

6. Discussion

6.1. Conditions of Mineralisation

The mineralisation in the Carboniferous coals at Castlecomer, as in several parts of the spatially and
temporally correlative South Wales Coalfield, predominantly occurs in siderite nodules. The development
of siderite nodules is a feature of burial diagenesis at depths down to a few hundred metres [45], in a
non-marine environment, where iron is deposited as carbonates. Subsequent mineralisation by pyrite
occurs replacively in septarian crack fills (Figure 5b). Siderite nodules in coals and organic-rich shales
elsewhere are consistently mineralised at their cores by pyrite, base metal sulphides, barite and petroleum
(e.g., [46]). These mineral occurrences indicate the ingress of fluid during burial (post-peat depositional
diagenesis [47]), despite the low permeability of the nodules and their host rocks, with increasing thermal
maturation (rank advance) and fluid migration through time. Selenium enrichment can also be attributed
to such fluid ingress.

Data from South Wales suggest that mineralisation commenced at relatively low temperatures
(<100 ◦C; [48]), but at temperatures high enough (>60 ◦C) to explain the incorporation of migrated
hydrocarbons within cracks [48]. It is speculated that these conditions were also prevalent in the Leinster
Coalfield. Mineralisation of these basins, rather than other coal basins in Great Britain and Ireland, may
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have reflected the very high heat flow in foreland basins north of the emerging Variscan orogenic front.
In South Wales, the geothermal gradient was calculated to be 45 ◦C km−1 [49]. Northward-directed
flow away from the orogen controlled the formation of high rank anthracite and the distribution of
mineralisation, as inferred for South Wales coal [31]. The Carboniferous coal at Castlecomer is also
anthracitic, indicative of similarly high heat flow and similar potential for mineralisation.

The occurrence of gold in coals reported here contributes to growing evidence for the mobility of
gold in the sedimentary environment (e.g., [50,51]). The subhedral, sub-rounded and planar nature of the
gold grains suggests that they may have undergone some mechanical alteration after precipitation. A high
proportion of gold in the northern hemisphere is in basement rocks (Caledonian basement and older),
or in placers derived from those rocks. Many widespread coalfield areas are of Carboniferous–Permian
age [52], and the provenance of Carboniferous rocks is dominated by the basement [53]. Thus, there
is potential for concentrations of basement-derived metals within coal and coal combustion products.
The purity of the coal-hosted gold in this study (inferred from EDS analysis) is high, and contrasts with
much epigenetic gold which contains a greater proportion of alloyed silver and other trace elements.
Analyses of gold in the bedrock of SE Ireland show silver contents often comprise 5–10% of the alloy [29],
compared to the <0.2% silver component observed in this study. Such high purity is a feature of gold
deposited in sedimentary systems, in which precious metals remobilised by the dissolution of older
high-temperature deposits become fractionated during re-precipitation [54]. The precipitation of gold in
sedimentary rocks is commonly redox-controlled and occurs as a trace component of pyrite. The focus of
pyrite (and selenium, possibly as selenides) precipitation in siderite nodules has also made them a focus
for gold precipitation.

6.2. Gold (and Platinum) Source

Gold and platinum are both mobile in surface environments, especially in acidic groundwaters,
and their enrichment in peat [55] are analogous to their concentration in coal. Gold in coal may be
attributed to a mixture of detrital matter and precipitation from groundwaters [2], and thus most likely to
be found where gold ores occur in the bedrock source regions for the groundwaters. The same scenario
could be envisaged for any platinum, which was detected as a mixed alloy in low concentrations with
gold by EDS. Therefore, the occurrence of gold (–platinum) mineralisation in coal in a region where
stream sediment sampling has identified these elements in anomalous concentrations suggests that
groundwaters were the source. Thus, the knowledge that the gold-mineralised Leinster Massif region
had been exhumed in advance of coal deposition makes such a provenance likely. The lack of silver in the
coal-hosted gold, while the nearby bedrock gold consistently contains silver, is indicative of authigenic
gold precipitation from groundwaters rather than detrital gold [56].

The Lower Palaeozoic rocks of SE Ireland are a known source of gold [57], and related placer gold
was the cause of a celebrated gold rush in 1795 [58]. To the southwest, the Devono–Carboniferous
Munster Basin also contains showings of gold in hydrothermal veins [59], the source of which is not clear
but indicates a protolith somewhere in the region. Provenance studies in the Devono–Carboniferous
rocks of England and Ireland indicate that the Irish Caledonides were exposed and eroded into
the sedimentary succession [53]. Notably, the Devonian deposits of SW Ireland contain clasts of
tourmalinite [60], associated with gold mineralisation in the Leinster Massif [61]. There was, therefore,
gold in the surface environment at that time. The source for the gold in South Wales could also be SE
Ireland, but palaeocurrent data for the South Wales Coalfield allow possible derivation from regions
spanning Nova Scotia, Ireland, Wales and France [62], all of which had been recently mineralised by
gold [10]. There was, therefore, a good chance of gold availability to coal-forming environments along
the Variscan orogenic front.

Gold with platinum is a rare alloy in nature, but in this case reflects the elements available in the
groundwaters. Alloyed grains of gold and platinum, free of silver, may form from unrelated sources,
and have been previously reported in neighbouring parts of the British Isles [63,64]. Alluvial gold
alloy grains that contain no silver, but do contain high selenium, platinum and copper, have been
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identified in Leadhills, Scotland, precipitated from a mineralising solution rich in these elements [63].
Gold enriched with platinum has also been identified in drainage and overburden derived samples
from Lower Devonian sediments and in minor volcanic rocks of Devon, SW England, considered to
have grown from oxidising saline fluids at approximately 100 ◦C [64]. Gold–platinum–copper alloys
have also been described in Russia [65,66] in the placer of the Konder alkaline-ultrabasic massif [65]
and in the alluvium along the River Bolshoy Khailyk, western Sayans [66]. Although rare, platinum
enrichments are recorded in coal where a source is available [9]. As in the case of gold, the rocks of
SE Ireland are anomalously rich in platinum, evidenced by stream sediment surveys, provisionally
identified in placer sands worked during the gold rush [67]. Data for the 90th percentile of stream
sediment compositions show a gold/platinum ratio of ~8, comparable to the ratio measured in the
coal-hosted gold. We note incidentally that the occurrence of platinum is a matter of contention in
determining the origin of Irish gold artefacts, some of which contain trace platinum [68], and it is
assumed that Irish gold contains no platinum [29].

6.3. Wider Exploration Implications

The high tonnages of coal and the pre- and post-combustion waste derivatives (e.g., coal ash, [8,20,69])
make coal a potentially valuable and underexplored resource for gold and other economic elements
globally, warranting further consideration. Available literature data for gold in coal are limited due to
a lack of focus on the viability of the setting and subsequent low detection limits utilised in analytical
studies (e.g., 0.2 ppm). However, discrete gold particles are susceptible to “the nugget effect” during
analysis, where particles are either present or missing in a given sample, meaning estimates may be over-
or under-valued. Consequently, elemental proxies or “pathfinder” indicator elements are commonly
targeted for gold identification and exploration purposes (e.g., arsenic, antimony, mercury, selenium,
tellurium). Coal containing ~0.05 ppm noble metals (typically 50% as gold) may be considered as a
potential ore [8]. The lack of analytical focus on gold in Carboniferous coals means that the globally
extensive basin outcrops likely contain further instances of gold occurrences, possibly of economic
significance. The time and financial implications of undertaking qualitative, semi-quantitative and
quantitative analysis on whole rock coal samples means that dedicated gold exploration in coals is not
viable, and the closure of the coal mines in regions such as Castlecomer means that mining, production
and storage are now absent in many regions. However, by targeting specific coalfield regions that
show indicators of gold potential in active coal mining regions worldwide, such as those that have
known pyrite and siderite occurrence, high pathfinder element concentrations, proximity to the
Variscan orogenic front and/or a proximity to gold-mineralised protoliths, investigations may become
more focused. More practically, coal combustion products of power stations may contain elevated
concentrations of gold, platinum and other trace elements of economic importance. As the global coal
industry continues to grow [70], the necessity to find added value in the waste derivatives will become
increasingly important. This is particularly pertinent for the recovery of critical trace elements used in
nanotechnologies [71–73], or toxic trace elements that may impact the environment [74–76]. Siderite is
mostly separated and removed during coal processing, meaning it is not burned with coal, and any
associated trace elements would not reach the fly ash post-combustion stage. If siderite and pyrite
mineral matter from coal can be removed and recovered during the early stages of processing, it may
represent a unique concentrated resource for gold and other elements of economic importance.

7. Conclusions

Native gold is recorded within Carboniferous coals of the Leinster Coalfield at Castlecomer, SE
Ireland, for the first time. The geochemical characteristics of the gold provide evidence for its origin:

• The gold occurs adjacent to a region where the Caledonian basement bedrock is mineralised by
gold, thus a demonstrable source is available.

• The gold does not contain detectable silver, so could not represent detrital gold from the bedrock
gold mineralisation and instead implies precipitation from groundwaters.
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• The consistent enrichment in platinum in the gold suggests precipitation from groundwaters,
whose present-day equivalents are also enriched in both gold and platinum.

• The enrichment of selenium in the coal is corroborating evidence for the flow of groundwaters
through the coal.

The combination of the gold occurrences in coal in Castlecomer and in South Wales, both proximal
to the Variscan orogenic front, suggests that coals along the front could constitute an exploration target
for low-temperature concentrations of precious metals.
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