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Foreword 

This confidential report is the published product of a study by the British Geological Survey (BGS), 
commissioned by Department for the Economy (DfE, Minerals and Petroleum Branch), to characterise 
the mineralogy and petrography of potentially graphite-bearing rocks from the Dalradian Supergroup 
and Moffat Shale Group of Northern Ireland.   

Graphite is a form of carbon that occurs as black to steel grey, lustrous flaky aggregates, disseminated in 
metamorphic rocks or as veins.  Natural graphite has specialist properties such as high electrical 
conductivity, high melting point, resistance to corrosion, and lubricity.  Natural graphite is the primary 
material used for the anode of most lithium-ion batteries and this is expected to be a major driver of 
increasing demand in the coming years.  At the time of writing, China continues to dominate global 
natural graphite production (77%) followed by Madagascar, Mozambique, and Brazil.  Graphite is 
currently regarded as a critical raw material for the UK and several other countries. 

Graphite forms where carbon-rich sedimentary rocks have been metamorphosed, with flake graphite 
being restricted to areas of relatively high temperature metamorphism.  Areas of potential prospectivity 
for flake graphite are thus those where there is evidence of amphibolite facies metamorphism and 
where carbon-rich metamorphosed sedimentary rocks are mapped.  In the Sperrin Mountains of 
Northern Ireland, these criteria are met in small areas of the Dalradian Supergroup. 

In this study, collaborative fieldwork between the BGS, the Geological Survey of Northern Ireland (GSNI), 
Dalradian Gold, Flintridge and Conroy was conducted to assess the potential for graphite in Dalradian 
metasedimentary rocks across the Sperrin Mountains and Moffat Shale Group rocks of the Longford-
Down.  Thirty samples were collected and analysed using optical and scanning electron microscopy, X-
ray diffraction and thermogravimetry-mass spectrometry.   

This work, carried out between August 2023 and March 2024, will inform the DfE of potential 
opportunities for graphite in the region as it develops a policy position on mineral development. 
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Summary 

This confidential report describes the results of mineralogical and petrographic analysis of a suite of 30 
metasedimentary rocks of the Dalradian Supergroup, Sperrin Mountains, and Moffat Shale Group of the 
Longford-Down of Northern Ireland.  The work was carried out as part of a Department for the Economy 
(DfE, Minerals and Petroleum Branch) project to assess the potential of graphite in these rocks.  

The first part of the report provides a sample list followed by the analytical methodology used to 
conduct X-ray diffraction (XRD), thermogravimetric mass spectrometer (TGA-MS), optical microscopy, 
and scanning electron microscopy (SEM) analysis.  The results of each analytical method are then 
provided and discussed.  

Interpretation of XRD analysis suggests that samples are predominantly composed of quartz (mean 53.8 
wt%) and mica (mean 32.0 wt%) with moderate amounts of carbonate mineral species including 
dolomite, ferroan dolomite, and siderite.  Plagioclase feldspar, kaolin, chlorite, apatite, and pyrite were 
also frequently identified in the samples.  XRD indicated that only trace amounts of graphite (mean 1.3 
wt%) were present.  Identification of such small quantities of graphite proved difficult due to XRD peak 
overlap with quartz, the most abundant mineral phase of the sample set.  

Providing a more sophisticated picture of thermal decomposition of graphite-bearing samples than 
simple furnace assays, the TGA-MS measured weight loss between 105°C and 1000°C suggested a mean 
graphite concentration of 8.8 wt% for the samples.  However, this is likely an overestimation due to the 
abundance of carbonates, phyllosilicates, and clay minerals all of which contribute to weight loss in this 
temperature range.  Further, detailed interrogation of the TGA and CO2-evolution MS profiles indicates a 
series of weight loss events, reflecting the complex, variable nature of the sample's mineralogical 
composition and the decomposition of multiple phases.  However, in combination with the carbonate 
species identified by XRD, the weight losses have been interpreted as being largely due to the 
decomposition of siderite (~560°C), dolomite/Fe-dolomite/ankerite (~720°C), and graphite (~740°C).  
Using this approach, small quantities (0.3ς4.4 wt%) of graphite were identified in 10 of the 30 samples 
analysed.  Samples MRC1237, MRC382, MRC1238, MRC1241, and MRC1247 all show graphite contents 
greater than 2.3 wt%.  The remaining samples, particularly those with high proportions of dolomite/Fe-
dolomite/ankerite concentrations, may also contain undetected amounts of graphite. 

Optical microscopy and SEM were conducted to assess the nature of potential crystalline graphite 
mineralisation in the samples.  Optical microscopy failed to identify any graphite in this form.  SEM 
analysis identified the presence of a carbon-rich mineral species, typically present in <100 µm across 
patches, intergrown with quartz and mica. This fine scale and intergrowth habit explain why the optical 
microscope method failed to identify it as graphite.  The nature of graphite across this sample set can be 
described as disseminated finely/poorly crystalline graphitic material in amorphous carbon-rich matter.  

It can be suggested that, although disseminated graphitic material is present in trace amounts in many 
of these samples, metamorphic grade has not been sufficiently high to promote substantial graphite 
mineralisation.  
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1 Introduction 

This confidential report presents the results of the mineralogical and petrographic characterisation of a 
suite of 30 graphite-bearing samples collected from Northern Ireland.  The client specifically requested 
that the samples were characterised using mineralogical (X-ray diffraction and thermogravimetric-mass 
spectrometry) analyses together with optical and scanning electron microscopy to determine the nature 
of the graphite flake-size present.   

Sample details are shown in Table 1.  Analyses were performed following the general guidelines 
summarised in Mitchell (1993). 

2 Laboratory methods 

Following receipt, representative portions of the samples for optical microscopy were photographed 
and marked for thin section preparation.  The remaining sample material was passed to the BGS Sample 
Handling Facility.  Here the samples were jaw crushed to approximately <4 mm and half the material 
subsampled by cone-and quartering and ball-milled. 

2.1 X-RAY DIFFRACTION ANALYSIS 

2.1.1 Sample preparation 

In order to provide a finer and uniform particle-size for powder XRD analysis, a 2.7 g portion of each 
milled sample was micronised under deionised water for 10 minutes with 10% (0.3 g) corundum 
(American Elements - PN:AL-OY-03-P).  The addition of an internal standard allows the validation of 
quantification results and also the detection of any amorphous species present in the samples.  
Corundum was selected as its principal XRD peaks are suitably remote from those produced by most of 
the phases present in the samples.  The micronised samples were dried in an oven at 55°C, 
disaggregated and back-loaded into standard stainless steel sample holders for analysis.   

2.1.2 Analysis 

X-ray diffraction (XRD) ŀƴŀƭȅǎƛǎ ǿŀǎ ŎŀǊǊƛŜŘ ƻǳǘ ǳǎƛƴƎ ŀ t!bŀƭȅǘƛŎŀƭ ·ΩtŜǊǘ tǊƻ ǎŜǊƛŜǎ ŘƛŦŦǊŀŎǘƻƳŜǘŜǊ 
equipped with a cobalt-ǘŀǊƎŜǘ ǘǳōŜΣ ·Ω/ŜƭŜǊŀǘƻǊ ŘŜǘŜŎǘƻǊ ŀƴŘ ƻǇŜǊŀǘŜŘ ŀǘ прƪ± ŀƴŘ плƳ!Φ  ¢ƘŜ 

micronised powder samples were scanned from 4.5ς85°2q at 2.06°2q/minute.  Diffraction data were 
ƛƴƛǘƛŀƭƭȅ ŀƴŀƭȅǎŜŘ ǳǎƛƴƎ t!bŀƭȅǘƛŎŀƭ ·ΩtŜǊǘ IƛƎƘ{ŎƻǊŜ tƭǳǎ ǾŜǊǎƛƻƴ рΦм ǎƻŦǘǿŀǊŜ ŎƻǳǇƭŜŘ ǘƻ ǘƘŜ ƭŀǘŜǎǘ 
version of the International Centre for Diffraction Data (ICDD) database.   

Following identification of the mineral species present in the samples, mineral quantification was 
achieved using the Rietveld refinement technique (e.g. Snyder & Bish, 1989) using the same HighScore 
Plus software.  This method avoids the need to produce synthetic mixtures and involves the least 
squares fitting of measured to calculated XRD profiles using a crystal structure databank.  Errors for the 
quoted mineral concentrations calculated from synthetic mixtures of minerals, are better than ±1% for 
concentrations >50 wt%, ±5% for concentrations between 50 and 20 wt% and ±10% for concentrations 
<10 wt% (Kemp et al., 2016).  Where a phase was detected but its concentration was indicated to be 
below 0.5%, it is assigned a value of <0.5%, since the error associated with quantification at such low 
levels becomes too large. 
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Table 1.  Sample list 

BGS Lab 
code 

Collector code Sample name Location Easting Northing Owner 

MPLY808 MRC382 XMRC1220X Magherenny 223580 337190 GSNI 

MPLY809 MRC386  Glenarn West 222840 336740 GSNI 

MPLY810 MRC805 JS-FS-01 Broughderg 264952 387995 GSNI 

MPLY811 MRC808 18-GD-01 (JS-02) Glencurry 249416 375860 Dalradian 
Gold 

MPLY812 MRC1178 C3-22-002 Clontibret 290358 317347 Conroy 

MPLY813 MRC1179 CY-09-02 Clontibret 281398 335427 Conroy 

MPLY814 MRC1206 CDG-02B-16 Clontibret 275479 330246 Conroy 

MPLY815 MRC1215 CY-09-10 Clontibret 281315 335443 Conroy 

MPLY816 MRC1232 GSNI-GAL 103-2 Lack Inlier 239598 370790 Flintridge 

MPLY817 MRC1233 GSNI-GAL 103-3 Lack Inlier 239598 70790  Flintridge 

MPLY818 MRC1234 GSNI-GAL H150-01 Lack Inlier 239826 370638  Flintridge 

MPLY819 MRC1235 GSNI-GAL H94-04 Lack Inlier 240329 371090  Flintridge 

MPLY820 MRC1236 F82949 Glenlark 260215 389402 Dalradian 
Gold 

MPLY821 MRC1237 F82950 Curraghinalt 256125 386545 Dalradian 
Gold 

MPLY822 MRC1238 F82951 Curraghinalt 256121 386538 Dalradian 
Gold 

MPLY823 MRC1239 F82952 Crosh 249766 375546 Dalradian 
Gold 

MPLY824 MRC1240 F82953 Curraghinalt 259564 385338 Dalradian 
Gold 

MPLY825 MRC1241 F82954 Glenmacoffer 252274 384147 Dalradian 
Gold 

MPLY826 MRC1242 F82956 Glenmacoffer 252298 384126 Dalradian 
Gold 

MPLY827 MRC1243 F82955 Glenmacoffer 252279 384143 Dalradian 
Gold 

MPLY828 MRC1244 F82957 Glenmacoffer 252306 384119 Dalradian 
Gold 

MPLY829 MRC1245 F82958 Scotchtown 254020 386559 Dalradian 
Gold 

MPLY830 MRC1246 F82959 Glencordial 249366 375902 Dalradian 
Gold 

MPLY831 MRC1247 F82961 Glencordial 249387 375884 Dalradian 
Gold 

MPLY832 MRC1248 F82962 Glencordial 249406 375868 Dalradian 
Gold 

MPLY833 MRC1249 GSNI23/01 Crockaghole 271229 390277 BGS/GSNI 

MPLY834 MRC1250 GSNI23/02 Crockaghole 246487 378042 BGS/GSNI 

MPLY835 MRC1251 GSNI23/03 Rylagh 246487 373102 BGS/GSNI 

MPLY836 MRC1252 GSNI23/05 Creeven River 240388 370162 BGS/GSNI 

MPLY837 MRC1253 GSNI23/08 Cornavarrow River 234995  369409 BGS/GSNI 

 

2.2 THERMOGRAVIMETRIC-MASS SPECTROMETRIC ANALYSIS 

Small, ~50 mg portions of milled material were heated in 150-µl platinum crucibles from 25 to 1100°C in 
a Mettler-Toledo TGA/DSC 3+ thermobalance system coupled to a Pfeiffer Vacuum ThermoStar mass 
spectrometer via a heated (150°C), 0.3 mm OD, quartz capillary. 
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Single runs with a gas flow of 40 ml/min air and a heating rate of 10°C/min were applied.  Although the 
MS offers the ability to measure gases in the range 1ς200 amu, only water (H2O, m/z 18), CO (m/z 28) 
and CO2 (m/z 44) output was monitored for this study.  Prior to commencing sample analyses, the 
¢D!κ5{/ ǎȅǎǘŜƳ ǿŀǎ ŎŀƭƛōǊŀǘŜŘ ǳǎƛƴƎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǎǇŜŎƛŦƛŜŘ LƴŘƛǳƳκ!ƭǳƳƛƴƛǳƳ όLƴκ!ƭύ ƳŜƭǘƛƴƎ 
test.  Zero runs were then completed for empty 150 µl platinum crucibles.  The TGA was controlled and 
TGA output traces were interpreted using the Mettler-Toledo STARe software suite (v16.10).  The linked 
MS was triggered by the TGA but otherwise programmed and MS output displayed using Quadera 
software (v4.62).  Prior to measurements, the MS was calibrated using the manufacturer's standard 
procedures to account for drift in the current amplifier, SEM gain and mass scale adjustment. 

2.3 PETROGRAPHIC ANALYSIS 

2.3.1 Thin section preparation 

Thin section preparation was outsourced and undertaken by Stratum Reservoir (previously ALS Global).  
Representative areas were extracted using a diamond-tipped saw and impregnated with epoxy resin 
under vacuum.  A blue dye was added to the resin to enable any natural porosity to be readily identified 
during the subsequent petrographic examination.  Polished thin sections were prepared to 30 µm 
thickness.  

2.3.2 Optical Microscopy 

Optical microscopy and imaging of thin sections was conducted using a Zeiss Axio Imager A2m with 
automated stage and Axiocam 208 colour camera fitted.  This hardware combined with Zeiss Zen 3.7 
software allowed for imaging and rapid full-section scanning of each sample in plane-polarised (PPL), 
cross-polarised (XPL) and reflected light (RL). Key optical properties used to identify graphite by optical 
microscopy are its opaque transparency in PPL and metallic steel grey colour in RL. Other minerals share 
these optical properties, such as arsenopyrite (if no yellow colouration is present) and titanium oxides, 
thus making optical identification challenging if all phases occur in the same sample.  

2.3.3 Scanning electron microscopy 

Detailed mineralogical, petrographical and microanalytical observations were made using a Zeiss Sigma 
300 field emission scanning electron microscope (SEM). This is fitted with twin Bruker Xflash 6|30, 30 
mm2, 129 eV, energy dispersive X-Ǌŀȅ ό95·ύ ŘŜǘŜŎǘƻǊǎΣ ǊǳƴƴƛƴƎ ǿƛǘƘ .ǊǳƪŜǊΩǎ 9ǎǇǊƛǘ ǎƻŦǘǿŀǊŜ ό± нΦрύΦ  

SEM hosted EDX systems determine the energies of X-rays that are emitted where the electron beam 
interacts with sample material. This is used to determine elemental compositions and for mineral phase 
identifications. The EDX system used is capable of detecting elements from atomic number 5 (B) to 
atomic number 92 (U) and has detection limits of the order of 0.2 to 0.5 wt% for most elements. 

All samples were examined under high vacuum conditions (<10-4 Pa). Accelerating voltages and beam 
currents were selected to best suit the objectives of the analyses. For this study, the operating 
conditions used were 20 kV accelerating voltage with a 120 µm aperture in Ψbeam boostΩ mode, giving a 
nominal beam current of 10 nA. Digital photomicrographs were obtained using the backscatter electron 
(BSE) technique, recorded as 8-bit greyscale TIF format images. The brightness of a phase under BSE 
imaging is proportional to its mean atomic number. The purpose of SEM analysis was as a check on 
optical microscopy phase identification. Graphite displays low brightness in BSE analysis due to it being 
composed of carbon (C: atomic number 6) and has a C-dominant EDX profile. These properties differ 
from those observed in arsenopyrite and titanium oxides since both phases have higher BSE brightness 
and do not contain C in their EDX profiles.  
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3 Results 

3.1 X-RAY DIFFRACTION ANALYSIS 

The results of quantitative whole-rock powder XRD analyses are summarised in Table 2. 

XRD analyses suggest that the samples are predominantly composed of quartz (7.9ς88.2 wt%, mean 
53.8 wt%) and 'mica' (undifferentiated mica species possibly including muscovite, biotite, illite, 
illite/smectite, 7.9ς85.0 wt%, mean 32.0 wt%).  The samples also contain moderate amounts of various 
carbonate mineral species including dolomite (ndς27.5 wt%, mean 5.4 wt%), ferroan dolomite/ankerite 
(ndς13.4 wt%, mean 1.5 wt%) and siderite (ndς4.8 wt%, mean 1.1 wt%).  Lesser amounts of plagioclase 
feldspar, kaolin, chlorite, apatite, and pyrite were also variably detected in the samples.  Paragonite and 
chloritoid were tentatively identified in only one of the samples (MRC1249). 

XRD identified only trace amounts of graphite in the samples (ndς1.9 wt%, mean 1.3 wt%).  However, 
the identification of such low levels of graphite proved exceptionally difficult to determine.  The graphite 
XRD pattern presents its major (relative intensity, I=100%) peak at 3.34Å which coincides with the quartz 
major peak.  Since quartz forms more than 50% of the mineral composition of the samples, the graphite 
main peak is impossible to discriminate.  The only other graphite peaks in the scan range at 2.08Å 
(I=12%), 1.96Å (I=8%), 1.67Å (I=5%), 1.62Å (I=4%), 1.46Å (I=2%) are all very low relative intensity and so 
are very difficult/impossible to distinguish at such low graphite concentrations.  Therefore, in this study, 
the XRD identification and quantification of graphite relied on standard graphite data with no 
crystallographic or orientation refinement applied. 
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Table 2.  Summary of powder X-ray diffraction analyses 

Collector's code 

Mineral (wt%) 
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MRC382 84.9 nd 13.6 nd nd nd nd nd nd <0.5 nd nd 1.3 

MRC386 70.2 nd 23.7 <0.5 nd nd 0.7 nd 2.1 <0.5 nd 0.9 1.9 

MRC805 72.7 nd 23.5 <0.5 nd nd 1.0 nd 0.7 <0.5 nd <0.5 1.5 

MRC808 48.8 2.5 37.3 0.6 1.6 nd 2.5 nd 3.3 0.7 nd 1.1 1.7 

MRC1178 35.3 nd 50.3 0.8 nd nd 0.9 nd 4.0 <0.5 nd 7.7 0.8 

MRC1179 88.2 nd 8.0 nd nd nd nd nd nd nd nd 2.5 1.3 

MRC1206 47.3 nd 27.6 nd 7.0 nd 16.4 nd nd nd nd 1.3 <0.5 

MRC1215 84.8 0.7 7.9 nd nd nd 0.6 nd nd nd nd 4.5 1.5 

MRC1232 44.0 0.8 32.0 nd 7.3 nd nd 13.4 0.6 nd nd <0.5 1.7 

MRC1233 68.9 nd 23.6 nd <0.5 nd nd 3.4 1.0 1.3 nd <0.5 1.4 

MRC1234 52.2 nd 32.1 nd nd nd nd 9.8 2.3 nd nd 1.4 1.4 

MRC1235 63.8 1.7 23.0 nd 6.1 nd 2.9 nd nd nd nd 0.8 1.8 

MRC1236 81.6 nd 14.4 nd nd nd 2.0 nd <0.5 nd nd <0.5 1.4 

MRC1237 72.7 0.9 24.1 nd nd nd nd nd 0.7 nd nd nd 1.7 

MRC1238 69.9 nd 26.1 2.1 nd nd nd nd 0.6 nd nd nd 1.3 

MRC1239 8.7 nd 81.7 nd 7.0 nd nd nd 1.7 nd nd 1.0 nd 

MRC1240 43.4 3.6 46.4 nd nd nd nd 1.0 3.8 nd nd 1.1 0.7 

MRC1241 67.4 nd 26.6 nd nd nd 1.8 nd nd <0.5 nd 2.2 1.8 

MRC1242 23.8 17.9 46.3 nd 10.8 nd nd nd <0.5 nd nd nd 1.1 

MRC1243 42.8 nd 30.8 nd nd nd 24.5 nd nd nd nd 0.6 1.3 

MRC1244 37.9 nd 32.2 nd nd nd 27.5 nd <0.5 nd nd 0.9 1.3 
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Table 2(continued).  Summary of powder X-ray diffraction analyses 

Collector's code 

Mineral (wt%) 
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MRC1245 7.9 nd 85.0 nd nd nd 1.0 nd 4.8 nd nd nd <0.5 

MRC1246 64.9 nd 26.3 nd 3.1 nd nd 3.9 nd nd nd <0.5 1.6 

MRC1247 77.2 nd 18.3 nd 1.1 nd nd 1.9 nd nd nd <0.5 1.3 

MRC1248 42.8 <0.5 36.7 nd 7.9 nd 5.8 4.9 <0.5 nd nd <0.5 1.1 

MRC1249 29.6 nd 38.8 nd 15.7 11.1 nd nd nd nd 3.3 nd 1.4 

MRC1250 38.7 nd 27.9 1.0 nd nd 25.7 5.6 nd nd nd nd 1.1 

MRC1251 38.3 nd 33.8 nd nd nd 26.9 nd nd nd nd nd 1.0 

MRC1252 53.9 nd 29.5 nd <0.5 nd 11.0 nd 4.2 nd nd nd 1.3 

MRC1253 51.8 nd 33.4 nd nd nd 10.4 nd 2.6 <0.5 nd nd 1.7 

 
  nd:  not detected 
  'mica'  undifferentiated mica species including muscovite, biotite, illite, illite/smectite 
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3.2 THERMOGRAVIMETRIC-MASS SPECTROMETRIC ANALYSIS 

The graphite content of geological samples has traditionally been assessed using a simple furnace assay 
with graphite content being determined from the difference in sample weight at 105°C and 1000°C (e.g. 
Mitchell, 1993).  However, as other minerals commonly associated with graphite, such as carbonates, 
sulphates, hydrates, and phyllosilicates/clay minerals also decompose between these temperature 
limits, such simple assay results are very likely to overestimate graphite concentration. 

Thermogravimetric-mass spectrometry (TGA-MS) analysis provides a more sophisticated picture of the 
thermal decomposition of a graphite-bearing sample than a simple furnace assay.  TGA produces a 
weight loss curve that may be plotted against time and/or temperature and from which different 
decomposition events can be identified and measured.  Interpretation of these weight losses in terms of 
attribution to particular mineral decomposition reactions can be greatly facilitated by integrating the 
mass spectrometric analysis of evolved gases.   

TGA-measured weight losses between 105°C and 1000°C, as would be determined by simple furnace 
assay, suggest that the samples contain graphite concentrations between 3.3 and 19.9 wt% (mean 8.8 
wt%)(Table 3).  However, XRD analysis identified abundant carbonate, phyllosilicate, and clay minerals in 
the samples (Table 2), all of which will contribute to the 105°Cς1000°C weight loss.  The 105°Cς1000°C 
weight loss graphite assays should therefore be regarded as overestimates. 

3.2.1 TGA-MS of graphite 

TGA-MS of graphite in a flowing air atmosphere typically shows a single weight loss between ~600 and 
1000°C, peaking at ~800°C.  Due to the kinetic nature of decomposition, the temperature at which 
weight changes occur is sensitive to numerous parameters including instrument and sample conditions 
but also particle size and crystallinity.  Smaller grain-sizes and poorer crystallinity graphites decompose 
at lower temperatures than larger grain sizes and more highly ordered graphites. 

As an example, the TGA-MS output for a standard, coarse-flake graphite sample (~87.5wt% graphite) 
heated in flowing air is shown in Figure 1(top).  The single weight loss between ~420 and ~1080°C 
(inflexion at ~890°C) represents graphite decomposition and is accompanied by the evolution of CO2 
(m/z 44).   

3.2.2 TGA-MS of carbonate minerals 

Carbonate minerals also lend themselves to TGA-MS as they decompose via relatively simple, 
temperature-specific, endothermic reactions (Kemp et al., 2022).   

For example, dolomite heated in flowing air, exhibits a single weight loss between ~435 and ~1050°C 
(inflexion at ~740°C) and is accompanied by the evolution of CO2 (m/z 44)(Figure 2(middle)).  As for 
graphite, the precise temperature of carbonate mineral decomposition varies due to the range of 
factors discussed above with the additional complication of ionic substitution in carbonate minerals.  
However, literature sources suggest that siderite would typically decompose at <570°C (e.g., YŀŘȊƛƻƱƪŀ-
DŀǿŜƱ et al., 2023) and ankerite/ferroan dolomite would typically decompose at <720°C (e.g., tǘłőŜƪ et 
al., 2021). 

3.2.3 TGA-MS of mixtures of graphite and carbonate minerals 

Figure 1(bottom) shows the TGA-MS output produced by a synthetic mixture of the Malawian dolomite 
(78%) and the Sri Lankan graphite (22%).  Two weight losses are defined, and both are accompanied by 
CO2-evolution.  The first weight loss from ~500 to ~785°C (inflexion at ~744°C) represents the 
decomposition of dolomite.  The second weight loss from ~785 to ~1005°C (inflexion at ~826°C) 
represents the decomposition of graphite.  However, there is some degree of overlap between the 
weight losses of the two phases and this results in an underestimate of the graphite content (only 
~14%).   
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Figure 1.  TGA-MS outputs for (top) a standard coarse-flake graphite sample (Sri Lanka), (middle) a 
standard dolomite (Malawi) and (bottom) a mixture of the Sri Lankan graphite and Malawian dolomite.  
All runs were in flowing air.  The black traces represent the TGA curve with a weight loss(es) delimited, 
the red traces represent the evolved CO2 gas curve. 
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If the particle-size/crystallinity of the graphite were less than the Sri Lankan coarse-grained graphite, 
then the degree of overlap with dolomite and underestimate of the graphite content would likely be 
even greater. 

3.2.4 TGA-MS of the Northern Ireland samples 

The TGA curves for the Northern Ireland samples typically show a series of weight loss events, reflecting 
the complex, variable nature of their mineralogical composition and the decomposition of multiple 
phases.  A typical example is shown in Figure 2. 

 

 

Figure 2.  TGA-MS output for an example Northern Ireland sample (MRC1241).  The black trace 
represents the TGA curve with a weight loss(es) delimited, the magenta trace represents the derivative 
thermogravimetric (DTG) curve that assists in delimiting weight loss events and the red trace represents 
the evolved CO2 gas curve. 

 

As the primary objective of the TGA analyses was to determine the graphite-content of the samples, 
interpretation of the TGA curves was restricted to examination of the weight losses associated with CO2-
evolution measured by the MS.   

As discussed above, the decomposition and CO2-evolution of the various carbonate minerals in the 
Northern Ireland samples, identified by XRD as dolomite, Fe-dolomite/ankerite and siderite, interferes 
with the discrimination of the graphite weight loss and CO2-evolution in many cases.  Interpretation is 
therefore very difficult. 

Table 3 summarises the parameters of the identified weight losses and their associated CO2-evolutions.  
Each of the weight losses were assigned to a numbered CO2-evolution according to its peak temperature 
inflexion (~560, ~720 or ~740°C).  Each of these weight losses show some variation in peak temperature, 
as would be expected considering differences in particle-size, crystallinity, and ionic substitution among 
many factors.  However, in combination with the carbonate species identified by XRD, the weight losses 
are interpreted as being largely due to the decomposition of siderite (~560°C), dolomite/Fe-
dolomite/ankerite (~720°C), and graphite (~740°C). 

Using this approach, small quantities (0.3ς4.4 wt%) of graphite were identified in 10 of the 30 samples 
analysed.  Samples MRC1237, MRC382, MRC1238, MRC1241(shown in Figure 2), and MRC1247 all show 
graphite contents greater than 2.3 wt%.  The remaining samples, particularly those with high 
proportions of dolomite/Fe-dolomite/ankerite concentrations, may also contain undetected amounts of 
graphite. 
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Table 3.  Summary of TGA-MS analyses 

Collector's 
code 

%graphite 
from 105-

1000°C 
weight loss 

CO2 evolution 1 (~560°C) CO2 evolution 2 (~720°C) CO2 evolution 3 (~740°C) %graphite 
from CO2 

evolution 3 
(~740°C) 

weight loss 

Low 
temp 
(°C) 

High 
temp (°C) 

Peak 
temp 
(°C) 

Weight 
loss (%) 

Low 
temp 
(°C) 

High 
temp 
(°C) 

Peak 
temp 
(°C) 

Weight 
loss (%) 

Low 
temp 
(°C) 

High 
temp 
(°C) 

Peak 
temp 
(°C) 

Weight 
loss (%) 

MRC382 4.2         449 800 646 3.36 3.4 

MRC386 5.8 433 621 591 2.14 621 971 677 3.27     nd 

MRC805 5.8 461 589 578 1.08 589 723 642 2.95     nd 

MRC808 7.2 238 648 548 3.85 648 971 736 3.27     nd 

MRC1178 11.6 533 650 579 5.24 651 799 653 1.61 799 965 853 1.40 1.4 

MRC1179 4.7 285 756 527 4.04     756 886 762 0.29 0.3 

MRC1206 10.8 525 639 590 2.19 639 960 741 7.41     nd 

MRC1215 5.5 174 731 531 4.73     731 960 763 0.64 0.6 

MRC1232 11.2 239 604 560 1.58 604 822 759 8.94 822 979 859 0.61 0.6 

MRC1233 6.3 525 609 571 0.78 609 985 742 5.03     nd 

MRC1234 10.3 343 609 571 3.15 609 992 747 7.07     nd 

MRC1235 5.3 495 608 571 0.82 608 985 760 4.10     nd 

MRC1236 3.3 495 598 542 0.60 598 1040 708 2.53     nd 

MRC1237 5.5         311 788 641 4.41 4.4 

MRC1238 3.6         342 1068 665 3.02 3.0 

MRC1239 5.7             nd 

MRC1240 8.6 495 634 587 4.16 634 825 744 3.12     nd 

MRC1241 7.3     496 716 656 4.09 716 1005 780 2.26 2.3 

MRC1242 3.9 311 616 548 1.67     616 765 674 0.92 0.9 

MRC1243 19.9 201 563 547 0.70 693 1034 768 15.12     nd 

MRC1244 18.9 239 566 544 0.67 681 819 767 15.06     nd 

MRC1245 9.2 239 616 565 4.36 616 767 705 1.84     nd 

MRC1246 7.9     680 966 748 3.71     nd 

MRC1247 7.1     278 661 567 4.60 661 954 741 2.28 2.3 

MRC1248 11.9     668 958 741 6.06     nd 

MRC1249 4.1             nd 

MRC1250 18.8 446 576 554 0.54 656 819 770 16.58     nd 

MRC1251 16.0 400 591 557 0.72 657 818 765 13.64     nd 

MRC1252 11.0 220 638 591 4.62 638 811 741 5.72     nd 

MRC1253 12.8 358 627 581 2.94 627 1005 756 9.50     nd 
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3.3 PETROGRAPHIC ANALYSIS 

The findings of the optical microscopy performed on the 30 sample thin sections are presented in 
Appendix 1.  Each section was imaged under PPL, XPL and RL to assess whether any contained crystalline 
graphite.  Potential graphite targets identified from the optical work were then subjected to SEM 
analysis, using the full-section scans obtained at an earlier stage in the analytical process to navigate to 
the target locations.  In all cases, material identified as possible coarse crystalline flake graphite (opaque 
in PPL and XPL; grey/metallic in RL) proved to be arsenopyrite (e.g. Fig. 3) or titanium oxide. 

 

Figure 3: A) reflected light image of MRC1206 highlighting the bladed crystal morphology of the 
arsenopyrite occurring within red dashed box. B) False colour EDX multi-element map of dashed red box 
area from image A showing the mineralogy of the area and confirming that the bladed crystals are 
arsenopyrite and not flake graphite. Qz = quartz (black), Apy = arsenopyrite (yellow), Ms = muscovite 
(orange), Fe-dolomite (cyan), Fe-sulfide (red). 

Consequently, a new approach to search for potential graphite was adopted solely using SEM-based 
techniques.  Nine samples were selected for this further work; analysing 30 samples by SEM was beyond 
the scope of the project (Appendix 1).  Full-section BSE images were captured and compared to the 
optical full-section PPL images to find locations with material that was both optically opaque and of low 
BSE brightness.  These sites were then characterised using EDX-based element mapping.  High resolution 
characterisation of these target sites revealed carbon-rich material associated with the micaceous 
foliation of the host rock, particularly in areas of shearing (Fig. 4).  However, carbon-rich material was 
also found adjacent to and within grains of quartz, muscovite, chlorite, Ti-oxides, Fe-sulfides, apatite, 
and several carbonate mineral species (Fig. 4).  Thus, the carbon-rich phase does not appear to have co-
precipitated with any single mineral species and rather does so with several. 

4 Summary 

The results of XRD and TGA-MS point towards graphite being present in many of the samples despite 
peak overlap issues with quartz and weight loss issues relating to the presence of carbonate phases.  
Since the petrographic techniques used in this study cannot resolve any crystalline form of graphite, the 
graphite must be finely or poorly crystalline and possibly disseminated in amorphous carbon-rich 
matter.  The graphitic material is anhedral and intergrown with several other mineral species, 
predominantly quartz and muscovite.  The long axes of the graphitic material patches typically follow 
foliation and can reach ~200 µm in length, though are more often sub-50 µm in length (Fig. 4).  Thus, the 
graphitic material has likely grown and deformed contemporaneously with all other phases under sub-
amphibolite facies (in this case greenschist facies) regional metamorphism, and likely represents a 
primary carbon-rich material occurring in the original sediment package, (i.e. pre-tectonism and 
metamorphism).   
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Figure 4: BSE image from MRC1242 showing an elongate patch of graphitic material occurring along the 
micaceous foliation of the host rock. B) False colour EDX multi-element map of the same area of 
MRC1242 as shown in image A, illustrating mineral phase identifications. The graphitic material is 
intergrown with chlorite (Chl) and muscovite (Ms). C) BSE image from MRC1253 showing a subrounded 
patch of graphitic material intergrown with quartz. D) False colour EDX multi-element map of same area 
of MRC1253 as shown in image C, including the carbon map used to confirm the phase identification 
and illustrating other mineral phase identifications. The graphitic material is intergrown with apatite and 
an Fe-oxide phase. Ms = muscovite, Qz = quartz, Chl = chlorite, Ab = albite, Ap = apatite. 
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Appendix 1  Optical Microscopy and Scanning 
Electron Microscopy Description Sheets 

Rock type follows BGS rock classification scheme for the classification of metamorphic rocks, volume 
2 (Roberson, 1999). The full-size high-quality image data set, Mineralogic data set, and Esprit 
geochemical mapping data sets used to characterise the samples describes below are available on 
request.  
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Sample: MRC382 

Rock type Schistose semipelite. 

Mineralogical constituents Silicate phases: quartz, white mica.  Non-silicate phases: 
carbonaceous material 

Mineralogical and textural 
characteristics 

Disjunctive spaced cleavage with quartz-rich and 
micaceous/carbonaceous bands.  Evidence of delta-type winged 
mantled clasts, typically composed of quartz with very fine 
quartz and mica strain shadows.  Perhaps quartz bands are 
boudinaged in places or are in the form of augen-like 
polycrystalline quartz aggregates. 

Nature of constituent graphite Not analysed on SEM. 

Additional comments NA would require SEM analysis.  

Figure 5.  Hand samples of 
MRC382. 

 

 

Figure 6.  Left: PPL image of MRC382.  Middle: XPL image of MRC382 showing general 
mineralogical and textural characteristics.  Right: RL image of MRC382 highlighting lack of pyrite 
and Ti-oxide mineralisation. 
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Sample: MRC386 

Rock type Schistose semipelite. 

Mineralogical constituents Silicate phases: quartz, muscovite. Non-silicate phases: 
carbonaceous material, carbonate (dolomite, siderite), Fe-
oxides, Fe-sulfides Ti-oxides. 

Mineralogical and textural 
characteristics 

Polyphase deformation of original sediment.  Complexly folded 
micaceous/carbonaceous foliation and boudinaged rootless 
quartz folds.  Recrystallised quartz varies in grain size from mm-
scale to sub-micron and commonly shows undulose extinction in 
larger grains.  Micas can appear to be randomly oriented, 
perhaps due to intensity of deformation?  

Nature of constituent graphite Not analysed on SEM. 

Additional comments Potential micron-scale graphitic material showing as opaque, 
non sulfide or oxide phases.  Only visible by SEM analysis. 

Figure 7.  Cut hand sample of 
MRC386. 

 

 

Figure 8.  Left: PPL image of MRC386.  Middle: XPL image of MRC386 showing general 
mineralogical and textural characteristics.  Right: RL image of MRC386 highlighting pyrite and Ti-
oxide mineralisation. 
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Sample: MRC805 

Rock type Schistose semipelite. 

Mineralogical constituents Silicate phases: quartz, muscovite.  Non-silicate phases: 
dolomite, siderite, carbonaceous material, Fe-oxides, Ti-oxides. 

Mineralogical and textural 
characteristics 

Fine granular-schistose appearance. Syntectonic disjunctive 
cleavage defined by sub mm micaceous/carbonaceous material 
and quartz-rich bands.  Quartz recrystallisation common with 
areas of very fine grain quartz.  Shear band boudins or augen-
like polycrystalline aggregates of recrystallised very fine quartz. 
Minor carbonate vein segments perhaps following cleavage 
hinges.  

Nature of constituent graphite Not analysed on SEM. 

Additional comments Potential micron-scale graphitic material showing as opaque, 
non sulfide or oxide phases.  Only visible by SEM analysis. 

Figure 9.  Hand sample of 
MRC805. 

 

 

Figure 10.  Left: PPL image of MRC805.  Middle: XPL image of MRC805 showing general 
mineralogical and textural characteristics.  Right: RL image of MRC805 highlighting pyrite and Ti-
oxide mineralisation. 
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Sample: MRC808 

Rock type Phyllitic semipelite. 

Mineralogical constituents Silicate phases: quartz, muscovite, chlorite, feldspar. Non-
silicate phases: dolomite, siderite, Fe-sulfides, Ti-oxides.  Fe-
oxides. 

Mineralogical and textural 
characteristics 

Multiphase deformation and micro fracturing of original 
sediment.  Of similar textural character to F82952 and F82959. 
Clear competency contrast between quartz bands and 
micaceous material and abundant brittle deformation.  

Nature of constituent graphite Not analysed on SEM. 

Additional comments Potential micron-scale graphitic material showing as opaque, 
non sulfide or oxide phases.  Only visible by SEM analysis.  No 
PPL or XPL image taken.  

Figure 11.  Hand sample of 
MRC808. 

 

 

Figure 12.  Reflected light image of MRC808.  
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Sample: MRC1178 

Rock type Laminated siderite-bearing metamudstone.  

Mineralogical constituents Silicate phases: quartz, ΩǿƘƛǘŜ ƳƛŎŀΩ.  Non-silicate phases: 
dolomite, siderite, kaolin, carbonaceous material, Fe-sulphide. 

Mineralogical and textural 
characteristics 

Of broadly similar textural character to F82962 

Nature of constituent graphite Not analysed on SEM. 

Additional comments Potential micron-scale graphitic material showing as opaque, 
non sulfide or oxide phases.  Only visible by SEM analysis. 

Figure 13.  Cut hand sample of 
MRC1178. 

 

 

Figure 14.  Left: PPL image of MRC1178.  Middle: XPL image of MRC1178 showing general 
mineralogical and textural characteristics.  Right: RL image of MRC1178 highlighting pyrite and Ti-
oxide mineralisation. 
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Sample: MRC1179 

Rock type Interbedded meta-mudrock. 

Mineralogical constituents Silicate phases: quartz, muscovite.  Non-silicate phases: Fe-
sulfide, Ti-oxide, carbonaceous material. 

Mineralogical and textural 
characteristics 

Multiphase deformation of original quartz-rich sediment.  Very 
fine foliation of quartz rich bands and minor 
micaceous/carbonaceous bands.  Multigenerational conjugate 
extensional veining of quartz sub perpendicular to sub 
horizontal disjunctive spaced cleavage.  Veins tend to have fuzzy 
edges and show evidence of brittle deformation.  Overall 
similarities with MRC 1215. 

Nature of constituent graphite Not analysed on SEM. 

Additional comments NA would require SEM analysis.  

Figure 15.  Hand sample of 
MRC1179. 

 

 

Figure 16.  Left: PPL image of MRC1179.  Middle: XPL image of MRC1179 showing general 
mineralogical and textural characteristics.  Right: RL image of MRC1179 highlighting pyrite and Ti-
oxide mineralisation. 
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Sample: MRC1206 

Rock type Chlorite-bearing calcareous semipelite. 

Mineralogical constituents Silicate phases: quartz, muscovite, chlorite.  Non-silicate phases: 
dolomite, carbonaceous material, Fe-oxides, Fe-sulfide, 
arsenopyrite. 

Mineralogical and textural 
characteristics 

Multi-phase deformation of original sediment.  Folding and 
micro-fracturing of crenulation/disjunctive cleavage in 
micaceous/carbonaceous foliation and quartz bands.  
Extensional veins with fuzzy edges sub-perpendicular  relative to 
main mica foliation.  Minor dolomite veining crosscuts quartz 
veining.  Recrystallised quartz varies in grain size from mm-scale 
to sub-micron and commonly shows undulose extinction in 
larger grains.  Arsenopyrite and Fe-sulfide overprints main mica 
foliation and related extensional veining and cross-cutting veins. 

Nature of constituent graphite C-bearing material is rare and intergrown with mica and quartz.  
It is typically sub 50 µm in trails associated with mica and 
occasionally as blebs in quartz bands.  

Additional comments NA 

Figure 17.  Hand sample and 
cut hand sample of MRC1206. 

 

 

Figure 18.  Left: PPL image of MRC1206.  Middle: XPL image of MRC1206 showing general 
mineralogical and textural characteristics.  Right: RL image of MRC1206 highlighting pyrite and Ti-
oxide mineralisation. 
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Figure 19.  Left: BSE image of MRC1206 showing locations of BSE scans.  Middle row top to bottom; BSE images showing nature of arsenopyrite 
blades/rhombs and graphitic material.  Right-row top to bottom; geochemical maps highlighting mineral phases.  Ms = muscovite; Qz = quartz; Apy = 
arsenopyrite. 
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Sample: MRC1215 

Rock type Pyritic meta-mudrock. 

Mineralogical constituents Silicate phases: quartz, muscovite, feldspar.  Non-silicate phases: 
carbonaceous material, Fe-sulfide. 

Mineralogical and textural 
characteristics 

Multiphase deformation of original quartz-rich sediment.  Very 
fine foliation of quartz rich bands and minor 
micaceous/carbonaceous bands.  Multigenerational conjugate 
extensional veining and brittle deformation of quartz sub 
perpendicular to sub horizontal disjunctive spaced cleavage.  
Vein contact with host rock tends to vary from fuzzy to sharp, 
perhaps relating to various generations of veining?  Veins are 
typically composed of recrystallised quartz but are occasionally 
carbonate mineral phases.  

Nature of constituent graphite Not analysed on SEM. 

Additional comments NA would require SEM analysis.  

Figure 20.  Hand sample of 
MRC1215. 

 

 

Figure 21.  Left: PPL image of MRC1215.  Middle: XPL image of MRC1215 showing general 
mineralogical and textural characteristics.  Right: RL image of MRC1215 highlighting pyrite and 
mineralisation. 
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Sample: MRC1232 

Rock type Schistose chlorite-bearing calcareous semipelite. 

Mineralogical constituents Silicate phases: quartz, muscovite, chlorite, feldspar. Non-
silicate phases: ferroan dolomite, siderite, carbonaceous 
material, Fe-sulfides, Ti-oxides. 

Mineralogical and textural 
characteristics 

Multi-phase syn-tectonic deformation of original sediment 
ǊŜǎǳƭǘƛƴƎ ƛƴ ǊŜŎǊȅǎǘŀƭƭƛǎŀǘƛƻƴ ƻŦ ǉǳŀǊǘȊΣ ŘƛǎƧǳƴŎǘƛǾŜκŦŀƛƴǘ /Ω ǘȅǇŜ 
shear band crenulation cleavage defined by recrystallised at 
times augen-like polycrystalline quartz and 
micaceous/carbonaceous layers.  Ferroan dolomite 
porphyroclasts with very fine recrystallised quartz strain 
shadows/mantle. Some porphyroclasts show rotation with 
sigmoid shapes. Inclusion trails within the porphyroclast are 
oblique to main fabric. Carbonate porphyroclasts perhaps 
replaced/pseudomorphed an amphibole or feldspar phase. 
Fuzzy-boundary veins of ferroan dolomite (ankerite?) which 
ŀǇǇŜŀǊ ǘƻ Ŧƻƭƭƻǿ ǘƘŜ /Ω ƻǊ ŜǾŜƴ ǾŜǊȅ Ŧŀƛƴǘ /Ω ǎŜŎƻƴŘ ŦƻƭƛŀǘƛƻƴΦ 

Nature of constituent graphite Graphitic material dispersed across the sample in elongated 
trails alongside muscovite and Ti-oxides.  Note that a significant 
number of the darker ΨblebsΩ present in this sample were found 
to be localised concentrations of epoxy resin, and thus artefacts 
of the thin sectioning process. 

Additional comments N/A 

Figure 22.  Cut hand sample of 
MRC1232.  Tick mark was to 
identify surface for thin section 
preparation.  

 

 

Figure 23.  Left: PPL image of MRC1232.  Right: XPL image of MRC1232 showing general 
mineralogical and textural characteristics.  Bottom: RL image of MRC1232 highlighting pyrite and 
Ti-oxide mineralisation. 
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Figure 24.  MRC1232.  Left: BSE image showing locations of BSE scans.  Middle row top to bottom; BSE images showing nature of graphitic material and 
porphyroclasts.  Right-row top to bottom; geochemical maps highlighting mineral phases and blue Al-rich polishing residue.  Ms = muscovite; Qz = quartz; 
Ap = apatite; Chl = chlorite. 
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Sample: MRC1233 

Rock type Schistose semipelite. 

Mineralogical constituents Silicate phases: quartz, muscovite, chlorite.  Non-silicate phases: 
ferroan dolomite, siderite? carbonaceous material, Fe-sulfides, 
Ti-oxides. 

Mineralogical and textural 
characteristics 

Multi-phase deformation of original sediment.  Folding of 
quartz/muscovite layering looks to be crossed by a later phase 
ƻŦ ŘŜŦƻǊƳŀǘƛƻƴ ό/Ω-plane?).  Mostly disjunctive cleavage defined 
by quartz and micaceous foliation (C-plane).  Recrystallisation of 
quartz, maybe even graded from very fine to coarser in wider 
quartz layers.  Fuzzy-boundary veins of ferroan dolomite 
(ankerite?) which appear mostly perpendicular to main C-plane 
Ŧƻƭƛŀǘƛƻƴ ǿƛǘƘ ŀ ŦŜǿ ŦƻƭƭƻǿƛƴƎ ǘƘŜ /Ω-plane? 

Nature of constituent graphite Not analysed on SEM. 

Additional comments Potential micron-scale graphitic material showing as opaque, 
non sulfide or oxide phases.  Only visible by SEM analysis. 

Figure 25.  Cut hand sample of 
MRC1233. 

 

 

Figure 26.  Left: PPL image of MRC1233.  Right: XPL image of MRC1233 showing general 
mineralogical and textural characteristics.  Bottom: RL image of MRC1233 highlighting pyrite and 
Ti-oxide mineralisation. 
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Sample: MRC1234 

Rock type Schistose calcareous semipelite. 

Mineralogical constituents Silicate phases: quartz, muscovite.  Non-silicate phases: ferroan 
dolomite, siderite, carbonaceous material, Fe-sulfides, Ti-oxides, 
Fe-oxides. 

Mineralogical and textural 
characteristics 

Multi-phase deformation of original sediment. Refolding of 
disjunctive cleavage with intensely folded C-type shear bands 
(darkest bands in PPL), faint areas of clearer crenulations, 
recrystallisation of seriate-interlobate quartz as boudinaged 
quartz layers? Microfracturing/brittle deformation of more 
competent phases creating breccia. Porphyroclasts show 
elements of interς and syn-tectonic deformation as inclusion 
trails are often folded but not always in correlation to the 
surrounding matrix foliation.  Strain shadows common around 
porphyroclasts.  

Nature of constituent graphite C-bearing ΨƎǊŀǇƘƛǘƛŎΩ material is intergrown with several 
phyllosilicate phases and is typically sub 50 µm in trails 
associated with mica. 

Additional comments N/A 

Figure 27.  Hand sample of 
MRC1234. 

 

 

Figure 28.  Left: PPL image of MRC1234.  Right: XPL image of MRC1234 showing general 
mineralogical and textural characteristics.  Bottom: RL image of MRC1234 highlighting pyrite and 
Ti-oxide mineralisation. 
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Figure 29.  Left: BSE image of MRC1234 showing locations of BSE scans.  Middle row top to bottom; BSE images showing nature of graphitic material.  Right-
row top to bottom; geochemical maps highlighting mineral phases.  Ms = muscovite; Qz = quartz; Ap = apatite; Kln = kaolinite; Ab = albite; Sd = siderite. 
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Sample: MRC1235 

Rock type Schistose chlorite-bearing semipelite. 

Mineralogical constituents Silicate phases: quartz, muscovite, chlorite, albite.  Non-silicate 
phases: dolomite, carbonaceous material, Fe-sulfides, Ti-oxides. 

Mineralogical and textural 
characteristics 

Multi-phase deformation of original sediment.  Crenulation 
cleavage with intensely folded C-type shear bands (darkest 
bands in PPL). Fŀƛƴǘ /Ω -type shear bands in areas of clearer 
crenulations. Recrystallisation of seriate-interlobate quartz 
showing undulose extinction in places along main central folded 
zone. Refolding of earlier fabric which has feldspar 
porphyroclasts.  Porphyroclasts show elements of interς and 
syn-tectonic deformation as inclusion trails are often folded but 
not always in correlation to the surrounding matrix foliation.  
Strain shadows common around porphyroclasts with 
porphyroclasts having rounded grain boundaries perhaps due to 
deformation.  Veins of ferroan dolomite/siderite? With some 
associated with fold hinges.  

Nature of constituent graphite Not analysed on SEM. 

Additional comments Potential micron-scale graphitic material showing as opaque, 
non-sulfide or oxide, phases.  Only visible by SEM analysis. 

Figure 30.  Hand sample of 
MRC1235.  Tick mark was for 
thin section preparation.  

 

 

Figure 31.  Left: PPL image of MRC1235.  Right: XPL image of MRC1235 showing general 
mineralogical and textural characteristics.  Bottom: RL image of MRC1235 highlighting pyrite and 
Ti-oxide mineralisation. 

Sample: MRC1236 

Rock type Schistose muscovite-bearing psammite. 
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Mineralogical constituents Silicate phases: quartz, muscovite, chlorite, potential 
albite.  Non-silicate phases: pyrite, carbonaceous material, 
opaque phases. 

Mineralogical and textural 
characteristics 

Fine granular appearance comprising fine quartz, white 
mica, and carbonaceous material.  Two directions of 
foliation defined by micaceous and carbonaceous 
minerals, one лпрɕ ŀƴŘ ǘƘŜ ƻǘƘŜǊ омр ɕ.  Quartz 
recrystallisation common with areas of very fine grain 
quartz with inequigranular granoblastic texture.  Larger 
quartz has weak undulose extinction. 

Nature of constituent graphite Not analysed on SEM. 

Additional comments Potential micron-scale graphitic material showing as 
opaque, non-sulfide or oxide, phases.  Only visible by SEM 
analysis. 

Figure 32.  Cut hand sample of 
MRC1236. 

 

 

Figure 33.  Left: plane polarised light image of MRC1236.  Opaque areas are potentially graphitic 
material.  Right: cross-polarised light (XPL) image of MRC1236 showing general mineralogical and 
textural characteristics.  
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Sample: MRC1237 

Rock type Schistose semipelite. 

Mineralogical constituents Silicate phases: quartz, muscovite, feldspar.  Non-silicate phases: 
siderite, carbonaceous material, opaque phases. 

Mineralogical and textural 
characteristics 

Fine -schistose appearance comprising very fine quartz, white 
mica, and carbonaceous material.  Schistosity defined by 
micaceous minerals and carbonaceous material.  Rough spaced 
cleavage up to 5 % volume percentage with anastomosing 
spacial relation occasionally containing quartz/mica crystals 
along the foliation.  Quartz recrystallisation common with areas 
of inequigranular granoblastic texture.  Larger quartz may have 
weak undulose extinction.  Clusters of larger quartz grains form 
porphyroclast-like features with fine quartz-mica-carbonaceous 
material in strain shadows. 

Nature of constituent graphite Not analysed on SEM. 

Additional comments Potential micron-scale graphitic material showing as opaque, 
non-sulfide or oxide, phases.  Only visible by SEM analysis. 

Figure 34.  Hand sample of 
MRC1237. 

 

 

Figure 35.  Left: PPL image of MRC1237.  Opaque areas are potentially graphitic material.  Right: 
XPL image of MRC1237 showing general mineralogical and textural characteristics.  XPL may have 
slight blue tinge due to white balance issue during image capture.  

Sample: MRC1238 

Rock type Schistose semipelite. 
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Mineralogical constituents Silicate phases: quartz, muscovite, kaolin, . Non-silicate phases: 
siderite, carbonaceous material, opaque phases. 

Mineralogical and textural 
characteristics 

Fine schistose appearance comprising quartz, white mica, and 
carbonaceous material.  Schistosity defined by micaceous 
minerals and carbonaceous material.  Rough spaced cleavage up 
to 10 % volume percentage with anastomosing spatial relation 
occasionally containing larger quartz crystals along the foliation.  
Quartz recrystallisation common with areas of very fine grain 
quartz with inequigranular granoblastic texture.  Larger quartz 
may have weak undulose extinction.  Clusters of larger quartz 
grains form augen-like polycrystalline aggregates with fine 
quartz-mica-carbonaceous material in strain shadows.  Sinistral 
sense of shear.  

Nature of constituent graphite Not analysed on SEM. 

Additional comments Potential micron-scale graphitic material showing as opaque, 
non-sulfide or oxide, phases.  Only visible by SEM analysis. 

Figure 36.  Hand sample of 
MRC1238. 

 

 

Figure 37.  Left: PPL image of MRC1238.  Opaque areas are potentially graphitic material.  Right: 
XPL image of MRC1238 showing general mineralogical and textural characteristics 

Sample: MRC1239 

Rock type Schistose chlorite-muscovite pelite. 

Mineralogical constituents Silicate phases: quartz, muscovite, chlorite.  Non-silicate phases: 
siderite, pyrite, carbonaceous material, opaque phases. 



CR/24/039; Version 1  Last modified: 03/09/2024 13:39:00 

32 

Mineralogical and textural 
characteristics 

Multiple phases of deformation defined by foliation and folding 
with foliation-parallel and oblique quartz domino boudinage.  
Quartz porphyroclasts/boudins are composed of very fine 
granoblastic and or fractured quartz grains.  Undulose extinction 
in larger quartz grains.  Occasional strain shadows of 
chlorite/mica minerals associated with quartz 
porphyroclasts/boudins.  Chloritic area has a blue tinge in XPL 
but is green in PPL. 

Nature of constituent graphite Carbon-rich material intergrown with quartz.  No more than 20 
µm diameter. 

Additional comments N/A 

Figure 38.  Hand sample of 
MRC1239. 

 

 

Figure 39.  Left: PPL image of MRC1239.  Right: XPL image of MRC1239 showing general 
mineralogical and textural characteristics 
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Figure 40.  SEM-BSE image of MRC1239.  Left: Whole section scan with focus areas highlighted. Middle row top: BSE image showing contrasting 
phases, note that resin and graphite appear the same. Middle row centre: Geochemical map highlighting composition of different phases. Middle 
row bottom: Geochemical map highlighting apatite and Fe-sulfide against resin and graphitic material. Top right: BSE image showing contrasting 
phases including black graphitic material. Middle row right: Geochemical map highlighting composition of different phases. Ap = apatite; Ms = 
muscovite; Chl = chlorite; Qz = quartz; Sd = siderite.  
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Sample: MRC1240 

Rock type Schistose semipelite-cum-pelite. 

Mineralogical constituents Silicate phases: quartz, muscovite, chlorite, potentially albite.  
Non-silicate phases: ferroan dolomite, siderite, pyrite, 
carbonaceous material, opaque phases. 

Mineralogical and textural 
characteristics 

Multi-phases deformation. Sub-horizontal separate quartz and 
mica domain crenulation cleavage (WNW-ENE).  Mica 'fish' 
development in sub-horizontal cleavage with dextral sense of 
shear.  Crenulation cleavage developed and perhaps affected by 
grain growth of mica/chlorite along the 'ghost folds' of the 
crenulations.  Further foliation perhaps recognisable along 'fold 
hinges' of crenulations.  Quartz recrystallisation common with 
areas of very fine grain quartz with inequigranular granoblastic 
texture.  Undulose extinction in quartz.  Clusters of larger quartz 
grains form porphyroclast-like features with fine quartz-mica-
carbonaceous material in strain shadows.  
Ankerite/siderite/ferroan dolomite tends to follow 
cleavage/crenulation cleavage planes.  

Nature of constituent graphite Not analysed on SEM. 

Additional comments Potential micron-scale graphitic material showing as opaque, 
non-sulfide or oxide, phases.  Only visible by SEM analysis. 

Figure 41.  Cut hand sample of 
MRC1240.  Tick mark was to 
show surface for thin section 
preparation.  

 

 

Figure 42.  Left: PPL image of MRC1240.  Right: XPL image of MRC1240 showing general 
mineralogical and textural characteristics 

Sample: MRC1241 

Rock type Schistose calcareous semipelite. 
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Mineralogical constituents Silicate phases: quartz, muscovite. Non-silicate phases: 
carbonate phase dolomite, pyrite, carbonaceous material, 
opaque phases 

Mineralogical and textural 
characteristics 

Syn-deformation of original semipelitic sediment.  Evidence of 
sub-horizontal foliation (crenulation?) and development of 
ferroan dolomite and quartz porphyroclasts with occasional 
mica/carbonaceous strain shadows.  Carbonate (ferroan 
dolomite?) porphyroclasts contain quartz inclusions which 
Ŧƻƭƭƻǿ ǎƛƴƛǎǘǊŀƭ ǎƘŜŀǊ ŘƛǊŜŎǘƛƻƴ ŀƴŘ ƘŀǾŜ ΨŦƛǎƘΩ ǘŜƴŘŜƴŎƛŜǎ ƛƴ 
places.  Calcite/siderite-quartz veining sub-vertical across 
sample, but with a varying relationship to the host rock.  
Perhaps the veining was syn-deformation as it shows step-like 
tendencies in places.  Perhaps this veining is more of a result of 
subtle crenulation fabric. 

Nature of constituent graphite Not analysed on SEM. 

Additional comments Potential micron-scale graphitic material showing as opaque, 
non-sulfide or oxide, phases.  Only visible by SEM analysis. 

Figure 43.  Cut hand sample of 
MRC1241. 

 

 

Figure 44.  Left: PPL image of MRC1241.  Central: XPL image of MRC1241 showing general 
mineralogical and textural characteristics.  Reflected light (RL) image of MRC1241 highlighting 
pyrite mineralisation. 

Sample: MRC1242 

Rock type Porphyroclast-rich chlorite-albite-muscovite phyllonite. 

Mineralogical constituents Silicate phases: quartz, albite, muscovite, chlorite.  Non-silicate 
phases:  siderite, Fe-sulfide, carbonaceous material, Ti-oxide 
(Fe-Ti oxides). 
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Mineralogical and textural 
characteristics 

Multi-phase deformation.  Sub-horizontal separate quartz and 
mica domain crenulation cleavage.  /Ω ŜȄǘŜƴǎƛƻƴŀƭ ǎƘŜŀǊ ōŀƴŘǎ 
developed with crenulation cleavage prevalent.  Porphyroclasts 
predominantly albite with 
chlorite/muscovite/carbonaceous/recrystallised quartz strain 
shadows and stair stepping winged mantled clasts (perhaps 
sigma and delta type).  Boudinaged quartz oblique to foliation.  
Quartz recrystallisation common with areas of very fine grain 
quartz with inequigranular granoblastic texture.  Larger quartz 
may have weak undulose extinction.  Ankerite (ferroan 
dolomite) in some areas as veins cross-cutting fabric.  

Nature of constituent graphite Carbon-rich material commonly intergrown with muscovite 
and/or quartz.  Typically follows ENE-WSW muscovite/chlorite 
foliation.  Up to 100 µm along C-axis but typically sub-50 µm.  
Opaque in all forms of microscopy. 

Additional comments N/A 

Figure 45.  Cut hand sample of 
MRC1242.  Yellow marking is 
from chalk/pen.  

 

 

Figure 46.  Left: PPL image of MRC1242.  Potential white balance issue causing overly green tinge 
to the image.  Central: XPL image of MRC1242 showing general mineralogical and textural 
characteristics.  Reflected light (RL) image of MRC1242 highlighting pyrite and Ti-oxide 
mineralisation. 


