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A B S T R A C T   

Large, globally documented negative δ13C excursions that occur across the Permian-Triassic transition are 
thought to represent the isotopic fingerprint of considerable releases of isotopically light carbon into the at
mosphere, with the largest of these excursions (as much as −22.2‰) measured in bulk organic matter in coals 
and carbonaceous shales from Antarctica. Previous studies have attributed the carbon isotopic excursion (CIE) at 
the Permian–Triassic boundary to the release of CH4 from organic-rich rocks intruded by dikes and sills asso
ciated with the Siberian Traps flood basalts (Russia) and Longwood-Bluff (New Zealand) intrusions. However, 
any assessment of paleoatmospheric conditions based on this or other δ13Corg excursions must consider the 
multiple controls on isotopic composition, including maceral content and post-depositional diagenetic and 
maturation processes. Permian-age coal seams and associated sediments in Antarctica were extensively altered 
after burial by localized high heat flow and, in some cases, by contact metamorphism associated with Jurassic 
dikes and sills. Levels of organic maturation reach anthracite, meta-anthracite, and even graphite; such intense 
thermal alteration had the potential to change the carbon isotopic composition of the bulk organic matter 
(δ13Corg). To evaluate the Permian–Triassic isotopic excursion in Antarctica, it is important to understand the 
inherent variability in δ13Corg in Permian-age coal and organic-rich sedimentary rocks prior to the CIE; thus, 128 
samples representing pre-boundary coals and shales were selected from the United States Polar Rock Repository 
for analysis. Petrographic (maceral analysis and vitrinite reflectance), geochemical (C, H, N), and carbon isotopic 
analyses were performed. Based on the presence of coarse-grained circular and fine-grained lenticular mosaic in 
the anisotropic cokes found in samples in close proximity to intrusions, the rank of the samples prior to intrusion 
is estimated to have been medium volatile bituminous (~1.2% Rmax). These highly altered coals and cokes can 
have random vitrinite reflectances (Rr) exceeding 6%. Subsequent to intrusion, alteration beyond the contact 
aureoles continued due to high heat flow, producing high rank coals with Rr > 2%. Values of δ13Corg range 
between −26.5 and  –21.1‰ (5.4‰ difference). Significant relationships (at the 1 and 5% levels) exist between 
δ13Corg and the level of organic maturity, organic carbon (Corg) content (i.e., size of the carbon reservoir), and 
total inertinite content, suggesting variability due to these factors should be considered when assessing isotopic 
excursions and interpretation of Permian-Triassic atmospheric conditions. These findings highlight the impor
tance of incorporating organic petrography into δ13Corg studies.   

1. Introduction 

Numerous studies have focused on the cause(s) of the mass extinc
tion event at the Permian–Triassic boundary. The changes in global at
mospheric and oceanic conditions are thought to have been 
catastrophic, resulting in a substantial loss of marine and terrestrial life 

(Raup and Sepkoski, 1982; Retallack, 1995; Hallam and Wignall, 1997; 
Retallack and Krull, 1999; de Wit et al., 2002; Erwin, 2006; Shen et al., 
2011; Stanley, 2016). Large negative stable carbon isotope excursions 
(CIEs) occur across the boundary, indicating a considerable release of 
isotopically light carbon into the atmosphere (Faure et al., 1995; Holser 
et al., 1996; Kump and Arthur, 1999; Wignall, 2001; Berner, 2002; 
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Retallack and Jahren, 2008; Svensen et al., 2009; Shen et al., 2012; 
Polozov et al., 2016; Wu et al., 2021). These excursions are evident 
worldwide in the carbon isotope values of carbonate, bone, and organic 
matter (OM) (Retallack et al., 2006). Various δ13Corg excursions in 
terrestrial sections have been recognized in South China (Shen et al., 
2011; Wu et al., 2021), Antarctica (Krull et al., 2000), Australia (Mor
ante, 1996), Germany (Scholze et al., 2017), and Pakistan (Schneebeli- 
Hermann et al., 2013). de Wit et al. (2002) report large negative δ13Corg 
excursions, with terrestrial OM becoming more depleted by as much as 
5–15‰ at the Permian–Triassic boundary in five major Gondwanan 
basins in India, Madagascar, and South Africa. Similar negative excur
sions were documented globally in marine carbonates (Magaritz et al., 
1988; Baud et al., 1989; Holser et al., 1989; Xu and Yan, 1993; Yin et al., 
1996; Jin et al., 2000; de Wit et al., 2002; Richoz, 2006; Horacek et al., 
2007a, 2007b; Korte and Kozur, 2010; Shen et al., 2013; Schobben et al., 
2016; Bagherpour et al., 2020; Saitoh and Isozaki, 2021) and Corg from 
marine strata (Morante, 1996; Wignall et al., 1998; Twitchett et al., 
2001; Cao et al., 2002; Grasby and Beauchamp, 2008; Takahashi et al., 
2010; Algeo et al., 2012; Zuchuat et al., 2020). 

Hypotheses on the cause of the excursions suggest the release of 
isotopically light gases such as CH4 or CO2 into the atmosphere, 
including CH4 from deep-ocean water overturn or shoaling of deep- 
water (Kajiwara et al., 1994; Knoll et al., 1996; Ryskin, 2003; Algeo 
et al., 2007), increased microbial methanogenesis (Rothman et al., 
2014), volcanogenic CO2 emission (Renne et al., 1995; Hansen, 2006), 
methane clathrate outbursts (Erwin, 1993; Morante, 1996; Krull et al., 
2000, 2004; Brand et al., 2016), igneous intrusions into organic-rich 
rocks (Krull et al., 2000, 2004; Berner, 2002; Sarkar et al., 2003; 
Retallack and Jahren, 2008; Ganino and Arndt, 2009; Grasby et al., 
2011; Shen et al., 2012; Rampino et al., 2017), both volcanic CO2 
emission and CH4 generation associated with intrusions (Wu et al., 
2021), and oxidation of sedimentary OM (Baud et al., 1989; Holser et al., 
1989; Ward et al., 2000; Sephton et al., 2005). The timing of the massive 
Siberian Traps (Russia) and Longwood-Bluff (New Zealand) eruptions 
that intruded coal basins (Czamanske et al., 1998) may have resulted in 
significant release of gases coinciding with the Permian-Triassic 
extinction (Renne and Basu, 1991; Campbell et al., 1992; Kamo et al., 
2003; Reichow et al., 2009; Burgess and Bowring, 2015). Whereas the 
timing of these eruptions suggests a correlation, a much larger mass of 
mantle CO2 with a δ13C value of −7‰ to −5‰ (Dickens et al., 1995), 
which is isotopically heavier than CH4, would have to degas to create the 
observed spikes (Berner, 2002). However, if the coupled processes of 
contact metamorphism of organic-rich sediments and the generation of 
CH4 are included, this explanation becomes more viable (McElwain 
et al., 2005; Retallack and Greaver, 2007). 

Some of the largest excursions, up to −22.2‰, have been measured 
in sedimentary rocks from Antarctica (Retallack and Jahren, 2008). 
Using carbon isotope chemostratigraphy, they found that the negative 
excursions in Antarctica were coincident with the large climate shift 
across the Permian–Triassic boundary. Retallack and Jahren (2008) 
attribute the large δ13C excursions at the Permian–Triassic boundary to 
the release of large amounts of CH4 from organic-rich rocks intruded by 
igneous rocks at that time. This same mechanism was proposed by 
Svensen et al. (2004, 2007) to explain the δ13Corg excursions during the 
Paleocene–Eocene Thermal Maximum (PETM) and the Toarcian oceanic 
anoxic event (T-OAE). 

Because Antarctic coal is known to be heavily intruded and highly 
metamorphosed by Jurassic dikes and sills associated with the Karoo- 
Ferrar Large Igneous Province (LIP) (Schopf and Long, 1966; Coates 
et al., 1990; Elliot et al., 1999; Faure and Mensing, 2010; Sanders and 
Rimmer, 2020), the δ13Corg values may not accurately reflect the δ13C 
values of the Permian atmosphere due to significant changes during 
organic maturation. To date, there have been no studies of δ13Corg for 
Antarctic coals and other organic-rich rocks that have considered ther
mal alteration of OM, weathering, variations in maceral composition, 
release of coal-bed CH4, size of the Corg reservoir, or possible trapping of 

volatiles as pyrolytic carbon within the seams, and how these factors 
may contribute to the isotopic variability. Any assessment of the ex
cursions in carbon isotopic composition that are used to infer global 
atmospheric composition and climate change at the Permian–Triassic 
boundary (or others associated with CIEs) should consider the natural 
variability in and influences on δ13Corg. Thus, the objectives of this study 
were to analyze Late Permian organic-rich samples (i.e., prior to the CIE 
at the boundary) from various locations along the Transantarctic 
Mountains (TAM) in order to 1) determine the natural range in δ13Corg 
for Antarctic coals and carbonaceous shales, 2) assess possible controls 
on δ13Corg in these samples, including such factors as maceral compo
sition and level of thermal maturation, and 3) highlight the factors that 
should be considered when organic-rich Antarctic samples are used to 
assess Permian–Triassic boundary excursions. 

1.1. Geologic setting 

Most known Antarctic coal lies in the exposed strata of the fault- 
block TAM that span the continent (Schapiro and Gray, 1966). The 
present study includes coal and organic-rich sedimentary rocks from 
several Permian coal-bearing formations in the TAM, including the Mt. 
Glossopteris, Queen Maud, and Buckley formations, and the Weller Coal 
Measures (Figs. 1 and 2). The Mt. Glossopteris Formation is thought to 
be Late Permian in age (~270 to 250 Ma) and time correlative with all of 
the coal and sandstone-shale sequences sampled for this study (Long, 
1965; Collinson et al., 2006; Faure and Mensing, 2010). These forma
tions are part of the Beacon Supergroup that, in addition to the Ferrar 
Dolerite and Kirkpatrick Basalt, compose the majority of the mountain 
range (Barrett et al., 1986; Faure and Mensing, 2010) (Fig. 2). The Mt. 
Glossopteris Formation consists of cyclical deposits of arkose, feld
spathic sandstone, siltstone, shale, and coal. Located in the Ohio Range, 
where it is capped by a thick diabase sill of the Ferrar Dolerite, the coal 
and carbonaceous shale layers include Glossopteris and Gangamopteris 
leaves (Long, 1962, 1965; Schopf, 1962; Cridland, 1963; Faure and 
Mensing, 2010). Individual coal beds in the Mt. Glossopteris Formation 
range in thickness from 1.2 to 3.6 m, with a total thickness of around 23 
m (Schopf, 1962; Schopf and Long, 1966; Faure and Mensing, 2010). 
The Queen Maud Formation, which also contains Glossopteris fossils, is 
located at Mt. Weaver and is lithologically similar to the Mt. Glossopteris 
Formation (Minshew, 1966). The Buckley Formation and its equivalents 
appear to contain the most extensive of the coal measures, with expo
sures ranging from the Byrd Glacier to the Amundsen Glacier (Nilsen 
Plateau). The formation is primarily sandstone with carbonaceous shale 
and coal beds that contain various plant fossils (Barret, 1969; Barrett 
et al., 1986; Faure and Mensing, 2010). The seams are generally 1–2 m 
thick, similar to the Mt. Glossopteris Formation, with the thickest (10.7 
m) located on Mount Picciotto in the Queen Elizabeth Range (Barrett 
et al., 1986). Located in southern Victoria Land, the Weller Coal Mea
sures are comprised of carbonaceous sandstone and siltstones that 
include both Glossopteris and Gangamopteris leaves (Faure and Mensing, 
2010). 

During the Early Jurassic (Toarcian) (176–177 Ma), flood basalts and 
diabase sills and dikes of the Ferrar Group intruded the sedimentary 
rocks of the Beacon Supergroup (Fleming et al., 1997; Faure and 
Mensing, 2010). These intrusions were associated with the Karoo–Ferrar 
LIP (Pálfy and Smith, 2000), one of the most voluminous LIPs to form 
during the Phanerozic (Rampino and Strothers, 1988); this may have 
been related to crustal rifts during the break-up of Gondwana, however 
the association of the two events has been debated (Faure and Mensing, 
2010; Broger, 2011). A belt of similar eruptions extends across southern 
Africa, India, South America, and Australia (Faure, 2001). Numerous 
sills (some dozens of meters thick) intrude the Beacon Supergroup in the 
TAM; in one area of the Queen Alexandra Range, five sills intrude the 
supergroup and potentially more are unexposed (Faure and Mensing, 
2010). The massive sills have affected the topography by uplifting areas 
of the mountain range and protecting underlying sedimentary rocks 
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from erosion (Faure and Mensing, 2010). Contact metamorphism was 
documented in the sandstones, shale, and coal of the Beacon Supergroup 
(Faure and Mensing, 2010), and examples exist of contact aureoles 
affecting the coal measures (e.g., Schapiro and Gray, 1966; Sanders and 
Rimmer, 2020). 

The current rank of many Antarctic coals is higher than any com
parable Gondwanan coal due to the extensive Jurassic intrusions 
(Schopf and Long, 1966; Coates et al., 1990; Sanders and Rimmer, 
2020). Widespread diabase sills have caused varying degrees of thermal 
alteration (Schapiro and Gray, 1966; Schopf and Long, 1966; Coates 
et al., 1990; Sanders, 2012; Sanders and Rimmer, 2020). Many of the 
samples are anthracite, meta-anthracite, or natural coke, indicating very 
high levels of maturation (Schopf and Long, 1966; Sanders and Rimmer, 
2020). Based on petrographic analyses, some samples are so highly 
metamorphosed that they are approaching graphite (Schapiro and Gray, 
1966; Sanders, 2012). Despite considerable petrographic and 
geochemical studies of Antarctic coals (e.g., Schapiro and Gray, 1966; 
Schopf and Long, 1966; Coates et al., 1990; Sanders and Rimmer, 2020), 
no previous work has attempted to relate isotopic composition to factors 
such as coal rank and maceral composition for these coals. 

2. Methods 

2.1. Sampling 

Samples used in this study were part of a larger petrographic and 
geochemical effort (proximate, ultimate, and total sulfur) to understand 
the occurrence, composition, and thermal alteration history of Antarctic 
coals (Sanders, 2012; Sanders and Rimmer, 2020). These included coal 
and carbonaceous shale samples stored at the Polar Rock Repository 
(PRR) at The Ohio State University, which is sponsored by the National 
Science Foundation Office of Polar Programs. Details of the sampling are 
available in appendices and tables in Sanders and Rimmer (2020). In 
brief, these include 128 samples of Permian coal or organic-rich shale 
collected at various locations in the TAM during past expeditions 
including the Southern Transantarctic Mountains, the Central 

Transantarctic Mountains, and South Victoria Land (Fig. 1). Due to the 
difficulty in sampling and field conditions, these samples are charac
terized as “grab” samples. All are Permian in age, and include 64 sam
ples from the Buckley Formation, 22 from the Mt. Glossopteris 
Formation, 23 from the Queen Maud Formation, and 19 from the Weller 
Coal Measures. 

2.2. Organic petrography 

Samples were crushed to minus 20-mesh and petrographic pellets 
were prepared according to standard procedures, ground, and polished 
to a final polish of 0.06-μm. Point-count analyses (500 points on each of 
two pellets) were performed on a subset of samples (34), randomly 
selected from each location, using a Zeiss Universal reflected-light mi
croscope equipped with crossed polarizers and an antiflex objective that 
includes a 1/4λ plate to enhance anisotropy. Point-count categories 
included vitrinite, anisotropic coke, inertinite, semi-inertinite (i.e., 
inertinite with lower reflectance, typically with reflectance levels ~ <
2% as suggested by ASTM D2799–13 (ASTM, 2013)), and pyrolytic 
carbon (Table 1). Photomicrographs were taken using a Q-Imaging 
Retiga 2000R camera. 

Random vitrinite reflectance (100 readings per sample) (Rr, % in oil) 
was determined for a subset of samples (91) following standard pro
cedures (ASTM, 2011) using a Leica DM2500P reflected-light micro
scope (non-polarized light) and J&M MSP200 hardware and software 
(Table 1). The system was calibrated with three standards, with a typical 
standard deviation of 0.02%. Standards used for samples <6% Rr 
included glass (1.672%), cubic zirconia (3.17%), and strontium titanate 
(5.46%); for samples >6% Rr, cubic zirconia, strontium titanate, and 
silicon carbide (7.45%) were used. Mean maximum reflectance (Rmax, % 
in oil) was also measured using polarized light for randomly selected 
pellets from each location (13 samples) using the J&M MSP200 system 
(Table 1). All petrography was performed at the Organic Petrology 
Laboratory at Southern Illinois University Carbondale. 

Fig. 1. Map showing sample locations along the Transantarctic Mountain Range (TAM). Base map source: Quantarctica, Norwegian Polar Institute (Matsuoka et al., 
2018, 2021). Mtns = Mountains, Mt. = Mount. (Modified from Sanders and Rimmer, 2020). 
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2.3. Geochemical analyses (C,H,N) 

Geochemical analyses (C, H, N) were performed on a subset of 
samples (74) by ALS Global using high-temperature tube furnace com
bustion / TC and IR detection according to ASTM D5373 (ASTM, 2008) 
using a LECO TruSpec Macro. To remove any carbonates formed during 
intrusion, samples were treated prior to analysis with 6 N HCl following 
procedures described in Sanders and Rimmer (2020). All data are re
ported on a dry-ash free (daf) basis for HCl-treated samples, using 
moisture (as-received) and ash (dry) values (HCl-treated samples) pre
viously reported in Sanders and Rimmer (2020) (Table 1). 

2.4. Carbon isotopic analysis and organic carbon content 

For δ13Corg and Corg analysis (127 samples), approximately 2 mg of 
minus 230-mesh sample were placed in a silver capsule and treated with 
6% sulfurous (H2SO3) acid to remove carbonate. The samples were dried 
at 80 ◦C and the process was repeated several times to ensure complete 
removal of carbonate. The capsules were analyzed at the University of 
Texas at Arlington Stable Isotope Laboratory using a Costech 4010 
elemental analyzer coupled, via a Conflo IV Device, to a ThermoFinni
gan Delta V isotope-ratio mass spectrometer; carbon isotopic values 
were standardized to V-PDB scale for δ13C using IAEA-8573 and IAEA- 
8574 (glutamic acid) international standards (Table 1). The average 
standard deviation for δ13C was 0.04‰ for the unknowns; for % Corg the 

average standard deviation was 0.02% for the unknowns. 

3. Results 

3.1. Petrographic analyses 

Most of the samples are characterized by very high reflectances (Rr, 
% in oil), being either natural anisotropic cokes (e.g., some samples from 
the Buckely Fm. at Graphite Peak, Fig. 1), anthracites, or meta- 
anthracites (Fig. 3). Only four samples have reflectances below 1.5%, 
and two of these appear to be slightly weathered based on their fractured 
appearance and vitrinite discoloration (Fig. 4a); these four samples are 
from the Buckley Fm. from Mt. Bowers and Solitary Peak (Fig. 1). The 
range in Rr (%) for the Buckley Fm. is 0.53–7.58% (Table 1), with these 
samples showing a bimodal distribution. The range in Rr (%) for the Mt. 
Glossopteris Fm. is somewhat less (2.36%–3.62%), as is that for the 
Queen Maud Fm. (1.71%–3.35%) and the Weller Coal Measures (1.95%– 
2.36%) (Table 1). Mean maximum reflectances (Rmax, % in oil) are high, 
ranging from 2.19% to as much as 9.73% in some of the coked Graphite 
Peak samples. The difference in reflectance between maxima and 
minima indicates a high degree of anisotropy, up to >5.5% (Table 1). 

The primary constituents of these coals are vitrinite, anisotropic 
coke, and inertinite (especially lower reflectance semi-inertinite) 
(Table 1) (Fig. 4a–i). A gradual decrease in semi-inertinite and a 
concomitant increase in vitrinite occurs with increased rank due to the 

Fig. 2. Stratigraphy of the Beacon Supergroup. Compiled from Elliot (2013), Elliot et al. (2017), Collinson et al. (1994), Long (1964, 1965), and J. L. Isbell (personal 
communication). Carb = Carboniferous, Mtns. = Mountains, Mtn. = Mountain. Relative thicknesses approximated. *indicates uncertain age. (Modified from Sanders 
and Rimmer, 2020). 
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Table 1 
Geochemical and petrographic data for Antarctic samples. Ash* = ash yield (wt%, dry basis), raw samples; samples with Ash* values in bold indicate carbonaceous shales rather than true coals. All remaining geochemical 
data are for HCl-treated samples: Moist = moisture, wt%; Ash = ash yield, dry basis wt%; VM = volatile matter (wt%, dry, ash-free (daf) basis); C, H, and N all on a wt% daf basis; H/C and N/C based on daf values; Corg =

organic carbon, wt%; δ13Corg, ‰. Rr, Rmax, Rmin = random, maximum, minimum (respectively) vitrinite reflectance (%, in oil). All petrographic data are on a vol% mineral-free basis: Vit = vitrinite, Anis = anisotropic coke, 
S-In = semi-inertinite, In = inertinite, PyC = pyrolytic carbon.(Note: Ash, Mois, and VM data from Sanders and Rimmer, 2020).  

Sample Name Ash* Moist Ash VM C H N H/C N/C Corg δ13C Rr Rmax Rmin Vit Anis S-In In PyC 

Buckley Formation                    
PRR- 6345 Coalsack Bluff 15.22 6.95 14.94 18.21 87.57 2.37 1.68 0.32 0.02 68.92 −23.90 3.78 4.41 3.35 53.0 0.0 43.3 2.4 1.3 
PRR- 6346 Coalsack Bluff 23.39 6.30 22.76 16.42 88.48 2.31 1.69 0.31 0.02 62.32 −23.13 3.96        
PRR- 6360 Coalsack Bluff 26.09 4.48 25.73 14.95 90.20 2.30 1.49 0.30 0.01 62.76 −23.75 4.04        
PRR- 14795 Coalsack Bluff 40.99 1.61 40.25 18.44      50.64 −23.47 2.50        
PRR- 6862 Mt. Achernar 71.74         20.86 −23.30         
PRR- 6864 Mt. Achernar 26.57         48.44 −22.82 2.87        
PRR- 6898 Mt. Achernar 8.24 10.61 7.53 23.45 83.09 1.77 1.27 0.25 0.01 70.47 −22.83 3.30 4.35 2.57 62.3 0.0 34.0 3.3 0.4 
PRR- 13731 Mt. Achernar 31.30 5.15 30.11 19.14 85.20 3.02 2.08 0.42 0.02 53.87 −23.60 2.86        
PRR- 13732 Mt. Achernar 32.93 6.45 32.21 23.50 84.05 2.14 1.97 0.30 0.02 48.19 −23.89 3.35   83.3 0.0 15.9 0.3 0.5 
PRR- 13733 Mt. Achernar 16.87 10.92 15.67 15.50 95.21 0.52 1.22 0.06 0.01 59.51 −25.14 6.35 8.13 3.44 86.9 0.0 9.0 2.4 1.7 
PRR- 13734 Mt. Achernar 20.25 3.65 20.24 10.84 90.79 2.88 2.00 0.38 0.02 67.35 −22.40 3.09        
PRR- 5381 Mt. Angier 7.79 7.58 6.81 21.76 85.24 2.60 2.18 0.36 0.02 71.88 −24.95 2.45   85.7 0.0 11.9 2.4 0.0 
PRR- 5257 Lamping Peak 38.95         43.34 −25.49         
PRR- 5225 Mt. Bowers 83.35         9.67 −23.38 0.78        
PRR- 5228 Mt. Bowers 6.45 4.99 5.90 24.43 85.42 3.87 1.98 0.54 0.02 77.87 −22.31 1.43   53.1 0.0 40.6 5.9 0.4 
PRR- 7075 Wahl Glacier 18.56 6.03 17.55 20.86 83.56 3.19 1.73 0.46 0.02 65.68 −24.45 2.04 2.19 1.94 69.5 0.0 26.8 3.0 0.7 
PRR- 7082 Wahl Glacier 37.97         42.84 −24.80         
PRR- 6959 Mt. Picciotto 17.16 7.54 13.60 7.26 97.97 0.41 0.41 0.05 0.00 62.61 −24.93 6.93 7.75 4.36 93.7 0.0 4.8 0.8 0.7 
PRR- 6969 Mt. Picciotto 66.83         23.76 −23.91         
PRR- 6973 Mt. Picciotto 44.28         43.64 −24.98         
PRR- 6987 Mt. Picciotto 39.82         37.89 −26.31         
PRR- 6989 Mt. Picciotto 73.19         16.83 −24.90         
PRR- 7005 Mt. Ropar 55.73         31.03 −23.84 4.91        
PRR- 7008 Mt. Ropar 10.53           4.41        
PRR- 7011 Mt. Ropar 7.97 8.71 5.85 18.57 86.57 1.76 1.38 0.24 0.01 67.21 −21.06 3.69 4.56 2.88 47.7 0.0 50.6 0.9 0.8 
PRR- 7016 Mt. Ropar 57.64         29.51 −24.15         
PRR- 6941 Solitary Peak 10.59 14.20 9.05 41.66 73.93 2.54 1.72 0.41 0.02 57.53 −23.01 0.53   10.4 0.0 88.3 1.3 0.0 
PRR- 6945 Solitary Peak 8.23 9.27 3.98 29.99 81.04 2.54 1.71 0.37 0.02 70.01 −23.89 1.08   26.8 0.0 66.5 6.5 0.2 
PRR- 14531 Graphite Peak 97.35         2.81 −25.35         
PRR- 14532 Graphite Peak 91.98         3.61 −25.52         
PRR- 14533 Graphite Peak 93.73         4.03 −25.27         
PRR- 14534 Graphite Peak 90.66         5.16 −25.32         
PRR- 14535 Graphite Peak 86.58         8.75 −25.38         
PRR- 14536 Graphite Peak 49.07 15.38 49.26 18.36 84.99 1.21 0.54 0.17 0.01 41.36 −25.19 6.62        
PRR- 14537 Graphite Peak 32.17 1.21 31.29 4.98      64.93 −24.65 6.65 8.78 4.59      
PRR- 14538 Graphite Peak 30.12 1.23 29.84 4.58      69.76 −24.90 6.95 8.37 4.62      
PRR- 14539 Graphite Peak 53.88 2.67 52.52 6.75 94.56 0.28 0.39 0.04 0.00 43.82 −25.17 6.53   0.0 86.8 6.3 4.6 2.3 
PRR- 14540 Graphite Peak 35.67 0.40 33.10 4.77      62.59 −24.61 5.58        
PRR- 14541 Graphite Peak 68.94 2.05 68.25 11.09 92.00 0.61 0.35 0.08 0.00 29.04 −24.91 6.31        
PRR- 14542 Graphite Peak 41.57 1.18 32.35 4.60      57.20 −24.54 6.27        
PRR- 14543 Graphite Peak 60.51         38.67 −24.87 6.42        
PRR- 14544 Graphite Peak 33.15 0.28 31.86 3.08      65.69 −24.47 7.14 9.53 5.13 0.0 86.1 7.3 5.3 1.3 
PRR- 14545 Graphite Peak 24.54 0.38 23.40 2.75      80.89 −24.59 7.19 9.73 4.16 0.0 90.2 5.6 3.6 0.6 
PRR- 14546 Graphite Peak 27.30 0.48 26.54 3.05      76.90 −23.98 7.54 9.45 4.78      
PRR- 14548 Graphite Peak 80.05 2.19 80.35 11.69 99.30 0.34 0.31 0.04 0.00 16.37 −25.33 7.58        
PRR- 14550 Graphite Peak 83.62         11.49 −25.69         
PRR- 14551 Graphite Peak 73.98 3.54 73.17 11.19 99.29 0.29 0.31 0.03 0.00 23.83 −25.07 7.04        
PRR- 14571 Graphite Peak 68.03 7.14 68.42 34.41 76.42 1.33 1.36 0.21 0.02 22.80 −23.47 2.62        
PRR- 14572 Graphite Peak 46.88 11.97 46.77 33.75 77.00 1.17 1.22 0.18 0.01 36.69 −22.59 1.95        
PRR- 14573 Graphite Peak 71.44 8.24 71.46 40.05 71.86 1.06 1.53 0.18 0.02 20.78 −22.38 2.22        

(continued on next page) 

M
.M

. Sanders et al.                                                                                                                                                                                                                            



InternationalJournalofCoalGeology267(2023)104182

6

Table 1 (continued ) 

Sample Name Ash* Moist Ash VM C H N H/C N/C Corg δ13C Rr Rmax Rmin Vit Anis S-In In PyC 

PRR- 14574 Graphite Peak 67.38 10.09 67.37 32.49 75.81 1.61 1.74 0.25 0.02 23.53 −22.65 2.08        
PRR- 14575 Graphite Peak 92.92         4.15 −23.69         
PRR- 14577 Graphite Peak 87.12 1.75 80.79 9.47 94.52 0.39 0.26 0.05 0.00 17.84 −25.22 2.79        
PRR- 14608 Graphite Peak 75.48 6.11 76.88 16.74 87.80 0.00 0.41 0.00 0.00 20.26 −25.28 2.80        
PRR- 14609 Graphite Peak 84.89         10.69 −25.96         
PRR- 14610 Graphite Peak 83.97         13.22 −25.45         
PRR- 14611 Graphite Peak 93.44         4.40 −25.67         
PRR- 14635 Graphite Peak 69.85 10.10 69.48 30.47 75.55 1.31 0.58 0.21 0.01 20.67 −25.66 2.60        
PRR- 14639 Graphite Peak 83.28         10.19 −26.54         
PRR- 14641 Graphite Peak 55.29 13.03 54.39 19.45 84.48 0.69 0.61 0.10 0.01 32.89 −25.87         
PRR- 14666 Graphite Peak 34.27 3.31 34.64 16.63      55.98 −25.85 1.90        
PRR- 14667 Graphite Peak 91.81         7.62 −25.48         
PRR- 14668 Graphite Peak 40.40 16.50 39.89 18.60 87.60 0.57 0.52 0.08 0.01 45.69 −25.48 1.84   89.0 0.0 9.6 0.0 1.4 
PRR- 14670 Graphite Peak 51.82 13.38 52.00 21.42 79.56 0.75 0.46 0.11 0.00 36.52 −25.91 2.28   88.4 0.0 10.6 0.0 1.0  

Mt. Glossopteris Formation                    
PRR- 11393 Higgins Canyon 64.30         31.55 −24.78         
PRR- 11539 Mt. Glossopteris 26.39 4.76 25.93 13.02 90.44 2.85 1.28 0.37 0.01 65.18 −22.83 2.69   46.2 0.0 51.3 2.0 0.5 
PRR- 11541 Mt. Glossopteris 27.93 5.21 27.01 16.82 85.41 3.22 1.34 0.45 0.01 55.06 −21.98 2.50 4.27 1.88 72.3 0.0 24.0 3.5 0.2 
PRR- 11693 Mt. Glossopteris 14.58 5.96 13.60 18.71 84.80 2.48 1.50 0.35 0.02 65.97 −23.26 2.56        
PRR- 11696 Mt. Glossopteris 40.07         46.72 −22.81         
PRR- 11710 Mt. Glossopteris 45.05         39.06 −23.51         
PRR- 13752 Mt. Glossopteris 11.11 5.66 10.47 19.88 83.99 3.00 1.43 0.43 0.01 72.41 −22.49 2.39        
PRR- 13753 Mt. Glossopteris 17.71 6.36 16.95 19.96 85.51 2.89 1.44 0.40 0.01 64.65 −22.81 2.40        
PRR- 13754 Mt. Glossopteris 21.54 6.55 21.25 20.58 83.08 3.16 1.63 0.45 0.02 61.68 −23.36 2.40        
PRR- 13759 Mt. Glossopteris 38.58 5.00 38.08 14.62 89.74 3.32 1.44 0.44 0.01 55.84 −23.00 2.36        
PRR- 13760 Mt. Glossopteris 24.41 5.79 17.89 17.09 86.12 2.99 1.71 0.41 0.02 51.18 −22.98 2.75   82.9 0.0 11.3 5.6 0.2 
PRR- 13761 Mt. Glossopteris 19.99 5.56 19.43 16.59 85.39 2.98 1.68 0.42 0.02 64.40 −23.42 2.85        
PRR- 13763 Mt. Glossopteris 28.20 5.94 27.91 20.27 86.29 2.81 1.68 0.39 0.02 58.75 −22.74 2.81   82.9 0.0 14.9 1.7 0.5 
PRR- 13764 Mt. Glossopteris 52.08         40.14 −22.70         
PRR- 13766 Mt. Glossopteris 30.02         49.77 −23.32         
PRR- 11435 Mt. Schopf 45.49         42.39 −23.33         
PRR- 11525 Mt. Schopf 13.28 8.13 11.59 21.40 83.39 2.38 1.38 0.34 0.01 62.06 −23.33 2.66   88.2 0.0 10.4 1.4 0.0 
PRR- 13749 Mt. Schopf 32.71 7.66 31.89 20.74 83.60 2.36 1.64 0.34 0.02 50.30 −23.15 2.51        
PRR- 13750 Mt. Schopf 21.60 7.70 21.13 20.82 84.12 2.50 1.50 0.35 0.02 54.47 −22.98 3.14   89.2 0.0 8.4 2.4 0.0 
PRR- 13751 Mt. Schopf 23.41 7.29 22.51 19.24 85.70 1.65 1.22 0.23 0.01 60.88 −22.28 3.62        
PRR- 13755 Mt. Schopf 13.25 5.55 13.26 14.72 86.90 3.34 1.77 0.46 0.02 70.50 −23.25 2.63   85.6 0.0 12.0 2.2 0.2 
PRR- 13768 Mt. Schopf 22.79 7.29 22.40 21.73 84.15 2.06 1.43 0.29 0.01 54.02 −23.63 3.25         

Queen Maud Formation                    
PRR- 12519 Crack Bluff 25.89 4.60 24.50 17.05 85.84 2.58 1.93 0.36 0.02 58.70 −23.10 3.35   75.8 0.0 22.2 1.7 0.3 
PRR- 11001 Mt. Weaver 6.65 5.83 5.13 19.58 85.67 3.23 1.95 0.45 0.02 75.20 −22.94 1.99        
PRR- 11003 Mt. Weaver 4.14 8.65 4.60 21.65 87.90 3.17 2.10 0.43 0.02 80.42 −23.24 2.11        
PRR- 11005 Mt. Weaver 20.75 4.85 20.38 17.82 86.53 2.95 1.99 0.41 0.02 68.58 −22.69 2.20        
PRR- 11012 Mt. Weaver 16.50 5.88 15.70 19.92 85.57 3.09 2.04 0.43 0.02 62.49 −23.74 1.98        
PRR- 11035 Mt. Weaver 13.59         67.76 −23.38 3.81        
PRR- 11070 Mt. Weaver 10.39 7.25 9.82 21.04 84.50 3.38 1.81 0.48 0.02 72.96 −23.71 2.03   60.3 0.0 38.0 1.4 0.3 
PRR- 11072 Mt. Weaver 9.00 7.55 8.53 21.35 84.40 3.25 1.73 0.46 0.02 75.16 −22.66 1.94        
PRR- 11074 Mt. Weaver 7.69 9.29 5.02 22.62 83.10 3.29 2.03 0.47 0.02 71.10 −23.70 1.92        
PRR- 11076 Mt. Weaver 4.49 6.24 3.27 20.58 84.87 2.79 1.47 0.39 0.01 70.66 −23.16 1.79        
PRR- 11080 Mt. Weaver 8.40 6.34 6.19 20.53 83.64 2.81 1.80 0.40 0.02 75.67 −22.81 1.81        
PRR- 11105 Mt. Weaver 14.40 5.79 14.42 19.90 83.89 3.12 2.01 0.44 0.02 66.30 −22.75 1.87        
PRR- 11106 Mt. Weaver 12.51 5.92 12.37 20.16 84.56 3.19 2.05 0.45 0.02 70.24 −23.34 1.85   68.7 0.0 29.4 1.9 0.0 
PRR- 11108 Mt. Weaver 5.95 6.42 5.17 21.52 82.82 3.10 1.95 0.45 0.02 74.61 −23.24 1.82        

(continued on next page) 
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Table 1 (continued ) 

Sample Name Ash* Moist Ash VM C H N H/C N/C Corg δ13C Rr Rmax Rmin Vit Anis S-In In PyC 

PRR- 11110 Mt. Weaver 5.10 7.91 4.80 21.63 83.52 3.09 1.94 0.44 0.02 77.26 −22.44 1.78        
PRR- 11113 Mt. Weaver 9.44 7.89 5.74 21.78 83.53 3.15 2.21 0.45 0.02 81.65 −23.36 1.71        
PRR- 11114 Mt. Weaver 2.67 6.48 2.11 22.18 83.21 3.16 2.11 0.45 0.02 77.37 −23.47 1.88   86.9 0.1 11.9 0.9 0.2 
PRR- 11117 Mt. Weaver 3.97 6.56 4.04 20.32 83.10 3.16 2.16 0.45 0.02 80.37 −23.43 1.81        
PRR- 11123 Mt. Weaver 12.33 5.54 11.78 19.29 85.97 3.10 2.26 0.43 0.02 69.64 −25.90 1.88        
PRR- 11126 Mt. Weaver 23.25 4.98 22.26 20.21 85.52 3.17 1.85 0.44 0.02 57.99 −23.44 1.93   59.7 0.0 38.2 1.8 0.3 
PRR- 11131 Mt. Weaver 9.76 5.28 9.43 18.02 85.59 3.19 2.05 0.44 0.02 74.14 −22.32 2.09        
PRR- 11136 Mt. Weaver 17.11 5.62 16.55 19.36 83.87 2.99 1.98 0.42 0.02 64.50 −22.47 2.21        
PRR- 11140 Mt. Weaver 81.53         16.96 −22.94          

Weller Coal Formation                    
PRR- 13730 Allan Hills 11.13 6.10 6.05 15.33 85.45 2.94 2.02 0.41 0.02 70.24 −24.80 2.36   81.9 0.0 14.6 2.9 0.6 
PRR- 14375 Allan Hills 61.69         34.75 −25.96         
PRR- 14377 Allan Hills 37.38         44.10 −25.66         
PRR- 14378 Allan Hills 47.14 1.37 44.73 16.24      47.06 −25.57 2.26        
PRR- 14379 Allan Hills 52.58 4.37 49.93 19.50      42.42 −25.19 2.02   33.6 0.0 63.4 3.0 0.0 
PRR- 14381 Allan Hills 35.76 1.16 34.46 14.20      56.31 −25.28 2.01        
PRR- 14382 Allan Hills 87.99         7.53 −25.16         
PRR- 14383 Allan Hills 89.60         6.07 −24.82         
PRR- 14384 Allan Hills 62.35 4.28 60.95 23.39 81.86 3.53 2.09 0.51 0.02 31.48 −25.20         
PRR- 14385 Allan Hills 40.94 1.74 39.51 16.80      50.49 −25.74 2.16        
PRR- 14386 Allan Hills 76.65 5.37 75.33 31.49 75.43 3.89 2.36 0.62 0.03 17.61 −25.85 2.11        
PRR- 14390 Allan Hills 87.37         7.20 −25.24         
PRR- 14392 Allan Hills 87.75         6.68 −24.42         
PRR- 14393 Allan Hills 41.31 1.67 38.37 16.14      53.15 −25.16 1.95   67.0 0.0 31.0 2.0 0.0 
PRR- 19051 Allan Hills 26.38 21.87 16.90 18.29      50.18 −23.13 2.28   93.3 0.0 5.7 0.9 0.1 
PRR- 13703 Shapeless Mtn 27.32 10.86 22.10 14.26 87.24 2.33 0.95 0.32 0.01 50.17 −22.42 3.50 4.74 2.62 79.4 0.0 18.6 1.8 0.2 
PRR- 13704 Mt. Feather 13.71 5.26 10.67 14.43 87.14 3.10 1.93 0.42 0.02 69.25 −22.68 2.37   55.3 0.0 42.8 1.2 0.7 
PRR- 13700 Mt. Fleming 33.48         40.16 −23.30         
PRR- 11848 Mt. Gran 35.93         50.29 −23.79          
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increased difficulty in differentiating the two at the very highest re
flectances. At this very high rank, liptinites no longer fluoresce and are 
usually difficult to see except in samples where their reflectance sur
passes that of the vitrinite or where they occur in close association with 
inorganics and abundant inertinites. Well-developed anisotropic mosaic 
structures (coarse-grained circular and fine-grained lenticular) occur in 
some of the coked vitrinite (Fig. 4i). In other samples, the coke mosaic 
structures are less pronounced, but vitrinite anisotropy is very well 
developed and is readily apparent during stage rotation. Pyrolitic carbon 
occurs in many of the samples as a minor component (<2.5%), espe
cially the higher rank samples, in a variety of forms including coarse 
grained ribbon structures, infilled vacuoles, and rims around inertinite 
(Fig. 4e, f). 

3.2. Geochemical analyses (C,H,N) 

Although many samples were classified as coals in the original field 
notes, upon further inspection, many are carbonaceous shales and silt
stones (i.e., <50% organic matter). Organic carbon (%, Corg) ranges 
from 2.8 to 81.6% (Table 1, Fig. 5). Most cluster between 50% and 80%, 
but many samples, especially those from the Buckley Fm., are <40%, 
with the Buckley samples showing a bimodal distribution. As ash yield 
(%, dry) is quite variable (2–80%), C, H, and N results were converted to 
a dry, ash-free (daf) basis. Note that data calculated to a dry, mineral- 
matter-free (dmmf) basis would incorporate error as the Parr formula 
used to calculate to this basis (mineral matter = 1.08Ash% - 0.55S%) 
makes assumptions about mineral content that are not valid for these 
samples as they contain little to no pyrite and S is present as gypsum 
(Sanders and Rimmer, 2020). Rank-sensitive parameters show the wide 
range in organic maturity of these samples, with C (%, daf)) contents 
between 71.9 and 99.3%. The data show a strong negative correlation (r 
= −0.902, significant at the 1% level) with previously reported volatile 
matter data (VM, % daf, HCl-treated samples, as reported in Sanders and 
Rimmer, 2020) (Fig. 6a). Hydrogen values (%, daf) decrease from ~2.4 
to 0%, N (%, daf) ranges from 2.36 to 0.26%, and a strong correlation 
exists between the two variables (r = 0.873, significant at the 1% level) 
(Fig. 6b). The Buckely Fm. samples exhibit the widest range of values. 
These results confirm the very high rank of the samples indicated by the 
vitrinite reflectance data, particularly for several Buckley Fm. samples 
primarily from Graphite Peak that plot close to the origin (Fig. 6b). 

3.3. Isotopic analyses 

The overall range in δ13Corg for the Antarctic samples is −26.5‰ to 
−21.1‰ (5.4‰ range) and shows a bimodal distribution (Table 1) 
(Fig. 7). The ranges for the coal-bearing formations are −26.5‰ to 
−21.1‰ for the Buckley Fm.; −24.8‰ to −22.0‰ for the Mt. Glossop
teris Fm.; −25.9‰ to −22.3‰ for the Queen Maud Fm.; and − 26.0‰ to 
−23.1‰ for the Weller Coal Measures. The two populations of values are 
centered around 1) –23.5 to −23‰ that includes samples from all four 
formations, and 2) –25.5 to −25‰ that mostly includes samples from the 
Buckley Fm. and the Weller Coal Measures. The widest range in δ13Corg 
is observed in the Buckley Fm., which is characterized also by the widest 
range in vitrinite reflectance (Fig. 8). Many of the samples with the more 
depleted values were collected from the Buckley Fm. at Graphite Peak. 
Focusing in on the relationships between δ13Corg and other variables for 
the Buckley Fm., a significant relationship exists between total inertinite 
content (inertinite plus semi-inertinite) and δ13Corg (r = 0.678, signifi
cant at the 1% level), with higher total inertinite contents associated 
with more enriched values (Fig. 9a). Furthermore, a significant rela
tionship occurs between δ13Corg and the H/C atomic ratio (r = 0.589, 
significant at the 1% level) (Fig. 9b). Although the relationship between 
H/C atomic ratio and the amount of pyrolytic carbon is significant (r =
−0.705, significant at the 1% level) (Fig. 9c), indicating increased py
rolytic carbon with increased rank, the relationship between pyrolytic 
carbon and δ13Corg is less clear (r = −0.424, not significant at the 5% 
level) (Fig. 9d). Despite the significant correlations in these relation
ships, considerable scatter in the data occurs, suggesting multiple 
controls. 

4. Discussion 

4.1. Petrographic and geochemical observations 

Two important petrographic observations are made for the Antarctic 
coals: one dealing with composition, the other with rank. Like many 
Permian-age southern hemisphere coals (e.g., Snyman and Botha, 1993; 
Taylor et al., 1998; Cairncross, 2001) these samples are relatively high 
in inertinite content, particularly semi-inertinite, which averages ~26% 
and reaches up to 88%. Much of the semi-inertinite is what is referred to 
as reactive semi-fusinite, typical of South African Permian coals (Falcon, 
1986), material that has slightly higher reflectance than the accompa
nying vitrinite. While other possible origins have been suggested for the 
inertinite macerals funginite and macrinite (e.g., bacterial and fungal 
activity) (Hower et al., 2009, 2011, 2013), a wildfire origin is most likely 
for semifusinite, fusinite, and inertodetrinite (Guo and Bustin, 1998; 
Scott and Glasspool, 2007; Hudspith et al., 2012; Moroeng et al., 2018). 
The high inertinite content of Antarctic and other Late Permian coals 
(Diessel, 2010) is consistent with high atmospheric O2 levels, possibly as 
high as 24% (Berner, 2006), that likely contributed to extensive fire 
activity during this time (Berner and Canfield, 1989). 

In addition to the inertinite macerals, significant amounts of vitrinite 
(av. ~63%) and anisotropic coke (av. ~8%), and small amounts of py
rolytic carbon are also present. A few occurrences of coked bitumen are 
also observed (Sanders and Rimmer, 2020). Whereas no liptinite was 
counted, trace amounts of highly altered meta-liptinite were observed 
(Sanders and Rimmer, 2020). It is likely that these coals originally 
contained some liptinite, as has been observed in other lower rank 
Antarctic coals (e.g., Bauer et al., 1997; Holdgate et al., 2005) and other 
coals in South Africa (e.g., Falcon and Snyman, 1986; Kruszewska, 2003; 
Wagner et al., 2019). In the case of sub-bituminous to high volatile 
bituminous Permian coals from East Antarctica, liptinite content can be 
as high as 20–30% (Holdgate et al., 2005). The significance of the varied 
petrographic composition of these coals with respect to carbon isotopic 
data is discussed below. 

Petrographic analysis indicates that the majority of the coals were 
altered extensively by heat associated with burial maturation and, in 

Fig. 3. Histogram showing range in mean random vitrinite reflectance (Rr, % in 
oil) for each formation. 
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many cases, contact metamorphism. Of the samples measured, vitrinite 
reflectance analysis demonstrates 25% are low volatile bituminous, 
~37% are semi-anthracite, 13% are anthracite, and 20% are meta- 
anthracite or anisotropic coke. The anisotropic cokes are vesiculated 
and show primarily coarse-grained circular and fine-grained lenticular 
mosaic textures, formed by the rapid heating of coal that was medium 
volatile bituminous in rank at the time of intrusion (maximum vitrinite 
reflectance ~1.2%) (Sanders and Rimmer, 2020). Initial rank increase 
was due to normal burial maturation, to depths of 4–5.5 km (Sanders 
and Rimmer, 2020) under estimated geothermal gradients of between 
25 and 34 ◦C for the TAM (Fitzgerald, 1992, 1994; Lisker and Läufer, 
2013). Emplacement of Jurassic-age sills and dikes led to coke formation 
in those coals in close proximity to the intrusions (Rr up to 7%); for non- 
coked coals, further rank increase to current levels (~2.5% Rr) was due 
to continued burial maturation (Sanders and Rimmer, 2020). The py
rolytic carbon represents gases that were devolatilized during the rapid 
heating associated with contact metamorphism, cracked, and redepos
ited upon cooling (Taylor et al., 1998; Kwiecińska and Patersen, 2004; 
Kwiecińska and Pusz, 2016). Its presence suggests exposure to extremely 
high temperatures, as high as 500 ◦C (Goodarzi et al., 1993) or 600 ◦C 

(Chandra and Taylor, 1982). The presence of vacuoles in the coke 
further suggests rapid devolatilization. 

Contact-metamorphosed coals show significant chemical changes 
including a decrease in VM, increase in C, and decrease in H and N (e.g., 
Stewart et al., 2005; Gröcke et al., 2009; Rimmer et al., 2009; Presswood 
et al., 2016) along with an increase in aromaticity and decrease in 
aliphatic content (Fredericks et al., 1985; Presswood et al., 2016), and 
can reach vitrinite reflectances >5% (Rimmer et al., 2009; Sanders and 
Rimmer, 2020). Geochemical results for the Antarctic samples confirm 
the high rank of the samples and offer evidence for devolatilization. 
Considerable loss of VM in the coals occurred with increased rank 
(Fig. 6a) and along with this, loss of H and N (Fig. 6b). Despite the 
considerable decrease in VM, it is well known that the Rr–VM trend for 
intruded coals does not follow that of coals matured by normal burial 
maturation (e.g., Pearson and Murchison, 1999; Murchison, 2004, 
2006), with VM contents consistently higher than normal at Rr levels 
>2% (Rimmer et al., 2009), and this trend is seen in the Antarctic coals 
where the intruded samples have VM contents that are several percent 
higher than normal (see Fig. 10 in Sanders and Rimmer, 2020). Simi
larly, the relationship between VM and C differs from that seen in non- 

Fig. 4. Petrographic features observed in Antarctic coals. All photomicrographs taken in reflected white-light. Images c, d, f, g, h, and i taken using crossed polarizers 
and an antiflex objective. a) PRR-6941, Buckley Fm., Solitary Peak, (Rr = 0.53%), vitrinite (Vit), semifusinite (SF), and macrinite (Mac), note the presence of some 
oxidized, fractured rims on some inertinites; b) PRR-11525, Mt. Glossopteris Fm., Mt. Schopf (Rr = 2.66%), macrinite (Mac), inertodetrinite (In), semifusinite (SF), 
and altered vitrinite (Vit); c) same field of view (approx.) as (b); d) PRR-11525, Mt. Glossopteris Fm., Mt. Schopf (Rr = 2.66%), altered vitrinite (Vit); e) PRR-7011, 
Buckley Fm., Mt. Ropar (Rr = 3.69%), altered vitrinite (Vit), semifusinite (SF), and pyrolytic carbon (PC); f) same field of view as (e); g) PRR-13703, Weller Coal Fm., 
Shapeless Mtn. (Rr = 3.50%), altered vitrinite (Vit) and secretinite (Sec); g) PRR-13733, Buckley Fm., Mt. Arachner (Rr = 6.35%), altered vitrinite (Vit); i) PRR- 
14546, Buckley Fm., Graphite Peak (Rr = 7.54%), anisotropic coke (Coke) with abundant devolatilization vacuoles. 

M.M. Sanders et al.                                                                                                                                                                                                                            



International Journal of Coal Geology 267 (2023) 104182

10

intruded coals. For example, several Buckley Fm. coals have VM con
tents of ~12% (daf) at a C content of ~91% (daf) (the boundary between 
semi-anthracite and anthracite coal) (Table 1), whereas coals that have 
undergone normal burial maturation would have VM contents of ~8% at 
this C content (based on data in Taylor et al., 1998). It is possible that 
released VM in the intruded coals was trapped, either due to the rapid 
heating rate (Crelling and Dutcher, 1968) or in the extensive pore 
structure within the contact aureole (Gurba and Weber, 2001; Saghafi 
et al., 2008). 

4.2. Possible influences on δ13Corg of Antarctic coals 

The original δ13Corg value of terrestrial OM is determined by several 
factors such as the type and age of the plants when they were buried, the 
plant organ from which the material is derived, climatic conditions 
during the growth of the plant, latitude, altitude, and amount of relative 
humidity (Arens et al., 2000, and references therein; Gröcke, 2002; 
Dawson et al., 2002; Diefendorf et al., 2010; Kohn, 2010; Schubert and 
Jahren, 2012). Arens et al. (2000) concluded that 90% of the variability 
in δ13Corg values of C3 plant tissue is due to the δ13C value of the at
mosphere and is not due to environmental factors or differences in the 
plant life. However, OM preserved in shales and coals may have gone 
through many compositional changes from the time of accumulation to 

Fig. 5. Histogram showing range in Corg (%) for samples from each formation.  

Fig. 6. Relationship between a) VM and C; b) N and H. All data are on a dry, ash-free (daf) basis (HCl-treated samples). Very low H and N samples in dashed area in 
Fig. 6b include samples from Graphite Peak and one sample from Mt. Picciotto. 

Fig. 7. Histogram showing range in δ13Corg (‰) for each formation.  

Fig. 8. Relationship between δ13Corg and mean random vitrinite reflectance 
(Rr, % in oil) for each formation, 
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the present including early alteration within the peat swamp or sedi
ments, possible release of biogenic CH4, coal maturation through 
anthracite rank and beyond, including possible generation and migra
tion of bitumen/oil and late-stage biogenic CH4 generation, intrusion, 
and weathering. Carbon isotopic composition can be altered by surface 
exposure and oxidation of OM (Petsch et al., 2003) and more lipid-rich 
components are more susceptible to weathering than more refractory 
macerals (Slater, 2009). However, weathering due to surface exposure 
after the uplift of the TAM does not seem to have affected the Antarctic 
coals to any great extent, perhaps because the coals were of such high 
rank prior to being exposed at the surface and because of the very cold 
climate (Schopf and Long, 1966). Previous work has shown that coals 
collected from the outcrop surface do not differ greatly geochemically 
from those taken 12 ft below the surface (Schopf and Long, 1966). 
Assuming weathering was not a factor for the Antarctic coals, other 
processes should be considered that may have affected the OM over 
time. Possible factors include variations in original types of components 
(ultimately, macerals), diagenetic and metamorphic changes, and size of 
the carbon reservoir. Despite the degree of scatter in the Antarctic 
δ13Corg data when plotted against parameters such as rank, petrographic 
composition, and carbon content, significant correlation coefficients 
exist between these variables, suggesting that such factors variably and 
collectively control the bulk isotopic composition. 

4.2.1. Maceral composition 
The typical range in carbon isotopic composition of coal is between 

–22‰ to −27‰, and within a coal, different macerals have different 
isotopic compositions with more enriched values observed for vitrinites 
and inertinites compared to the more depleted values observed for lip
tinitic macerals (Whiticar, 1996). Generally, liptinites are derived from 
materials that have isotopic compositions that are ~2‰ more depleted 
than those that formed from woody tissues (i.e., vitrinite). Furthermore, 

inertinites like fusinite that are derived primarily from fire-affected 
sources (i.e., fossil charcoal) are at least ~0.5‰ enriched relative to 
vitrinite. Using density-gradient separation of a single Pennsylvanian- 
age coal, Rimmer et al. (2006) demonstrated that individual macerals 
show at least a 2.9‰ difference in δ13Corg values (Fig. 10a). As the 
separates were not entirely pure in the lowest density fractions, this 
difference is potentially slightly larger, >3‰. A clear relationship exists 
between δ13Corg and C/H atomic ratio (Fig. 10b), with the changes in C/ 
H reflecting the decrease in aliphatic and increase in aromatic compo
nents of the different macerals across the density gradient (Rimmer 
et al., 2006). For Miocene lignites, Bechtel et al. (2002, 2008) reported a 
negative relationship between liptinite content and δ13Corg (Fig. 10c). 
These authors estimated that a 40% contribution from liptinite (as one 
would see in a cannel coal, e.g., alginite, sporinite) could produce a ~ 
2‰ decrease in δ13Corg. In a study of four Chinese sections across the 
Permian–Triassic boundary, Wu et al. (2021) provided data for hand- 
picked cuticles (cutinite), wood (vitrinite), and charred wood (inertin
ite), and showed that δ13Corg values for cutinite are typically 1–2‰ more 
depleted than those of the vitrinite. Conversely, Dal Corso et al. (2011) 
reported a wide distribution of δ13Corg values (2–5‰) for Late Triassic 
amber (resinite), and an enrichment of ~2.5‰ compared to associated 
wood. Thus, the type of liptinite is important in addition to the amount 
present. Inertinite content may also influence δ13Corg. In combustion 
experiments, Jones and Chaloner (1991) reported an enrichment of 
0.5–0.8‰ due to charcoalification of woody tissues, and as much as 
~1.5‰ at high temperatures. In a study of intruded high-volatile bitu
minous Gondwanan coals of the Karoo Basin, Gröcke et al. (2009) found 
that maceral composition, specifically inertinite content, rather than 
rank increase influenced δ13Corg. The influence of inertinite macerals on 
δ13Corg in coals from the Karoo Basin was further demonstrated by 
Moroeng et al. (2018), showing more enriched values in coals with 
higher inertinite contents (Fig. 10d). 

Fig. 9. Selected relationships between variables for Antarctic samples. a) δ13Corg and inertinite + semi-inertinite (vol%), Buckley Fm.; b) δ13Corg and H/C atomic 
ratio (daf basis), Buckley Fm.; c) H/C atomic ratio (daf basis) and pyrolytic carbon content (vol%), Buckley Fm.; d) δ13Corg and pyrolytic carbon content (vol%) 
(all samples). 
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For the Antarctic coals, little to no liptinite is recorded due to the 
high rank of the coals, with the exception of a few lower rank samples. 
The fact that any liptinite was altered should be considered when 
attempting to tie δ13Corg for coalified materials back to original atmo
spheric conditions. It is one line of evidence that the maceral composi
tion, and thus the isotopic composition, changed following peat 
accumulation and organic maturation. Variations in the amount of total 
inertinite versus vitrinite may also be a factor in carbon isotopic 
composition, although the difference between these two macerals is 
rather small. It is also possible that secondary macerals (those that form 
after peat accumulation) such as pyrolytic carbon may also be a factor. 
In the Antarctic coals, more pyrolytic carbon is observed in higher rank 
coals and cokes, as demonstrated by the inverse relationship seen with 
H/C (Fig. 9c). In a study of Raton Basin coals, Cooper et al. (2007) re
ported abundant pyrolytic carbon adjacent to sill contacts; this material 
would have accumulated from 12C-rich volatile matter released from the 
coals at the time of sill intrusion and may be responsible for the more 
depleted δ13Corg values observed at sill contacts in their study. Other 
studies of Raton Basin coals also showed δ13Corg of samples close to a sill 
are more depleted than expected (Meyers and Simoneit, 1999), a 
signature attributed to the immobilization of pyrolysis products and 
accumulation of secondary carbon forms. Similarly, intruded coals from 
the Piceance Basin included pyrolytic carbon close to the sill contacts 
and some also showed more depleted δ13Corg values (Rimmer, unpub
lished data). 

These studies point to the importance of determining the petro
graphic composition of samples that are analyzed for δ13Corg, and for 
petrographic composition to be considered when evaluating changes in 
δ13Corg in the rock record, especially when minor excursions (on the 
order of 1–2‰) are concerned. This problem is not limited to terrestrial 
environments, and could be even more pronounced in marine sections 

where both marine and terrestrial components, each with different 
δ13Corg values, contribute to the bulk δ13Corg signature. For example, 
based on palynological analysis, variability in the relative amounts of 
marine versus terrestrial components and in the different types of 
terrestrial plant groups can explain both negative and positive bulk 
δ13Corg values across the Triassic–Jurassic boundary rather than a global 
carbon isotope event (van de Schootbrugge et al., 2008). An examina
tion of many published isotope curves for CIEs such as the Permian–
Triassic boundary show considerable scatter in bulk δ13Corg signatures, 
and the variability introduced by different plant components (which are 
maceral precursors) contributes to the noise in the δ13Corg signal; data 
from Wu et al. (2021) are shown as an example (Fig. 11). Whereas there 
is obviously a change in δ13Corg values at the boundary, the size of the 
change is debatable due to the scatter in the data. Such variability leads 
us to concur with Robinson and Hesselbo (2004) who suggested that 
chemostratigraphic studies should be limited to a single specific plant 
organ (such as wood, charcoal, cuticles, etc.) (e.g., Bacon et al., 2011) or, 
in the case of coal, a specific lithotype (e.g., Van de Wetering et al., 
2019); clearly, organic petrology can provide important insights (e.g., 
Storm et al., 2022). 

4.2.2. Organic maturation and size of the carbon reservoir 
With an increase in coal rank, only small changes in δ13Corg are 

observed at relatively low levels of maturation. For example, Whiticar 
(1996) reported that between 0.6% and 1.3% Rr, liptinites and vitrinites 
became enriched by 1‰, but no change was observed in inertinites; 
similarly, Mastalerz and Schimmelmann (2002) reported an enrichment 
of 1‰ for coals between 0.5 and 1.7% Rr, and Boudou et al. (1984) 
reported an enrichment of 2‰ with an increase in rank (0.5 to 2.0% Rr). 
The absence of a large shift in δ13Corg over the lignite–anthracite rank 
range is thought to be due to to the very large carbon reservoir 

Fig. 10. Influence of maceral composition on δ13Corg. a) δ13Corg values for different density fractions, with dominant macerals indicated (Blue Gem coal, Penn
sylvanian, Appalachian Basin, USA) (data from Rimmer et al., 2006); b) δ13Corg versus C/H atomic ratio for density fractions of the Blue Gem coal (data from Rimmer 
et al., 2006); c) relationship between total liptinite content (vol%) and δ13Corg for the Early Miocene Oberdorf lignite (Styrian Basin, Austria) (data from Bechtel et al., 
2002); d) relationship between total inertinite content (vol%) and δ13Corg for Permian No. 4 L and No. 4 Upper Seam (Karoo Basin, South Africa) (data from Gröcke 
et al., 2009, and Moroeng et al., 2018). 
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represented by coal and the fact that relatively little carbon is lost as CH4 
over this rank range (Sackett, 1978; Whiticar, 1996). 

At very high levels of maturation, however, significant changes in 
δ13Corg may be observed. In meta-anthracites, δ13Corg values for coal 
become more enriched (McKirdy and Powell, 1974; Hoefs and Frey, 
1976; Whiticar, 1996) due to the liberation of CH4, which is depleted 
(25‰ more negative than coal) as the CH4 incorporates more 12C than 
13C (Hoefs and Frey, 1976; Sackett, 1978). For example, Hoefs and Frey 
(1976) reported δ13Corg values of −10 to −15‰ for metamorphosed OM, 
compared to −24 to −28‰ for unmetamorphosed material. It is 
reasoned that, because 12C–12C bonds would be easier to break than 
13C–12C, any CH4 released would have a δ13Corg composition that is 
more depleted, and the organic residue would become enriched in the 
heavier isotope (Hoefs and Frey, 1976; Conkright and Sackett, 1992; 
Schimmelmann et al., 2009). Between VM contents of 40–20%, 
approximately equal volumes of CO2 and CH4 are released but beyond 
that, into anthracite levels, only CH4 is released in substantial quantities 
(Jüntgen and Karweil, 1966). Thus, at temperatures <100–150 ◦C, little 
change in coal δ13Corg would be expected, but at temperatures ≥200 ◦C, 
coal δ13Corg should enrich due to the release of depleted CH4 (Hoefs and 
Frey, 1976). Thus, enriched δ13Corg values should be seen in the residual 
coal when temperatures exceeded 200 ◦C (or Rr ≥ 2.2%). When heated 
to 400 ◦C, bituminous coals with an average δ13Corg of ~ −23‰ showed 
little change in δ13Corg values in a semi-closed system, but significant 
enrichment in 13C of the coal residue in an open system (as much as an 
8.4–9.8‰ difference) due to the loss of 13C-depleted gases (including 
light n-alkanes and CH4) (Ciesielczuk et al., 2021). Thus, the degree of 
openness of the geological system is also critical. 

Antarctic coals are thought to have been exposed to temperatures 
~140–150 ◦C prior to emplacement of the Ferrar dikes, sills, and lava 
flows, resulting in coal that was high to medium volatile bituminous at 
the time of intrusion, possibly followed by further heating to 
~200–210 ◦C post intrusion (Sanders and Rimmer, 2020). Coals close to 
the intrusions would have been impacted by rapid heating to much 
higher temperatures, perhaps as high as 500–600 ◦C assuming an 
intrusion temperature of 1200 ◦C (Bauer et al., 1997), but at least 

450–500 ◦C based on the production of mesophase and anisotropic 
mosaic structures (Taylor, 1961; Brooks and Taylor, 1968; Crelling, 
2008). Thus, small changes on the order of 1–2‰ from the original 
values could be expected in Antarctic samples not directly impacted by 
contact metamorphism, but much greater changes may be expected in 
coals that were in close contact with the intrusions. However, several 
previous studies (e.g., Cooper et al., 2007; Gröcke et al., 2009; Schim
melmann et al., 2009; Yoksoulian, 2010; Yoksoulian et al., 2016; Rah
man et al., 2017) demonstrated that trends in δ13Corg in coals intruded 
by dikes are somewhat ambiguous (Fig. 12a), often showing a sinusoidal 
pattern. These examples include Pennsylvanian high-volatile bitumi
nous coals (Schimmelmann et al., 2009; Yoksoulian, 2010; Yoksoulian 
et al., 2016; Rahman et al., 2017), high-volatile bituminous, inertinite- 
rich Permian coals (Gröcke et al., 2009), and high- to medium-volatile 
bituminous Cretaceous coals (Cooper et al., 2007; Yoksoulian, 2010). 
The only significant difference seen between these isotope transects is 
that the Permian-age coals have δ13Corg values that are ~2‰ more 
enriched than the others, which may in part reflect their high inertinite 
content (~60–85%), and are consistent with δ13Corg values reported for 
Late Permian coals from South Africa (e.g., Faure et al., 1995; Moroeng 
et al., 2018). 

Reasons for the less-than-expected changes in δ13Corg in intruded 
coals may be complex. This could be related, in part, to the large size of 
the carbon reservoir (Whiticar, 1996). Studies that have shown a sig
nificant change in δ13Corg for intruded rocks are based on samples that 
have very low initial carbon contents. For example, Hoefs and Frey 
(1976) described a 14‰ isotopic change in metamorphosed samples that 
contain <3% Corg, with the majority containing <1%; thus, the effects of 
12C loss were more pronounced on the residue. The range in Corg for the 
Antarctic coals and carbonaceous shales is considerable (~3–82%) 
(Fig. 5), with many of the Buckley Fm. samples <40%, but none are as 
low as 1–2%. Except for a few outliers, there is a significant relationship 
between δ13Corg and Corg (Fig. 13a), suggesting that the size of the car
bon reservoir may be important. Late Permian age samples from 
Graphite Peak analyzed previously (Krull and Retallack, 2000) showed 
extremely depleted δ13Corg values but only in low Corg samples (<0.1% 
Corg); the majority of samples with Corg contents >1% are within the 
expected range  –22 to −26‰ (Fig. 13b). Thus, in low carbon samples, 
the possibility of both rank effects and maceral variability potentially 
come into play. For the depleted values reported for the Buckley Fm., 
Krull and Retallack (2000) cited an H/C of 0.46 and Cdaf of 67% (ac
cording to Coates et al., 1990), and thus appropriately discounted rank 
affects that occur at temperatures >350 ◦C that could alter carbon iso
topic composition. However, Coates et al. (1990) only reported analyses 
for a single sample from this location and the calculation of the values 
reported in Krull and Retallack (2000) was unclear. Our results for the 
Buckley Fm. at Graphite Peak (15 samples) show an average H/C ratio of 
0.11 and an average Cdaf of 85% (with several values >90%), values that 
are consistent with our petrographic observations and Rr data. Our 
petrographic observations also suggest at least some samples have been 
exposed to temperatures as high as 500–600 ◦C. At these temperatures, 
some fractionation would be expected, and this would be most apparent 
in low Corg samples. However, such fractionation should result in 
enriched δ13Corg OM, not depleted as seen here; therefore, additional 
factors need to be considered. 

At such high temperatues pyrolytic carbon can form from volatiles 
released from rapidly heated organics. As mentioned above, it has been 
suggested that pyrolytic carbon can result in highly depleted δ13Corg 
values (Meyers and Simoneit, 1999; Cooper et al., 2007) (Fig. 12b). If 
the δ13Corg values of pyrolytic carbon reflect formation from volatiles 
such as coal-bed thermogenic CH4 (−40‰), a small amount of pyrolytic 
carbon, particularly in low-carbon sedimentary rocks, could have a large 
effect on bulk δ13C values. Differences have been noted in coals 
impacted by sills versus dikes: the duration of heat alteration by a sill 
may be greater than that caused by a dike, and a larger volume of coal 
would likely be impacted by the sill (Cooper et al., 2007). As such, 

Fig. 11. δ13Corg values for bulk organic matter, cuticle (~cutinite), uncharred 
wood (~vitrinite), and charred wood (~inertinite) across the CIE associated 
with the Permian–Triassic boundary for the Chinahe section, eastern Yunnan, 
SW China (data from Wu et al., 2021). Note the high degree of variability in 
δ13Corg values for the different plant constituents, especially at the onset of 
the CIE. 
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pyrolytic carbon may be more prevalent adjacent to sills and contribute 
to depleted δ13C values (Fig. 12b). 

Several studies of isotopic composition of Antarctic sections at the 
Permian–Triassic boundary have attempted to minimize the effects of 
high levels of maturation on δ13Corg by sampling well away from known 
intrusions, using the 1–2× width rule (Dow, 1977; Bostick and Pawle
wicz, 1984; Horner and Krissek, 1991) where the contact aureole is 
thought to be 1–2 times the width of the intrusion. For example, in the 
Allan Hills area, Retallack and Krull (1999) sampled no closer than 200 
m from an 8-m thick dike, and at Graphite Peak, samples were collected 
in areas deemed to be “most free of intrusions”. However, although care 
was taken to sample the least thermally altered sections of OM, petro
graphic analysis showed that these samples experienced extensive 

thermal alteration either by contact metamorphism (in the case of the 
coked samples) or more regional heating (in the case of the anthracites 
and meta-anthracites). The size of the contact aureole can be influenced 
by several factors beyond the width of the intrusion, including the rank 
of the OM at the time of intrusion (e.g., Murchison, 2006; Gröcke et al., 
2009), thermal conductivity (Barker et al., 1998; Cooper et al., 2007), 
duration of heating (Barker et al., 1998; Cooper et al., 2007), degree of 
sediment compaction (Raymond and Murchison, 1988), level of water 
saturation (Raymond and Murchison, 1988; Gröcke et al., 2009), 
differing lithologies (Quaderer et al., 2016; Goodarzi et al., 2018), and 
whether the primary mode of heat transfer is via convection or con
duction (Raymond and Murchison, 1988; Barker et al., 1998). As a 
result, contact aureoles may be between 0 and 7 times the width of the 

Fig. 12. δ13Corg changes in coals adjacent to intrusions as reported in previous studies. a) carbon isotopic variations in coals intruded by dikes; b) carbon isotopic 
variations in coals intruded by sills. 

Fig. 13. a) δ13Corg versus Corg for Permian 
Buckley Fm. samples from Graphite Peak. 
Note that, except for the 4 more enriched 
samples around −23‰ that are generally 
lower in reflectance (Rr ~ 2%), the 
remaining samples (in dashed area) show a 
significant correlation (at the 1% level) be
tween the two variables; b) Comparison of 
δ13Corg and Corg of the Permian Buckley Fm. 
samples at Graphite Peak with previously 
reported data for other Permian samples 
from that locale (data extracted from 
Fig. 3A in Krull and Retallack, 2000).   
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intrusion (Jones and Creaney, 1977; Perregaard and Scheiner, 1979; 
Bostick and Pawlewicz, 1984; Saxby and Stephenson, 1987; Raymond 
and Murchison, 1988; Goodarzi et al., 2019). In one area of the TAM 
(Mt. Schopf, Ohio Range), Sanders and Rimmer (2020) noted that, based 
on data from Schapiro and Gray (1966), vitrinite reflectance did not 
attain background levels for much greater distances than 1–2 times 
intrusion width, an important observation as the thickness of the over
lying sill was estimated to be ~177 m. In reality, it might be nearly 
impossible to obtain samples of coals that have not been influenced by 
significant burial maturation and even intrusion in many locations along 
the Transantarctic Mountains (Sanders and Rimmer, 2020). 

Thus, controls on δ13Corg of intruded Antarctic coals and carbona
ceous shales, beyond original atmospheric composition and normal 
changes associated with peat accumulation and diagenesis, appear to be 
fairly complex and include: maceral composition, rank at the time of 
intrusion, extent of overall rank changes including contact meta
morphism, release of volatiles and deposition of pyrolytic carbon, and 
size of the carbon reservoir. Despite considerable scatter, several sig
nificant correlations exist between δ13Corg and other variables including 
% Corg, maceral composition, vitrinite reflectance, and H/C, suggesting 
that multiple factors influence isotopic composition, thereby elevating 
the importance of organic petrography in such studies. The lack of sig
nificant changes in δ13Corg in the residual OM approaching intrusions 
noted in previous studies (e.g., Gröcke et al., 2009; Schimmelmann 
et al., 2009; Yoksoulian et al., 2016; Rahman et al., 2017) also raises a 
question: Is this simply due to the large size of the carbon reservoir or is 
the rate of alteration so rapid and at such high temperatures compared 
to normal burial maturation that limited fractionation of the carbon 
occurs as gases are evolved? Many other differences between maturation 
trends for normal burial and contact metamorphism have been reported 
(van Krevelen and Schuyer, 1957; Pearson and Murchison, 1999; 
Murchison, 2004, 2006; Rimmer et al., 2009; Rahman and Rimmer, 
2014; Presswood et al., 2016; Rahman et al., 2017; Li et al., 2018). An 
additional question would be, how open was the system at the time of 
contact heating? It was suggested that the release of volatiles is so rapid 
that some cannot escape and remain in the coal (Crelling and Dutcher, 
1968; Gurba and Weber, 2001; Saghafi et al., 2008). 

The highly depleted δ13Corg values reported by Retallack and co
workers for Permian samples collected close to or at the Permian–
Triassic boundary (e.g., Retallack and Krull, 1999; Retallack and Jahren, 
2008) are notable in that they are limited to very low Corg samples 
(<0.1%) (Fig. 13). The samples from the current study fall within the 
normal background range for the area reported by Retallack and Jahren 
(2008) for samples with >1% Corg (Fig. 13). Triassic Fremouw Forma
tion samples reported by Krull and Retallack (2000) have a wide range 
of δ13C values, from ~ −22‰ to < −43‰; most of the very depleted 
samples are also very low carbon (< 0.1%). While the results presented 
here cannot directly explain the very large (−22.2‰) excursion found in 
previous studies of the Antarctic Permian–Triassic boundary (Retallack 
and Jahren, 2008), it is clear that the δ13C excursion is evident world
wide although much smaller (e.g., Magaritz et al., 1988; Baud et al., 
1989; Morante, 1996; Wignall et al., 1998; Twitchett et al., 2001; de Wit 
et al., 2002; Grasby and Beauchamp, 2008; Scholze et al., 2017; 
Bagherpour et al., 2020; Saitoh and Isozaki, 2021). However, it is 
possible that, due to igneous intrusion of carbonaceous shales and coals, 
released VM was trapped within the rocks and re-deposited as pyrolytic 
carbon; in very low carbon rocks this could have a measurable effect on 
the bulk isotopic composition. Perhaps additional work on such samples 
(in terms of organic petrography and rank determination) would help 
elucidate these highly depleted δ13Corg values. 

It is clear that δ13Corg values of coals and other organic-bearing rocks 
should be interpreted carefully, as the signature reflects not only the 
processes that may have influenced carbon fractionation during a plant’s 
life, such as the carbon isotopic composition of the atmosphere and 
ecological factors (such as water availability, altitude, temperature, etc.) 
(Gröcke, 1998; Arens et al., 2000), the components preserved (i.e., 

woody tissue, cuticles, pollen, etc.) (Gröcke, 1998), but also those pro
cesses associated with early diagenesis (Dal Corso et al., 2011) and 
organic maturation. 

For the Antarctic samples, the accumulation and maturation history 
is complex (Fig. 14), with potential changes in δ13Corg arising during 4 
stages: 1) Late Permian –peat stage: atmospheric and ecological factors, 
preservation of different types of plants and plant organs (proto-mac
erals), wildfires (producing inertinite), degradation within the swamp; 
2) Triassic – Early Jurassic – burial maturation: compositional changes 
associated with maturation through medium volatile rank (T ~ 
140–150 ◦C), including biogenic methanogenesis, hydrocarbon gener
ation and migration; 3) Early–Middle Jurassic – contact metamorphism: 
for coals in close proximity to dikes and sills, T ~ 500–600 ◦C, coking, 
extensive loss of volatiles, possible formation of pyrolytic carbon and 
other maceral changes, possible hydrothermal alteration; and 4) Middle 
Jurassic – present day: continued burial maturation, T ~ 200–210 ◦C, 
uplift, erosion, weathering. Such a complex history may result in 
changes to the initial δ13Corg that may obscure trends in paleoatmo
spheric δ13C signatures, and even produce spurious negative or positive 
shifts that could be misinterpreted. The magnitude of CIEs and possible 
sources of isotopically light carbon introduced into the atmosphere 
(whether from increased methanogenesis, volcanic CO2 emissions, 
methane clathrate, igneous intrusion into carbonaceous reock, or other 
sources) are all important factors in accurate modelling of paleoatmo
spheric composition associated with extinction events. Inclusion of 
organic petrography in carbon-isotopic studies can provide important 
insights to changes in δ13Corg in the rock record. 

5. Conclusions  

1. The majority of Late Permian Antarctic samples collected from the 
TAM are characterized by high levels of maturation, being low- 
volatile bituminous to meta-anthracite in rank. Several samples 
from the Buckley Fm. at Graphite Peak show signs of rapid heating 
due to emplacement of Jurassic-age sills and dikes, with anisotropic 
cokes showing coarse-grained circular and fine-grained lenticular 
mosaic textures that formed by intrusion of what was medium vol
atile bituminous coal (consistent with temperatures of ~140–150 ◦C 
and a burial depth of 4–5.5 km at the time of intrusion). The mosaic 
textures and the presence of pyrolytic carbon suggest temperatures at 
intrusion contacts were at least 450 ◦C and may have approached 
500–600 ◦C. Background reflectance values at Graphite Peak (i.e., 
those away from intrusions) are typically ≥2%, suggesting exposure 
to temperatures around 200–210 ◦C. 

2. Geochemical analyses (VM, C, H, N, and H/C) support the petro
graphic assessment of high rank for these samples. Values of Corg 
range between ~72% and 99%, generally consistent with the high 
rank suggested by the reflectance data. Values of H and N decrease 
with increasing C content. Values of H/C decrease from over 0.4 
down to <0.1. 

3. Like other Gondwanan coals, many samples are high in total iner
tinite content, especially reactive semi-inertinite. Liptinites are 
rarely observed (due to the high rank of the samples) and several 
samples contain pyrolytic carbon.  

4. Values of δ13Corg vary between −26.5 and  –21.1‰ (5.4‰ difference) 
and are consistent with previously reported values for Antarctic 
coals. Significant correlations are observed between δ13Corg and 
variables including Corg content, maturation parameters, and total 
inertinite content, although plots do show considerable scatter.  

5. Due to the variability in δ13Corg of the Antarctic sample, and the 
possible influence of the level of organic maturity, maceral compo
sition, and carbon reservoir size on δ13Corg, caution should be exer
cised when δ13Corg is used to interpret paleo-environmental 
atmospheric δ13C values and extinction events.  

6. This study points to the importance of incorporating organic 
petrography in studies of carbon isotope excursions. In particular, 
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rank, maceral composition, and Corg should be assessed as this can 
influence the magnitude of potential excursions. The example 
described herein (Antarctica) possibly represents an extreme case 
due to the extensive thermal alteration of the coals, but even at lo
cales that do not show contact metamorphism, variations in OM 
type, amounts present, and rank are factors to be considered, espe
cially when small CIEs are present. 
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