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ABSTRACT 
 
 
The Early Permian—Triassic time interval includes several major mass extinctions, global 

tectonic and climatic events, as well as major volcanism. The calibration of these events 

with the Geologic Time Scale is difficult due to the lack of a robust and globally correlative 

Permian chronostratigraphic reference frame. This thesis applies the technique of 

magnetostratigraphy to two foreland basin fills located along the southern Panthalassan 

margin of Gondwana at ca 290-250 Ma: the Sydney Basin of eastern Australia; and the 

Karoo Basin of South Africa. The sedimentary rocks contain two key stratigraphic 

boundaries: the end of the Kiaman Reverse Superchron (ca 265 Ma) and the Permian-

Triassic Boundary (ca 252 Ma). The Kiaman Reverse Superchron represents a unique ca 50 

Ma geomagnetic interval of reverse polarity, whereas the Permian-Triassic Boundary is 

associated with the largest mass extinction of the Phanerozoic aeon.  

 
Paleomagnetic and 40Ar-39Ar isotopic data from the Gerringong Volcanics and 

magnetostratigraphic data from the overlying Narrabeen Group in the southern Sydney 

Basin provide new terrestrial global chronostratigraphic constraints for Australia. The end of 

the Kiaman Reverse Superchron is represented by the first appearance of normal polarity at 

the type section near Kiama, Australia. A corresponding 40Ar-39Ar (plagioclase) age of 265.05 

± 0.46 Ma, and a comprehensive review of reported middle Permian normal polarities, 

supports an age of ca 265 Ma for the end of the superchron, and the transition to a 

reversing geodynamo. Comparison between the Gerringong Volcanics and Western 

Gondwanan paleomagnetic data is consistent with the Pangea A configuration for the 

Middle Permian. Additionally, six magnetozones (three normal, three reverse) are reported 

from a ~60 m section in the overlying Narrabeen Group near Clifton, Australia. Comparison 

with the Geomagnetic Polarity Time Scale and published carbon isotope data gives an 

approximate location of the Permian-Triassic Boundary in the lower Wombarra Claystone, 

within a zone of normal polarity ca 200,000 years earlier than the conodont-defined 

Permian-Triassic Boundary at the GSSP in Meishan, China.  

 
A ~1500 m magnetostratigraphic composite reported from the Ecca Group in the Tanqua 

Sub-basin (southwest Karoo Basin) is restricted to reverse polarity, placing it within the ca 
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318 to 265 Ma Kiaman Reverse Superchron, resolving a decade-long controversy over the 

age of the Ecca Group. A reported U-Pb (zircon) SHRIMP age of 269.5 ± 1.2 Ma from the 

upper Tierberg Formation is interpreted as a minimum constraint due to a proposed 

episode of regional Pb-loss or lack of co-eruptive zircon. Additionally, magnetostratigraphic 

data are reported from a 91 m section of the overlying Permian-Triassic Beaufort Group, 

and results show a much higher degree of magnetic overprinting. A comparison with 

published overprint directions and the Gondwana APWP supports a west to east 

propagation of remagnetization intensity associated with Jurassic emplacement of the 

Karoo Large Igneous Province. 

 
A global magnetostratigraphic composite of late Kiaman reversals suggests a slow restart 

mechanism for the transition to the reversing geodynamo at 265.05 ± 0.46 Ma. The 

paleomagnetic results reported here indicate the potential use of Permian sedimentary 

rocks for refining the various superchron models involving paleosecular variation, multipolar 

fields, and the relationship between major geomagnetic field transitions and massive 

surface volcanism. 
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Chapter 1 
 
 

 

Introduction 
 

 
 

1.1. Project significance 

 The end of the Paleozoic era was marked by a significant number of global changes 

that played an important role in the transition to the Mesozoic. By the Pennsylvanian (ca 320 

Ma), the majority of Earth’s continental landmasses were assembled in the supercontinent 

Pangea (Fig. 1.1), contemporaneous with widespread glaciation in southern Gondwana and 

changes in oceanic circulation driven by the closure of the Rheic Ocean (Bullard et al., 1965; 

Domeier et al., 2012; Fielding et al., 2008; Torsvik et al., 2012). This continental assembly 

was followed by the emplacement of several Large Igneous Provinces (LIPs), the eruption of 

which is proposed to have had significant impact on the climate, resulting in severe 

environmental destabilization during the Permian (Burgess and Bowring, 2015; Courtillot 

and Renne, 2003; Vogt, 1972; Williams et al., 2012). Two of the largest mass extinction 

events of the Phanerozoic occurred during the middle (ca 260 Ma) and latest (ca 252 Ma) 

Permian, the latter of which affected up to 90% of marine species (Benton, 2003; Benton and 

Twitchett, 2003; Erwin, 1993; Song et al., 2013) The precise temporal calibration of both 

marine and terrestrial reference sedimentary sections is necessary in order to determine more 

accurately the proposed cause and effect relationships of these global changes. 
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Fig. 1.1. Paleogeographic reconstruction of Pangea at ca 252 Ma (Torsvik et al., 2012).  
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The Geologic Time Scale (GTS) is a structured system of chronological constraints 

applied to stratigraphic sequences, and is used as a model to compare the timing and 

relationships of various geologic events (e.g. Ogg et al., 2016). The GTS is constructed 

through the compilation of stages defined by specific biostratigraphic markers. The sub-

stages of the Permian GTS are defined by marine conodont assemblages (Payne and 

Clapham, 2012). However, these microfossils are marine, which precludes the dating of and 

correlation with relevant terrestrial sections. In the past two decades, an extensive dataset of 

absolute ages determined by isotopic dating has been published from numerous sections 

around the world, and much of this work has demonstrated that some of the classically 

interpreted geologic and paleontologic correlations are more complex than previously 

documented (Burgess et al., 2014; Gastaldo et al., 2015; Metcalfe et al., 2015; Mundil et al., 

2004). One such example that is explored here is from the Karoo Basin, where a significant 

number of published U-Pb SHRIMP ages exist (Fildani et al., 2007; Fildani et al., 2009; 

McKay et al., 2016; McKay et al., 2015) that contradict the classical biostratigraphy of the 

Beaufort and Ecca Groups (Barbolini, 2014; Rubidge et al., 1999; Rubidge, 1990; Smith and 

Keyser, 1995). 

  The technique of magnetostratigraphy has proven very useful in the correlation and 

timing of major geologic events (Glen et al., 2009; Horacek et al., 2010; Hounslow et al., 

2016; Nawrocki, 2004; Ogg et al., 2016; Opdyke et al., 2000; Steiner et al., 1989; Steiner, 

2006; Szurlies, 2013; Szurlies et al., 2012; Taylor et al., 2009; Ward et al., 2005). 

Magnetostratigraphy is a geophysical dating method that applies the technique of 

paleomagnetism to measured sedimentary stratigraphic successions (Opdyke and Channell, 

1996). 
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1.2. Theoretical framework 

Paleomagnetism is the study of the fossil magnetism of Earth’s magnetic field as 

preserved in the geologic record. Earth’s magnetic field is generated by a self-sustaining 

dynamo, produced from the interaction between convection in the liquid iron outer core and 

the Coriolis effect (Tauxe, 2010). The magnetic field is mainly dipolar (~80-95%) and 

reverses its polarity on average every 0.1-1 Ma (Van der Voo, 1993). The reversal process is 

stochastic, and is thought to be related to the aperiodic variation in the thermal boundary 

conditions across the outer core and lower mantle (Glatzmaier et al., 1999; Olson et al., 

2010). The technique of magnetostratigraphy relies on the global synchronicity of 

geomagnetic reversals (Opdyke and Channell, 1996). Sedimentary rocks record a 

depositional remanent magnetization (DRM) while igneous rocks record a thermoremanent 

magnetization (TRM) that preserves the polarity and direction of Earth’s magnetic field 

during the time of formation (Butler, 1992).  

Since geomagnetic reversals occur aperiodically (Glatzmaier et al., 1999), the pattern 

of normal and reversed polarities from measured sections of the same age generate a similar 

magnetic “barcode” (Butler, 1992). The Geomagnetic Polarity Time Scale (GPTS) contains 

this reversal record tied to the biostratigraphically-constrained geologic stage boundaries. 

While the reversal record of the GPTS for the past 180 Myr is well constrained from the 

polarity of oceanic magnetic anomalies (Kent et al., 1978), pre-Jurassic sections must be 

pieced together from preserved continental successions (Fig. 1.2). One of the most distinctive 

magnetostratigraphic markers prior to the Jurassic is known as the Kiaman Reverse 

Superchron (KRS; Fig. 1.1). This 50 Myr interval records the longest lived non-reversing 

geodynamo (Olson et al., 2012) for the Phanerozoic, and is marked by a reverse polarity 

superchron which extends from the late Carboniferous to the middle Permian (Hounslow, 
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2016; Hounslow and Balabanov, 2016b; Hounslow et al., 2016; Irving and Parry, 1963; 

Menning et al., 1988; Steiner, 2006) (Fig. 1.2). 

 

1.3. Research aims and objectives 

 To improve the current Permian chronostratigraphic constraints of the GPTS, 

magnetostratigraphic methods are applied to date and correlate several Permian terrestrial 

sections in order to:  

 
(1) Generate an improved understanding of the KRS, including the reversal behaviour 

characterizing the final stages of the superchron recorded in the Karoo Basin, and to 

determine a precise isotopic age constraint for the timing of its termination at the type 

section in the Sydney Basin. 

(2) Provide additional magnetostratigraphic information from terrestrial sections that span 

the Permian Triassic Boundary (PTB) in order to compare with the conodont-defined 

marine section where the mass extinction is well defined. The KRS will be used as a 

magnetostratigraphic constraint to determine whether specific depositional packages 

in the Karoo Basin span the PTB. 

(3) Generate new tectonic reconstructions from the igneous rocks of the Sydney Basin in 

order to refine the paleogeography of Pangea for the middle Permian, and to use the 

APWP of Gondwana to evaluate the timing and influence of secondary 

magnetizations. 

 

In order to achieve these aims, I will collect field data from both measured sedimentary 

sections and igneous exposures suitable for paleomagnetic study. I will integrate the results 

with geochronological data, and review the Permian magnetostratigraphic and paleomagnetic 

database. 
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Fig. 1.2. Simplified magnetostratigraphic composite of the late Carboniferous to middle 
Permian, demonstrating the relative extent and polarity of the Kiaman Reverse 
Superchron (ca 318 to 265 Ma; modified from McElhinny and McFadden, 2000). AUS = 
Australia, PAK = Pakistan. 1 = (Lozovsky and Molostovsky, 1993); 2 = (Gurevich and 
Slautsitais, 1984); 3 = (Khramov et al., 1974); 4 = (Opdyke et al., 2000); 5 = (Molina‐
Garza et al., 1989); 6 = (Gose and Helsley, 1972); 7 = (Steiner, 1988); 8 = (DiVenere and 
Opdyke, 1990; DiVenere and Opdyke, 1991); 9 = (DiVenere and Opdyke, 1990; 
DiVenere and Opdyke, 1991); (Opdyke et al., 2000); 10 = (Diehl and Shive, 1981); 11 = 
(Diehl and Shive, 1979); 12 = (Magnus and Opdyke, 1991); 13 = (McFadden et al., 
1988); 14 = (Heller et al., 1988); 15 = (Steiner et al., 1989); 16 = (Embleton et al., 1996); 
(Menning and Jin, 1998); 17 = (Glen et al., 2009); 18 = (Kirschvink et al., 2015); 19 = 
(Haag and Heller, 1991); 20 = (Alva-Valdivia et al., 2002); 21 = (Menning et al., 1988); 
22 = (Hounslow et al., 2016); 23 = (Szurlies et al., 2012); 24 = (Ward et al., 2005); 25 = 
(Lanci et al., 2013).
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1.4. Research methods 

The three main research methods applied include magnetostratigraphy, 

paleomagnetism, and isotopic geochronology. Each main research chapter contains the 

specific sampling and laboratory methodology applied to that particular study.  

Magnetostratigraphic data will be obtained from the Ecca and Beaufort Groups of the 

Karoo Basin and the Narrabeen Group of the Sydney Basin. Sedimentary sections will be 

measured and sampled at the m scale and will be accompanied by corresponding 

measurements of magnetic susceptibility, structural attitudes, and descriptions of lithology. 

Paleomagnetic laboratory methods include incremental thermal and alternating field 

demagnetization and measurements of the anisotropy of magnetic susceptibility (AMS) in 

order to test for any deformation in the primary depositional fabric. Determination of 

magnetic remanence directions, VGP latitudes, and inferred polarity zones will be plotted at 

their appropriate stratigraphic level and a composite magnetostratigraphic barcode column 

will be completed and compared with (added to) the GPTS. 

Paleomagnetic data acquired from the Gerringong Volcanics in the Sydney Basin will 

help provide a tectonic test for the geometry of Pangea in the middle Permian through the 

field sampling of ~20 igneous exposures near Kiama, Australia. After paleomagnetic 

methods and analysis are applied, the results will be compared with a literature review of well 

dated middle Permian Eastern and Western Gondwanan results, which will be plotted 

alongside the Gondwana APWP in the GMAP software. Well dated and high quality igneous 

results will be combined to generate a paleogeographic reconstruction of Pangea. Where age 

constraints are unavailable, such as with well determined secondary magnetizations, the poles 

will be plotted in conjunction with the Gondwana APWP for a relative age determination. 

Both study areas are complemented by isotopic geochronology for added 

chronostratigraphic precision. In the Sydney Basin this will be accomplished through the 
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40Ar-39Ar isotopic dating of plagioclase minerals present in the Gerringong Volcanics, 

whereas in the Karoo Basin U-Pb isotopic dating of zircon will be applied to the volcanic ash 

beds of the Ecca Group.  

 

1.5. Location of study areas 

 This thesis presents work from the Sydney Basin of southeastern Australia and the 

Karoo Basin of South Africa (Fig. 1.3). Both basins originated along the southern 

Panthalassan margin of Gondwana at ca 270−250 Ma (López-Gamundí, 2006). The 

subduction of the Panthalassic plate produced an extensive magmatic arc, deformation front, 

and several Permo-Triassic basins along the south coast of Gondwana (Fig. 1.3; Veevers and 

Powell, 1994). The deformation associated with subduction led to both the formation of the 

Cape Fold Belt (ca 270-250 Ma) in South Africa (Broquet, 1992; Hälbich et al., 1983; 

Hansma et al., 2016; Lock, 1980; Tankard et al., 2009) and the New England Orogen (NEO; 

ca 290-270 Ma) in eastern Australia (Cawood, 1982; Korsch and Harrington, 1987; McPhie, 

1987; Rosenbaum et al., 2012; Shaanan et al., 2014; Shaanan et al., 2015a). In South Africa, 

the Karoo Basin formed as a retro-arc foreland basin located to the north and east of the Cape 

Fold Belt  (Catuneanu et al., 1998; Johnson et al., 1996; Lindeque et al., 2011; Milani and De 

Wit, 2008), whereas the Sydney Basin formed from back-arc extension to the west and south 

of the NEO (Korsch et al., 2009a; Mayne et al., 1974) (Fig. 1.3). The Sydney Basin (~4000 m 

thick; Embleton and McDonnell, 1980) and Karoo Basin (~5500 m thick; Tankard et al., 

2009) fills are composed of largely flat-lying and undeformed Late Carboniferous to Early 

Triassic sedimentary rocks ideal for a Permian magnetostratigraphic investigation, since both 

contain a terrestrial depositional record of the KRS (Facer, 1981; Irving, 1963; Irving and 

Parry, 1963; Lanci et al., 2013) and the PTB (De Kock and Kirschvink, 2004; Embleton and 

McDonnell, 1980; Metcalfe et al., 2015; Ward et al., 2005). 
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Fig. 1.3. Paleogeography of the southern Panthalassan margin of Gondwana at ca 265 Ma   
showing the location of the Sydney (1) and Karoo (2) Basins. Modified from López-Gamundí 
(2006).
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1.6. Thesis organization 

 This thesis is composed of four main chapters formatted as independent research 

papers. The thesis consists of seven chapters, including an introduction (Chapter 1), four 

research papers (Chapters 2–5), and a general discussion and conclusions (Chapter 6). 

References are combined from each chapter and presented after conclusions. Two appendices 

are presented at the end of the thesis. 

 Chapter 2 presents results from a paleomagnetic investigation of the Gerringong 

Volcanics of the southern Sydney Basin of Australia (Fig. 1.2). The paleomagnetic results are 

accompanied by 40Ar-39Ar isotopic data from the KRS type section. This analysis is 

complemented by a comprehensive magnetostratigraphic and paleomagnetic review of 

published sections in order to provide a precise timing for the end of the KRS and to 

construct a paleogeographic model for a middle Permian Pangea. 

 Chapter 3 presents magnetostratigraphic data from the sedimentary rocks of the 

Narrabeen Group, which stratigraphically overlie the Gerringong Volcanics. This section 

spans the PTB, and the magnetostratigraphic data are compared with published chemo- and 

chronostratigraphic (U-Pb; TIMS) data in order to assess the GPTS and the timing between 

the terrestrial and marine extinction events. 

 Chapter 4 presents a magnetostratigraphic investigation of the Permian Ecca Group 

from the Karoo Basin, South Africa (Fig. 1.2). Here the uppermost age constraint for the 

termination of the KRS from Chapter 2 is used as a chronostratigraphic marker to resolve a 

decade-long controversy over the absolute age of this depositional package. The 

paleomagnetic data are complemented by U-Pb (zircon) SHRIMP results. Here the resulting 

magnetostratigraphy is used to reconcile the apparent inconsistency between the 

biostratigraphically-constrained and the geochronologically-constrained PTB. 
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 Chapter 5 provides a tectonic and paleomagnetic test of South African paleomagnetic 

data through the analysis and presentation of a highly remagnetized sedimentary section from 

the upper Beaufort Group, which overlies the Ecca Group (Chapter 4). This dataset is used in 

conjunction with a wider literature and tectonic review of published paleomagnetic data from 

the Karoo Basin, and is compared with the ca 310-180 Ma segment of the Gondwana APWP 

to determine the relative timing of secondary magnetization events. 

Chapter 6 builds on the findings of each main research paper (Chapters 2-5) by 

providing an updated discussion of Permian geomagnetism and major geologic events using 

the new chronostratigraphic constraints and paleomagnetic observations determined from this 

thesis. This chapter concludes with a review of the main research findings, a discussion of the 

limitations of the study, and the potential for future research in this area. 
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Chapter 2 
 
 

This chapter was published in Tectonophysics (2017) as: 

 
 

Middle Permian paleomagnetism of the Sydney Basin, Eastern Gondwana: 
testing Pangea models and the timing of the end of the Kiaman Reverse 

Superchron 
 

Belica, M.E., Tohver, E., Pisarevsky, S.A., Jourdan, F., Denyszyn, S., George, A.D. 

 

Abstract 
 
Paleomagnetic and geochronologic data from the eastern margin of Gondwana have been 
obtained from the Gerringong Volcanics in the southern Sydney Basin, Australia. The 
corresponding paleomagnetic pole at 56.9°S, 154.8°E (N = 131; A95 = 9.1°) has a 40Ar/39Ar 
plagioclase plateau age of 265.05 ± 0.35 [0.46] Ma from the Bumbo Latite, and overlaps with 
recent radio-isotopic and paleomagnetic results published from Western Gondwana. The 
long-documented inconsistency between Middle Permian Eastern and Western Gondwanan 
paleomagnetic datasets is most likely an artefact of a lack of reliable paleomagnetic data from 
Eastern Gondwana for this period. A number of well-dated and recently published ca 265 Ma 
paleomagnetic results from Gondwana and Laurussia are shown to be consistent with the 
Wegenerian Pangea A configuration, with a loose N-S fit of the continents for the Middle 
Permian. The lack of crustal overlap negates the need for a Pangea B configuration, which if 
valid must have been assembled to Pangea A by ca 265 Ma. 
 The reverse polarity Bumbo Latite was sampled from the Kiaman type-section located 
in the southern Sydney Basin. Three cases of normal polarity were detected in the overlying 
Saddleback, Dapto, and Berkeley Latites, previously assigned to the Kiaman Reverse 
Superchron (KRS). We review KRS-aged magnetostratigraphic data and propose that an age 
assignment of 265 Ma most likely represents the termination of the non-reversing field, with 
longer stable intervals of normal polarity recorded and able to be correlated globally.
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2.1. Introduction 

 The Global Polarity Timescale (GPTS) contains the reversal record of Earth’s 

magnetic field, and has been calibrated by correlating well-dated marine magnetic anomalies 

with magnetic reversals in sedimentary and igneous rocks for the past 160 Ma (Opdyke and 

Channell, 1996). Prior to the Jurassic, absence of oceanic anomalies requires classification of 

polarity intervals using global magnetostratigraphic correlation and relevant type sections. 

One such magnetostratigraphic section is from the Kiaman Reverse Superchron (KRS), 

preserved in Lower Carboniferous to Upper Permian volcanic rocks in eastern Australia 

(Cottrell et al., 2008; Irving, 1963; Irving and Parry, 1963).  

The KRS is the interval from ca 318 to 265 Ma when Earth’s magnetic field remained 

fixed in a reverse polarity. With a duration of over 50 Ma, it represents the most prominent 

magnetostratigraphic interval of Paleozoic age, and signifies the longest lived stable 

geodynamo recorded. Determining an age for the upper chronostratigraphic boundary will 

help improve models for the behaviour of Earth’s magnetic field, and will provide a precise 

timing of geomagnetic phenomena to test potential correlations with significant Permian 

tectonic and biotic events.  

Irving and Parry (1963) first classified the KRS from reversely magnetized rocks 

(Gerringong Volcanics) located in the southern Sydney Basin (Fig. 2.1), and noted that rocks 

of this age retained the same polarity as coeval rocks from other continents. Several hundred 

metres higher in the section a normal polarity was reported in the chocolate shales of the 

Narrabeen Group (Irving, 1963), and the inferred polarity transition was named the Illawarra 

Reversal, because the end of the KRS was interpreted to lie within the underlying Illawarra 

Coal Measures (Fig. 2.2). The base of the KRS has been assigned an age of 318 Ma from two 
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Fig. 2.1. Regional geologic map of the Kiama region, Sydney Basin, showing the distribution 
of Early−Late Permian volcanic and sedimentary rocks of the Shoalhaven Group and the 
overlying Illawarra Coal Measures (Bowman, 1974; Carr et al., 1999). See Fig. 2.2 for 
lithostratigraphic summary.



13 
 

13 
 

 

Fig. 2.2. Lithostratigraphy for the southern Sydney Basin (Campbell et al., 2001; Carr, 1983; 
Moffitt, 2000) showing the three sandstone members of the Broughton Formation, two coal 
members of the Pheasants Nest Formation, and igneous members of the Gerringong 
Volcanics. Note revised stratigraphic location of the Dapto and Saddleback Latites (P.F. Carr, 
pers. comm.). Ref: 1 = Metcalfe et al. 2015; 2 = this study. Black = normal polarity; White = 
reverse polarity; Grey = Indeterminate.
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U/Pb ages measured on zircon by SHRIMP of 317.8 ± 2.8 Ma (Eastons Arm Rhyolite) and 

318.0 ± 3.4 Ma (Peri Rhyolite) in the northern Tamworth Belt of eastern Australia (Opdyke 

et al., 2000).  These ages were determined using the SL13 standard zircon monitor that has 

been since shown to be heterogeneous in Pb/U (Black et al., 2003) so, although the ages 

appear coeval, heterogeneity in the standard means that the measured isotopic ratios cannot 

be corrected and are thus unreliable. 

Early estimates from the Sydney Basin placed the base of the Illawarra series at 263 

Ma (Roberts et al., 1996), whereas more recent publications propose an older Wordian (~267 

Ma; Steiner, 2006) or Roadian (~269 Ma; Lanci et al., 2013) age. The top of the KRS is 

commonly stated to be ~265 Ma in numerous publications and is based on a U/Pb (zircon) 

age of 265.4 ± 0.2 Ma from an ash bed located below the Capitanian type section in the 

Guadalupe Mountains, west Texas (Bowring et al., 1998; Menning et al., 2006). The 

corresponding magnetostratigraphic data from this section have not been published in full 

(Menning, 2000), and only reconnaissance-level paleomagnetic results from 

biostratigraphically correlative carbonate platform strata are available (Glenister et al., 1992; 

Peterson and Nairn, 1971). 

During the Permian, the majority of Earth’s continents were arranged in the 

supercontinent Pangea, which assembled during the Middle−Late Paleozoic, migrated 

northward at 8 cm/yr, and began to break up at ~180 Ma (e.g. Rogers and Santosh, 2003). 

The classical Wegenerian reconstruction of Pangea features closure of the Atlantic Ocean 

along the respective magnetic anomalies and there is abundant geological, paleontological, 

and geophysical evidence to support this configuration, commonly known as Pangea A 

(Bullard et al., 1965; Smith and Hallam, 1970). Paleomagnetic data were among the early 

datasets used to validate the hypothesis of plate tectonics, and the existing paleomagnetic data 

are consistent with pre-Late Triassic structural reconstructions. Although there is 
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overwhelming evidence that the Atlantic opened from the Pangea A configuration, there 

remains an unresolved controversy regarding the Permian paleomagnetic reconstructions of 

Pangea (Aubele et al., 2012; Bachtadse et al., 2002; Briden et al., 1981; Domeier et al., 

2011c; Domeier et al., 2012; Irving, 1977; Muttoni et al., 2009; Muttoni et al., 2003; Torsvik 

et al., 2012; Van der Voo, 1993; Van der Voo and French, 1974; Van der Voo et al., 1984).  

The problem originates from the systematic longitudinal discrepancy between the 

Laurussian (North America, Eurasia) and Gondwanan (South America, Africa, India, and 

Australia) Apparent Polar Wander Paths (APWPs). If the continents had amalgamated into a 

single supercontinental landmass, then the two APWPs should coincide. However, in the 

Pangea A configuration, paleomagnetic poles from Gondwana plot ~20−25° eastward of the 

reliable poles from Laurussia, resulting in a geologically unsupported latitudinal overlap 

between northern Gondwana and southern Laurussia (e.g. Van der Voo, 1993). This 

paleomagnetic discrepancy has led to an extensive debate regarding specific Early−Late 

Permian Pangean configurations. Irving (1977) proposed a configuration known as Pangea B, 

which applies a clockwise rotation (35°) of Gondwana such that the eastern coast of North 

America is placed against the north-western coast of South America (Fig. 2.3). This 

configuration was based on the available paleomagnetic data; however, it requires ~3000 km 

of dextral displacement between Gondwana and Laurussia in order for the Atlantic to open 

from the well documented Pangea A (Irving, 1977; Morel and Irving, 1981; Muttoni et al., 

2003). The most recent paleomagnetic compilation in support of Pangea B shows 

transformation to Pangea A by an intra-Pangean dextral shear by the Late Permian−Early 

Triassic (Fig. 2.3), with post-Variscan transtension associated with widespread magmatism 

documented in the Southern Alps (Muttoni et al., 2009; Muttoni et al., 2003; Schaltegger and 

Brack, 2007). This compilation was restricted to results confined to a narrow band of 

paleolatitude, including the original study of the Gerringong Volcanics (Irving and Parry
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Fig. 2.3. Paleogeographic sketch of the Wegenerian Pangea ‘A’ configuration (valid from at 
least the Late Permian), and a proposed configuration for a Middle Permian Pangea ‘B’ with 
a ~3000 km dextral shear zone located between the continents of Laurussia and Gondwana 
(Muttoni et al., 2009).
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1963), and supports an Early−Middle Permian Pangea B configuration (Fig. 2.3; Muttoni et 

al., 2009).  

Another hypothesis invokes non-dipole elements of Earth’s magnetic field, or biases 

in the available paleomagnetic data−such as consequences of inclination shallowing or 

inclusion of low quality data (Domeier et al., 2012; Van der Voo, 1993). Inclination 

shallowing is a phenomenon which occurs in sedimentary rocks after the formation of a 

Detrital Remanent Magnetization (DRM) during post-depositional burial and compaction 

(Butler, 1992) that leads to systematic latitudinal bias in paleomagnetic poles (Anson and 

Kodama, 1987; Domeier et al., 2012; Kodama, 1997; Sun and Kodama, 1992; Tan et al., 

2007; Tauxe, 2005; Tauxe and Kent, 2004; Tauxe et al., 2008). If non-dipole fields are 

considered, then the assumption that the Geocentric Axial Dipole (GAD) can be applied to 

Phanerozoic paleomagnetic data is no longer valid (Briden et al., 1971; Torsvik and Van der 

Voo, 2002; Van der Voo and Torsvik, 2001). Furthermore, global compilations of 

paleomagnetic data demonstrate that if Eastern Gondwana is excluded from APWP 

calculations, a better longitudinal fit is seen between the APWPs of Laurussia and Western 

Gondwana (Domeier et al., 2012; McElhinny and McFadden, 2000; Torsvik et al., 2012; Van 

der Voo, 1993).  

Breakup of Gondwana did not begin until ~180 Ma (Rogers and Santosh, 2003), so 

reconciling the datasets between Eastern and Western Gondwana requires re-examination of 

the late Paleozoic−early Mesozoic paleomagnetic poles from Eastern Gondwana. Currently 

there are no well-dated results from this interval in Antarctica, India, and Madagascar, 

therefore, igneous rocks in Australia have the potential to provide insights into the 

problematic Eastern Gondwanan results (Domeier et al., 2012). The majority of available 

Early−Late Permian paleomagnetic results from Eastern Gondwana are from the New 

England Orogen (NEO) of eastern Australia (Clark, 1994; Irving and Parry, 1963; Klootwijk, 
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2003; Pisarevsky et al., 2016; Shaanan et al., 2015a). This orogen records several complex 

structural episodes of orocline formation and significant compression and folding associated 

with the Permian−Triassic Hunter Bowen Orogeny (McElhinny and McFadden, 2000; 

McElhinny et al., 2003; Pisarevsky et al., 2016; Van der Voo, 1993). Uncertainty regarding 

whether the NEO results were consistent with cratonic Gondwana, as well as the poor age 

control, led to the exclusion of Australian paleomagnetic results from 321−183 Ma in the 

calculation of the Gondwana APWP (Torsvik et al., 2012).  

This study presents new paleomagnetic and radio-isotopic results from the southern 

Sydney Basin (SSB), which represents the easternmost segment of Gondwana. The 

Gerringong Volcanics are a series of flat-lying basalts that were unaffected by the widespread 

compressional events to the north in the NEO (Fig. 2.4), and can be considered representative 

of cratonic Australia and Gondwana (Klootwijk, 2003; McElhinny and McFadden, 2000). 

This study will focus on the following three issues: 1) Can the paleomagnetic datasets of 

Eastern and Western Gondwana be reconciled for the Middle Permian through the analysis of 

well-dated igneous rocks? 2) Are the Middle Permian results consistent with a Pangea A or B 

configuration, and 3) what are the paleomagnetic implications for the timing of the end of the 

KRS? 

 

2.2. Geologic Background 

The Tasmanides of Australia are located east of the four major Precambrian cratons 

(Yilgarn, Pilbara, North Australia, and Gawler), and consist of many displaced terranes that 

accreted to the Australian margin from the Cambrian to the Triassic (Glen, 2013; McElhinny 

and McFadden, 2000; Scheibner, 1974). Beginning in the Cambrian period, Australia formed 

the eastern extension of Gondwana, along with India, East Antarctica, Madagascar, South 

America, and Africa (Veevers, 2006).  Westward subduction of the paleo-Pacific plate 
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beneath the eastern margin of Australia resulted in several episodes of orogenesis from the 

latest Cambrian through the Early Triassic (Korsch et al., 2009b; Roberts et al., 2006). 

During the Early Permian, an eastern migration of the subduction zone initiated widespread 

crustal extension and resulted in the formation of the East Australian Rift System which 

extends from northern Queensland to southern New South Wales (Korsch et al., 2009a; Li 

and Rosenbaum, 2014; Roberts et al., 2006). The rift formed along the intersection of the 

western, Early to Middle Paleozoic Lachlan and Thomson Fold Belts, and the eastern, Middle 

to Late Paleozoic NEO (Korsch et al., 2009a; Veevers and Powell, 1994). The Sydney Basin 

formed above the Late Devonian−Early Carboniferous Andean-type magmatic arc and 

forearc in the south, whereas the Bowen Basin developed behind the magmatic arc in the 

north (Veevers and Powell, 1994). During the Late Carboniferous to Early Permian, this 

magmatic arc was displaced through crustal transtension and the NEO was intruded by S-type 

granitoids and co-magmatic ignimbrites. The NEO was then uplifted during right-lateral 

shearing to form the initial stage of an orocline. By the Late Permian, the renewal of regional 

E-W compression, associated with the Hunter-Bowen Orogeny (~260−230 Ma), further 

deformed the region, and the Tamworth Terrane was thrust onto the Sydney-Gunnedah-

Bowen Basin (Harrington and Korsch, 1985; Holcombe et al., 1997; Korsch et al., 2009b; 

Landenberger et al., 1995; Li et al., 2012; McElhinny et al., 2003).  

The SSB is located south of the NEO (Fig. 2.4), and consists of largely flat-lying and 

mostly undeformed sedimentary and igneous rocks (Fig. 2.1). The basin is dominated by 

alluvial fan, fluvial, and deltaic successions that prograded south-westward from the NEO as 

well as Permian mafic to intermediate lava flows (Gerringong Volcanics; Fig.2.1). The 

Gerringong Volcanics consist of nine distinct basaltic to andesitic units interbedded with 

several volcaniclastic sandstones and tuffs (Carr 1983; Fig. 2.2), and extend along the coast 

for over 150 km from Port Kembla in the north to Gerringong in the south (Bowman, 1974; 
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Fig. 2.4. Simplified terrane map of the Tasmanides of eastern Australia. The Sydney Basin is 
located south of the New England Orogen and the Gunnedah Basin (Modified from Glen, 
2013). 
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Fig.2.1). The base of the volcanic succession is the Broughton Formation (~370 m thick) of 

the Shoalhaven Group (Fig. 2.2), and consists of three basalts (Blow Hole, Dapto, 

Saddleback), one basaltic andesite (Bumbo), and one andesite (Cambewarra; Fig. 2.2; Carr, 

1983; Bowman 1974). The top of the volcanic succession belongs to the Pheasants Nest 

Formation of the Illawarra Coal Measures, and consists of two basaltic andesites (Five 

Islands, Calderwood) and two basalts (Minnamurra, Berkeley; Fig. 2.2; Carr, 1983). A tuff 

from the top of the Broughton Formation, which overlies the Cambewarra Latite, yielded a 

recent U/Pb ID-TIMS age on zircon of 263.51 ± 0.05 Ma [0.31] (Metcalfe et al., 2015), 

whereas the only data for the Berkeley Latite, located at the top of the Pheasants Nest 

Formation, is a K/Ar plagioclase age of 258 ± 5 Ma (Evernden and Richards, 1962). 

The Gerringong Volcanics, as well as several shoshonitic intrusive complexes such as 

the Milton Monzonite (245 ± 6 Ma; K/Ar age; Facer and Carr, 1979) and various dyke 

emplacement events, have been interpreted as part of a larger magmatic episode within the 

SSB (Campbell et al., 2001; Carr, 1998; Carr et al., 1999; Facer and Carr, 1979; Moffitt, 

2000; Schmidt and Embleton, 1981). The basalts were erupted from a volcanic arc associated 

with a west-dipping subduction zone about 40 km southeast of Kiama (Campbell et al., 

2001). The arc was responsible for subaerial eruptions from a central vent as well as lateral 

eruptions from sub-aqueous vents that formed the Blow Hole and Bumbo Latites (Campbell 

et al., 2001). Detailed mapping shows thinning of the flows to the west and north, with 

associated feeder vents absent from onshore exposures (Campbell et al., 2001; Harper, 1915). 

Marine geophysical evidence traces the extrusive rocks offshore from Kiama for over 150 km 

to the northeast (Grybowski, 1992; Ringis et al., 1970), with paleoflow indicators supporting 

a northward advancement from the volcanic arc (Campbell et al., 2001). 

 The Blow Hole Latite is mid-grey in colour with a fine-grained groundmass with 

plagioclase and zeolite clusters up to 2 mm in length and chlorite-coated augite phenocrysts. 
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The Bumbo Latite is a porphyritic basalt with a mid-grey to black aphanitic groundmass and 

phenocrysts of plagioclase and minor clinopyroxene. Columnar jointing is observed in both 

units, and the Blow Hole Latite shows pillow structures in some areas, indicating a sub-

aqueous eruption (Bowman, 1974; Campbell et al., 2001; Carr, 1983; Carr, 1998).  

The mafic Dapto and Saddleback Latites are two geochemically similar units in the 

Gerringong Volcanics (Fig. 2.2), and have been thought to represent similar stratigraphic 

levels within the succession (Bowman, 1974; Carr, 1983; Carr, 1985). Both latites are dark in 

colour, contain short prismatic pyroxene phenocrysts, and range from aphanitic to porphyritic 

in texture with a crystalline groundmass. There is no direct field evidence for continuity 

between these two units, with each unit thinning from its thickest exposure in the north near 

Port Kembla (Dapto Latite), and in the south at Saddleback Mountain (Saddleback Latite). 

Both underlie the Cambewarra Latite at these localities, however, up to three metres of 

sedimentary rocks sit between the Dapto and Cambewarra Latites (Carr, 1983). In contrast, 

the contact between the Saddleback and overlying Cambewarra Latites lacks sedimentary 

deposits. This field relationship may suggest eruption of the Dapto Latite just prior to the 

Saddleback Latite, with Saddleback eruption in the south potentially simultaneous with post-

Dapto sedimentary deposition in the north.  

The Cambewarra Latite is the most felsic of the units, and consists of several flows 

interbedded with siltstone. It contains subparallel plagioclase phenocrysts in a felsic 

groundmass comprising iron oxide and feldspar microlites and interstitial iron oxide and 

chlorite (Bowman, 1974; Carr, 1983; Carr, 1985; Carr, 1998). The Berkeley Latite is more 

limited in exposure (Fig. 2.1) with more poorly developed columnar jointing compared to the 

Bumbo or Blow Hole Latites. It varies from aphanitic to porphyritic with plagioclase laths up 

to 10 mm long and pyroxene phenocrysts up to 5 mm across. 
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2.3. Methods 

2.3.1. Paleomagnetism 

Samples were collected in the field using a portable petrol-powered hand drill and 

oriented using a Brunton magnetic compass and a solar compass to correct for local magnetic 

declination. Twenty sites (8-10 samples per site) were sampled from the Gerringong 

Volcanics near Kiama, Australia, comprising the Blow Hole, Bumbo, Saddleback, Dapto, 

Cambewarra, Minnamurra, and Berkeley Latites (Fig. 2.1). Four dykes intruding the 

Jamberoo Sandstone were also sampled for paleomagnetic comparison and potential age 

determination (Fig. 2.1). Baked contact tests were conducted with 3-4 samples from the 

baked zone (∼half-width of the dyke), 2-3 samples from the hybrid zone, and 3-4 unbaked 

samples within the host sandstone (Everitt and Clegg, 1962). A conglomerate test was 

conducted on the basaltic dropstones from the Blow Hole Latite in the overlying Kiama 

Sandstone to test for primary remanence of the lava flows (Watson, 1956). Fourteen 

dropstones ranging from 5−80 cm in diameter were sampled at Shellharbour Beach (Fig. 2.1), 

including multiple samples per cobble to test for intra-cobble consistency.  

Samples were cut into 10 cm3 cylindrical cores, and measured at the Alpine 

Laboratory of Paleomagnetism in Peveragno, Italy, where a pilot study was conducted to 

determine the best treatment for isolation of the individual magnetic components. Samples 

were then stepwise demagnetized using either a 2G alternating field demagnetizer at fields up 

to 200 mT, or an ASC TD48 thermal demagnetizer with temperatures up to 650°C. Samples 

were measured on a 2G DC-SQUID magnetometer, and paleomagnetic directions were 

isolated via principal component analysis (Kirschvink, 1980) using PaleoMag 3.1 (Jones, 

2002). Individual components were calculated from three or more points, and directions were 

restricted to Maximum Angular Deviation (MAD) values ≤ 10° for lines and ≤ 15° for planes 

in calculation of the mean paleomagnetic pole. Linear-segment stable endpoints were 
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combined with converging remagnetization circles and demagnetization planes in order to 

isolate the primary component of magnetization and to avoid the contaminating effects of 

strong overprint directions observed along the Cretaceous seaboard (Dunlop et al., 1997a; 

Dunlop et al., 1997b; McFadden and McElhinny, 1988; Schmidt and Embleton, 1981). Mean 

paleomagnetic directions and poles were calculated from the individual site means, and 

analysed using Fisher statistics (Fisher, 1953). 

 

2.3.2. Rock Magnetic Fabric 

 In order to determine the magnetic fabric of the basalts and discern potential flow 

directions, 65 samples from the Dapto and Bumbo Latites were processed to determine the 

anisotropy of magnetic susceptibility (AMS). Principal axes of AMS were measured on a 

MFK1-FA Kappabridge using the 3-axis spinning protocol at the University of Western 

Australia. Results were plotted using the Anisoft 42® software (Chadima and Hrouda, 2009), 

and analysed using Jelínek statistics (Jelínek, 1981; Jelínek and Kropáček, 1978).  

 

2.3.3. 40Ar/39Ar Geochronology 

 Three exposures of the Bumbo and Dapto Latites were sampled for geochronology, 

and petrographic thin sections were made to examine the abundance and composition of the 

plagioclase crystals. One sample (B18) from the Bumbo Latite contains homogenous and 

unaltered plagioclase crystals suitable for mineral separation (Fig. 2.1; site 3). The sample 

was sawed, crushed, milled, and sieved using 150 to 200 μm meshes and then repeatedly 

washed and placed in an ultrasonic bath for 30 minutes. Non-magnetic plagioclase 

components were isolated using a Frantz Isodynamic Separator. Clean fractions of 

plagioclase were then handpicked under a binocular microscope avoiding any crystals 

containing impurities or that showed evidence of alteration or contamination.  



25 
 

25 
 

 Plagioclase separates (5.1 mg) were leached using diluted HF (2N) for five minutes 

and rinsed repeatedly in distilled water. The remaining fraction was placed in a disc and 

irradiated for forty hours along with the FC standards (Jourdan and Renne, 2007) using an 

age of 28.294 Ma (± 0.13%; Renne et al., 2011). The disc was then Cd-shielded (to reduce 

non-ideal nuclear interference reactions) and irradiated in the central position of the nuclear 

reactor at Oregon State University. A J-value of 0.01058060 ± 0.00000688 (± 0.065%) was 

calculated from standard grains within the small pits, and mass discrimination was examined 

repeatedly during the analysis using an automated air pipette which gave a mean value of 

0.992425 (± 0.04%) per Dalton (atomic mass unit) relative to an air ratio of 298.56 ± 0.31 

(Lee et al., 2006). Correction factors for interfering isotopes were (39Ar/37Ar) Ca = 7.6 x 10-4 

(± 1.2%), (36Ar/37Ar) Ca = 2.7 x 10-4 (± 0.7%) and (40Ar/39Ar) K = 7.3x10-4 (± 10%). The 

40Ar/39Ar analyses were conducted at the Western Australian Argon Isotope Facility at Curtin 

University where the sample was step-heated using a continuous 100 W PhotonMachine™ 

CO2 (IR, 10.4 µm) laser fired on the crystals for 60 seconds, with each of the standard 

crystals fused in a single step. The gas was purified in an extra low-volume stainless steel 

extraction line of 240 cc and using two SAES AP10 (one operating at 450°C and the other 

one at room temperature) and one GP50 getters. Argon isotopes were measured in static 

mode using a low volume (600 cc) ARGUS VI mass spectrometer from Thermofisher™ set 

with a permanent resolution of ~200 (Phillips and Matchan, 2013).  

Resulting measurements were conducted in multi-collection mode using four Faraday 

cup detectors to measure mass 40 to 37 and a 0-background compact discrete dynode ion 

counter to measure mass 36. The relative abundance of each mass was measured 

simultaneously using 10 cycles of peak-hopping and 33 seconds of integration time for each 

mass, and detectors were calibrated electronically and using air shot beam signals. The 

resulting data were then processed using the ArArCALC ® software (Koppers, 2002) and 
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ages were calculated using the recommended decay constants (Renne et al., 2011). Relative 

abundances of Ar corrected from blanks, radioactive decay and fractionation are provided in 

the supplementary material (A1.1). Criteria for the classification of a plateau are that: a) 

plateaus must incorporate at least 70% of 39Ar; b) the plateau should be distributed over a 

minimum of three sequential steps that agree at the 95% confidence level; and c) satisfy a 

probability of fit (P) of at least 0.05. Plateau ages were calculated using the combined mean 

of plateau steps with each step weighted by the inverse variance of their individual analytical 

error, and reported at the 2σ level. All source of uncertainties are shown in brackets [± 0.46 

Ma]. 

 

2.4. Results and Interpretation 

2.4.1. Geochronology 

 Sample B18 from the Bumbo Latite (Fig. 2.5) gave a consistent plateau age of 265.05 

± 0.35 [0.46] Ma, including 77% of the total 39Ar released, where the uncertainty provided in 

square brackets includes all sources of uncertainties, which is appropriate when comparing 

with U/Pb data. The Mean Standard Weighted Deviation (MSWD) is 1.4 and the probability 

of fit (P) is 0.14. The K/Ca ratio is constant for the entire heating experiment, suggesting that 

the plagioclase separate was not affected by alteration (Verati and Jourdan, 2014) and thus, 

that the age represents the eruption age of the Bumbo Latite.  

 

2.4.2. Paleomagnetism 

Gerringong Volcanics 

Seventeen out of twenty sites from the Gerringong Volcanics gave stable 

paleomagnetic directions suitable for analysis (Table 2.1). These include the Berkeley (one 

site), Cambewarra (two sites), Saddleback (three sites), Dapto (five sites), Bumbo (five sites), 

and Blow Hole (one site) Latites (Fig. 2.1). The majority of samples responded well to      
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Fig. 2.5.40Ar/39Ar results. (a) K/Ca ratios as a function of 39Ar released during progressive 
stepwise heating (bars are plotted at 2σ error). (b) Age spectrum plot with a calculated 
plateau age of 265.05 ± 0.35 [0.46] Ma. 
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both thermal and alternating-field demagnetization. NRM intensity of the basalts ranges from 

50 to 4000 mA/m with typical values in the range of 1000−3000 mA/m. Progressive 

demagnetization of the samples to their respective unblocking temperatures and field values 

revealed three distinct paleomagnetic components (Fig. 2.6). Component A is a low 

temperature overprint magnetization stable to about 250−400°C (20 mT) and is present in 

nearly every sample (Fig. 2.6). Several overprint directions and thermal/alteration events 

have been reported in eastern Australia, including Middle−Late Cenozoic low temperature 

oxidation and weathering (Klootwijk, 2002; Klootwijk, 2003; McQueen, 2002; Nott et al., 

1991; Pillans, 2002; Pisarevsky et al., 2016; Schmidt and Williams, 2002), and a possible 

thermo-viscous overprint associated with the opening of the Tasman Sea (Dunlop et al., 

1997a; Dunlop et al., 1997b; Klootwijk, 1985; Klootwijk, 2002; Lackie and Schmidt, 1996; 

Schmidt and Embleton, 1981). Component A has a mean direction of Dec = 345.0°, Inc = -

62.6° (α95 = 10.1°; Tables 2.2 and 3; Fig. 2.6), and is shallower and closer to the present day 

field direction than results which have been attributed to extended Cretaceous burial and 

uplift (Dunlop et al., 1997a; Dunlop et al., 1997b; Schmidt and Embleton, 1981), and is most 

likely a Viscous Remanent Magnetization (VRM). 

 Component BR begins to unblock around 250−400°C (20mT) and is stable to about 

560°C (40mT) in the Bumbo Latite (Fig. 2.6b), 640°C (200mT) in the Blow Hole Latite, 

560°C (80mT) in the Dapto Latite (Fig. 2.6d), and to about 650°C (200mT) in the 

Cambewarra Latite (Fig. 2.6a). This component has a southerly declination and a steep-down 

direction (D = 172.6°, I = 78.1°, α95 = 6.7°, N = 84; Table 2.3; Fig. 2.6) that has been 

commonly assigned to the KRS (Cottrell et al., 2008; Irving and Parry, 1963). The 

Saddleback, Dapto, and Berkeley Latites preserve three magnetic components. The first is the 

same low temperature Component A, the second is a reverse and steep-down direction stable 

from about 400−540°C named Component C (D = 239.0°, I = 68.1°, α95 =28.0°, N = 16),and 



29 
 

29 
 

Table 2.1. Paleomagnetic Results from the Gerringong Volcanics (ChRM) 
Unit Site 

 
 

Slat (°S) Slong (°E) N P D (°) I (°) α95 k Plat (°S) Plong (°E) 
 
 Blow Hole 1 34.672 150.858 7 R 226.0 82.6 4.6 224.4 44.0 136.3 

Bumbo 2 34.621 150.845 6 R 199.1 78.9 9.8 61.5 54.4 139.0 
Bumbo 3 34.631 150.850 9 R 122.4 72.9 6.5 79.9 45.6 190.1 
Bumbo 4 34.651 150.853 5 R 212.2 86.6 6.1 230.4 40.3 146.1 
Bumbo 5 34.653 150.856 10 R 211.7 75.7 3.8 162.0 55.5 125.9 
Bumbo 6 34.616 150.828 9 R 208.5 77.8 4.2 174.0 53.9 132.1 
Dapto 7 34.477 150.914 5 R 130.8 77.3 13.7 59.0 47.5 178.3 
Dapto 8 34.477 150.914 6 R 145.3 66.9 12.4 100.6 60.5 199.6 
Dapto 9 34.477 150.914 7 R 273.3 85.6 9.5 95.2 33.5 140.4 
Dapto 10 34.477 150.914 10 N 315.7 -79.2 6.3 146.9 47.7 172.6 
Dapto 11 34.491 150.914 9 N 42.5 -70.2 19.4 19.2 54.6 108.0 
Saddleback 12 34.691 150.823 9 N 333.4 -68.3 11.9 37.0 64.6 191.3 
Saddleback 13 34.698 150.824 7 R 182.7 70.3 3.2 350.0 70.2 146.2 
Saddleback 14 34.610 150.756 8 N 8.8 -71.9 14.3 20.6 67.0 138.4 
Cambewarra 15 34.726 150.654 7 R 142.0 57.9 10.7 45.0 59.5 222.1 
Cambewarra 16 34.732 150.687 6 R 205.2 70.2 10.1 45.0 63.7 116.5 
Berkeley 17 34.437 150.837 10 N 315.5 -83.3 17.5 17.5 43.2 163.5 

Notes: Slat = site latitude, Slon = site longitude, N = number of samples used for calculation of the mean direction, P = polarity, D = declination, I =  
inclination, α95 = radius of the cone of 95% confidence about the mean direction, k = precision parameter (Fisher, 1953), Plat = pole latitude, Plong =  
pole longitude. 
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Fig. 2.6. Representative paleomagnetic demagnetization diagrams (equal area diagrams, 
orthogonal vector plots, and J/J0) for the Gerringong Volcanics showing the dual-polarity 
ChRM and overprint directions. A) Cambewarra Latite, B) Bumbo Latite, C-D) Dapto Latite. 
Orthogonal insets show the final demagnetization steps. Solid (open) squares represent 
projections on the horizontal (vertical) plane in the orthogonal plots while up (down) pointing 
paleomagnetic directions are indicated by open (closed) squares in the stereoplots.   
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Fig. 2.6. Continued. E-F) Saddleback Latite, G) Blow Hole Latite, H) Berkeley Latite
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Table 2.2. Paleomagnetic Results from the Gerringong Volcanics (Overprints) 
Unit Site 

 
 

Slat (°S) Slong (°E) N P D (°) I (°) α95 k 

Component A 
Blow Hole 1 34.672 150.858 4 N 341.5 -65.6 16.6 23.6 
Bumbo 2 34.621 150.845 5 N 335.1 -62.0 21.7 10.7 
Bumbo 3 34.631 150.850 4 N 278.9 -68.8 72.6 1.8 
Bumbo 4 34.651 150.853 9 N 15.8 -63.1 8.9 30.6 
Bumbo 5 34.653 150.856 11 N 2.6 -32.9 17.7 6.9 
Bumbo 6 34.616 150.828 7 N 354.4 -49.0 14.5 15.6 
Dapto 7 34.477 150.914 5 N 12.7 -48.3 24.2 8.7 
Dapto 8 34.477 150.914 5 N 73.6 -61.5 72.9 1.6 
Dapto 9 34.477 150.914 5 N 346.9 -25.8 32.9 5.1 
Dapto 10 34.477 150.914 8 N 322.4 -51.9 33.9 3.1 
Dapto 11 34.491 150.914 6 N 127.8 -82.4 35.5 3.6 
Saddleback 12 34.691 150.823 8 N 320.9 -62.8 14.9 12.9 
Saddleback 13 34.698 150.824 6 N 332.7 -58.0 5.3 135.5 
Saddleback 14 34.610 150.756 6 N 4.8 -69.3 17.3 13.3 
Cambewarra 15 34.726 150.654 5 N 321.8 -48.6 10.1 46.3 
Cambewarra 16 34.732 150.687 4 N 294.5 -73.0 17.5 21.3 
Berkeley 17 34.437 150.837 12 N 324.6 -65.1 12.5 12.0 

Component C 

Dapto 10 34.477 150.914 7 R 129.4 85.0 4.7 143.6 
Dapto 11 34.491 150.914 7 R 184.9 48.7 29.0 4.3 
Saddleback 12 34.691 150.823 7 R 260.7 65.1 24.0 6.2 
Saddleback 14 34.610 150.756 6 R 228.8 53.1 27.0 5.9 
Berkeley 17 34.437 150.837 4 R 297.3 48.1 37.3 5.3 

Notes: Slat = site latitude, Slon = site longitude, N = number of samples used for calculation of the mean direction,  
P = polarity, D = declination, I = inclination, α95 = radius of the cone of 95% confidence about the mean direction,  
k = precision parameter (Fisher, 1953).
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Table 2.3. Mean Directions for the Gerringong Volcanics 
Component 

 
 

Slat (°S) Slong (°E) B/N P D (°) I (°) α95 k Plat (°S) Plong (°E) 
 
 

A95 

Mean Normal (BN)   5/46 N 354.7 -77.0  10.7 51.7    

Mean Reverse (BR)   12/84 R 172.6  78.1    6.7 43.5    

Grand Mean(BN+BR)   17/131 R 173.3  77.8    5.2 48.3 56.9 154.8 9.1 
Mean (BN+BR)*   14/61 R 180.1 76.4 3.2 33.7 60.4 150.7 5.7 

Irving and Parry (1963) 34.600 150.800 11/43 R 232.0 81.0 6.0 26.0 44.0 132.0 11.4 

Component C   5/31 R 239.0 68.1 28.0 8.4    
            

Component A   17/114 N 345.0 -62.6 10.1 13.5    

Notes: Slat = site latitude, Slon = site longitude, B = number of sites, N = number of samples used for calculation of the mean direction, P =  
polarity, D = declination, I = inclination, α95 = cone of 95% confidence about the mean direction, k = precision parameter (Fisher, 1953),  
Plat = pole latitude, Plong = pole longitude, A95 = radius of the 95% confidence circle about the calculated mean pole, *=Mean excluding great  
circles, Bold=recommended paleomagnetic mean.
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the third is a northerly and steep-up direction (Component BN) that is present in both thermal 

and alternating field demagnetization (Fig. 2.6). This direction (BN; D = 354.7°, I = -77.0°, 

α95 = 10.7°, N = 46; Table 2.3; Fig. 2.6) begins to unblock around 450-475°C and is stable to 

about 560°C in the Dapto Latite (Fig. 2.6c), 565-640°C (50-100 mT) in the Saddleback Latite 

(Fig. 2.6e-f), and ranges from 475-550°C to 565-630°C in the Berkeley Latite (Fig. 2.6g-h). 

Component C (present from 400−540°C) is shallower in inclination (~68°) than the bipolar 

components BN and BR (~78°) and in some samples has completely remagnetized the ChRM 

direction, especially in the more altered and eroded exposures such as the Berkeley Latite 

(Fig. 2.1).The range in unblocking temperatures of BR and BN suggests that the ChRM is held 

by a mixture of magnetite and hematite (Fig. 2.6), which agrees with prior rock magnetic 

analyses of the Dapto and Bumbo Latites (Cottrell et al., 2008). Components A and BN are 

paleomagnetically distinct at the 95% confidence level, while Components BR and BN are 

statistically antipodal and pass a reversal test with a classification of Ra (γo = 2.2°, γc = 5.8°; 

McFadden and McElhinny 1990; Fig. 2.7). A reversal test restricted to stable endpoint 

directions gives a classification of Rb (γo = 8.65°, γc = 9.98°; McFadden and McElhinny, 

1990). 

 

Magnetostratigraphy 

 At the Port Kembla locality (Fig. 2.1), two basalt flows of the Dapto Latite were 

sampled (5 sites/40 samples/4 stratigraphic levels). The lower flow is characterized by a 

green porphyritic basalt with large plagioclase laths and secondary calcite-filled amygdales, 

whereas the upper flow is darker in color and contains elongate plagioclase crystals aligned 

layer parallel. The lower flow contains both Components A and BR, with stable endpoints and 

great circle demagnetization trajectories converging at a common intersection point to the 

south and steep-down (BR; Fig. 2.6d). The upper flow shows stable endpoints and converging 
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Fig. 2.7. Equal area diagrams displaying the mean Normal and Reverse ChRM directions 
from the Gerringong Volcanics. Up (down) pointing paleomagnetic directions are indicated 
by open (closed) squares in the stereoplots. Arc-constraints for samples that do not reach 
stable endpoints are calculated with the method of McFadden and McElhinny (1988), and are 
shown with circle symbols. Red and blue ovals represent the cone of 95% confidence about 
the mean direction. 
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demagnetization trajectories to the north and steep-up over 500°C (Component BN; Fig. 

2.6c). Great circle and stable endpoint directions were combined using the iterative procedure 

of McFadden and McElhinny (1988), which nullifies the issues with subparallel great circles 

in determination of the true ChRM direction. The two flows pass the reversal test with a 

classification of Rb (γo = 6.4°, γc = 10.4°; McFadden and McElhinny, 1990).  

 The upper Dapto and Saddleback Latites (normal polarity) overlie the thick KRS 

Bumbo (265.05 ± 0.35 Ma) and Blow Hole Latites (reverse polarity), and so an age of ca 265 

Ma can be directly correlated with the first post-KRS reversal (Illawarra Reversal; Fig. 2.8). 

The Berkeley Latite can be tentatively linked with the early Capitanian reversals of the GPTS 

(Fig. 2.8). An age of  263.51 ± 0.05 [0.31] Ma from the uppermost Broughton Formation 

(Metcalfe et al., 2015) and the 40Ar/39Ar age of 265.05 ± 0.35 [0.46]  from the lower 

Broughton Formation, as well as a positive reversal test, suggests that the Gerringong 

Volcanics span a statistically sufficient amount of geologic time to average secular variation. 

This is further corroborated by a VGP angular dispersion value of S = 20.0° (K = 16.3) from 

17 sites, which is consistent with the calculated paleolatitude of 67° (Butler, 1992). Virtual 

Geomagnetic Poles (VGPs) were calculated from the individual site means (12 Reverse, 5 

Normal) and were combined to give a mean paleomagnetic pole at 56.9°S, 154.8°E (A95= 

9.1°, N = 17; Table 2.3).  

 

Conglomerate Test 

 Results from the volcanic dropstones at Shellharbour yield a negative conglomerate 

test (R = 6.7, R0 = 4.7, R>R0 non-random distribution; Watson, 1956) with a mean direction 

of Dec = 357.5°, Inc = -69.4°, and α95 = 28.1° (Table 2.4; Fig. 2.9a). Individual cobbles show 

internal consistency (3-4 samples per clast) with a randomly oriented overprint direction and 
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Fig. 2.8. Stratigraphic estimate for the uppermost KRS at 265 Ma, observing the change of 
polarity from the Blow Hole and Bumbo (Reverse) to Dapto (Mixed) and Saddleback 
(Normal) Latites, located one unit below the base of the Illawarra Coal Measures. Results are 
compared with the most recent Global Polarity Timescale (Ogg et al., 2016) and prior 
estimates of the duration of the KRS. 
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a secondary high temperature direction (Fig. 2.9b). This high temperature direction is not 

statistically different from Component A (Fig. 2.9a), and also likely reflects a VRM. 

 Although the conglomerate test cannot directly confirm a primary magnetization for 

the dual-polarity (Components BN and BR) Gerringong Volcanics, the positive reversal test 

observed between these two high temperature directions suggests that the ChRM has been 

adequately filtered from secondary magnetizations (Figs. 2.6 and 2.7). 

 

Shellharbour Dykes 

 Four out of the five dykes (D1-D5; Table 2.4) sampled gave stable paleomagnetic 

directions suitable for analysis (Fig. 2.1). The dykes range from grey-green vesicular basalt to 

mid-grey-green aphanitic basalt showing ferromagnesian phenocrysts (augite) up to 2 mm in 

length (Bowman, 1974). One dyke at Barrack Point (D3) is coarse grained and black in color, 

with indurated edges. Typical dyke widths ranged from 0.7−1.5 m, with either a NE (35°; 

D5) or E-SE (90−110°; D1, D2, and D3) trend. One dyke at Shellharbour is highly altered to 

yellow-brown clays, and did not yield coherent results during demagnetization (D4). The 

remaining dykes show two distinct remanence components during progressive 

demagnetization. Component DA is a low temperature normal polarity overprint direction 

present to 250−350°C (Table 2.4). This component is not statistically different from 

Component A in the Gerringong Volcanics and the volcanic dropstones (Fig. 2.9a). Two of 

the dykes (D1 and D3) responded well to thermal demagnetization and revealed a second 

normal component of magnetization over 350°C, with steepening inclinations during 

progressive demagnetization (Component DN). D2 and D5 showed better removal of 

overprint directions using alternating field demagnetization, and revealed a likely primary 

reverse direction named Component DR. This component is not statistically different from 

Component C in the Gerringong Volcanics (Fig. 2.10). The four dykes pass a reversal test 
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Table 2.4. Paleomagnetic Field Tests 

Map Site 
 
 

Slat 
(°S) 

Slong 
(°E) 

B/N P D (°) I (°) α95 k Plat 
(°S) 

Plong 
(°E) 

 
 

A95 

18 D1 34.562 150.874 10 N   344.2 -79.6    4.3 146.6 53.7 160.0   
 Baked 34.562 150.874 2 N 316.5 -78.6 12.0 436.0     
 Unbaked 34.562 150.874 3 N 353.8 -60.7 13.6 83.5     

19 D2 34.563 150.872 12 R 155.8 67.8 7.3 85.8 66.1 190.7   
 Baked 34.563 150.872 2 R 100.3 73.7 29.7 72.6     
 Unbaked 34.563 150.872 4 N 355.0 -62.5 7.8 139.7     

20 D3 34.564 150.872 13 N 9.2 -80.1 3.7 261.3 53.5 145.8   
 Baked 34.564 150.872 3 N 32.5 -80.4 4.9 642.0     
 Unbaked 34.564 150.872 3 N 355.4 -66.2 11.0 127.3     

21 D5 34.581 150.867 11 R 190.8 73.9 6.5 119.9 63.6 138.7   
 Normal Dyke Mean 

(DN) 
  2/21 N 2.7 79.3 3.4 90.3     

 Reverse Dyke Mean 
(DR) 

  2/23 R 225.9 83.6 25.7 3.2     

 Sakai et al. 2005   2 R 228.9 66.6 6.4      
    1 N 48.9 -66.6 6.4      
 Component DA    4/19 N 0.5 -64.6 14.5 6.4     
 Unbaked Mean   3/10 N 354.7 -63.1 4.2 131.4     
 Conglomerate Mean 34.578 150.871 14/14 N 357.5 -69.4  28.1 4.2 71.4 155.6 44.0  

Notes: Slat = site latitude, Slon = site longitude, B = number of sites, N = number of samples used for calculation of the mean direction, P = polarity,  
D = declination, I = inclination, α95 = cone of 95% confidence about the mean direction, k = precision parameter (Fisher, 1953), Plat = pole  latitude,  
Plong = pole longitude, A95 = radius of the 95% confidence circle about the calculated mean pole. Baked contact test = positive, conglomerate test =   
negative.  
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Fig. 2.9. (a) Stereoplot of the conglomerate test with the mean low temperature directions 
Components A (red) and DA (green) plotted for comparison. Up (down) pointing 
paleomagnetic directions are indicated by open (closed) squares in the stereoplots. The mean 
conglomerate direction (yellow) shows overlap in the α95 confidence cones of Components 
A and DA. (b) Intra-Cobble test from the volcanic dropstones, demonstrating remagnetization 
of the clasts subsequent to emplacement in the Kiama sandstone. Conglomerate test = 
negative, R = 6.7, R0 = 4.7, R>R0 non-random distribution (Watson 1956). 
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(γo = 16.0°, γc = 39.3°; McFadden and McElhinny, 1990).  

 Three dual-polarity dykes (two reverse, one normal) reported from the Newcastle 

Coal Measures (Sakai et al., 2005) have two ages of 79.6 ± 1.8 Ma (K/Ar, plagioclase) and 

78.0 ± 2.2 Ma (K/Ar, whole rock), and have been correlated with the Cretaceous rifting of the 

Tasman Sea. Unfortunately, the accuracy of K/Ar results on such old rocks is usually 

questionable due to the inability of the technique to identify alteration (e.g., Verati and 

Jourdan, 2014). The mean paleomagnetic direction for the Cretaceous dykes (Sakai et al., 

2005) is similar in inclination (68−73°) to the two reverse polarity dykes reported here, and 

plots within the α95 confidence cone of both the mean dyke direction and Component C (Fig. 

2.10). Interestingly, the α95 cone of Component C also overlaps with the original study of the 

Gerringong Volcanics (Fig. 2.10; Irving and Parry 1963). It is likely that the dykes sampled 

here and by Sakai et al., (2005) are a magmatic product of the Cretaceous rifting event which 

also produced the remagnetization (Component C) that affected prior paleomagnetic 

investigations in the Sydney Basin (Dunlop et al., 1997a; Dunlop et al., 1997b; Irving and 

Parry, 1963; Schmidt and Embleton, 1981). Since the dykes have been shown to be dual-

polarity (Sakai et al., 2005), it is likely that some rift-related magmatism post-dated the end 

of the Cretaceous Normal Superchron (121−83 Ma), which is broadly consistent with the 

reported K/Ar ages (~79 Ma).  

 Baked contact tests in the host sandstone support a primary magnetization for the two 

high temperature (field) dyke directions (Fig. 2.11; Table 2.4). The combined unbaked 

direction is not statistically different from Components A and DA, and is likely also a VRM. 

The positive baked contact test is demonstrated by D2 (Fig. 2.11), which gives a primary 

reverse direction (Component DR) of Dec = 155.8° and Inc = 67.8° (α95 = 7.3°, Table 2.4) at 

high fields (> 30 mT). Seven centimeters from the contact, the host sandstone shows a 
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Fig. 2.10. Equal area diagrams displaying the a) mean normal polarity dyke direction and the 
mean unbaked direction, and b) the mean reverse dyke direction. Up (down) pointing 
paleomagnetic directions are indicated by open (closed) squares in the stereoplots. Arc-
constraints for samples that do not reach the stable endpoints are calculated with the method 
of McFadden and McElhinny (1988) and are shown with circle symbols. Red: (Irving and 
Parry, 1963); Green: (Sakai et al., 2005); Blue: Component C of the Gerringong Volcanics. 
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Fig. 2.11. Baked contact test from (a) Dyke 2 (reverse polarity) and host rock showing the  
(b) remagnetization of the Jamberoo sandstone 7 cm from the contact, (c) hybrid 
magnetization 10 cm from the contact, and (d) unbaked direction from the (distant) host rock. 
Solid (open) squares represent projections on the horizontal (vertical) plane in the orthogonal 
plots while up (down) pointing paleomagnetic directions are indicated by open (closed) 
squares in the stereoplots.   
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progressive unblocking of Component DA towards the mean dyke direction (Component DR; 

Dec = 84.7°, Inc = 70.3°, α95 = 5.5°) within the baked zone (Fig. 2.11b). Ten centimeters 

from the contact the host sandstone shows partial remagnetization, with an intermediate 

(hybrid) direction between Components DA and DR (Fig. 2.11c). Distant unbaked samples 

show no evidence for the steep reverse polarity Component DR, and yield directions restricted 

to Component DA (Fig. 2.11d). The dykes sampled in this study help confirm potential 

sources for overprint directions and information regarding specific magmatic events in the 

SSB; however, it is noted that sampling of the dykes has been limited to four sites in this 

study and only three sites by Sakai et al., (2005). Further paleomagnetic and geochronologic 

work is required to establish representative paleomagnetic results for tectonic and APWP 

considerations.    

The presence of both normal and reverse polarities in the Gerringong Volcanics 

within the unblocking temperatures of both magnetite (500-570°C) and hematite (580-

650°C), the careful resolution and classification of individual overprint components through 

the appropriate field tests, and detailed rock magnetic work (Cottrell et al., 2008) support a 

magnetostratigraphic interpretation for the paleomagnetic results, as opposed to laboratory 

induced self-reversal of ilmeno-hematite. The results reported here pass a reversal test, and 

fall on the correct segment of the Gondwana APWP, which suggests that the pole has been 

adequately filtered of secondary and viscous remanent magnetizations. 

 The following stratigraphic and magmatic history is based on the available 

paleomagnetic and age constraints: initial eruption of the Gerringong Volcanics (single 

polarity; Component BR) at ~270 Ma, deposition of dropstones of the Blow Hole Latite, 

continued eruption of basalts until ~260 Ma (dual polarity; Components BN and BR), 

intrusion of the Milton Monzonite at a later, yet unconstrained stage, remagnetization related 

to Cretaceous magmatism (Component C/DR), and finally widespread acquisition of a VRM 
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(Component A/DA). The mean direction reported from the original study of the Gerringong 

Volcanics (Irving and Parry, 1963) does not show statistical agreement with the mean ChRM 

reported here (Component BN/BR); however, it plots within the α95 confidence circle of 

Component C (Fig. 2.10). It is very likely that this overprint direction as well as other 

remagnetization events have affected previous results from the Sydney Basin due to the 

inadequate (partial) demagnetization methods common in older paleomagnetic studies.  It is, 

therefore, necessary to revisit additional paleomagnetic studies from Eastern Gondwana in 

order to resolve the potential tectonic issues associated with these results, as well as for 

polarity considerations. 

 

2.4.3. Magnetic Fabric 

 AMS results from the Bumbo and Dapto Latites are presented in Table 2.5 and Figure 

2.12. Field observations of the Bumbo Latite such as elongation of vesicles, overstepping and 

thinning of flow units to the north and west, orientation of lava tubes, and the entrainment of 

sediment within flowing lava suggest a northern flow direction (Campbell et al., 2001). AMS 

results reported here also confirm a general northward flow direction (Fig. 2.12), which is 

compatible with the proposed volcanic source located some tens of kilometers southeast of 

Kiama (Campbell et al., 2001; Grybowski, 1992; Ringis et al., 1970). The measured 

anisotropy factors did not show any substantial intra-site variation for the Bumbo and Dapto 

Latites (Table 2.5; Fig. 2.12). The shape of the AMS ellipsoid from the Bumbo Latite (Fig. 

2.12) is generally oblate with a shape factor (T) = 0.243 (Table 2.5), while Jelínek diagrams 

from the Dapto Latite are not conclusive with negative T values implying a more prolate 

shape for the ellipsoid (Table 2.5; Fig. 2.12). The similarity between the shape factors (T) and 

difference shape factors (U) for each unit suggests a very low degree of anisotropy (Jelínek, 

1981), which confirms that the volcanic rocks are largely undeformed and suitable for  
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Fig. 2.12. Principal axes of magnetic susceptibility for the (a) Bumbo and (b) Dapto Latites. 
Left: Equal-area plots of the directions of the principal axes of AMS. Right: Jelínek diagrams 
displaying the general shape of the AMS ellipsoids with P = degree of anisotropy and T = 
shape factor. K1 = Kmax, K2 = Kint, K3 = Kmin. Ovals represent the confidence ellipses for the 
mean direction.
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Table 2.5. AMS Results 
Site N Km L F P T U KmaxD KmaxI KintD KintI KminD KminI 
B 5 0.0780 1.008 1.016 1.025 0.352 0.347 180.3 10.8 73.0 57.4 276.6 30.4 
B1 8 0.0872 1.014 1.021 1.035 0.207 0.199 150.1 29.0 52.9 12.6 302.0 57.9 
B3 7 0.0793 1.015 1.018 1.034 0.108 0.100 116.5 9.8 211.5 26.7 8.1 61.3 
B4 7 0.0803 1.012 1.022 1.034 0.293 0.287 117.9 20.1 215.1 18.9 344.9 61.8 
B5 6 0.0806 1.017 1.031 1.049 0.298 0.287 105.9 11.6 330.0 74.0 198.1 10.8 

Bumbo 
Combined 

33 0.0814 1.013 1.022 1.036  0.243 0.235 121.9 22.1 216.9 12.0 333.3 64.6 

B7 6 0.0521 1.019 1.012 1.032 -0.237 -0.244 261.4 13.5 168.5 11.9 38.4 71.8 
B8 7 0.0531 1.014 1.019 1.033 0.121 0.116 159.2 29.3 263.3 23.5 25.7 50.9 
B9 8 0.0630 1.011 1.011 1.022 -0.048 -0.053 225.3 17.1 122.0 36.7 335.5 48.2 
B11 10 0.0655 1.014 1.009 1.023 -0.249 -0.254 192.8 25.3 288.8 12.5 42.9 61.4 

Dapto 
Combined 

32 0.0595 1.014 1.012 1.027 -0.111 -0.117 193.7 26.8 284.4 1.4 17.2 63.2 

Notes: N = number of samples; Km = average bulk volume susceptibility in SI units; L = Magnetic lineation: Kmax/Kint; F = foliation: Kint/Kmin; P = anisotropy 
degree: Kmax/Kint; T = Shape factor: T=2ln(Kint/Kmin)/ln(Kmax/Kmin)-1; U = Difference shape factor: (2Kint-Kmax-Kint)/(Kmax-Kint); Kmax (Kmin) Dec/Inc = 
Declination/Inclination. Mean tensor directions for the Bumbo and Dapto Latites were calculated from combined sample-level data.
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paleomagnetism. 

 

2.5. Discussion 

2.5.1. The Gondwanan APWP 

 The problems with Gondwanan paleomagnetic data from 290−230 Ma with respect to 

the paleomagnetic poles of Laurussia have been well documented (Domeier et al., 2012; 

McElhinny and McFadden, 2000; Torsvik et al., 2012; Van der Voo, 1993). Since initiation 

of rifting in Gondwana did not begin until ~180 Ma (Rogers and Santosh, 2003), a potential 

source of contamination might be present within Eastern Gondwanan results for this time 

period. 

 Paleomagnetic poles from igneous rocks (and sedimentary rocks corrected for 

inclination shallowing) within the 270−260 Ma time window have been selected for 

comparison with the Gerringong Volcanics at 265 Ma, with the recommended Gondwana 

APWP (Torsvik et al., 2012) plotted for reference only (Fig. 2.13). Each pole presented here 

is evaluated using the reliability criteria of Van der Voo (1990), which include: 1: Well 

determined rock age and a determination that the magnetization is of the same age; 2: 

Sufficient number of samples (N > 24), K ≥ 10 and A95 ≤ 16°; 3: Adequate demagnetization 

that demonstrably includes vector subtraction; 4: Field tests that constrain the age of 

magnetization; 5: Structural control and tectonic coherence with craton or block involved; 6: 

The presence of reversals; 7: No resemblance to paleopoles of younger age by more than a 

period (not necessarily remagnetization). Criteria met are assigned a value of 1 while unmet 

criteria are marked as 0 (Tables 2.6 and 2.7).  

 

2.5.2. Western Gondwana (270−260 Ma) 
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Fig. 2.13. A paleomagnetic comparison of available ca 265 Ma poles and associated A95 
confidence circles from Western Gondwana (blue), Eastern Gondwana (green), and the 
Gerringong Volcanics (red). The recommended APWP for Gondwana is plotted only for 
reference (Torsvik et al., 2012). The Gerringong Volcanics overlap with recent results from 
the Upper Choiyoi Group of South America (Western Gondwana; Domeier et al., 2011b). All 
poles were rotated into South African coordinates using the recommended Euler parameters 
(Torsvik et al., 2008; 2012). Star = Gerringong Volcanics (this study); GV* = Gerringong 
Volcanics (Irving and Parry, 1963); WB = Werrie Basalt; AV: Alum Mtn. Volcanics; BV = 
Boggabri Volcanics; UC = Upper Choiyoi Group; IG = Independencia Group; SC = Sierra 
Chica, La Pampa; BG = Beaufort Group (See Tables 2.6 and 2.7 for a list of pole references).
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Table 2.6. Paleomagnetic poles for a ca 265 Ma West Gondwana (Africa, South America)  
Formation Polarity Craton Age (Ma)            Method Lat Lon Rlat Rlon Euler A95 Q Ref 

Sierra Chica,  
La Pampa 
 

Mixed Colorado ~263 263.0 +1.6/-2.0 Ma 
(SHRIMP, U/Pb, zircon; 
median age) 

-80.1 349.0 -44.8 68.6 (47.5, -33.3, 57.3) 3.3 0111110 1 

Upper Choiyoi 
Group 

Mixed Colorado ~264 263.5 ± 2.0 Ma 
(SHRIMP, U/Pb, zircon); 
263.0 ± 2.0 Ma (40Ar/39Ar, 
biotite; recalculated from 
Domeier et al., 2011b; 
Renne et al., 2011) 

-73.7 315.6 -46.6 55.0 (47.5, -33.3, 57.3) 4.1 1111110 2 

Beaufort Group Mixed S. Africa 264 264.6 ± 1.9 Ma 
(SHRIMP, U/Pb, zircon); 
magnetostratigraphic 
correlation 

-48.9 78.8 -48.9 78.8  9.7 1110110 3, 4 

Independencia 
Group 

Mixed S. America ~260 Post-KRS; 
chronostratigraphic 
correlation 

-80.7 7.0 -45.5 52.9 (50, -32.5, 55.1) 6.6 0111110 5 

Notes: Lat = Pole Latitude, Lon = Pole Longitude, A95 = radius of the 95% confidence circle about the calculated mean pole, Q = Quality Factor (Van der 
Voo, 1990), Rlat/Rlon = pole rotated to South African coordinates using the recommended Euler plate rotations (Torsvik et al. 2008; 2012). Ref: 1 = Domeier et 
al., (2011a); 2 = Domeier et al., (2011b); 3 = Lanci et al., (2013); 4 = Tohver et al., (2015); 5 = Rapalini et al., (2006). 
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Table 2.7. Paleomagnetic poles for a ca 265 Ma East Gondwana (Australia) 
Rock Name (ChRM) Polarity Region Age (Ma)              Source Lat Long Rlat Rlong A95 Q Ref 

Werrie Basalt Reverse NEO ~266 266.4 ± 3.0 Ma (40Ar/39Ar; 
whole rock; isochron) 

-61.2 128.7 -32.4 52.5 16.0 1111001 1, 2 

Boggabri Volcanics Reverse NEO 260−299 Palynology -53.6 152.6 -43.2 65.4 10.0 0111101 1 

Alum Mtn. Volcanics Reverse NEO ~272 271.8 ± 1.8 Ma (40Ar/39Ar, 
whole rock, inverse isochron); 
274.1 ± 3.4 (U/Pb, SHRIMP, 
zircon) 

-30.0 153.2 -36.7 95.2 19.5 0011001 1, 4, 5 

Gerringong Volcanics Mixed SSB 265 265.05 ± 0.35 [0.46] 
(40Ar/39Ar, plagioclase; 
Bumbo); 263.51 ± 0.05 [0.31] 
Ma (U/Pb TIMS, zircon, 
Broughton tuff) 
 

-56.9 154.8 -44.8 61.0 9.1 1111110 6, 7 

 Reverse   Previous study -44.0 132.0 -27.5 71.7 11.0 0100101 8 

Notes: Lat = Pole Latitude, Lon = Pole Longitude, A95 = radius of the 95% confidence circle about the calculated mean pole, Q = Quality Factor (Van der 
Voo, 1990), Rlat/Rlon = pole rotated to South African coordinates using the recommended Euler plate rotation: 19.5, 117.8, -56.2 (Torsvik et al. 2008). NEO = 
New England Orogen; SSB = southern Sydney Basin. Ref: 1 = Klootwijk (2003); 2 = Li et al. (2014); 3 = Clark (1994); 4 = Shaanan et al. (2015); 5 = Roberts 
et al. (1996); 6 = This study; 7 = Metcalfe et al. (2015); 8 = Irving and Parry (1963).
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 Selection of Middle Permian paleomagnetic poles from Western Gondwana (Table 

2.6) were restricted to results with Q ≥ 5 (Van der Voo 1990) and include the Sierra Chica, 

La Pampa (Domeier et al., 2011b) and Upper Choiyoi Group of central Argentina (Domeier 

et al., 2011c), the Independencia Group of eastern Paraguay (Rapalini et al., 2006), and the 

Beaufort Group from South Africa (Lanci et al., 2013). The paleomagnetic pole from the 

Sierra Chica, La Pampa (Table 2.6) comes from a volcanic complex located in central 

Argentina (Colorado craton), which represents a smaller segment of the larger, Late 

Paleozoic−Early Mesozoic NW-SE trending volcano-plutonic belt of the Choiyoi Group 

(Domeier et al., 2011b; Llambı́as et al., 2003). Three U/Pb SHRIMP (zircon) ages of 263.0 ± 

5.7 Ma, 268.1 ± 7.7 Ma, and 257.0 ± 2.8 Ma were obtained from the volcanic rocks, with an 

interpreted (median) age of 263 + 1.6/-2.0 Ma (Domeier et al. 2011a). These ages, a mixture 

of intercept and Concordia age calculations, are not consistent with each other at the 95% 

uncertainty level, and cannot be considered a robust determination of the age of this unit 

beyond an assignment to the mid-Permian. The dual-polarity volcanic rocks pass both a 

reversal and fold test, and have been assigned a reliability factor of Q = 5 due to their 

similarity to Cretaceous paleomagnetic results (Domeier et al., 2011b; Somoza and Zaffarana, 

2008). North of the La Pampa province lies the Mendoza province, which consists of 

ignimbrites, lavas, and subvolcanic porphyries of the Upper Choiyoi Group. An AMS and 

tilt-corrected dual-polarity paleomagnetic pole (Table 2.6) passes both reversal and fold tests, 

with a reliability factor of Q = 6. Two ages at 263.5 ± 2.0 Ma (SHRIMP, U/Pb, zircon) and 

263.0 ± 2.0 Ma (40Ar/39Ar, biotite; recalculated from Domeier et al. 2011b; Renne et al. 2011) 

have been determined from the Upper Choiyoi group with an estimated age of ~264 Ma 

(Table 2.6; Domeier et al., 2011b).  

 Two reliable sedimentary poles which have been included in this compilation of 

Western Gondwana include the Independencia Group and the Beaufort Group. The 
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Independencia Group consists of sub-horizontal sandstones and siltstones of the Parana 

Basin, South American craton (Rapalini et al., 2006). Paleomagnetic results are dual-polarity 

and pass a reversal test, and show no evidence for inclination shallowing from IRM 

experiments (Tan and Kodama, 2002; Tan et al., 2002). Full demagnetization of samples and 

good confidence of the mean (A95 = 6.6°) assigns the Independencia Group a reliability factor 

of Q = 5 (Van der Voo, 1990). The Independencia Group age assignment is based on the 

dual-polarity magnetization (post-KRS) and chronostratigraphic correlation of the Tacuray 

Formation (López-Gamundí et al., 1994), which overlies Late Carboniferous−Early Permian 

glacigenic deposits and underlies the Mesozoic Misiones Formation (Rapalini et al., 2006). 

The Beaufort Group of South Africa consists of Middle−Late Permian sandstones and 

siltstones of the Karoo Basin that have been corrected for inclination shallowing and pass a 

reversal test (Lanci et al., 2013; Tauxe and Kent, 2004; Tohver et al., 2015). The Beaufort 

Group sediments yielded four U/Pb (zircon) SHRIMP ages ranging from 264.6 ± 1.9 Ma to 

268.5 ± 3.5 Ma (Lanci et al., 2013). Two normal magnetozones in the section have been 

correlated with the early Capitanian reversals of the GPTS, so an age of ca 264 Ma is 

assigned to the paleomagnetic pole (Lanci et al., 2013; Ogg et al., 2016; Fig. 2.13). Due to the 

similarity of the normal polarity directions to the Jurassic paleomagnetic data the pole is 

assigned a reliability factor of Q = 5 (Ballard et al., 1986). 

 The results from Eastern Gondwana at ca 265 Ma (Q = 6) overlap with the Middle 

Permian segment of the reference Gondwana APWP (Fig. 2.13), along with the well-

constrained results from the Upper Choiyoi Group (Q = 6; ~264 Ma) and the Independencia 

Group (Q = 5; ~260 Ma) of the Colorado and South American cratons of Western Gondwana 

(Domeier et al., 2011c; Rapalini et al., 2006). The Sierra Chica results (Q = 6) from the 

Colorado craton have a low uncertainty about the mean (A9 5 = 3.3°) and are in agreement at 

the 95% confidence level with the Gerringong Volcanics (A95 = 9.1°). Figure 2.13 illustrates 
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this, and supports the interpretation of the SSB being representative of cratonic Australia 

within Gondwana.  

The Beaufort Group pole (Q = 5) from South Africa (Fig. 2.13) is located further 

south than would be expected for a pole with an age of ~264 Ma (Lanci et al., 2013; Tohver 

et al., 2015). Since the Beaufort Group sediments have been corrected for inclination 

shallowing, it is likely that the observed discrepancy is related to inadequate removal of the 

normal polarity Jurassic overprint direction (Ballard et al., 1986). When only reverse (KRS) 

paleomagnetic data are considered, the lower Beaufort Group shows better agreement with 

the correct segment of the Gondwana APWP (37.8°S, 77.0°E, A95=11.7°, N=22; calculated 

from Tohver et al., 2015).  

 

2.5.3. Eastern Gondwana (270−260 Ma) and the NEO 

 A comparison is made between the reliable Middle Permian paleomagnetic results of 

Western Gondwana (Q ≥ 5) and the available Eastern Gondwana paleomagnetic poles with 

an associated age in the range of 270−260 Ma queried from the Global Paleomagnetic 

Database (Pisarevsky, 2005) in order to critically assess the Eastern Gondwanan data. Results 

with high error (A95 > 20°) or with an age range of more than ± 20 Ma were not considered. 

Where multiple studies existed for the same rock unit, the most complete is used for 

comparison. Unfortunately there are no well-dated paleomagnetic results from India, 

Madagascar, and Timor with an age of 270─260 Ma, and the remainder of poles available are 

from eastern Australia. The analysis of the Australian data is not meant to classify the results 

as paleomagnetically viable for APWP considerations, but to illustrate potential issues with 

the available Middle Permian Eastern Gondwana data, propose solutions to the observed 

discrepancies, and compare with the new paleomagnetic result at ca 265 Ma. 
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 Uncertainty regarding whether Permian results from the NEO can be considered 

representative of cratonic Gondwana has led to their exclusion in the calculation of the 

Gondwana APWP (Domeier et al., 2012; McElhinny and McFadden, 2000; McElhinny et al., 

2003; Torsvik et al., 2008; Torsvik et al., 2012). The NEO of eastern Australia has been 

affected by several complex deformation events, some of which resulted in the formation and 

progressive contortion of a complicated oroclinal structure (Klootwijk, 2003; Li and 

Rosenbaum, 2014; Musgrave, 2015; Shaanan et al., 2015a). The timing of these deformation 

events is mostly constrained through structural mapping, the emplacement and curvature of 

S-type granitoids, new U/Pb ages, paleomagnetic data, and theoretical plate motion models 

along the paleo-Pacific margin (Cawood et al., 2011; Klootwijk, 2003; Li and Rosenbaum, 

2014; Li et al., 2014; Pisarevsky et al., 2016; Rosenbaum et al., 2012; Shaanan et al., 2014; 

Shaanan et al., 2015a; Shaanan et al., 2015b).  

 Before any paleomagnetic results can be included in the calculation of the Gondwana 

APWP, they must first be demonstrated to be representative of cratonic Australia. Pisarevsky 

et al., (2016) provide an updated list of Euler rotation parameters from 340−270 Ma for the 

individual terranes of the NEO, which has been interpreted to have stabilized with cratonic 

Australia by 272 Ma (Shaanan et al., 2015a). However, further deformation of the NEO was 

recorded during the Permian−Triassic Hunter-Bowen orogeny as evidenced from structural 

mapping and paleomagnetic overprint directions of Carboniferous−Early Permian volcanic 

rocks (Holcombe et al., 1997; Klootwijk, 2003). It is, therefore, vital that any Middle Permian 

paleomagnetic data from the NEO be accompanied by the correct structural information and 

pass the appropriate field (fold) tests for primary magnetization. 

 Paleomagnetic reconnaissance work was conducted by Klootwijk (2003) from nine 

sites of the Werrie Basalt and six sites of the Boggabri Volcanics in the north-western 

Tamworth Terrane (Table 2.7; Fig. 2.13). The Boggabri Volcanics are located in the 
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Gunnedah Bain, west of the Mooki Thrust, while the Werrie Basalt is located about 100 km 

east in the southern NEO. An age of 266.4 ± 3.0 Ma (40Ar/39Ar, whole rock, isochron) has 

been reported from the pyroclastic rocks and ignimbrites of the Werrie Basalt, as well as a 

Rb/Sr age of 269.4 ± 4.6 Ma (Flood et al., 1988) from the Warrigundi Igneous Complex 

(interpreted volcanic centre). The flow-banded lavas and lithic tuffs of the Boggabri 

Volcanics are assigned an age of 260−299 Ma as listed in the Global Paleomagnetic 

Database. This age assignment comes from palynological data and a presumed primary KRS 

magnetization (Klootwijk, 2003). Figure 2.13 demonstrates good agreement between the 

Boggabri Volcanics and the reference Gondwana APWP, as well as the Western Gondwanan 

results and the Gerringong Volcanics. Based on the available reliable paleomagnetic data it is 

likely that the Boggabri Volcanics are representative of cratonic Australia and Gondwana at 

265 Ma. A reliability factor of Q = 5 is assigned to the Boggabri Volcanics because of a lack 

of reversals as well as a precise age.  

The Werrie Basalt on the other hand, has a much larger error (A95 = 16°), which may 

be related to limited structural information or uncertainty regarding the averaging of secular 

variation for the individual cooling unit (Klootwijk, 2003; Lackie and Schmidt, 1993), so a 

reliability factor of Q = 5 is applied (Van der Voo, 1990). The Werrie Basalt pole plots about 

15° north of the Boggabri Volcanics, with a critical angle of 21.4° (angle between the mean 

directions of the two sets of observations at which the null hypothesis of a common mean 

direction would be rejected with 95% confidence) between the raw 270 Ma mean pole of the 

Gondwana APWP (McFadden and McElhinny, 1990; Torsvik et al., 2012). The difference in 

directions may be due to several possibilities. One possibility is that the Werrie Basalt is 

older than the Boggabri Volcanics, and that the reported ages might be too young; another 

possibility is that tectonic rotation in the NEO extended to the Middle Permian, and that this 

deformation was restricted to east of the Mooki Thrust.  
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 A recent tectonic study by Shaanan et al. (2015a) explored the paleomagnetism of the 

Alum Mountain Volcanics of the Gloucester Syncline (Myall Block). This paleomagnetic 

pole from the NEO has an assigned age of ca 272 Ma, and pre-dates compression associated 

with the Hunter-Bowen Orogeny (Holcombe et al., 1997; Li et al., 2014; Roberts et al., 

1996). The Alum Mountain Volcanics consist of basaltic to rhyolitic flow deposits and ash-

fall tuffs, and yielded two early- to mid-Permian ages of 271.8 ± 1.8 Ma (40Ar/39Ar, whole 

rock, inverse isochron; Li et al., 2014) and 274.1 ± 3.4 Ma (U/Pb, SHRIMP, zircon; Roberts 

et al., 1996, reliant upon the heterogeneous SL13 zircon standard). The Alum Mountain 

Volcanics pass a fold test, however, the high uncertainty associated with the paleomagnetic 

pole (A95 = 19.5°), as well as the well-documented episodes of post-Early Permian structural 

translation in the Tamworth Belt of the NEO, assigns the pole a reliability factor of Q = 3 

(Shaanan et al., 2015a). A critical angle of 29.6° between the Alum Volcanics pole and the 

270 Ma mean pole of the Gondwana APWP suggests that the rocks were subjected to tectonic 

rotation relative to cratonic Gondwana (Fig. 2.13). Interestingly, the paleomagnetic pole was 

proposed to pre-date the Hunter-Bowen orogeny and post-date the final stages of oroclinal 

bending (270 Ma). The discrepancies between the paleomagnetic and geologic data may be a 

result of imprecise age dating, though it is noted that disagreement remains on the timing of 

deformation in the NEO (Musgrave, 2015). 

 The remaining result is from the original study of the Gerringong Volcanics (Irving 

and Parry, 1963), which lies outside of the A95 confidence cones of the Western Gondwana 

poles and the present study. As noted in section 4.2, this is due to the unresolved secondary 

components of magnetization common in the partial demagnetization techniques of older 

paleomagnetic studies. However, if modern demagnetization methods are applied with good 

resolution of individual paleomagnetic components, and the correct structural and age 
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information can be obtained (e.g. the Boggabri Volcanics), then the dataset of East 

Gondwana can be reconciled with that of Western Gondwana. 

 

 2.5.4. Paleomagnetic test for a Middle Permian (270─260 Ma) Pangea  
 
 Since the original proposal for Pangea B, much work has been conducted in exploring 

non-dipole fields, inclination shallowing, and providing new isotopic ages with 

paleomagnetic data (Domeier et al., 2011b; Domeier et al., 2011c; Domeier et al., 2012; 

Irving, 1977; Muttoni et al., 2003; Torsvik and Van der Voo, 2002; Torsvik et al., 2012; Van 

der Voo and Torsvik, 2001). A Pangea B configuration was originally proposed to pre-date 

the Late Triassic, but this estimate has been revised with the continued publication of high 

quality Permian-Triassic paleomagnetic data (Domeier et al., 2011b; Domeier et al., 2011c; 

Domeier et al., 2012; Dominguez et al., 2011; Muttoni et al., 2009). Disagreement remains on 

the Middle Permian paleogeography of Pangea, with recent work advocating an Early 

Permian Pangea B (296─272 Ma), with a transition from 272─260 Ma to a Permian-Triassic 

Pangea A (260─249 Ma) along a 3000 km intra-Pangean dextral shear (Fig. 2.3; Muttoni et 

al., 2009). Some geologic evidence has been provided that may support this interpretation 

(Aubele et al., 2012; Muttoni et al., 2009; Muttoni et al., 2003), however the availability of 

well-dated Middle Permian paleomagnetic results has been very limited prior to the last five 

years.  

 The Middle Permian Pangea B configuration proposed by Muttoni et al., (2009) is an 

interpolation between the previously available Early Permian and Permian-Triassic 

paleomagnetic data, with relative paleolatitudes of the continents constrained by the 

Gerringong Volcanics (Irving and Parry, 1963), the Kama region sediments (Khramov, 

1982), and the Thini Chu Group of Nepal (Klootwijk and Bingham, 1980). There are a few 

problems with these constraints. The original study of the Gerringong Volcanics only applied 
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partial demagnetization, and due to unresolved overprint components is displaced by about 

15° north of the result presented here (Irving and Parry, 1963). The Thini Chu Group pole of 

Nepal is based on only one site, and there are no good age constraints other than stratigraphic 

considerations (Klootwijk and Bingham, 1980). The pole is also restricted to sedimentary 

rocks, which should be avoided unless a test can be conducted for potential inclination 

shallowing. The Kama region pole from the Russian platform of Europe was used as a 

paleolatitudinal constraint for Northern Pangea, and was also restricted to sedimentary rocks 

with a broad age assignment of 271─251 Ma based on fossil assemblages (Khramov and 

Slautsitais, 1982). Fortunately, several well-dated Middle Permian paleomagnetic results 

have been published in the last few years from Laurentia, Baltica, and Western Gondwana, 

and can be combined with the Eastern Gondwana result presented here to provide a 

paleomagnetic test of Pangea (Domeier et al., 2011a; Domeier et al., 2011c; Dominguez et 

al., 2011). 

 Reconstruction poles for a ca 265 Ma Pangea were restricted to igneous results with Q 

≥ 5 and a well determined radio-isotopic age of 265 ± 5 Ma (Table 2.8). These include the 

Upper Choiyoi Group of South America (West Gondwana), the Illinois intrusions of North 

America (Laurentia), the Lunner Dykes (Stable Europe), and the Gerringong Volcanics (East 

Gondwana). Since there are no well-dated igneous results from this interval in Antarctica, 

Africa, India, and Madagascar, the Eastern Gondwanan continents were fixed relative to 

Australia, while the Western Gondwanan continents were fixed relative to South America 

using the recommended Euler rotation poles of Torsvik et al., (2012). The resulting 

paleogeographic reconstruction is consistent with the Wegenerian Pangea configuration (Fig. 

2.14), with the north-western coast of Africa against the south-eastern coast of Laurentia 

(Bullard et al., 1965). The relative paleolatitudes of the continents show a loose N-S fit 

between Laurussia and Gondwana, with no evidence for crustal overlap, and confirms recent 
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work from Western Gondwana, Laurentia, and Baltica in support of a Middle Permian 

Pangea A (Domeier et al., 2011a; Domeier et al., 2011c; Dominguez et al., 2011).  We 

conclude that if Pangea B existed prior to Pangea A, than it must have finished assembly by 

ca 265 Ma.  

 

2.5.5. The Illawarra Reversal 

 There is abundant magnetostratigraphic evidence that, from ca 318 to 265 Ma, Earth’s 

magnetic field remained fixed in a reverse polarity (Alva-Valdivia et al., 2002; Diehl and 

Shive, 1979; Diehl and Shive, 1981; DiVenere and Opdyke, 1990; DiVenere and Opdyke, 

1991; Gialanella et al., 1997; Gose and Helsley, 1972; Irving and Parry, 1963; Khramov and 

Tarling, 1987; Lozovsky and Molostovsky, 1993; McFadden et al., 1988; Menning et al., 

1988; Nawrocki, 1997; Opdyke et al., 2001; Opdyke et al., 2000; Steiner, 2006; Steiner et al., 

1993; Szurlies et al., 2003). The base of the KRS (Patterson Reversal) was well documented 

by Opdyke et al., (2000) from volcanic and sedimentary rocks of the Tamworth Belt; 

however, the top of the superchron (Illawarra Reversal) has not been directly dated. Although 

commonly stated to be ~265 Ma in numerous publications, no published data exist that 

correlate a precise radio-isotopic age with the appropriate polarity transition. Steiner (2006) 

provided a review of Permian KRS magnetostratigraphic data, including short normal 

polarities observed in the Goose Egg Formation in Wyoming (Renner, 1988) and unpublished 

data from the Queen Formation of Texas and New Mexico.  Poor age resolution, 

discontinuity of sampled exposures, and uncertainty regarding overprint magnetizations, 

means only an approximate age of 267 Ma was proposed for the Illawarra Reversal (Fig. 2.8; 

Steiner, 2006). 
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Table 2.8. Reconstruction poles for a Middle Permian (ca 265 Ma) test of Pangea  
Formation Continent Age (Ma)            Method Lat Lon A95 Q Ref 

Upper Choiyoi Group West Gondwana ~264 263.5 ± 2.0 Ma (SHRIMP, U/Pb, zircon); 
263.0 ± 2.0 Ma (40Ar/39Ar, biotite; 
recalculated from Domeier et al., 2011b; 
Renne et al., 2011) 

-73.7 315.6 4.1 6 1 

Gerringong Volcanics East Gondwana 265 265.05 ± 0.35 [0.46] (40Ar/39Ar, plagioclase; 
Bumbo); 263.51 ± 0.05 [0.31] Ma (U/Pb 
TIMS, zircon, Broughton tuff) 
 

-56.9 154.8 9.1 6 2 

Illinois Intrusions Laurentia ~270 267.8–273.6 Ma = Range of published mean 
age interpretations (calculated in Domeier et 
al., 2011c; see references therein) 

-56.3 302.9 3.8 5 3 

Lunner Dykes Stable Europe ~270 Combined 40Ar/39Ar weighted mean age of 
271 ± 2.7 Ma (Calculated in Dominguez et 
al., 2011; see references therein) 

-50.9 343.8 3.5 5 4 

Notes: Lat = Pole Latitude, Lon = Pole Longitude, A95 = radius of the 95% confidence circle about the calculated mean pole, Q = Quality  
Factor (Van der Voo, 1990). Ref: 1 = Domeier et al. (2011b); 2 = This Study; 3 = Domeier et al. (2011c) 4 = Dominguez et al. (2011). 
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Fig. 2.14. Paleomagnetic reconstruction of a Middle Permian Pangea (270─260 Ma) using 
the poles (1−4) listed in Table 2.8. Continents were plotted using a Mollweide projection in 
GMAP 2003 (TH Torsvik). The paleolatitude of Gondwana relative to Laurussia supports the 
Pangea A configuration for this interval, with a relatively loose fit between the respective 
continental margins.
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 Lanci et al., (2013) recently described a Middle Permian magnetostratigraphic section 

containing normal polarities from the Beaufort Group, in which the normal magnetozones 

were interpreted to coincide with the Capitanian reversals of the GPTS (Ogg et al., 2016) and 

an age assignment of 269 Ma was proposed for the end of the KRS (Fig. 2.8). Middle 

Permian normal polarities have also been detected in SW England and Japan (Hounslow et 

al., 2016; Kirschvink et al., 2015) and have been assigned a Wordian age following the 

compilation of Steiner (2006). The biostratigraphic zones in Japan are defined by Tethyan 

fusulinid assemblages (Kasuya et al., 2012), which have been tentatively correlated with the 

North American conodont-defined International Stratigraphic Stages of the Guadalupian 

(Wilde, 1999). There remains an outstanding issue regarding the reliability of biostratigraphic 

correlation between the Guadalupian North American and Tethyan domains (Leven, 2001), 

so it is likely that this interval is slightly younger. 

 The Rotliegend Group of the Central European Basin records the largest sampled 

stratigraphic interval through the KRS (Menning et al., 1988). This section shows an absence 

of normal polarities prior to the late Capitanian (Menning et al., 1988). Further work by 

Menning (2000) and Menning et al., (2006) in the Guadalupian type section of western Texas 

suggested a ~265 Ma age for the end of the KRS.  The corresponding magnetostratigraphic 

data for this section are unpublished, however, and the area has been reported as unsuitable 

for paleomagnetism (Steiner, 2006). 

  This study of the Gerringong Volcanics provides a normal polarity reversal with a 

corresponding radio-isotopic age from the KRS type section in eastern Australia. The age 

recorded in the (Normal) Saddleback and Dapto Latites stratigraphically overlie the (Reverse) 

Bumbo (265.05 ± 0.35 [0.46]) and Blow Hole Latites. Furthermore, the recent addition of 

dual-polarity Western Gondwanan poles at ca 263 Ma (Domeier et al., 2011b) and ca 264 Ma 

(Domeier et al., 2011c), as well as the reverse polarity Eastern Gondwanan poles at ca 266 
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Ma (Klootwijk, 2003; Li et al., 2014) and ca 272 Ma (Li et al., 2014; Roberts et al., 1996; 

Shaanan et al., 2015a)  are consistent with this age assignment. 

 An analysis of the Global Paleomagnetic Database from 318 to 265 Ma also supports 

an absence of normal magnetozones older than 265 Ma, however several short and undated 

normal polarity sub-chrons have been reported within the KRS (Diehl and Shive, 1979; Diehl 

and Shive, 1981; Gose and Helsley, 1972; Halverson et al., 1989; Helsley, 1965; Hounslow 

and Balabanov, 2016a; Irving and Monger, 1987; Menning et al., 1988; Miller and Opdyke, 

1985; Sinito et al., 1979; Symons, 1990; Wynne et al., 1983). A 700 m thick, continuous 

section from the Patlanoaya Formation in Mexico supports previous estimates of Early 

Permian (~285 Ma) and upper Pennsylvanian (~300 Ma) normal sub-chrons (Alva-Valdivia 

et al., 2002; Menning et al., 1988; Ogg et al., 2016; Sinito et al., 1979). Reverse sub-chrons 

have also been recorded in the ~37 Ma Cretaceous Normal Superchron (Lowrie et al., 1980; 

Tarduno, 1990; VandenBerg et al., 1978). Although normal polarities may be detected within 

the KRS, the magnetostratigraphy from the Central European Basin confirms the primarily 

reverse polarity of Earth’s magnetic field for the Permo-Carboniferous (Menning et al., 

1988). The presence of superchrons during the Phanerozoic indicates that the geomagnetic 

field likely has two states, one with reversal frequencies exceeding one per million years and 

the other with no or very few reversals for tens of millions of years (McElhinny and 

McFadden, 2000). 

 It is likely that the Wordian-Capitanian boundary (ca 265 Ma) marks the transition 

from a non-reversing dynamo to a reversing one, with longer intervals of stable normal 

polarity (magnetozones) recorded and correlated globally (Opdyke and Channell, 1996; 

Steiner, 2006). Short and sporadic normal polarities reported within the KRS may represent 

typical non-reversing geomagnetic field behaviour, however, the geodynamics of field 

reversals are still poorly understood (Granot et al., 2012; Hounslow and Balabanov, 2016a; 
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Lhuillier et al., 2016). The addition of new Permian and Carboniferous paleomagnetic data 

will help resolve the geomagnetic behaviour of superchrons such as the KRS. 

 

2.6. Conclusions  

 This study aimed to provide better paleomagnetic resolution of the Middle Permian 

with respect to paleogeographic and global magnetostratigraphic data. Determination of a 

paleomagnetic pole from Eastern Gondwana has allowed us to make a comparison with the 

Global Paleomagnetic Database and the Global Magnetic Polarity Timescale to improve our 

understanding of the complex tectonic and geodynamic events for this period. 

 

1. Paleomagnetic data from volcanic rocks of the southern Sydney Basin of Eastern 

Gondwana show statistical overlap with the reference Gondwana APWP of Torsvik et al., 

(2012) and recent reliable paleomagnetic poles from Western Gondwana at ca 265 Ma. The 

resolution of a dual-polarity ChRM direction (Components BN and BC) free from secondary 

magnetizations demonstrates that the observed longitudinal discrepancies between the 

Western and Eastern Gondwanan datasets can be reconciled through the re-examination of 

older paleomagnetic results.  

 

2. A selection of well-dated Middle Permian paleomagnetic results from Western Gondwana, 

Laurentia, Eastern Gondwana, and Baltica support the classical Wegenerian Pangea A 

configuration, with a loose N-S fit of Gondwana and Laurussia. If a transition from Pangea B 

to A occurred along the proposed dextral shear zone, then it must have been completed prior 

to the Middle Permian (ca 265 Ma).  
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3. A normal polarity reversal post-dating the KRS, with a 40Ar/39Ar plagioclase age of 265.05 

± 0.35 [0.46] Ma, supports an age of 265 Ma for the end of the KRS. The Illawarra Reversal 

provides a prominent magnetostratigraphic marker that may be linked with the 

biostratigraphically constrained geologic timescale to provide a reliable reference for global 

correlation of Paleozoic sedimentary sections. 

 

Acknowledgements 

 Financial support from the Australian Research Council (LP0991834) and a UQ-

UWA Collaborative Research Award to Eric Tohver are gratefully acknowledged. We thank 

Erin Holmes, R. Nicoll, Mark Newland and Aaron Fordham for assistance with fieldwork. 

We also thank Luca Lanci and Giovanni Muttoni for access and support at the Alpine 

Laboratory of Paleomagnetism in Peveragno, Italy, and Celia Mayers for assistance in the 

Argon Lab at Curtin University. The quality of this manuscript was significantly improved by 

comments from Dr. Zheng-Xiang Li, Phil Schmidt, and an anonymous reviewer.



67 
 

67 
 

 
 

Chapter 3 
 
 

This chapter will be submitted for publication as: 

 
 

Permian-Triassic magnetostratigraphy of the Sydney Basin, eastern Australia 
 

Belica, M.E.; Tohver, E.; Nicoll, R.S.; Pisarevsky, S.A.; Denyszyn, S.; George, A.D. 
 
 
 

Abstract 
 
Six magnetozones (three normal, three reverse) across the Permian-Triassic boundary have 
been identified and compared with existing radio-isotopic and geochemical data from a 
stratigraphically continuous terrestrial section from the southern Sydney Basin of eastern 
Australia. This ~60 m section is located within the Narrabeen Group, which consists of 
fluvial to lacustrine sandstones and mudstones. Paleomagnetic samples were collected at 0.3-
1 m intervals to determine a detailed reversal record and were stepwise thermally 
demagnetized to isolate a primary remanence. After the removal of a low temperature 
overprint, the results showed good agreement with the GPTS as well as the marine Permian-
Triassic sections where the boundary is well constrained. This comparison supports 
deposition of the Narrabeen Group during the late Changhsingian to early Induan. The 
Permian-Triassic boundary in the southern Sydney Basin is now placed within the lower 
Wombarra Claystone, 9 m above the top of the Bulli Coal Seam. 
 The δ13Corg isotopic excursion denoting the likely mass extinction horizon in Australia 
is located within a zone of normal polarity, approximately 200,000 years before the 
conodont-defined Permian-Triassic boundary at the GSSP in Meishan, China. A short-reverse 
to long-normal polarity reversal precedes the extinction horizon by 12,500-25,000 years. The 
results reported here demonstrate a general synchroneity between the terrestrial and marine 
extinction events, and so may have been affected by the same environmental catastrophe. A 
composite magnetostratigraphic profile is constructed by combining previously published 
data from the Sydney Basin. The reversal frequency is consistent with prior Permian-Triassic 
paleomagnetic studies post-dating the end of the Kiaman Reverse Superchron.
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3.1. Introduction 

 Following a 50 million year hiatus in geomagnetic reversals, the Late Permian 

through Early Triassic marks a period of increasing reversal frequency  (e.g. Ogg et al., 

2016). The Permian also documents several mass extinction events, the first at the end of the 

Guadalupian, and the second at the end of the Changhsingian (e.g. Payne and Clapham, 

2012). The latter event has been classified as the largest mass extinction event in the 

Phanerozoic, with an estimated loss of more than 90% of marine species and up to 70% of 

terrestrial vertebrate species (Benton, 2003; Benton and Twitchett, 2003; Erwin, 1993; Song 

et al., 2013). Plants and insects were also affected, though not as severely (Hermann et al., 

2011; Looy et al., 1999; Looy et al., 2001; Retallack, 1995; Schneebeli-Hermann et al., 2015; 

Yu et al., 2015; Zhang et al., 2016), and global changes in sea level and terrestrial weathering 

have also been observed (Algeo et al., 2011; Algeo and Twitchett, 2010; Benton and Newell, 

2014; Benton and Twitchett, 2003; Clapham and Payne, 2011; Clarkson et al., 2015; 

Hinojosa et al., 2012; Ikeda et al., 2015; Isozaki, 1997; Joachimski et al., 2012; Payne et al., 

2007; Rey et al., 2015; Sedlacek et al., 2014; Shen et al., 2011; Song et al., 2015; Sun et al., 

2012; Tian et al., 2014; Wignall and Twitchett, 1996; Yin et al., 2014).  

 Mechanisms which have been proposed as catalysts for the extinction include oceanic 

anoxia (Berner, 2006; Kump et al., 2005; Şengör and Atayman, 2009; Twitchett et al., 2001), 

flood basalt volcanism from the Siberian Traps (Kamo et al., 2003; Reichow et al., 2009; 

Renne et al., 1995), and bolide impact (Becker et al., 2004; Becker et al., 2001; Kaiho et al., 

2001). Although no current consensus exists on the exact interplay of the proposed causative 

mechanisms, flood basalt volcanism seems to be favoured by most researchers. 

 The Permian-Triassic boundary (PTB) is defined by the First Appearance Datum 

(FAD) of the conodont Hindeodus parvus at the base of bed 27c at Section D in Meishan, 

China (Yin et al., 2001). The mass extinction interval is recorded from beds 24e to 28 (Chu et 
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al., 2016; Shen et al., 2011), and is bracketed by two ages of 251.941 ± 0.037 [0.28] (bed 25; 

Fig. 3.1) and 251.880 ± 0.031 [0.28] (bed 28; Fig. 3.1; Burgess et al., 2014). A calculated age 

of 251.902 ± 0.024 Ma for the FAD of Hindeodus parvus in bed 27c from this dataset is a 

good estimate for the age of the PTB (Burgess et al., 2014; Ogg et al., 2016). The main 

(marine) extinction peak is located just below the PTB (Fig. 3.1) in bed 24e, and is marked by 

a δ13Ccarb excursion of -5 ‰ (Shen et al., 2011) with a corresponding age estimate of 251.950 

± 0.042 Ma (Burgess et al., 2014). From this dataset, the carbonate carbon isotope excursion 

has an estimated duration of 2.1–18.8 Ka, with the main extinction interval occurring over a 

short period of 61.0 ± 48.0 Ka (Burgess et al., 2014). This disturbance of the global carbon 

cycle has been observed in many marine and non-marine sections and is also reflected in the 

δ13Corg record, which represents an increase in the supply and burial of organic matter (Korte 

and Kozur, 2010; Payne and Clapham, 2012). New and continuing investigations of the PTB 

confirm that the extinction event occurred over an interval of several hundred thousand years, 

and included a number of extinction pulses and a delayed recovery observed through the 

Early Triassic (Gastaldo et al., 2015; Hochuli et al., 2016; Payne and Clapham, 2012). 

 While the extinction is well-defined at the Global Boundary Stratotype Section and 

Point (GSSP) in Meishan, China, the correlation of this event with terrestrial environments is 

hindered by the endemic nature of the diagnostic conodont and ammonoid fossils (Benton 

and Newell, 2014; Chu et al., 2016), as well as the bias towards marine and northern 

hemisphere study sections (Fig. 3.2). Because of this bias there remains uncertainty regarding 

the potential synchronicity between marine and terrestrial extinctions, as well as the exact 

expression of the event in various depositional settings (Gastaldo et al., 2015; Korte and 

Kozur, 2010). This uncertainty has led to a significant effort in the application of 

geochemistry, magnetostratigraphy, isotopic dating, sequence stratigraphy, and 
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Fig. 3.1. Stratigraphy, geochronology (Burgess et al. 2014), δ13Ccarb data (Cao et al., 2008), 
and magnetostratigraphy (Glen et al. 2009) from the Permian-Triassic boundary at the GSSP 
in Meishan, China. Duration of the normal polarity magnetozone is after Burgess and 
Bowring (2015). Modified from Burgess et al. (2014). Black = normal polarity; white = 
reverse polarity. 
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Fig. 3.2. Paleogeographic map of the continents during the Permian-Triassic, displaying the 
various published marine and terrestrial sections spanning the PTB. Note the bias towards 
northern hemisphere and marine sections in the literature (modified from Williams et al., 
2012). 
 



72 
 

72 
 

cyclostratigraphy to provide a direct comparison between geographically widespread areas in 

order to determine whether diversity loss was synchronous in both marine and terrestrial 

environments, as well as the detailed variations observed in terrestrial biotas (Aigner and 

Bachmann, 1992; Cao et al., 2008; Chu et al., 2016; Cui et al., 2015; Gastaldo et al., 2015; 

Metcalfe et al., 2015; Shen et al., 2011; Szurlies et al., 2003; Szurlies et al., 2012; Taylor et 

al., 2009; Zhang et al., 2016). Despite this recent attention there remains a general lack of 

agreement, where some sections are interpreted to demonstrate synchroneity (Chu et al., 

2016; Metcalfe et al., 2015; Shen et al., 2011; Zhang et al., 2016), and others diachroneity 

(Gastaldo et al., 2015; Hochuli et al., 2016). 

 Magnetostratigraphy is a geophysical dating method which provides the means for 

unbiased global correlation (Opdyke and Channell, 1996). Two of the most prominent 

magnetostratigraphic time markers for the Permian period include the Kiaman Reverse 

Superchron (KRS) and the Permian-Triassic boundary. The KRS provides a strong 

correlative horizon because it marks the transition from a stable, 50 Ma reverse polarity 

chron, to a frequently reversing field (Belica et al., 2017; Hounslow and Balabanov, 2016a; 

Irving and Parry, 1963; Opdyke et al., 2000; Steiner, 2006), while the Permian-Triassic 

boundary represents the most heavily-studied Permian interval due to the widespread interest 

surrounding the mass extinction event and the timing of potential causative mechanisms. This 

global curiosity has produced a number of magnetostratigraphic sections (Glen et al., 2009; 

Haag and Heller, 1991; Heller et al., 1988; Horacek et al., 2010; Nawrocki, 2004; Steiner et 

al., 1989; Szurlies et al., 2012; Taylor et al., 2009), resulting in general agreement of the 

polarity reversal sequence for the Late Permian through Early Triassic (Hounslow and 

Balabanov, 2016a; Steiner, 2006; Szurlies, 2013). Most studies show the PTB to straddle a 

period of normal polarity, preceded by a reverse polarity magnetozone. Several sections from 

South China (Glen et al., 2009; Heller et al., 1988; Steiner et al., 1989; Steiner, 2006) as well 
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as the Netherlands (Szurlies et al., 2012) have also documented a reverse polarity subchron (1 

or 2 consecutive sites) coincident with the PTB, although single-site polarity interpretations 

are typically considered to be ambiguous due to the possibility of sampling error or 

remagnetization. 

 The first detailed (non-reconnaissance) Permian-Triassic magnetostratigraphic section 

from Australia is presented here from the Narrabeen Group of the southern Sydney Basin 

(SSB; Fig. 3.3). The Narrabeen Group contains flat-lying, undeformed, and continuous 

sedimentary sequences ideal for magnetostratigraphic study. This section is described by 

recently published ID-TIMS zircon ages (Metcalfe et al., 2015) and δ13Corg geochemical data 

(Williams et al., 2012) that allow for the first magnetostratigraphic comparison with the 

interpreted terrestrial extinction event in Australia. This comparison allows a precise 

chronostratigraphy to be constructed for the SSB which can be directly correlated with and 

compared to marine sections where the Permian-Triassic biostratigraphy is well-constrained. 

With the volume of new literature being published about the extinction event and its 

increasing complexity, a global chronostratigraphic framework is essential for comparison of 

individual extinction pulses as well as the timing of potential causative mechanisms proposed 

for the biotic catastrophe. 

 

3.2. Geology 

 The Permian-Triassic Narrabeen Group is located within the southern Sydney Basin 

of eastern Australia (Fig. 3.3a). The Sydney Basin is part of a larger rift system, known as the 

Sydney-Bowen-Gunnedah Basin which extends for over 1500 kilometres from northern 

Queensland to southern New South Wales (Korsch et al., 2009a). The system is a major 

structural unit in eastern Australia, and includes over 4000 m of marine and fluvial 

sedimentary rocks deposited between the Late Carboniferous to Middle Triassic (Fig. 3.4; 
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Fig. 3.3. a) Terrane map of Australia showing the location of the southern Sydney Basin and New England Orogen; b) Geological map of the 
studied section areas (modified from Bowman 1974) showing the distribution of Permian−Triassic sedimentary rocks near the town of Clifton, 
Australia. See Figure 3.4 for lithostratigraphic summary; c) Google Earth image of the two sampling transects. 
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Fig. 3.4. Lithostratigraphy (Campbell et al., 2001; Carr, 1983; Moffitt, 2000) and 
magnetostratigraphic composite of the southern Sydney Basin. Ref: 1 = Metcalfe et al. 2015; 
2 = Belica et al. (2017); 3 = Embleton and McDonnell (1980); 4 = this study; 5 = Facer 
(1981). Horizontal stripes = confirmed polarity intervals: Black = normal polarity; White = 
reverse polarity; Half stripes indicate potential subchrons. Vertical stripes = “unconfirmed 
mixed polarity intervals” determined from pilot and reconnaissance drill-core sampling 
(Theveniaut et al. 1994; Facer 1981; Facer 1973; Embleton and McDonnell 1980).  The best 
geochronologic estimate for the location of the Permian-Triassic Boundary (PTB) is within 
the lower Wombarra Claystone. KRS = Kiaman Reverse Superchron. 
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Embleton and McDonnell, 1980). The Sydney Basin is located south of the New England 

Orogen (NEO; Fig. 3.3a), a highly contorted orogen which has complicated previous 

magnetostratigraphic investigations of Permian sedimentary strata (Opdyke et al., 2000). The 

Narrabeen Group however, is flat-lying, with regional dips of 1-2° a result of minor Tertiary 

warping (Fielding et al., 2001; Mayne et al., 1974). During the Permo-Triassic, uplift of the 

NEO triggered by the Hunter-Bowen orogeny accelerated erosion of the mountain belt, and 

the Sydney Basin became a major depositional centre for the fluvial and deltaic sediments 

(Fig. 3.4) of the Narrabeen Group (Fielding et al., 2001; Mayne et al., 1974; Moffitt, 2000). 

The sedimentary rocks prograde south-westward from the NEO, and are interbedded with 

volcanic tuffs and several major coal deposits (Mayne et al., 1974; Metcalfe et al., 2015; 

Moffitt, 2000). 

 In the absence of marine conodont fossils or diagnostic vertebrate assemblages, the 

position of the terrestrial Permian-Triassic extinction in eastern Australia has been assigned 

to the lower part of the Narrabeen Group (Sydney Basin) or Rewan Group (Bowen Basin) 

based on the disappearance of Glossopteris flora and replacement by Dicroidium, regional 

cessation of coal deposition, and lithological changes (Balme and Helby, 1973; Dickins, 

1973; Foster et al., 1999; Moffitt, 2000; Williams et al., 2012). Later geochemical work 

confirmed a negative δ13Corg excursion after the last appearance of Glossopteris and at the 

base of the Protohaploxypinus microcorpus zone, located about 1-3 m above the last Permian 

coals in eastern Australia (Morante, 1996; Morante and Herbert, 1994; Morante et al., 1994; 

Williams et al., 2012); however, a large degree of uncertainty remained regarding the 

correlation of floral and palynological data, which led to the radio-isotopic dating of suitable 

ash deposits within the Bowen and Sydney Basins (Foster et al., 1999; Foster et al., 1997; 

Metcalfe et al., 2015; Roberts et al., 1996). 
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 The study area is located near the town of Clifton (Fig. 3.3c), where the Narrabeen 

Group has a total thickness of 254 m (Facer, 1973). The fluvial sandstones and siltstones of 

the sampled sections are continuous, with no evidence for unconformities or depositional 

hiatuses in sedimentation. The high sedimentation rates observed in the sedimentary 

sequences provide good resolution for magnetostratigraphy (Embleton and McDonnell, 

1980). This study was restricted to the 60 m spanning the likely PTB constrained by ID-

TIMS zircon ages (Metcalfe et al. 2015), and sampled at small (0.3-1 m) intervals for the best 

resolution with respect to the δ13Corg excursion (Williams et al., 2012). Geochemical data 

from the Narrabeen Group indicate that the rocks were formed in a low energy fluvial to 

lacustrine environment with continuous sedimentation from a single source area (Williams et 

al., 2012). δ13Corg values reflect terrestrial C3 plant matter being supplied to a dominantly 

fresh water environment, and the observed isotopic and element ratio changes were attributed 

to climate change triggered by massive volcanism (Williams et al., 2012).  

This conclusion supports the observed vegetation die-off, increased sulphide content, 

and fallout from volcanic aerosols (Williams et al., 2012). The mass extinction event in the 

southern Sydney Basin is therefore thought to occur ~1 m above the Bulli Coal in the basal 

shales of the Narrabeen Group defined by a single negative shift of 3.8‰ in δ13Corg (Williams 

et al., 2012). Although some uncertainty exists in the range of floral and palynological 

markers (Foster et al., 1997, 1998), as well as the apparent differences in the changes in δ13C 

of bulk organic matter against individual molecular species, the δ13Corg excursions represent 

the best understanding of the timing of the terrestrial extinction event in the non-marine 

basins of Australia (Williams et al., 2012).  
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3.3. Methods 

3.3.1. Paleomagnetism 

Paleomagnetic cores were collected from the uppermost Illawarra Coal Measures and 

Narrabeen Group from two complete and continuous sections near Clifton (Fig. 3.3c). 

Samples were obtained using a portable petrol-powered hand drill and oriented using a 

Brunton magnetic compass and a solar compass to correct for local magnetic declination.  

The first section is located below Sea Cliff Bridge (S34.25631° E150.97331°) and is a 31 m 

section encompassing the Loddon Sandstone, Coalcliff Sandstone, Wombarra Claystone, and 

the lower Scarborough Sandstone (Fig. 3.3bc). The second section is ~20 m thick 

(S34.25091° E150.97491°) and spans the uppermost Scarborough Sandstone and the 

Stanwell Park Claystone (Fig. 3.3bc). The base of this section is located about 10 m up from 

an access road located off Lawrence Hargrave Drive (Fig. 3.3c). Stratigraphic correlation 

between the two sections was determined in the field by the lateral tracing of the sub-

horizontal sandstone beds using a Brunton compass and facies matching. Individual cores 

were sampled at an average interval of 60 cm, including every 30 cm near the Bulli Coal 

Seam for additional detail across the δ13Corg excursion (likely terrestrial extinction). 

Thickness of the stratigraphic succession was measured using a Jacob’s staff perpendicular to 

bedding to account for tilting, and a detailed stratigraphic log was completed at a 1 m 

resolution with GPS points tagged every 10 m. The section was photographed and structural 

attitudes were measured for tilt correction of paleomagnetic data. Magnetic susceptibility 

measurements were taken every 30 cm using a SM-20 portable device to determine the 

variability of magnetic properties along the section.  

Samples were cut into 10 cm3 cylindrical cores, and measured at the Alpine 

Laboratory of Paleomagnetism in Peveragno, Italy, where a pilot study was conducted to 

determine the best treatment for isolation of the individual magnetic components. To avoid 
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the acquisition of a viscous remanence over 400°C (Facer, 1981), the samples were 

demagnetized in a field free space and measured directly after cooling. Stepwise thermal 

demagnetization was conducted using an ASC TD48 thermal demagnetizer to temperatures 

up to 650°C. Samples were measured on a 2G DC-SQUID magnetometer, and paleomagnetic 

directions were isolated via principal component analysis (Kirschvink, 1980) using PaleoMag 

3.1 (Jones, 2002). Individual components were calculated from three or more points, and 

directions were restricted to Mean Angular Deviation (MAD) values ≤ 10° for lines and ≤ 15° 

for planes in calculation of the mean paleomagnetic pole. Where MAD values were greater 

than 15°, or where samples did not reach stables end-points (25% of samples), the arc method 

of McFadden and McElhinny (1988) was used to isolate the primary component of 

magnetization and to avoid the contaminating effects of strong overprint directions observed 

along the Cretaceous seaboard (Belica et al., 2017; Dunlop et al., 1997a; Dunlop et al., 

1997b; Schmidt and Embleton, 1981).  

The reversal stratigraphy was then plotted against sampling level and a composite 

magnetostratigraphic barcode was completed and compared with the Geomagnetic Polarity 

Time Scale (GPTS) and geochemical and radio-isotopic geochronologic data available from 

the section (Metcalfe et al., 2015; Williams et al., 2012) (Metcalfe et al. 2015; Williams et al. 

2012). Declination and Inclination (lines and planes), and VGP Latitude (co-latitude; lines 

only) were plotted for the polarity interpretation. Due to the intensity of magnetic 

overprinting in this case, as well as the relatively high inclination values, a polarity 

interpretation based on inclination (lines and planes) is more likely representative of the true 

reversal stratigraphy (as opposed to VGP latitude). Magnetic reversals were interpreted from 

paleomagnetic poles which crossed the magnetic equator (defined as 90° along a great circle 

from the mean direction) where two or more consecutive samples define a magnetozone. 

Single-sample polarity reversals (marked by a half-bar to represent uncertainty) indicate 
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either 1) a geomagnetic subchron; 2) a magnetic reversal with insufficient adjacent sampling, 

or 3) possible remagnetization/misorientation of the individual sample.   

 

3.3.2. Magnetic Fabric 

 In order to determine the paleo-flow direction of the fluvial sandstones and siltstones 

of the Narrabeen Group, sixty-four samples were processed to determine the anisotropy of 

magnetic susceptibility (AMS). Principal axes of AMS were measured on a MFK1-FA 

Kappabridge using the 3-axis spinning protocol at the University of Western Australia. 

Results were plotted using the Anisoft 42® software (Chadima and Hrouda, 2009), and 

analysed using Jelínek statistics (Jelínek, 1981; Jelínek and Kropáček, 1978).  

 

3.4. Results and Interpretation 

3.4.1. Paleomagnetism 

 Paleomagnetic results are reported in Table 3.1 and Figures 3.5 and 3.6. The NRM 

intensity of the sedimentary rocks ranged from 0.4 mA/m to 150 mA/m, with an average 

value of 3 mA/m (Fig. 3.5). No significant change or pattern in NRM intensity was observed 

for any particular lithology. Magnetic susceptibility ranged from -0.047-2.50 (10-3 SI units) 

throughout the section (Fig. 3.7). The sandstones located toward the base of the section (0-15 

m) have a low and mostly constant magnetic susceptibility, while the overlying claystones 

and siltstones exhibit a higher variability and a larger mean value (Fig. 3.7). The highest 

variability is observed in the lowermost three metres of the Wombarra Claystone (15-18 m).  

 Progressive thermal demagnetization of the samples revealed two distinct 

paleomagnetic components. The first, referred to as Component J, is stable to about 150-

200°C (Fig. 3.5). This component is observed in about 50% of the samples, with about 15% 

of the samples containing a randomly oriented overprint direction. Component J is of normal 
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Table 3.1. Paleomagnetic Results for the Narrabeen Group 
 

Component 
 
 

N    D (°)   I (°)   α95      k  Plat   

(°S) 
Plong   
(°E) 

 
 

A95 Pole 
# 

REF 

Component J (overprint) 35 0.7 -58.5 9.3 7.7 85.0 144.7 11.9 1  

Component K –Normal 
(ChRM) 

37 8.6 -78.6 3.2 65.4      

Component K – Reverse* 
(ChRM) 

16 348.3 78.5 17.9 6.9      

Component K - Reverse** 
(ChRM) 

16 185.0 82.4 8.1 41.1      

Combined Component K 
(ChRM) 

53 8.0 -79.2 2.9 58.9 54.9 146.0 5.3 2  

Narrabeen Group 32 338.0 -82.0 7.0 100 49.0 160.0 13.4 3 Irving (1963) 
Narrabeen Group 7 125.5 -87.5 3.9 230.8 30.4 146.9 7.8 4 Embleton and 

McDonnell (1980) 
Illawarra Coal Measures 7 56.8 -88.5 16.6 31.6 59.0 142.0 28.0 5 Facer (1981) 
Gerringong Volcanics 17 353.3  -77.8  5.2  48.3 56.9 154.8  9.1 6 Belica et al. (2017) 

Notes: N = number of sites, D = declination, I = inclination, α95 = cone of 95% confidence about the mean direction, k = precision parameter (Fisher, 1953),  
Plat = pole latitude, Plong = pole longitude, A95 = radius of the 95% confidence circle about the calculated mean pole, Component K = tilt corrected ChRM, * = 
Magstrat Mean; ** = Tectonic Mean (25% arcs); Combined Mean = Component K Normal and Reverse (Tectonic Mean). 1-6 corresponding paleomagnetic poles 
displayed in Fig. 3.8. 
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Fig. 3.5. Representative paleomagnetic demagnetization diagrams for the Narrabeen Group 
showing the dual-polarity ChRM and overprint directions with equal area diagrams (left), 
orthogonal vector plots (right) and J/Jo (below). Solid (open) squares represent projections on 
the horizontal (vertical) plane in the orthogonal plots while up (down) pointing 
paleomagnetic directions are indicated by open (closed) squares in the stereoplots. 
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Fig. 3.6. Equal area diagrams displaying the mean a) overprint (Component J) and b) dual 
polarity ChRM direction (Component K: all isolated directions) for the Narrabeen Group. Up 
(down) pointing paleomagnetic directions are indicated by open (closed) squares in the 
stereoplots. Arc-constraints (best estimate of the stable end-point of the remagnetisation 
circle) for samples that do not reach stable endpoints were calculated with the method of 
McFadden and McElhinny (1988) and are shown with circle symbols. Red ovals represent the 
cones of 95% confidence about the mean directions. The α95 of the ChRM is plotted in a) for 
comparison and is shown by a blue dashed line. 
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Fig. 3.7. ChRM declination, inclination (lines and planes) and VGP latitude (lines only) 
plotted against sampling level, lithology, and magnetic susceptibility measurements (SI 
units). Squares (circles) represent directions isolated using lines (arcs). The 
magnetostratigraphy displays three normal (black) and three reverse (white) magnetozones 
with un-sampled intervals shown in grey. Magnetozones are shown with a full bar and are 
characterized by at least two consecutive sites, while subchrons (1 site) are shown as half-
bars to demonstrate uncertainty. The magnetostratigraphy is compared with the 
corresponding δ13Corg data (Williams et al. 2012) and U-Pb TIMS ages (1: Metcalfe et al. 
2015) of the Narrabeen Group with the Global Magnetic Polarity Timescale (Ogg et al. 
2016). Green line = level at which a significant change in δ13Corg occurs (potential terrestrial 
mass extinction); Red line = best estimate for the Permian-Triassic boundary in the southern 
Sydney Basin (2: age of PTB after Burgess et al. 2014).
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polarity with a mean direction of D = 0.7°, I = -58.5° (α95 = 9.3°; N = 35; Fig. 3.6). The 

inclination is shallower (~10°) than the overprint direction which has been attributed to 

Cretaceous rifting (Belica et al., 2017; Dunlop et al., 1997a; Dunlop et al., 1997b; Schmidt 

and Embleton, 1981). Component J shows better agreement with Earth’s present-day field 

(PDF; Inclination = -65° in the southern Sydney Basin) and is likely a VRM. A second 

component, referred to as Component K, is stable from about 200-580°C and shows vectorial 

decay to the origin in about 75% of the sites (Fig. 3.5). The majority of samples became 

unstable at temperatures over 400°C, although some samples showed stable demagnetization 

trajectories up to 580°C (Fig. 3.5). The heating versus susceptibility experiments of Facer 

(1981) showed similar stability characteristics for the underlying Illawarra Coal Measures 

and drill-cores from the Narrabeen Group, and the magnetization was interpreted to be a 

DRM carried by detrital magnetite, with a potential hematite phase revealed by partial AF 

demagnetization. 

 Component K is dual-polarity, with 37 sites yielding normal polarity directions and 

16 sites displaying reverse polarity directions (Fig. 3.6b). Normal polarity sites were 

classified by upward inclinations which steepened during progressive demagnetization (by 

about 5-10°). Reverse polarity sites (downward inclination) showed a higher scatter in 

directions due to the overlap in unblocking spectra with the normal polarity VRM (Fig. 3.6b). 

Strict antipodality is not observed from the magnetostratigraphic dataset when samples are 

restricted to a line analysis. This lack of antipodality does not affect the magnetostratigraphic 

interpretation and its correlation to the GPTS (Parés and Van der Voo, 2012), however it does 

affect the precision of the paleomagnetic pole from a tectonic perspective, where the 

unremoved component of the PDF will contribute to errors in the calculated declination 

(Table 3.1: Magstrat Mean) or inclination. For example, Figure 3.5 displays three reverse 

polarity samples (45a, 49a, 63a) that show great circle demagnetization trajectories trending 
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towards the origin. This intersection point is more representative of the true (primary) mean 

direction. When we substitute 25% of the most heavily overprinted and less resolvable 

magnetostratigraphic line data (shallowest inclinations and highest α95) for arc constraints 

(best-fit stable end points of the remagnetisation circle, subject to the constraint that the end-

point must be in the right sector (arc) of the circle - i.e., it can't be more than 180° from the 

starting point; Table 3.1: Tectonic Mean), the resulting paleomagnetic pole (54.9°S, 146.0°E; 

A95 = 5.3°) passes a B reversal test (γo = 3.84°, γc = 7.15°; McFadden and McElhinny 1990), 

which suggests that the VRM has been mostly removed and that the remanence records a 

primary Depositional Remanent Magnetization (DRM). The tectonic mean is therefore more 

reliable in terms of paleogeographic reconstructions. 

 Several reconnaissance magnetostratigraphic studies have been attempted from the 

southern Sydney Basin, but were mostly restricted to drill-core and limited demagnetization 

methods (Embleton and McDonnell, 1980; Facer, 1973; Facer, 1981; Irving, 1963; 

Theveniaut et al., 1994). Figure 3.8 displays the paleomagnetic results from the Narrabeen 

Group along with the Gerringong Volcanics and the previously published sedimentary 

paleomagnetic poles from this area (Belica et al., 2017; Embleton and McDonnell, 1980; 

Facer, 1981; Irving and Parry, 1963). The location of the pole shows good agreement with 

prior studies, and overlaps with the results reported by Facer (1981) and Irving (1963) for 

drill-core and field outcrops collected from the Narrabeen Group. Several field outcrops  

were sampled by Embleton and McDonnell (1980), including the overlying Bald Hill 

Claystone; however, the results were hindered by strong overprinting that was attributed to 

Cretaceous rifting, and the paleomagnetic pole is slightly displaced from the results reported 

here (Fig. 3.8). Theveniaut et al. (1994) provided a pilot magnetostratigraphic investigation of 

rocks from the Sydney Basin, though the results were reported as preliminary and no 

numerical data were provided for comparison. The (sedimentary) paleomagnetic pole from  



88 
 

88 
 

 
 
Fig. 3.8. Orthogonal projection centred at 70°N, 170°E of the published paleomagnetic 
results from the Narrabeen Group and Illawarra Coal Measures (green) with the present study 
(blue = ChRM; yellow = overprint). The Gerringong Volcanics (red) of the underlying 
Shoalhaven Group are considered to be representative of cratonic Gondwana and are plotted 
for reference with the sedimentary poles. For a list of pole references see Table 3.1.
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the Narrabeen Group (Table 3.1; Fig. 3.8) is offset from the (igneous) Gerringong Volcanics 

paleomagnetic pole by about 20°N (Fig. 3.8). This difference is not a result of inclination 

shallowing as the majority of data yields similar inclinations (~78°). 

 

3.4.2. Magnetic Fabric 

AMS results for the Narrabeen Group are displayed in Figure 3.9, along with the 

corresponding Jelínek statistics (Jelínek, 1981; Jelínek and Kropáček, 1978). The measured 

anisotropy factors did not show any significant variation along section or for a particular 

lithology. The shape of the AMS ellipsoid is somewhat prolate, with a shape factor (T) = -

0.301 (Fig. 3.9c). The similarity between the shape factors (T) and difference shape factors 

(U), as well as the high scatter reflected in the large error ellipses (Fig. 3.9a) indicates a very 

low degree of anisotropy for the sedimentary rocks (Jelínek, 1981). A separate population of 

samples seems to be more consistent with the preservation of a primary depositional fabric, 

with K3 axes oriented near vertical and K1 axes distributed along the regional bedding plane 

(Fig. 3.9a), though it is noted that this distribution is associated with a large error ellipse. 

High scatter and a relatively weak magnetic fabric are not expected for sedimentary rocks 

which have undergone a significant degree of compaction, where compression is commonly 

reflected by an oblate AMS ellipsoid. This result suggests little post-depositional inclination 

flattening in the alteration of the ChRM. This weak magnetic fabric also supports a lack of 

major structural events in the SSB other than minor Tertiary warping (Mayne et al., 1974).  

 

3.5. Discussion 

3.5.1. Magnetostratigraphy  

 Declination and inclination are plotted against the corresponding sampling level and 

magnetic susceptibility in Figure 3.7. Six magnetozones (3 normal, 3 reverse) are present 

along the section, including several potential subchrons (Fig. 3.7). The high reversal
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Fig. 3.9. Principal axes of magnetic susceptibility for the Narrabeen Group. a) Equal-area 
plots of the directions of the principal axes of AMS with K1 = Kmax (blue squares), K2 = Kint 
(green triangles), K3 = Kmin (purple circles). Ovals represent the confidence ellipses for the 
mean direction with the black arrow oriented along the interpreted flow direction. b) Jelínek 
statistics: N = number of samples; Km = average bulk volume susceptibility in SI units; L = 
Magnetic lineation: Kmax/Kint; F = foliation: Kint/Kmin; P = anisotropy degree: Kmax/Kint; T = 
Shape factor: T=2ln(Kint/Kmin)/ln(Kmax/Kmin)-1; U = Difference shape factor: (2Kint-Kmax-
Kint)/(Kmax-Kint); Kmax (Kmin) Dec/Inc = Declination/Inclination. c) Jelínek diagram displaying 
the general shape of the AMS ellipsoids with P = degree of anisotropy and T = shape factor. 
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frequency recorded from this section is in agreement with other global PTB sections 

(Hounslow and Balabanov, 2016a; Ogg et al., 2016), and indicates the potential for future 

magnetostratigraphic correlation and dating in the Late Permian coal measures of eastern 

Australia, which has proven difficult due to a lack of available biostratigraphic control. A 

high precision age of 252.6 ± 0.3 Ma has been reported from a ~2 cm thick tuff located 0.61 

m above the base of the Bulli Coal Seam, which is close to the reported age of 251.941 ± 0.28 

Ma from bed 25 at the GSSP in Meishan, China (Figs. 3.1 and 3.7; Burgess et al. 2014).  

Metcalfe et al. (2015) provided an interpretation of the location of the PTB to within 

the Scarborough Sandstone based on the reported U-Pb zircon ages, palynological 

information, and cross-basin correlation; however, this unit shows a mainly reverse polarity, 

and comparison with the GPTS is consistent with a Triassic age for the sandstone (Fig. 3.7). 

The position of the PTB is here interpreted to lie within the underlying Wombarra Claystone, 

approximately 9 m above the top of the Bulli Seam (Fig. 3.7). This revised placement of the 

PTB utilizes the reported magnetostratigraphy with respect to the GPTS, ID-TIMS ages, 

documented lengths of the reverse and normal polarity chrons from other global sections 

(Fig. 3.10), and estimated sedimentation rates for the Narrabeen Group (Mayne et al., 1974; 

Metcalfe et al., 2015; Ogg et al., 2016; Szurlies et al., 2012; Williams et al., 2012). The 

length and sequence of the normal versus reverse magnetozones are consistent with the 

global Changhsingian through Induan polarity record (Glen et al., 2009; Ogg et al., 2016; 

Steiner, 2006; Szurlies et al., 2012).  

The normal magnetozone correlative with the PTB in the lower Wombarra Claystone 

contains a potential reverse polarity subchron which has been previously documented at the 

PTB in South China and the Netherlands (Glen et al., 2009; Heller et al., 1988; Steiner et al., 

1989; Steiner, 2006; Szurlies et al., 2012). A revised placement of the PTB to within the 

lower Wombarra Claystone of the southern Sydney Basin is correlative with the Upper 
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Fig. 3.10. Global Permian-Triassic magnetostratigraphic correlation between eastern 
Australia (this study) the Central European Basin (Szurlies et al., 2012), Shangsi, China 
(Glen et al., 2009), and the composite section of Steiner (2006). Note the documented reverse 
polarity subchrons within the normal magnetozone spanning the Permian-Triassic boundary. 
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Dooralong Shale (Herbert, 1997) in the northern Sydney Basin (north of Hawkesbury River) 

and in the lower Sagittarius Sandstone of the basal Rewan Group (Metcalfe et al., 2015) in 

the Bowen Basin (west of the NEO; Fig. 3.3a). A composite magnetostratigraphic column is 

now constructed for the southern Sydney Basin from the top of the KRS to the Early Triassic 

(Fig. 3.4). Fourteen magnetozones are present from 265-251 Ma, corresponding to a 

minimum reversal rate of 1/Myr following the end of the KRS. 

 

3.5.2. Global correlation 

 The terrestrial mass extinction has been defined in this region by a negative shift (-3.8 

‰) in δ13Corg determined by Williams et al., (2012), located about 1 m above the top of the 

Bulli Coal Seam (Fig. 3.7). This excursion is located toward the base of the normal 

magnetozone which straddles the PTB, about 3.5 m above a change from a short-reverse to 

long-normal polarity chron (Fig. 3.7). Interestingly, an increase in magnetic susceptibility is 

observed at the same stratigraphic level as the documented δ13Corg excursion within the lower 

Coalcliff Sandstone (Fig. 3.7). The normal magnetozone that encompasses the PTB has an 

estimated duration of 358 ± 94 Ky (Burgess and Bowring, 2015), calculated from the U-Pb 

TIMS ages published from the GSSP in Meishan, China projected onto a detailed 

magnetostratigraphy from Shangsi (Burgess et al., 2014; Burgess and Bowring, 2015; Glen et 

al., 2009). Using this length and assuming a continuous sedimentation rate (e.g. Williams et 

al., 2012), the δ13Corg excursion is shown to occur ~12,500-25,000 years after the change 

from reverse to normal polarity, and no more than 200,000 years before the PTB (Fig. 3.7).  

 A reverse subchron constrained by one stable-endpoint sample is coincident with the 

PTB located within the lower Wombarra Claystone (Fig. 3.7). Typically magnetozones 

constrained by a single sample are regarded with uncertainty, and are shown as half-bars in 

the reversal stratigraphy. However, a number of well-dated and biostratigraphically-
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constrained Permian sections contain reverse subchrons coincident with the PTB (Fig. 3.10; 

Glen et al., 2009; Heller et al., 1988; Steiner et al., 1989; Steiner, 2006; Szurlies et al., 2012). 

Reverse (as opposed to normal) polarity subchrons are less likely to be a result of recent 

remagnetization since their directions are not antipodal to the recent reverse chron 

(Matuyama). Further work and more detailed sampling from some of these sections might be 

able to confirm whether this excursion represents a true geomagnetic reversal.  

 Szurlies et al. (2012) presented a magneto-cyclostratigraphic continental section from 

the Central European Basin spanning the Upper Zechstein (Upper Permian) to Lower 

Buntsandstein (uppermost Permian—Lower Triassic) groups. Seven magnetozones were 

detected, included one reverse subchron. This subchron is constrained by two consecutive 

reverse polarity samples, and is located in the lowermost Buntsandstein Group (equivalent to 

the latest Permian). The location of the PTB was extrapolated with respect to the mass 

extinction interval, represented by the last occurrence of the conchostracan Falsisca postera 

and a negative excursion in the carbon isotope record (Fig. 3.10; Szurlies et al., 2012). The 

short-reverse to long-normal polarity reversal was constrained to precede the marine 

extinction event by about 100,000 years and the PTB by about 200,000 years using a length 

of 700,000 years for the normal magnetozone calculated from the corresponding 

cyclostratigraphy (Szurlies et al., 2012).  

 In the Sichuan province of South China, several magnetostratigraphic investigations 

have been published, all of which show fairly good agreement (Glen et al., 2009; Heller et al., 

1988; Steiner et al., 1989). Each of the independent studies documented a reverse polarity 

subchron (1 sample) at the conodont-defined PTB. The most recent of which contained 8 

polarity chrons, with the PTB located within a zone of normal polarity located several metres 

above the marine extinction peak and a similar reverse to normal polarity reversal (Glen et 

al., 2009).  
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 While both marine and terrestrial extinctions have been shown to be abrupt, occurring 

over several hundred thousand years, there is still some uncertainty regarding the potential 

synchroneity between the extinctions due to problems with lithological correlation as well as 

the reliability of various organic carbon δ13C results (Gastaldo et al., 2009; Korte and Kozur, 

2010; Payne and Clapham, 2012). Results from South China have associated the rapid 

disappearance of the Gigantopteris flora and the negative δ13Corg shift within the Kayitou 

Formation to the terrestrial end-Permian extinction (Chu et al., 2016). Isotopic dating and 

biostratigraphic data link the base of the Kayitou Formation with Bed 25 at Meishan, 

indicating synchroneity between tropical marine and terrestrial extinction events (Chu et al., 

2016; Shen et al., 2011; Zhang et al., 2016).  

 In contrast, recent paleontologic and radio-isotopic data from the Karoo Basin support 

diachroneity between the two extinctions (Gastaldo et al., 2015). The end-Permian extinction 

event in the Karoo Basin has been previously identified by the disappearance of the Late 

Permian tetrapod fauna of the Dicynodon Assemblage Zone and the rapid appearance of the 

Lystrosaurus Assemblage Zone (Lucas, 2010; Smith and Ward, 2001). New 

magnetostratigraphic and U-Pb TIMS zircon data have questioned the validity of this 

extinction marker, as the vertebrate-defined boundary is now shown to be more consistent 

with an early Changhsingian age, significantly pre-dating the marine extinction event 

(Gastaldo et al., 2015). Also somewhat problematic is the fact that the majority of 

magnetostratigraphic data published from South China are not from the GSSP at Meishan, 

and so the magnetostratigraphy must be projected onto this section from regions ~1400 km 

away (Burgess and Bowring, 2015).  

 The combined magnetostratigraphic, geochemical, and U-Pb TIMS geochronological 

data from eastern Australia positions the terrestrial extinction event (as defined by the 

negative δ13Corg excursion; Williams et al., 2012) about 200,000 years before the marine 
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conodont-defined PTB (Burgess et al., 2014; Metcalfe et al., 2015; Williams et al., 2012; Yin 

et al., 2001), and supports the general synchroneity observed by Metcalfe (2015) with the 

marine extinction (Chu et al., 2016; Metcalfe et al., 2015; Shen et al., 2011; Zhang et al., 

2016). Magnetostratigraphic results alongside the published U-Pb TIMS zircon ages confirm 

the mainly normal polarity signature for the Permo-Triassic, and provide a new chronological 

reference frame for the comparison between marine and terrestrial PTB sections. 

  

3.6. Conclusions 

 Six magnetozones across the Permian-Triassic boundary have been identified and 

compared with existing radio-isotopic and geochemical data from a stratigraphically 

continuous terrestrial section from the southern Sydney Basin of eastern Australia. The 

δ13Corg isotopic excursion indicates that the terrestrial mass extinction event occurred during a 

normal polarity chron, approximately 200,000 years before the conodont-defined Permian-

Triassic boundary at the GSSP in Meishan, China. A short-reverse to long-normal polarity 

transition occurred about 12,500-25,000 years before this extinction event. The results 

reported here demonstrate a general synchroneity between the terrestrial and marine 

extinction events. 

  A composite magnetostratigraphic profile is constructed for the southern Sydney 

Basin from 265-251 Ma, with a corresponding average reversal rate of 1/Ma post-dating the 

end of the Kiaman Reverse Superchron. This high-resolution polarity stratigraphy will assist 

with future geochronologic and stratigraphic studies of Permian-Triassic rocks. The high 

reversal frequency recorded from this section is in agreement with the GPTS (Hounslow and 

Balabanov, 2016a; Ogg et al., 2016), and indicates the potential for future 

magnetostratigraphic correlation and dating in the southern Sydney Basin of eastern 

Australia. 
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Refining the chronostratigraphy of the Karoo Basin, South Africa: 
magnetostratigraphic constraints support an Early Permian age for the Ecca 

Group 
 
Belica, Mercedes E.; Tohver, Eric; Poyatos-Moré, Miquel; Flint, Stephen; Parra-Avila, Luis 

A.; Lanci, Luca; Denyszyn, Steven; Pisarevsky, Sergei A.  
 
 

Abstract 
 
The Beaufort Group of the Karoo Basin, South Africa provides an important chrono- and 
biostratigraphic record of vertebrate turnovers that have been attributed to the End-Permian 
mass extinction events at ca. 252 Ma and ca. 260 Ma. However, an unresolved controversy 
exists over the age of the Beaufort Group due to a large dataset of published U-Pb SHRIMP 
zircon results that indicate a ca. 274-250 Ma age range for deposition of the underlying Ecca 
Group. This age range requires the application of a highly diachronous sedimentation model 
to the Karoo Basin stratigraphy and is not supported by published paleontologic and 
palynologic data. This study tested the strength of these U-Pb isotopic datasets using a 
magnetostratigraphic approach. Here we present a composite ~1500 m section through a 
large part of the Ecca Group from the Tanqua depocentre, located in the southwestern 
segment of the Karoo Basin. After the removal of two normal polarity overprints, a likely 
primary magnetic signal was isolated at temperatures above 450°C. This section is restricted 
to a reverse polarity, indicating that it formed during the Kiaman Reverse Superchron (ca. 
318-265 Ma), a distinctive magnetostratigraphic marker for Early−Middle Permian rocks. 
The Ecca Group has a corresponding paleomagnetic pole at 40.8°S, 77.4°E (A95 = 5.5°). U-
Pb SHRIMP ages on zircons are presented here for comparison with prior isotopic studies of 
the Ecca Group. A weighted mean U-Pb age of 269.5 ± 1.2 Ma was determined from a 
volcanic ash bed located in the uppermost Tierberg Formation sampled from the OR1 
research core. The age is interpreted here as a minimum constraint due to a proposed Pb-loss 
event that has likely influenced a number of published results.  A comparison with the 
Geomagnetic Polarity Time Scale as well as published U-Pb TIMS ages from the overlying 
Beaufort Group supports a ca. 290-265 Ma age for deposition of the Ecca Group
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4.1. Introduction 

 The Karoo Basin of South Africa (Fig. 4.1) represents an extensive depositional 

record of Pennsylvanian–early Jurassic fossiliferous sedimentary (Rubidge et al., 1999) rocks 

that have been critical for understanding the rate of vertebrate turnovers for continental 

extinction events during the End-Guadalupian and across the Permian-Triassic boundary 

(Botha and Smith, 2006; Day et al., 2015; Gastaldo et al., 2015; Rubidge et al., 2013; Smith 

and Botha, 2005; Smith and Botha-Brink, 2014; Smith and Ward, 2001; Ward et al., 2005). 

The excellent preservation of the associated vertebrate assemblages has led to a large library 

of published faunal information, complemented by palynological data, that has been 

extrapolated globally to understand the patterns of tetrapod extinctions and their timing 

relative to the end-Permian marine extinction at ca. 252 Ma (Burgess et al., 2014; Lucas, 

2010; Mundil et al., 2004; Shen et al., 2011; Ward et al., 2005).  

The Permian-Triassic boundary (PTB) is defined by marine conodont assemblages, 

and has a corresponding age of 251.9 ± 0.0 Ma determined from high resolution U-Pb TIMS 

(zircon) dating of ash beds from the Meishan section in south China (Burgess et al., 2014). 

The terrestrial PTB is considered to be broadly represented by the Last Appearance Datum of 

the late Permian tetrapods of the Daptocephalus (formerly Dicynodon; Viglietti et al., 2016) 

Assemblage Zone and the First Appearance Datum (FAD) of early Triassic taxa in the 

Lystrosaurus Assemblage Zone (Lucas, 2010; Smith and Botha-Brink, 2014), of which the 

Beaufort Group of the Karoo Basin has long been considered the prime example. However, in 

the past decade a number of U-Pb SHRIMP (zircon) results have been published from this 

region that support a ca. 274-250 Ma age range for deposition of the underlying Ecca Group, 

and therefore a Triassic age for the Beaufort Group (Fig. 4.2) (Fildani et al., 2007; Fildani et 

al., 2009; McKay et al., 2016; McKay et al., 2015). 
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Fig. 4.1. a) Geological map of the Karoo Basin after Johnson et al. (1996). b) Regional inset 
of the sampling area located in the Tanqua depocentre. Sample sections from the present 
study are shown as red stars. For a general lithostratigraphic summary see Figure 4.2. 
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Fig. 4.2. Lithostratigraphy and published U-Pb ages for the Permian Ecca Group of the 
Tanqua depocentre (20°E) and the Permian-Triassic Beaufort Group vertebrate type section 
(~26°E). Biostratigraphy after Smith and Botha-Brink (2014) and Gastaldo et al. (2017). Note 
the large stratigraphic inconsistency between the reported biostratigraphy and U-Pb SHRIMP 
ages.
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This depositional age assignment requires that the PTB be placed within the upper 

Skoorsteenberg Formation of the Ecca Group, ~2000 m below the biostratigraphically 

constrained PTB in the upper Beaufort Group (Fig. 4.2). This assignment is in direct conflict 

with an extensive body of paleontologic data (Barbolini, 2014; Rubidge et al., 1999; Rubidge, 

1990; Smith and Keyser, 1995), as well as a series of ca. 262-268 Ma U-Pb SHRIMP ages on 

zircon grains from the overlying Abrahamskraal Formation of the lower Beaufort Group 

(Lanci et al., 2013) and ca. 262-255 Ma ages from the Adelaide Subgroup of the Beaufort 

Group (Rubidge et al., 2013). The apparent age controversy was explored by McKay et al. 

(2015; 2016) who demonstrated that volcanic tuffs from the Ecca Group yield consistently 

younger ages (250 to 274 Ma) than tuffs from the conformably overlying Beaufort Group 

(257 to 452 Ma) along a 650 km transect across the southern margin of the Karoo Basin. This 

“inverted” basin stratigraphy was ascribed to an episode of zircon exhaustion and magmatic 

recycling (as opposed to a disturbed U-Pb system). The placement of the PTB within the 

upper Ecca Group was further reinforced by a presumed “tuff gap” in the Karoo Basin 

located above this horizon (Waterford Formation), similar to other Permian−Triassic 

depositional sites along the southern Panthalassan margin of Gondwana (McKay et al., 2016; 

McKay et al., 2015; Veevers, 2004). 

 In order to resolve this apparent discrepancy between the biostratigraphically-

constrained and geochronologically-constrained PTB, we applied the technique of 

magnetostratigraphy, which has proven very useful in the correlation and timing of major 

geologic events (Glen et al., 2009; Horacek et al., 2010; Hounslow et al., 2016; Nawrocki, 

2004; Ogg et al., 2016; Opdyke and Channell, 1996; Opdyke et al., 2000; Steiner et al., 1989; 

Steiner, 2006; Szurlies, 2013; Szurlies et al., 2012; Taylor et al., 2009; Ward et al., 2005). 

Magnetostratigraphy is a geophysical relative-dating method that relies on the global 

synchronicity of geomagnetic reversals (Opdyke and Channell, 1996). Sedimentary rocks 
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may record a Depositional Remanent Magnetization (DRM) that preserves the polarity and 

direction of Earth’s magnetic field during the time of formation (Butler, 1992). The 

Geomagnetic Polarity Time Scale (GPTS) is the record of reversals tied to the 

biostratigraphically-constrained geologic stage boundaries (Fig. 4.3). The magnetic field 

reverses its polarity on average every 0.1-1 Ma, but reversal rates through time can be highly 

variable. Several periods of stable field polarity have been observed, the longest of which is 

known as the Kiaman Reverse Superchron (KRS; Fig. 4.3), which lasted more than 50 

million years (Alva-Valdivia et al., 2002; Belica et al., 2017; Diehl and Shive, 1979; Diehl 

and Shive, 1981; DiVenere and Opdyke, 1990; DiVenere and Opdyke, 1991; Gialanella et al., 

1997; Gose and Helsley, 1972; Irving and Parry, 1963; Khramov and Tarling, 1987; 

Lozovsky and Molostovsky, 1993; McFadden et al., 1988; Menning et al., 1988; Nawrocki, 

1997; Opdyke and Channell, 1996; Opdyke et al., 2001; Opdyke et al., 2000; Steiner, 2006; 

Steiner et al., 1993; Szurlies et al., 2003).  

The start of the KRS has been assigned an age of ca. 318 Ma from two U-Pb SHRIMP 

zircon ages of 317.8 ± 2.8 Ma (Eastons Arm Rhyolite) and 318.0 ± 3.4 Ma (Peri Rhyolite) in 

the northern Tamworth Belt of eastern Australia (Opdyke et al., 2000).  The end of the KRS 

has recently been constrained by a 40Ar-39Ar plateau (plagioclase) age of 265.1 ± 0.5 Ma 

from the Bumbo Latite near Kiama, Australia (Belica et al., 2017). Beginning in the 

Capitanian (ca. 265 Ma), the geomagnetic field transitioned back into a frequently reversing 

state, and this transition was thought to occur over a short (~10 Ma) interval (Hounslow, 

2016). The Late Permian through Early Triassic, therefore, marks a period of increasing 

reversal frequency (~2-4/Ma; Hounslow, 2016), providing a strong chronostratigraphic 

marker (Fig. 4.3). 

 We present a composite, ~1500-m-thick magnetostratigraphic section through a large 

part of the Ecca Group from the Tanqua depocentre, located in the southwestern segment of
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Fig. 4.3. The Geomagnetic Polarity Time Scale (GPTS) modified from Gradstein (2012) 
showing the extent of the Kiaman Reverse Superchron (KRS). 
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 the Karoo Basin, and provide a test of the published U-Pb isotopic datasets through 

comparison with the GPTS. Since the geomagnetic field was restricted to a reverse polarity 

prior to 265 Ma, the presence of reversals would indicate that deposition of the ash beds 

occurred in the late Permian, whereas a uniform reverse polarity would support the existing 

biostratigraphic age data, as well as provide strong evidence for disturbance of the U-Pb 

system. 

 

4.2. Geologic background 
 
 The Karoo Basin (~700,000 km2) has been classically interpreted to be a retro-arc 

foreland basin that developed behind an inferred magmatic arc and fold-thrust belt 

(Catuneanu et al., 1998; Johnson et al., 1996; Lindeque et al., 2011; Milani and De Wit, 

2008). In this interpretation, the basin formed ~1000 km inland from the southern 

Panthalassan margin of Gondwana and to the north and east of the two branches of the Cape 

Fold Belt (Fig. 4.1).  A more recent interpretation by Tankard et al. (2009; 2012) suggested 

that subsidence during the deposition of the Ecca Group and lower Beaufort Group was a 

function of mantle flow associated with dynamic topography of the subducting plate where 

foreland basin formation (linked to emergence of the Cape Fold Belt) did not take place until 

the Triassic. This model is consistent with provenance studies (Van Lente, 2004), gross 

thickness trends, and low rates of deposition in the lower Ecca Group (Flint et al., 2011).  

Tectonic activity related to the Cape Orogeny has been suggested to have occurred in two 

separate deformation events, the first at ca. 275-260 Ma, and the second at ca. 255-245 Ma 

(Hansma et al., 2016). The southern Cape Fold Belt is associated with low temperature 

metamorphism and deformation folds that decrease in amplitude northward toward the Karoo 

foreland basin (Paton et al., 2006). Deformation in the Cape Fold Belt has been linked to 

synchronous sedimentation in the foreland basin (Catuneanu et al., 1998), though the 
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provenance of the Ecca Group has also been interpreted to be the Patagonian batholith (Van 

Lente, 2004). The basin fill succession shows paleocurrents consistent with a long-term 

northeasterly progradation of the depositional systems (Flint et al., 2011; Johnson et al., 

1996; Poyatos-Moré et al., 2016; Wild et al., 2009).  

The base of the Karoo Supergroup is defined by the glacigenic Dwyka Group that 

consists of diamictites formed during the Carboniferous–Permian glaciation of southern 

Gondwana (Fig. 4.3). Two U-Pb SHRIMP zircon ages of  288.0 ± 3.0 Ma and 289.6 ± 3.8 Ma 

reported from tuffs in the overlying Prince Albert Formation (Fig. 4.2) suggest a ca. 290 Ma 

minimum age for this unit (Bangert et al., 1999), and paleomagnetic data support deposition 

during the KRS (Opdyke et al., 2001). The Lower Ecca Group overlies the Dwyka Group 

(Fig. 4.2), and in the Tanqua depocentre (present study location; Fig. 4.1) is composed of 

shales to fine grained turbidites of the Prince Albert, Whitehill, and Collingham formations, 

which indicate the transition to prolonged postglacial sea-level rise and the initiation of deep-

water deposition (Hodgson et al., 2006). 

 The middle-upper Ecca Group (Fig. 4.2) comprises ~1500 m of basin floor to deltaic 

strata; this includes basinal mudstones of the Tierberg Formation (Fig. 4.2), four basin floor 

turbidite fans (Fans 1-4) and a channelized lower slope complex (Unit 5; Fig. 4.2) of the 

Skoorsteenberg Formation, overlain conformably by submarine slope/shelf edge strata of the 

Kookfontein Formation, and deltaic deposits of the Waterford Formation (Gomis-Cartesio et 

al., 2016; Hodgson et al., 2006; Poyatos-Moré et al., 2016; Wickens, 1994; Wild et al., 2009; 

Wild, 2005). U-Pb ages published from the Ecca Group yield maximum depositional ages 

ranging from ca. 274–250 Ma (Fildani et al., 2007; Fildani et al., 2009; McKay et al., 2016; 

McKay et al., 2015). The younger ages in this range (ca. 260-250 Ma) are problematic in that 

they require the PTB to be placed within the middle Ecca Group, as opposed to the 
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biostratigraphically-supported placement in the overlying terrestrial fluvio-lacustrine strata of 

the Beaufort Group (Figs. 4.1-4.2).  

 Some authors have explained this apparent age inversion by applying a diachronous 

sedimentation model across the Karoo Basin, where the submarine fans of the Ecca Group in 

the southwest are considered correlative with the terrestrial Permian-Triassic sections located 

farther east (Fildani et al., 2007; Fildani et al., 2009). However, this interpretation is not 

supported by recent regional mapping that shows continuity of the marine Ecca Group for 

over 500 km across the basin, with a series of interfingering submarine fan deposits, all 

overlain by eastward prograding deltaic deposits (Flint et al., 2017). This proposed 

diachronous sedimentation model is also inconsistent with the biostratigraphic constraints on 

basin infill starting in the southwest during the deposition of the Beaufort Group (Rubidge, 

2005). 

 

4.3. Sampling and methodology 
 
4.3.1. Paleomagnetism 
 
 Paleomagnetic cores were collected from three partially overlapping sections 

comprising ~1500 m of the Tierberg, Skoorsteenberg, Kookfontein, and Waterford 

Formations (~600 samples) of the Ecca Group in the Tanqua depocentre (Figs. 4.1-4.2). The 

Ecca Group sedimentary rocks sampled here are almost flat-lying with regional dips of 1-3°, 

and lie outside the main region of Cape Fold Belt deformation (Figs. 4.1-4.2). Approximately 

950 m of the Tierberg and Skoorsteenberg Formations were sampled from the OR1 core with 

a sampling interval of about 4 m (~200 samples). Magnetic susceptibility measurements were 

taken for the top 230 m of section at a resolution of 0.25 m. The overlying Kookfontein 

(Pienaarsfontein outcrop locality) and Waterford Formations (SL1 outcrop locality) were 

sampled from two field sections located ~20 km apart (Fig. 4.4). Lithologic correlation 
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Fig. 4.4. Stratigraphic correlation between the two field sections SL1 and Pienaarsfontein 
spanning the Kookfontein and Waterford Formation using measured sections from Wild 
(2005). The top of Unit 5 is represented by a regionally extensive mudstone. Section location 
and sampling sites (GPS-tagged) shown by yellow lines on Google Earth® images. Sections 
are located approximately 20 km apart. 
 



109 

109 
 

between the two sections (Fig. 4.4) was made using the interpreted maximum regional 

flooding surfaces of Wild et al., (2009) and Poyatos-Moré et al. (2016). At Pienaarsfontein 

and SL1, the Kookfontein and Waterford Formations were sampled at a resolution of 2 m 

(~300 samples) and magnetic susceptibility measurements were taken with a SM-20 portable 

magnetic susceptibility meter to determine the variability of magnetic properties along the 

section at a resolution of 0.25 m. 

 Samples were drilled in the field using a portable, petrol-powered hand drill and 

oriented using a Brunton magnetic compass and a solar compass to correct for local magnetic 

declination.  Thickness of the stratigraphic succession was measured using a Jacob’s staff 

perpendicular to bedding to account for tectonic dip, and a detailed stratigraphic log was 

completed at a 1 m resolution with GPS points tagged every 10 m for correlation with the 

logged section of Wild (2005). The section was photographed and structural attitudes were 

measured in order to correct for any post-magnetization tilting. Samples were then cut into 10 

cm3 cylindrical cores, and measured at the Alpine Laboratory of Paleomagnetism in 

Peveragno, Italy, where a pilot study was conducted to determine the best treatment for 

isolation of the individual magnetic components. To avoid the acquisition of a viscous 

remanence over 400°C, the samples were demagnetized in a field free space and measured 

directly after cooling.  

 Stepwise thermal demagnetization was conducted using an ASC TD48 thermal 

demagnetizer to temperatures up to 670°C. Samples were measured on a 2G DC-SQUID 

magnetometer, and paleomagnetic directions were isolated via principal component analysis 

(Kirschvink, 1980) using PaleoMag 3.1 (Jones 2006). Individual components were calculated 

from three or more points, and directions were restricted to Mean Angular Deviation (MAD) 

values ≤ 10° for lines and ≤ 15° for planes in calculation of the mean paleomagnetic pole. A 

minimum of three points (4 for planes) defined a stable endpoint magnetization, and anchored 
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fits were avoided due to the anomalously low uncertainty estimations (Heslop and Roberts, 

2016). Where MAD values were greater than 15°, or where samples did not reach stable end-

points, the arc method of McFadden and McElhinny (1988) was used to isolate the primary 

component of magnetization. Final iterative directions along the arc constraints were 

combined with lines for the stratigraphic polarity interpretation.  

 The reversal stratigraphy (declination, inclination, and VGP Latitude) was then 

plotted against sampling level and a composite magnetostratigraphic barcode was completed 

and compared with the GPTS (Hounslow and Balabanov, 2016a; Ogg et al., 2016). Magnetic 

reversals were interpreted from remanence directions that crossed the magnetic equator 

(defined as 90° along a great circle from the mean direction) where three or more consecutive 

samples define a magnetozone. Single-sample polarity reversals (marked by a half-bar to 

represent uncertainty) indicate either 1) a geomagnetic subchron; 2) a magnetic reversal with 

insufficient adjacent sampling, or 3) possible remagnetization of the individual sample. 

Paleomagnetic directional data are provided in Table 4.1. 

 

4.3.2. Magnetic Fabric 
 
 Eighty-seven samples were processed from the Ecca Group (Pienaarsfontein and SL1) 

to determine the anisotropy of magnetic susceptibility (AMS). Principal axes of AMS were 

measured on a MFK1-FA Kappabridge using the 3-axis spinning protocol at the University of 

Western Australia. Results were plotted using the Anisoft 42® software (Chadima and 

Jelínek 2009), and analysed using Jelínek statistics (Jelínek, 1981; Jelínek and Kropáček, 

1978). Results are provided in Table 4.2. 

 

4.3.3. SHRIMP U-Pb geochronology 
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Table 4.1. Paleomagnetic Results 
 

Section Component 
 
 

Slat 
(°S) 

Slong 
(°E) 

N(n) P D (°) I (°) α95 k Plat 
(°N) 

Plong 
(°E) 

 
 

dp/dm 

SL1 B 32.631 20.145 48 N 319.5 -64.5 7.7 8.08 -56.3 74.1 9.9/12.3 
(Waterford Fm.) C 32.631 20.145 63 (50) R 122.9 65.5 10.0 5.05 -45.0 73.2 13.2/16.2 
 **C 32.631 20.145 37 R 124.7 65.3 12.9 4.18 -46.2 73.6 16.9/20.9 

Pienaarsfontein A 32.780  19.993 34 N 3.1 -69.0 6.47 15.44 -70.2 14.4 9.3/11 
(Kookfontein Fm.) B 32.780  19.993 158 N 341.0 -60.8 2.50 21.16 -72.4 73.6 2.9/3.8 
 C 32.780  19.993 163 (149.5) R 116.0 62.1 4.22 8.47 -39.8 78.2 5.1/6.6 
 **C 32.780  19.993 136 R 114.4 61.8 4.54 8.08 -38.6 78.4 5.4/7 

Ecca Group (SL1 
+Pienaarsfontein)  

C 32.706 20.069 226 (199.5) R 117.3 62.8 3.98 7.27 -40.8 77.4 4.9/6.2 

    **C 32.706 20.069 173 R 116.2 62.5 4.46 6.76 -40.0 77.7 5.4/7.0 

Notes: Slat = site latitude, Slon = site longitude, N = number of samples used for calculation of the mean direction, n = L + ½ p (L = lines; p = planes; McFadden and 
McElhinny, 1988), P = polarity, D = declination, I = inclination, α95 = radius of the cone of 95% confidence about the mean direction, k = precision parameter (Fisher, 1953), 
Plat = pole latitude, Plong = pole longitude, dp/dm = semi-minor and semi-major axes of oval of 95 per cent confidence, ** = mean excluding arcs, bold = recommended 
paleomagnetic mean.
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Table 4.2. AMS Results 
Site N Km L F P T U  KmaxD  KmaxI  KintD   KintI   KminD  KminI 
Pienaarsfontein 60 1.97e-4 1.005 1.027 1.033 0.669 0.665 126.1 19.0 216.8 2.0 312.6 70.9 
SL1 27 1.50e-4 1.008 1.015 1.023 0.310 0.306 93.0 7.8 259.0 82.0 2.7 1.9 
Ecca Mean* 87 1.83e-4 1.006 1.023 1.030 0.558 0.553 107.8 17.3 202.2 13.8 328.8 67.6 

Notes: N = number of samples; Km = average bulk volume susceptibility in SI units; L = Magnetic lineation: Kmax/Kint; F = foliation: Kint/Kmin; P =  
anisotropy degree: Kmax/Kint; T = Shape factor: T=2ln(Kint/Kmin)/ln(Kmax/Kmin)-1; U = Difference shape factor: (2Kint-Kmax-Kint)/(Kmax-Kint); Kmax (Kmin);  
Dec/Inc = Declination/Inclination. *Mean tensor directions were calculated from combined sample-level data. (Jelínek, 1981; Jelínek and Kropáček, 1978).
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Ten ash beds from the Tierberg and Skoorsteenberg Formations of the Ecca Group 

were sampled and processed for geochronological work. Samples were collected from the 

continuous 800-m-thick core of the research borehole OR1 (Fig. 4.1). Ash layers are typically 

2-6 cm thick, and consist of fine grained siliciclastic and well-consolidated clay-rich 

volcaniclastic material interbedded within siltstones. Zircon grains were isolated from each 

ash layer using conventional mineral separation techniques at the University of Western 

Australia. Each lithified ash sample was pulverized with a rock hammer, processed through a 

disc mill, washed and placed in a sonic bath for 30 minutes and dried.  The crushed material 

was separated using 40 and 150 μm sieves and a bar magnet to remove ferromagnetic 

components before processing through a Frantz Isodynamic Separator. The non-magnetic 

portion was then put through a heavy liquid density separation with multiple agitation periods 

using LST (Lithium heteropolytungstates) heavy liquid (ρ = 2.85 g/cm3 at 25°C) for four 

hours to isolate grains in the higher density fractions. The heavy fraction was washed and 

handpicked under a binocular microscope.  

 Six of the ten ash beds yielded zircon grains considered suitable for analysis. Within 

the six samples, three main populations of zircon morphology were identified, including a 

population of idiomorphic and elongate grains with oscillatory cathodoluminescent zoning 

and an aspect ratio of 4:1 (Fig. 4.5a). Two other populations of euhedral zircons with 

oscillatory zoning were also sampled with aspect rations of 2-3:1 (Fig. 4.5ab).  Around 50 

randomly picked zircon grains from each sample were mounted alongside the zircon 

standards M257 (561.3 Ma; 840 ppm U; Nasdala et al., 2008) and Temora 2 (416.8 Ma; 

Black et al., 2004) in 2.5 cm diameter epoxy discs (3–4 samples per disc) as external 

standards for U/Pb ratios and U concentrations. Discs were then polished and gold coated (20 

μm) for imaging with the back scatter electron (BSE) and cathodoluminescence (CL) 

detectors of a Tescan Vega 3 analytical SEM system at the Centre for Microscopy,
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Fig. 4.5. Backscattered Electron (BSE) and Cathodoluminescence (CL) images of zircon 
grains from the lower Ecca Group (OR1 core). SHRIMP spots are shown by the black ovals. 
a) OR 72 (331.1 m); b) OR 98 (452.8 m).
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Characterization and Analysis (CMCA) at the University of Western Australia. 

Microphotographs were used to identify magmatic features such as oscillatory zoning and 

euhedral/elongate form (Fig. 4.5). Apparent inherited cores were identified from CL images 

as well as fractures and damaged grains (Fig. 4.5). Highly fractured and metamict grains can 

produce unreliable U-Pb age data, and were avoided in the subsequent SHRIMP analysis.  

 The discs were then cleaned using ethanol, petroleum spirits, and a soap solution, and 

rinsed with deionized water. Discs were dried in an oven (1 h at 60°C) and the surface was 

gold coated at 40 μm and processed on the SHRIMP II A (Sensitive High Resolution Ion 

Microprobe) at Curtin University, Western Australia, following the procedure described by 

Wingate and Kirkland (2017). Analytical conditions and operational procedures have 

previously been described (Claoué-Long et al., 1995; Compston et al., 1984; De Laeter and 

Kennedy, 1998; Kennedy and De Laeter, 1994; Wingate and Kirkland, 2017). Rastering of 

the O2- beam was conducted for 120-150 s to reduce common Pb contamination before each 

analysis, and each spot was focused using a primary ion beam of 1.5-1.9 nA with a diameter 

of ∼25 μm. SHRIMP spots were made on both inherited cores and rims to determine the level 

and types of inheritance, and a common Pb correction was applied using the measured 

amount of 204Pb. Data reduction and correction were conducted as described by Wingate and 

Kirkland (2017) using the SQUID2 and Isoplot3 software (Ludwig, 2008; Ludwig, 2009). All 

calculated ages are reported at 95% confidence. To reduce the problems caused by zircon 

grains with potentially disturbed U-Pb systems, analyses that comprised more than 1.5% of 

non-radiogenic 206Pb or U concentrations over 1000 ppm were rejected. Analytical data are 

presented in Table 4.3 

 
4.4. Results and interpretation 
 
4.4.1. Paleomagnetism 
 
4.4.1.1. Ecca Group, Pienaarsfontein 
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Table 4.3. U-Pb SHRIMP Results  

Spot % 
206Pbc 

ppm 
U 

ppm 
Th 

232Th 
/238U 

±% 207Pb 
/206Pb 

±% 206Pb 
/238U 

±% (1) 
206Pb/238U 

Age 

 

Sample OR 98          
D-8  0.32  613 787 1.33 0.16 0.0546 1.3 0.0590 3.6 265 ±2 
D-7  0.31  223 118 0.55 0.31 0.0540 2.1 0.0652 1.3 266 ±2 
D-3  0.07  867 675 0.80 0.62 0.0533 1.0 0.0775 2.9 266 ±2 
D-10  0.27 497 278 0.58 0.49 0.0585 1.2 0.0681 2.9 268 ±3 
D-4  0.03 814 972 1.23 0.28 0.0534 1.0 0.0806 2.0 268 ±2 
D-5  0.55 425 312 0.76 0.30 0.0581 1.4 0.0738 2.5 268 ±3 
D-13  1.21 636 696 1.13 0.45 0.0654 1.1 0.0676 5.0 269 ±3 
D-6  0.93 377 330 0.90 0.74 0.0623 1.6 0.0558 6.4 270 ±2 
D-14  0.07  401 254 0.65 0.22 0.0539 2.4 0.0770 3.4 270 ±2 
D-11  0.74  574 579 1.04 0.16 0.0530 1.3 0.0727 3.0 271 ±4 
D-15  0.28 892 667 0.77 0.27 0.0565 1.0 0.0554 4.2 271 ±2 
D-1  0.29  518 383 0.76 0.81 0.0550 1.3 0.0717 3.2 271 ±2 
D-12  0.45 668 802 1.24 0.43 0.0534 1.2 0.0706 1.7 272 ±2 
D-9  0.60  449 510 1.17 1.12 0.0537 2.3 0.0739 2.8 272 ±3 

Rejected analyses          
D-16  0.25  909 928 1.05 0.36 0.0543 1.0 0.0657 6.2 260 ±4 
D-2  0.40 381 292 0.79 0.64 0.0560 1.5 0.0704 3.3 261 ±2 
D-17  1.84 370 418 1.17 1.20 0.0730 1.3 0.0754 2.7 264 ±2 
D-1  1.98 194 111 0.59 0.65 0.0678 3.8 0.0713 1.2 267 ±3 

Sample OR 72           

OR72-18  0.55 359 176 0.51 0.26 0.0592 2.0 0.0636 1.3 258 ±3 
OR72-9  0.00 451 248 0.57 0.67 0.0527 1.9 0.0635 0.8 259 ±3 
OR72-13  0.07 500 271 0.56 0.22 0.0532 1.8 0.0713 1.9 260 ±5 
OR72-7  0.08  430 211 0.51 0.23 0.0536 1.8 0.0700 1.8 262 ±3 
OR72-17  0.27 438 177 0.42 0.25 0.0531 1.9 0.0629 2.0 263 ±3 
OR72-2  0.09 403 229 0.59 0.70 0.0543 1.9 0.0667 1.7 263 ±4 
OR72-5  0.31 612 408 0.69 1.18 0.0519 1.5 0.0721 1.9 263 ±4 
OR72-6  0.06  627 407 0.67 0.28 0.0504 2.7 0.0671 1.1 263 ±3 
OR72-1  0.14 695 530 0.79 0.16 0.0510 1.5 0.0709 0.9 265 ±4 
OR72-3  0.28 384 529 1.42 0.92 0.0520 1.7 0.0796 0.7 265 ±4 
OR72-15  0.21  484 253 0.54 0.62 0.0513 1.7 0.0723 1.2 266 ±4 
OR72-4  0.00  414 265 0.66 0.53 0.0538 1.7 0.0768 1.5 269 ±3 
OR72-14  0.23 458 188 0.42 0.24 0.0514 1.8 0.0723 2.0 270 ±4 
OR72-11  0.19  380 183 0.50 0.68 0.0531 2.0 0.0678 0.8 276 ±3 

Inherited population          
OR72-8  0.08 1394 361 0.27 0.65 0.0635 0.8 0.0858 3.0 359 ±4 
OR72-10  0.03 576 272 0.49 0.19 0.0709 0.8 0.2330 1.6 768 ±9 

Rejected analyses          
OR72-12  0.23 322 149 0.48 0.26 0.0530 2.2 0.0587 0.9 248 ±3 
OR72-16  0.00 1070 756 0.73 0.24 0.0532 2.3 0.0714 2.0 264 ±3 

Sample OR 105          
OR-15  0.91 134 102 0.79 0.81 0.0566 3.4 0.0632 1.4 251 ±4 
OR-7  1.36 139 145 1.08 0.38 0.0667 3.0 0.0617 1.3 252 ±4 
OR-12  0.31 362 471 1.34 1.14 0.0561 2.0 0.0679 2.2 253 ±3 
OR-10  0.96 266 217 0.85 0.26 0.0595 2.3 0.0626 3.1 257 ±3 
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Table 4.3. U-Pb SHRIMP Results  

Spot % 
206Pbc 

ppm 
U 

ppm 
Th 

232Th 
/238U 

±% 207Pb 
/206Pb 

±% 206Pb 
/238U 

±% (1) 
206Pb/238U 

Age 

 

OR-8  1.26 276 273 1.02 0.42 0.0582 2.3 0.0654 1.0 258 ±4 
OR-1  0.52 198 204 1.06 0.65 0.0571 2.6 0.0775 1.1 259 ±6 
OR-3  0.63 392 450 1.19 0.21 0.0549 2.1 0.0621 0.8 260 ±4 
OR-2  0.58 294 244 0.86 0.24 0.0543 2.2 0.0697 2.1 261 ±4 
OR-4  0.68 220 393 1.84 0.56 0.0588 3.8 0.0729 1.0 272 ±5 
OR-11  3.14 322 311 1.00 1.12 0.0762 4.4 0.0413 4.4 296 ±5 
OR-9  0.18 1399 365 0.27 1.11 0.0603 0.7 0.1271 1.1 425 ±6 
OR-13  0.08 501 548 1.13 0.35 0.0571 1.3 0.1254 1.2 445 ±5 
OR-14  0.16 680 107 0.16 0.48 0.0577 1.1 0.1175 2.6 450 ±6 
0R-6  0.64 290 324 1.16 0.38 0.0545 2.3 0.0726 2.2 259 ±3 
0R-5  0.53 420 309 0.76 0.23 0.0617 1.5 0.1006 0.7 444 ±5 

Sample OR 107         

C-7  0.60 1764 614 0.36 0.96 0.0595 0.7 0.0596 3.9 224 ±2 
C-9  0.19 1793 819 0.47 0.11 0.0556 0.7 0.0689 3.3 251 ±2 
C-4  0.08 365 64 0.18 0.33 0.0514 1.6 0.0762 1.7 271 ±2 
C-3  0.42 1393 78 0.06 0.93 0.0638 0.6 0.1139 6.2 380 ±2 
C-11  0.00  1059 558 0.54 0.35 0.0548 0.7 0.1209 1.8 389 ±2 
C-2  0.15 109 45 0.42 0.45 0.0579 2.0 0.1301 3.2 468 ±5 
C-6  0.37  298 83 0.29 0.31 0.0566 2.2 0.1403 2.6 470 ±4 
C-5  0.04 1012 141 0.14 1.16 0.0631 0.7 0.1104 4.3 478 ±4 
C-1  0.14  459 156 0.35 11 0.0617 0.8 0.1920 1.4 589 ±11 
C-8  0.11 527 206 0.40 0.21 0.0758 0.6 0.2570 2.9 884 ±6 
C-10  0.23  104 132 1.31 0.56 0.0802 1.1 0.3349 3.1 1136 ±13 

Notes: Errors are 1-sigma; Pbc indicates the common Pb portions. Error in Standard 
calibration was 0.40% (not included in above errors but required when comparing data from 
different mounts) for OR72 and OR105 and 0.22% for OR98 and OR107. (1) Common Pb 
corrected using measured 204Pb. Bold = Samples with calculated ages (Fig. 4.13).
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The outcrop section spanning the upper Skoorsteenberg and Kookfontein formations 

(Fig. 4.4) displayed the least complicated thermal demagnetization spectra of all the studied 

sections (Figs. 4.6-4.8abd). Mean paleomagnetic directions are reported in Table 4.1. The 

Natural Remanent Magnetization (NRM; magnetization before demagnetization) intensities 

of the sedimentary rocks range from 0.3 to 113 mA/m, with an average value of 4.0 mA/m. 

NRM intensities were highest for the top 50 m of section (~1430 mA/m), and randomly 

oriented and shallow directional data suggest that this segment has been completely 

remagnetized by lightning. These uppermost samples were discarded from further 

consideration. Magnetic susceptibility data revealed a mainly ~300 m rhythmic susceptibility 

profile with an average value of 0.15 (×10-3SI units; Fig. 4.9).  

 Progressive thermal demagnetization of the samples revealed up to three discernible 

paleomagnetic components, with all samples becoming unstable at T > 580°C (Figs. 4.6-4.8). 

The first, referred to as Component A, is present in about 20% of the samples, and is stable 

from about 110-250°C. The mean direction is broadly consistent with a present field 

overprint, although we note that the small number of isolated directions may not be 

representative of the true mean (Fig. 4.10a). In some cases, this component is absent or is 

preceded by a randomly-oriented low temperature direction stable below 150°C that may be 

representative of goethite or a Viscous Remanent Magnetization (VRM). The second 

component, referred to as Component B, is present in nearly every sample, and is stable from 

about 300-450°C (Figs. 4.7-4.9). Directional data (Declination = 341.0°; Inclination = -60.8°; 

α95 = 2.5) are similar to both reported Jurassic overprint directions and a modern field 

component (De Kock and Kirschvink, 2004b; Lanci et al., 2013; Moulin et al., 2017). When 

both components A and B are recorded by the same sample, Component B always shows 

higher unblocking temperatures, and is the last direction isolated before the unblocking of the
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Fig. 4.6. Representative Zijderveld demagnetization diagrams for the Waterford Formation. a-b) Reverse polarity samples from the Kookfontein 
Fm. (Lower Waterford) at Pienaarsfontein, with removal of the Jurassic overprint direction at 475°C; c) Reverse polarity sample from the Upper 
Waterford at SL1 showing the removal of two normal polarity overprint directions before isolation of the ChRM from 525-540°C; d) Normal 
polarity sample from the upper Kookfontein Fm. at Pienaarsfontein showing the removal of two overprint components before isolation of the 
ChRM at 580°C. Solid (open) squares represent projections on the horizontal (vertical) plane. For the accompanying sample equal area 
projections and intensity decay diagrams see Figs. 4.7 and 4.8.



120 

120 
 

 
 
Fig. 4.7. Representative equal area projections for the Waterford Formation. Up (down) 
pointing paleomagnetic directions are indicated by open (closed) squares. Numbers represent 
the thermal demagnetization steps in °C. 
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Fig. 4.8. Representative intensity decay diagrams for the Waterford Formation. 
Demagnetization curves are consistent with magnetite as the main magnetic phase. 
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Fig. 4.9. Magnetostratigraphy of the upper Ecca Group (Kookfontein and Waterford 
Formations) from the field sections SL1 and Pienaarsfontein. ChRM declination and 
inclination (polarity) data are plotted against sampling level, VGP latitude, lithology, and 
magnetic susceptibility measurements (SI units). The section is restricted to reverse polarity 
(white), with three potential normal subchrons (black). Both sections show intervals affected 
by lightning strikes and are shown as gray bars. See Figure 4 for sequence correlation. 
Measured sections from Wild (2005). Closed (open) squares represent directions isolated 
using lines (arcs). 
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Fig. 4.10. Equal area diagrams displaying the a) mean overprint directions (Components A and B) and the b) reverse ChRM direction 
(Component C) of the Lower Waterford (Kookfontein) Formation at Pienaarsfontein. Up (down) pointing paleomagnetic directions are indicated 
by open (closed) squares in the stereoplots. Arc-constraints for samples that do not reach stable endpoints were calculated with the method of 
McFadden and McElhinny (1988), and are shown with circle symbols. Red and blue ovals represent the cone of 95% confidence about the mean 
direction.  
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Characteristic Remanent Magnetization (ChRM) direction (Component C), which is 

interpreted to be primary (Fig. 4.10b). Component C (D = 116.0°; I = 62.1°; α95 = 4.2˚) is 

stable from about 475-580°C, and is restricted to reverse polarity, with the exception of a few 

samples throughout the section which display normal polarity. Some of these normal polarity 

samples showed stable end-point magnetizations isolated from 565-580°C after the removal 

of both normal Components A and B (Fig. 4.7d), and may be correlative with previously 

documented ca. 275 Ma normal subchrons within the KRS (Hounslow and Balabanov, 

2016a). Intensity decay diagrams show demagnetization curves consistent with magnetite as 

the main magnetic phase (Fig. 4.8). Isolation of this ChRM component within the unblocking 

temperatures of magnetite excludes secondary hematite as a possible source of magnetization 

(Butler, 1992). Components B and C are statistically distinct and fail a common distribution 

test at the 95% confidence level (λo = 21.1°; λc = 7.0°; McFadden and McElhinny 1990). 

Previous paleomagnetic work in the Tanqua depocentre revealed up to three paleomagnetic 

components, including a low-temperature (≤ 175°C) recently-acquired VRM and a higher 

temperature (≤ 475°C) remagnetization that may be related to Jurassic Large Igneous 

Province (LIP) emplacement (Lanci et al., 2013; Tohver et al., 2015). Reverse polarity ChRM 

data reported from the overlying Abrakamskraal Formation in the Beaufort Group (Fig. 4.2) 

were similarly isolated at temperatures of 450-580°C (Lanci et al., 2013). 

 The mean equal area projection of the ChRM directions (Fig. 4.10b) shows a 

somewhat N-S elongation. No pattern in stratigraphic level was observed with respect to this 

elongation, or any difference in directional data when Bingham statistics were applied. 

Typically inclination shallowing expected from sedimentary rocks which have undergone 

compaction is recognized by an E-W directed elongation of the paleomagnetic dataset (Tauxe 

and Kent, 2004). This section lies within a geomagnetic superchron, and the exact behaviour 

of the Earth’s magnetic field during these types of events is still poorly understood (Granot et 
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al., 2012; Hounslow, 2016; Lhuillier et al., 2016). Contributions from a non-zero non-GAD 

(Geocentric Axial Dipole) field can change the distribution of directions, where a non-zero 

axial octupole of the same sign as the axial dipole will enhance the N-S elongation of the 

observed directional data resulting in a shallow polarity bias (Tauxe and Kent, 2004). The 

superchron recorded here was of reverse polarity, and it has been documented that at least for 

the past 5 million years, the reverse polarity field has displayed a larger non-dipole 

component than the normal field (Johnson et al., 2008; Merrill and McElhinny, 1977; Opdyke 

and Henry, 1969; Schneider and Kent, 1988), which may be attributable to a persistent axial 

octupole contribution (Parés and Van der Voo, 2012), though we note this observation is 

speculative. 

 

4.4.1.2. Ecca Group, SL1 
 
 The outcrop section spanning the upper Waterford Formation at the SL1 locality 

reveals more complicated demagnetization spectra (Figs. 4.6-4.8c). The average NRM 

intensity of this section is slightly higher than that recorded from the Pienaarsfontein section, 

with an average value of 40 mA/m. The magnetostratigraphic profile was completed through 

the stratigraphic succession with some offsets due to lack of exposure along the ridgeline 

leading up to the SL1 research well (Fig. 4.4). The third segment of this sampling transect 

(425-475 m) seems to have been mostly remagnetized by lightning, with elevated NRM 

intensities and randomly oriented and shallow directional data. Magnetic susceptibility data 

collected toward the base of the section shows a less regular pattern than that of the 

Kookfontein Formation, and ranges from 0.03 to a peak of 0.35 (×10-3 SI units) at the 375 m 

mark (Fig. 4.9). 

 Progressive thermal demagnetization of the samples revealed two distinct 

paleomagnetic components identical to Components B and C from the Kookfontein 
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Formation (Pienaarsfontein locality). A few samples exhibit a random low-temperature 

direction up to 150°C, however, this overprint is harder to detect here due to the generally 

less coherent demagnetization data. Component B is present at temperatures from 150-350°C, 

and is removed above 400°C (Figs. 4.6-4.8c). Component C is stable from 475˚C to 575°C, 

and is fully demagnetized above 580°C (Figs. 4.6-4.8c). The demagnetization curves from 

this section indicate some combination of magnetite and maghemite as the main magnetic 

phases (Fig. 4.8c). An equal area projection of the mean ChRM data shows a Fisherian 

distribution, with the reverse polarity sites (positive inclination) displaying a higher scatter in 

direction due to the overlap in unblocking spectra with the normal polarity overprint (Fig. 

4.11ab).  This section is also restricted to reverse polarity, with two potential normal 

subchrons from two single samples (Fig. 4.9). 

  

4.4.1.3. Ecca Group, OR1 Core 

 The samples collected from the long-core of the OR1 research well (Fig. 4.1) show 

similar demagnetization behaviour to Pienaarsfontein and SL1, with the exception that these 

samples generally became unstable at temperatures greater than 500°C. This is attributed to 

partially fractured samples that were destroyed during heating above 500°C (before they were 

completely demagnetized). However, the majority of samples had recoverable remanences 

and showed a clear removal of a normal polarity overprint direction (Component B) below 

475°C, with isolation of a reverse polarity ChRM direction (Component C) at temperatures 

ranging from 500-580 °C (Fig. 4.12). The drill core is vertically oriented, so only inclination 

data are available from this section. Negative inclinations represent normal polarity and 

positive inclinations represent reverse polarity. This section is restricted to reverse polarity, 

with one normal polarity remanence (stable at high temperatures) at 200 m depth (Fig. 4.13). 

The top of the OR1 core contains the upper sandstones of Fan 4 as well as Unit 5 from the
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Fig. 4.11. Equal area diagrams displaying the a) mean overprint direction (Component B) and 
the b) reverse ChRM direction (Component C) of the upper Waterford Formation at SL1. Up 
(down) pointing paleomagnetic directions are indicated by open (closed) squares in the 
stereoplots. Arc-constraints for samples that do not reach stable endpoints are calculated with 
the method of McFadden and McElhinny (1988), and are shown with circle symbols. Red and 
blue ovals represent the cone of 95% confidence about the mean direction. 
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Fig. 4.12. Representative Zijderveld and intensity decay diagrams for the Skoorsteenberg Formation from the OR1 core (vertical orientation 
data). The Jurassic overprint direction is removed by 400°C while the reverse polarity ChRM is isolated from 450-550°C. Demagnetization 
curves are indicative of magnetite as the main magnetic phase. Solid (open) squares represent projections on the horizontal (vertical) plane. 
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Fig. 4.13. Magnetostratigraphy of the Skoorsteenberg and Tierberg Formations from the OR1 
core (see Fig. 1 for location). ChRM inclination (polarity) data are plotted against sampling 
level, U-Pb SHRIMP ages, lithology (Hodgson et al., 2011), and magnetic susceptibility 
measurements (SI units). Closed (open) squares represent directions isolated using lines 
(arcs). The section is restricted to reverse polarity (white), with one potential normal 
subchron (black). The age presented here is a weighted mean 206Pb/238U age. Corresponding 
Wetherill diagrams are shown only for reference. Pink arrows indicate the stratigraphic levels 
of the dated ash beds.
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Skoorsteenberg Formation which overlaps with the first 115 m of section at Pienaarsfontein 

(Poyatos-Moré et al., 2016; Wild et al., 2009). Both overlapping sections show good 

agreement with respect to the variation in inclination values, with the steepest inclinations 

observed near the top of Unit 5, a steady and shallower average inclination of ~50° for the 

base, and an average inclination value of ~60° for the uppermost part of Fan 4 (Figs. 4.9 and 

13). Magnetic susceptibility measurements range from -0.2 to 0.4 (×10-3 SI units), with the 

largest recorded values correlative with mudstone intervals against a rhythmic background 

susceptibility profile centred at 0.15 (×10-3 SI units) similar to the pattern observed at 

Pienaarsfontein (Fig. 4.9). Overlapping segments of magnetic susceptibility measurements 

are in strong agreement for Unit 5 (Figs. 4.9 and 4.13). NRM intensity of the drill-core ranges 

from 0.25 to 240 mA/m, with an average value of 3.5 mA/m.   

 

4.4.2. Magnetic Fabric 

 AMS results for the Ecca Group are displayed in Figure 4.14 along with the 

corresponding Jelínek statistics and mean directions in Table 4.2. At Pienaarsfontein 

(Kookfontein Fm.), the measured anisotropy factors do not show any significant variation 

along section or for any particular lithology. The shape of the AMS ellipsoid is oblate, with a 

shape factor (T) = 0.669 (Fig. 4.14a). The fabric shows K3 values clustered around the 

vertical axis consistent with horizontally-layered sediments unaffected by ductile deformation 

(Fig. 4.14a). The similarity between the shape factors (T) and difference shape factors (U) 

indicates a very low degree of anisotropy for the sedimentary rocks (Jelínek, 1981). At SL1 

(Waterford Fm.), the AMS ellipsoid shows a mostly oblate shape (Fig. 4.14b); however, the 

Jelinek diagrams indicate a more complex geometry than expected from typical sedimentary 

burial and compaction (T = 0.310). The K3 values here are much shallower (< 35°), and are
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Fig. 4.14. Principal axes of magnetic susceptibility for the Ecca Group at a) Pienaarsfontein 
and b) SL1. Top: Equal-area plots of the directions of the principal axes of AMS with K1 = 
Kmax, K2 = Kint, K3 = Kmin. Ovals represent the confidence ellipses for the mean direction. 
Bottom: Jelinek diagram displaying the general shape of the AMS ellipsoids with P = degree 
of anisotropy and T = shape factor. 
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 clustered in a N-S direction (Fig. 4.14b). This fabric may be a result of an intersection 

lineation between sub-horizontal bedding and a vertical foliation (Parés et al., 1999).  

 

4.4.3. SHRIMP U-Pb geochronology 
 

 Of the four samples analysed by SHRIMP (Table 4.3), three samples yielded at least 

10 zircon grains with ages < 300 Ma. Two of these samples yielded internally consistent 

mean weighted 206Pb/238U ages suitable for interpretation and are discussed below.  

 For sample OR72 (331.1 m), 14 standard spots (2 rejected from initial instrument 

calibration) were taken on M257 (MSWD = 3.19), with an external spot-to-spot error of 

0.95% (1σ) and a 238U/206Pb calibration uncertainty of 0.5178% (1σ).  Of 18 analyses from 

zircon grains, two spots of ca. 360 and 770 Ma were interpreted as inherited grains (Table 

4.3). 232Th/238U ratios did not indicate any metamorphic resetting, with a minimum observed 

value of 0.42. One grain was rejected due to a high concentration of U (1070 ppm; Table 

4.3). No grains were rejected based on the proportion of 206Pb; however, one grain (ca. 248 

Ma) was rejected based on presumed Pb-loss, likely resulting from a nearby fracture in the 

grain. The remaining 14 spots gave a weighted-mean 206Pb/238U age of 264.6 ± 2.9 Ma with a 

MSWD of 2.25. This age is interpreted here as a minimum constraint due to suspected Pb-

loss. A linear trend from the oldest to the youngest grains is observed sub-parallel to 

Concordia, and the range in zircon ages prevents the identification of a single and discrete 

age population (Fig. 4.13). 

 For sample OR98 (452.8 m), 9 standard spots (2 rejected from initial instrument 

calibration) were taken (MSWD = 1.10), with an external spot-to-spot error of 0.50% (1σ) 

and 238U/206Pb calibration uncertainty of 0.4973% (1σ). 232Th/238U ratios did not indicate any 

metamorphic resetting, with a minimum observed value of 0.55. Of 18 unknown zircon 

analyses, two were rejected based on CL images that showed that that the beam diameter 
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overlapped with fractures. Two analyses were rejected based on 206Pb values (>1.5%; Table 

4.3). No analyses were rejected based on U concentration or inheritance. The remaining 14 

spots revealed a distinct age population at ca. 271 Ma, with a sub-population at ca. 266 Ma 

that is likely a result of Pb-loss (Fig. 4.13). The 14 spots yielded a weighted-mean 206Pb/238U 

age of 269.5 ± 1.2 Ma with a MSWD of 1.02. This calculated age is in good agreement with 

both the reported magnetostratigraphy (Figs. 4.9 and 4.13) and the GPTS (Fig. 4.3), and so 

provides a good age estimate for the base of the Skoorsteenberg Formation in the Tanqua 

depocentre. 

 

4.5. Discussion 
 
4.5.1. Magnetostratigraphy 
 
  Individual magnetostratigraphic columns for each section are plotted in Figures 4.9 

and 4.13, with a composite of the Ecca Group and overlying Abrahamskraal Formation 

(Beaufort Group) presented in Figure 4.15. The magnetostratigraphy shows an extended 

reverse polarity interval for over 1500 m of section that is consistent with formation during 

the Pennsylvanian–Middle Permian KRS (Hounslow and Balabanov, 2016a; Irving and 

Parry, 1963; Menning et al., 1988; Opdyke et al., 2000; Steiner, 2006). This interval of 

constant magnetic polarity was followed by a return to a frequently reversing field at ca. 265 

Ma (Belica et al., 2017), thus providing a minimum age constraint for the Ecca Group (Fig. 

4.15).  

 To provide the best age estimate for deposition of the Ecca Group in the Tanqua 

depocentre (20°E), we compare this section with the GPTS, as well as the published isotopic 

ages that do not conflict with the resolved magnetostratigraphy (i.e. > 265 Ma; Fig. 4.15). 

The normal polarities reported here cannot be confirmed as primary as they are only



136 

136 
 



137 

137 
 

Fig. 4.15. Lithostratigraphy, corresponding U-Pb ages, and magnetostratigraphic composite 
of the Permian Ecca Group and Lower Abrahamskraal Formation (Beaufort Group) of the 
Tanqua depocentre. GPTS* after Hounslow and Balabanov (2016) with geologic stage 
boundaries after Ogg et al. (2016) and lithology after Hodgson et al. (2011). Published ages 
shown in blue are incompatible with the reported magnetostratigraphy. *Ouberg Pass = Lanci 
et al. (2013). 
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represented by one consecutive sample; however, they are broadly consistent with the 

occurrence of normal polarity subchrons within the KRS (Fig. 4.15). 

 Our composite 1500 m section from the Ecca Group terminates within the upper 

Waterford Formation, which underlies a previously published section at Ouberg Pass (upper 

Waterford-lower Abrahamskraal Formation; Fig. 4.15) that shows mostly stable reverse 

polarity end-points (80%) in the magnetostratigraphy similar to Pienaarsfontein (Lanci et al., 

2013). Normal polarity magnetozones were also reported (2-3 consecutive samples) for this 

section, and passed a reversal test. U-Pb SHRIMP (zircon) ages range from ca. 262-268 Ma, 

and the section was interpreted to span ~7 Ma (Lanci et al., 2013). Hounslow and Balabanov 

(2016) proposed two magnetostratigraphic options for this section. The first is that the 

reported normal polarities from Ouberg Pass are correlative with a late Wordian 

magnetostratigraphy, with a documented normal subchron at ca. 269 Ma. The second is that 

the normal magnetozones are correlative with post-Kiaman reversals at ca. 265 Ma.   

 U-Pb SHRIMP (zircon) ages of ca. 290 Ma are reported from the Prince Albert 

Formation (lowermost Ecca Group; Fig. 4.15), while ages of ca. 262-268 Ma are reported 

from the lower Beaufort Group (above the Ecca Group; Fig.4.15). A U-Pb SHRIMP (zircon) 

age of 270.4 ± 2.7 Ma has been reported (Fig. 4.15) from the middle Tierberg Formation 

(McKay et al., 2016), as well as an age of 274.8 ± 1.5 Ma from the Collingham Formation of 

the Laingsburg depocenter, 50 km to the southeast (Fildani et al., 2007; 20.75°E). The 

magnetostratigraphy and corresponding ages, therefore, support an age range of ca. 290-265 

Ma for the deposition of the Ecca Group of the southern Karoo Basin. This age range is 

consistent with the accepted depositional history for the Karoo Basin, as well as the large 

body of published biostratigraphic data, and re-establishes the location of the 

geochronologically-constrained PTB of the Tanqua depocentre to within the overlying 

terrestrial sediments of the Beaufort Group (Fig. 4.15). 
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4.5.2. SHRIMP U-Pb geochronology 
 
 Samples OR72 and OR98 reported here from the Ecca Group are plotted against the 

corresponding sampling level for comparison with the magnetostratigraphy (Fig. 4.13). The 

U-Pb results from OR72 indicate that the system has likely been exposed to some level of Pb-

loss (Fig 4.13). Similar to other published isotopic analyses from the Ecca Group, we isolated 

several late Permian-aged grains from each sample (Table 4.3). These grains formed a 

distinct sub-population in OR98, but were not excluded from the final age calculation in 

order to provide a minimum age constraint (Fig 4.13). The age reported here is ca. 10 Ma 

older than those previously reported from the Ecca Group (Fig. 4.2), and we interpret this as 

mainly resulting from the contrasting interpretations of complicated U-Pb datasets. (Fildani et 

al., 2007; Fildani et al., 2009; McKay et al., 2016; McKay et al., 2015). The former age 

calculations were based on the single youngest grain (Fildani et al., 2007; Fildani et al., 2009) 

or sub-population of youngest grains (McKay et al., 2016; McKay et al., 2015), whereas our 

analysis was based on the weighted mean 206Pb/238U  age of all isolated Permian grains (< 

280 Ma) that met the specified quality criteria (section 3.3). We identified several inherited 

grains with ages of 1130 Ma, 880 Ma, 590 Ma, 450 Ma, and 380 Ma (Table 4.3). The grains 

selected for our age calculation showed no obvious signs of inheritance, and SHRIMP spots 

were taken on rims to avoid contamination from potential inherited cores (Fig. 4.5b).  

Interestingly, the work by McKay et al. (2015; 2016) did not identify any ages older 

than ca. 280 Ma in the Ecca Group, and so early Permian-aged zircons were excluded from 

their age calculations by reasoning of assumed inheritance. This assumption was based on the 

hypothesis that the zircons from the overlying Beaufort Group (ca. 262-268 Ma) were 

sourced from the same volcanic center as the Choiyoi Group of South America, that they 

proposed to have experienced a period of Triassic zircon exhaustion and recycling of older 

inherited grains (McKay et al., 2015). However, recent Rare Earth Element (REE) data 
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indicate that the Karoo Basin ash beds were more likely sourced from Antarctica, and do not 

share a common magmatic history with the South American ash beds (McKay et al., 2016). 

Without clear documentation of the location of the magma chamber from which the ashes 

were generated, applying a hypothetical inheritance cut-off to the total analyses would skew 

the calculation towards a younger age.  

 Here we provide a more straightforward explanation for this apparent age inversion:  

that the zircon grains from ash beds in the middle Ecca Group have been affected by Pb-loss, 

the degree of which is difficult to assess at the resolution of the SHRIMP method for samples 

<500 Ma (Tohver et al., 2015). For example, for Phanerozoic samples, subsequent loss of 

radiogenic Pb will cause analyses to plot in an array between the magmatic age and the age of 

disturbance along a line subparallel to the Concordia curve, and with uncertainty ellipses still 

overlapping with Concordia, so the degree of Pb-loss is potentially impossible to resolve 

(Tohver et al., 2015). The reproducibility of consistently younger ages from the underlying 

Ecca Group and older ages from the overlying Beaufort Group, along the southern margin of 

the Karoo Basin, can be explained by an episode of Pb-loss. Our paleomagnetic analysis from 

the Tierberg and Skoorsteenberg Formations (OR1 core) shows a much larger degree of 

remagnetization with generally more unstable demagnetization behaviour than in the 

overlying Kookfontein and Waterford Formations, suggesting that the lower to middle Ecca 

Group was more heavily affected by this Pb-loss event than the upper Ecca Group, though 

this may also be a result of the drill string.  

Some published illite crystallinity data from the middle Ecca Group support low-

grade metamorphic temperatures of 170-200°C (Hälbich et al., 1983), which is within range 

of when fluid-mediated lattice damage initiates in zircon (Geisler et al., 2002; Geisler et al., 

2007). However, we did not find any clear evidence for reabsorption or alteration of the 

oscillatory zoning in the zircons (Fig.4.5ab), and the measured 232Th/238U ratios are not 
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consistent with a lattice disturbed by metamorphism (Table 4.3). The CL and BSE images of 

the analysed zircon grains (Fig. 4.5) do not show extensive U damage, metamorphism or any 

other feature that indicates zircon damage, so Pb-loss is a reasonable explanation to the 

spread of ages observed in the data collected. The Pb-loss hypothesis stems from the 

observation that the previously published SHRIMP ages from the Ecca Group are 

consistently too young when compared to the overlying Beaufort Group (Fildani et al., 2007; 

Fildani et al., 2009; McKay et al., 2016; McKay et al., 2015), and if their inaccuracy came 

from heterogeneous standards or other analytical errors, the age difference would be non-

systematic. 

 As this Pb-loss event has only been observed so far in the Ecca Group, we conclude 

that this episode was most likely an isolated incident. However, another possibility is that this 

Pb-loss event was more extensive, and the preponderance of younger grains isolated from the 

Ecca Group could be explained by a lower proportion of co-eruptive zircon (McKay et al., 

2015) than in the overlying Beaufort Group . Zircon has been shown to be present in variable 

concentrations in different tectonostratigraphic terranes (Moecher and Samson, 2006). This 

variability also has the potential to create an age bias in the study of magmatic systems 

(McKay et al., 2015). For example, the Beaufort Group may have been sourced by zircon-

rich volcanic eruptions, while the Ecca Group was sourced by zircon-poor eruptions. In this 

scenario, the Beaufort Group would have been exposed to the same Pb-loss event; however, 

the abundance of available zircon grains would dilute these disturbed analyses in the final age 

calculation, since they would not fit within the main population (or sub-population), but 

represent outliers. Interestingly, Pb-loss was similarly detected in the Transantarctic 

Mountains of Antarctica, where a large number of Triassic grains were present in the 

interpreted Permian-aged beds (Elliot et al., 2017). As REE data seem to support a common 

magmatic origin for the Karoo Basin and Antarctic ash beds (McKay et al., 2016), further 
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research in these areas is required. Regardless of a direct demonstration or mechanism for the 

proposed Pb-loss, the magnetostratigraphy presented here provides an independent test 

against potentially disturbed U-Pb isotopic data, and confirms the Early Permian age for the 

Ecca Group. 

 

4.5.3. The Gondwana APWP 
 
 In order to further constrain the relative timing of the interpreted primary and 

secondary magnetizations, the mean poles reported from Component B (overprint) and 

Component C (ChRM) are plotted alongside the recommended APWP of Torsvik et al. 

(2012) for reference (Fig. 4.16). The reported ChRM direction is consistent with the 270 Ma 

segment of the Gondwana APWP, and forms a critical angle (λc) of 13.6° with the reported 

ca. 270 Ma RM (Running Mean) Gondwana pole (no applied corrections; Torsvik et al., 

2012). Component B is consistent with the 190 Ma segment (λc = 8.3°) of the Gondwana 

APWP, as well as recent results reported from the Karoo LIP (Moulin et al., 2017). This 

suggests that this component represents a partial (low-temperature) Jurassic remagnetization 

of the Ecca Group during the initial stages of LIP emplacement. The eruption of the Karoo 

LIP likely resulted in the mobilization of heated fluids which could leach Pb, and recent 

paleothermal studies of the basin have indicated regional elevation of paleotemperatures of 

the sedimentary rocks of the Ecca Group to 200°C (Maré et al., 2016). This temperature 

interval is consistent with potential Pb-loss, which should not occur in zircons except at low 

temperatures (Schoene, 2014), such as during low temperature hydrothermal dissolution and 

reprecipitation (Geisler et al., 2002; Geisler et al., 2003). 

Though Karoo Basin paleomagnetic directions were originally considered to be 

representative of a complete remagnetization (demagnetization to 350°C) due to a negative
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Fig. 4.16. Components B (overprint) and C (ChRM) plotted alongside the recommended 
Gondwana APWP of Torsvik et al. (2012) with an orthogonal projection centered at 40°S, 
60°E. Blue = present study; Green = Paleomagnetic results from the Karoo LIP at ca.183 Ma 
(Moulin et al. 2017).
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fold test in the Cape Fold Belt (Ballard et al., 1986), a number of paleomagnetic studies have 

since been published which resolved primary magnetization components suitable for 

comparison with the GPTS (De Kock and Kirschvink, 2004a; Gastaldo et al., 2015; Lanci et 

al., 2013; Tohver et al., 2015; Ward et al., 2005). The Cape Orogeny (ca. 275-265 Ma), 

though significant in deformation in some areas, does not seem to have significantly 

remagnetized the Ecca Group strata, which in the present study location (Tanqua depocentre; 

Fig. 4.1) are almost flat-lying and unaltered. Paleomagnetic results from a stratigraphically 

overlying section at Ouberg Pass (Lanci et al., 2013) revealed magnetizations with several 

antipodal reversed and normal polarities that would be impossible to obtain if the remanence 

represented a blanket remagnetization acquired during KRS-aged Cape Fold Belt activity. 

However, if the magnetizations were reset during the KRS, then this would imply an even 

older age (>270 Ma) for the Ecca Group, consistent with the proposed hypothesis of Pb-loss 

and the main conclusions of this work. If the Cape Orogeny had caused the Ecca Group Pb-

loss, then it had to have occurred directly after the deposition of the Ecca Group and before 

the deposition of the Beaufort Group. Hence it would be more or less coeval with sediment 

deposition. As the Ecca Group is outside the main area of Cape Fold Belt deformation (Fig. 

4.1), we attribute the thermal overprint marker to the eruption of the Karoo LIP, which due to 

the vicinity of numerous dykes and sills in the field area, had the potential to make a more 

significant impact on resetting the magnetizations than distal Cape Fold Belt activity.  

  

4.6. Conclusions  
 
 In an attempt to better resolve the Permian chronostratigraphy of the Karoo Basin, we 

have presented magnetostratigraphic and geochronologic data from a large part of the Ecca 

Group in the Tanqua depocentre. A uniformly-reverse polarity magnetostratigraphic profile 

of a composite ~1500 m section confirms that deposition occurred during the Kiaman 
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Reverse Superchron (ca. 318 to 265 Ma), providing a minimum depositional age constraint of 

ca. 265 Ma for the upper Ecca Group. This age is not compatible with the 

geochronologically-indicated PTB in the upper Skoorsteenberg Formation, but supports the 

existing biostratigraphic data in the overlying Beaufort Group. A U-Pb age of 269.5 ± 1.2 Ma 

is reported here from the uppermost Tierberg Formation, and is interpreted as a minimum age 

constraint due to a proposed Pb-loss event in the Ecca Group of the southern Karoo Basin.  

 A combination of published U-Pb ages from the overlying Abrahamskraal Formation 

(ca. 262 to 268 Ma), the Prince Albert Formation (ca. 290 Ma) and the Collingham Formation 

(ca. 275 Ma), compared with our magnetostratigraphic composite of the Tanqua depocentre, 

support an age range of ca. 290-265 Ma for the ~1.5 km thick 

Skoorsteenberg/Kookfontein/Waterford Formation section of the Ecca Group.  
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This chapter will be submitted for publication as: 

 
 

Late Permian magnetostratigraphy of the upper Balfour Formation: evidence 
for Jurassic remagnetization of the eastern Karoo Basin, South Africa 

 
 
 

Abstract 
 
Here we present paleomagnetic data from a 91 m section spanning the upper Balfour 
Formation of the Beaufort Group (previously assigned to the Permian-Triassic Boundary on 
the basis of Dicynodon/Lystrosaurus). This section shows a large degree of secondary 
magnetization, with primary components often absent or not isolated until temperatures of 
620-670°C. We isolated two separate overprint components, one being compatible with 
Jurassic Karoo paleomagnetic data. Eighteen stable reverse polarity end-points were found 
throughout the length of the section, however primary normal polarity directions could not be 
distinguished from a Jurassic remanence due to the extent of remagnetization in this area. The 
underlying Ecca Group, located in the southwest Tanqua Sub-basin, has demonstrated a much 
lower degree of remagnetization, with normal polarity overprints removed by temperatures 
less than 450°C. This observation supports a W-E propagation of remagnetization intensity 
compatible with published borehole baked-contact profiles. This magnetic overprinting event 
likely occurred at ca 190-180 Ma during some initial phase of Karoo LIP activity. This 
heating episode was also likely responsible for a Pb-loss event reflected in a number of U-Pb 
isotopic results. We provide a paleomagnetic review of the published magnetostratigraphic 
data from the Karoo Basin constrained against the Gondwana APWP in order to establish 
whether obtaining accurate normal polarity information is possible in spite of this 
remagnetization event.
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5.1. Introduction 

 The Karoo Basin of South Africa (Fig. 5.1) represents an extensive depositional 

record of Pennsylvanian-early Jurassic sedimentary rocks that have been critical for 

understanding the rate of vertebrate turnovers for continental extinction events during the 

Permian (Botha and Smith, 2006; Day et al., 2015; Gastaldo et al., 2015; Smith and Botha, 

2005; Smith and Botha-Brink, 2014; Smith and Ward, 2001; Ward et al., 2005). The 

Permian-Triassic Boundary (PTB) is associated with the largest mass extinction event for the 

Phanerozoic, with an estimated loss of more than 90% of marine species and up to 70% of 

terrestrial vertebrate species (Benton, 2003; Benton and Twitchett, 2003; Erwin, 1993; Song 

et al., 2013). The PTB is defined by marine conodont assemblages, and has a corresponding 

age of 251.9 ± 0.0 Ma determined from high resolution U-Pb TIMS (zircon) dating of ash 

beds from the Meishan section in south China (Burgess et al., 2014). The Beaufort Group of 

the Karoo Basin has been considered to be an important example of the terrestrial expression 

of this mass extinction event, which has been defined by the Last Appearance Datum of the 

late Permian tetrapod Dicynodon Assemblage Zone (AZ) and the First Appearance Datum of 

early Triassic taxa in the Lystrosaurus AZ (Lucas, 2010; Smith and Botha-Brink, 2014).  

 Although this vertebrate turnover has been widely cited with regards to the 

understanding of continental extinction events, recently published magnetostratigraphic and 

U-Pb geochronological data are in disagreement. (De Kock and Kirschvink, 2004b; Fildani et 

al., 2007; Fildani et al., 2009; Gastaldo et al., 2015; Lanci et al., 2013; McKay et al., 2015; 

Rubidge et al., 2013; Ward et al., 2005). Contrasting characterizations of the PTB as 

expressed in the Karoo Basin have arisen in part by their basis on isolated study sections and 

on choice of analytical methodologies (i.e., paleomagnetic vs. geochronological datasets). 

One interpretation of the terrestrial PTB in the Karoo Basin comes from a 

combination of lithological, paleontologic, magnetostratigraphic, and chemostratigraphic 
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Fig. 5.1. Geological map of the Karoo Basin after Johnson et al. (1996) showing the distribution of sedimentary and igneous rocks of the Karoo 
Supergroup. The red star indicates the sampling location of the present study while black hexagons indicate the locations of published  sections. 
For a general lithostratigraphic summary see Figure 5.2.
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results from the upper Balfour Formation (Fig. 5.1) at the type locality known as Old 

Lootsberg Pass (Smith and Botha-Brink, 2014; Ward et al., 2005; Ward et al., 2000). The 

Dicynodon/Lystrosaurus PTB was placed within the lower Palingkloof Member of the 

Balfour Formation (Fig. 5.2), and was considered to be in synchrony with the marine crisis 

(Ward et al., 2005). A second interpretation of these vertebrate turnovers at the same locality 

supports a stratigraphically higher age for the Last Appearance Datum of Dicynodon, with an 

accompanying U-Pb ID-TIMS age on zircons of 253.5 ± 0.2 Ma for the Elandsberg Member 

of the lower Balfour Formation (Fig. 5.2; Gastaldo et al., 2015). This work proposed that the 

terrestrial type section is slightly older than the PTB, and that the observed vertebrate 

turnovers are not directly correlative with the marine extinction event at 251.9 ± 0.0 Ma (Fig. 

5.2; Burgess et al., 2014; Gastaldo et al., 2015). An alternative placement for the PTB was 

therefore in the overlying Katberg Sandstone (Fig. 5.2). 

 Magnetostratigraphy is often employed in the correlation and timing of major 

geologic events (Glen et al., 2009; Horacek et al., 2010; Hounslow et al., 2016; Nawrocki, 

2004; Ogg et al., 2016; Opdyke et al., 2000; Steiner et al., 1989; Steiner, 2006; Szurlies, 

2013; Szurlies et al., 2012; Taylor et al., 2009; Ward et al., 2005). One question in the 

application of magnetostratigraphy as a tool for providing age constraints is whether the 

polarity data observed reflect a primary Depositional Remanent Magnetization (DRM) or 

unresolved secondary magnetizations (Parés and Van der Voo, 2012). With increasingly 

older rocks, this uncertainty is progressively compounded by potential gaps in the available 

geologic information, since some sedimentary units may have been completely eroded, 

resulting in hiatus, or experienced multiple thermal or fluid-flow events. In this case a careful 

identification and documentation of remagnetization events is required (Opdyke and 

Channell, 1996).
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Fig. 5.2. Lithostratigraphy, corresponding U-Pb ID-TIMS ages, and magnetostratigraphic 
composite of the Permian−Triassic Beaufort Group and comparison with the Permian GPTS 
(Hounslow and Balabanov, 2016a; Ogg et al., 2016). Red line in the GPTS indicates the PTB 
and marine extinction event at 251.9 Ma (Burgess et al., 2014). Lithology after (Jirah and 
Rubidge, 2014). 1 = Vertebrate-defined PTB from Smith and Botha-Brink (2014); 2 = 
Dicynodon-Lystrosaurus boundary after Gastaldo et al. (2015); 2* = Projected PTB after 
Gastaldo et al. (2015); ** = U-Pb ID-TIMS ages (Rubidge et al., 2013). For locations of 
published sections see Fig. 5.1. Note the lack of agreement in the overlapping 
magnetostratigraphic study sites.
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 One of the main problems encountered with magnetostratigraphy in the Karoo Basin 

is the uncertainty in the degree of influence that the Jurassic Karoo Large Igneous Province 

(LIP) has had on the primary magnetizations of the Early-Late Permian sedimentary country 

rocks. The Karoo LIP event produced widespread mafic magmatism that covered most of the 

South African subcontinent during the initial break-up of Gondwana (Maré et al., 2016). U-

Pb ID-TIMS (zircon) ages of 183 ± 0.5 and 182.3 ± 0.6 Ma (Svensen et al., 2012) suggest a 

brief magmatic episode while 40Ar/39Ar (plagioclase) ages of 184-181 Ma (Jourdan et al., 

2008) suggest a slightly more protracted emplacement within ~3 Ma. The thickest volcanic 

package (~1500 m), known as the Drakensberg Group, occurs in the northeast of the Karoo 

Basin (Fig. 5.1), and consists of a series of tholeiitic basalt flows (Moulin et al., 2017). This 

LIP event also included an extensive plumbing system of doleritic sills (1−1000 m thickness) 

emplaced at several stratigraphic levels, hydrothermal vent complexes, as well as large dyke 

swarms which intruded the sedimentary units of the Karoo Supergroup (Chevallier and 

Woodford, 1999; Du Toit, 1920; Eales et al., 1984; Geissman et al., 2011; Moulin et al., 

2017; Svensen et al., 2006). 

 Widespread magmatic remagnetization in the Karoo Basin was proposed by an initial 

paleomagnetic study (Tc < 350°C) of the Beaufort Group after the sedimentary rocks failed a 

fold-test for the youngest phase of Cape Fold Belt deformation (Ballard et al., 1986). This 

remagnetization was later confirmed by Schwindt et al., (2003), who demonstrated that the 

sedimentary rocks in the southeastern Karoo Basin preserved high temperature remanences 

statistically indistinguishable from the Jurassic dyke directions. Since this recognition, a 

series of magnetostratigraphic studies from the Karoo Basin have been published which claim 

to isolate a primary ChRM appropriate for reversal stratigraphy (De Kock and Kirschvink, 

2004b; Gastaldo et al., 2015; Lanci et al., 2013; Tohver et al., 2015; Ward et al., 2005). The 

difficulty in resolving any potential LIP remagnetization is complicated by the strong 
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similarity between the reported normal polarity overprint directions and the interpreted 

normal polarity ChRMs, as well as the present day geomagnetic field (Ballard et al., 1986; De 

Kock and Kirschvink, 2004b; Gastaldo et al., 2015; Lanci et al., 2013; Tohver et al., 2015; 

Ward et al., 2005). Both normal and reverse polarities have been reported from the 

Drakensberg lavas (Hargraves et al., 1997; Kosterov and Perrin, 1996; Moulin et al., 2012; 

Moulin et al., 2017; Moulin et al., 2011; Prévot et al., 2003; Ward et al., 2005; Zijl et al., 

1962); although the majority of rock magnetic tests seem to support a mostly normal polarity 

direction for the associated dolerite intrusions (Geissman et al., 2010; Geissman and Ferre, 

2013; Moulin et al., 2017). Since this magmatic event was so extensive, and the 

paleomagnetic data fairly similar, one important question is whether the interpreted normal 

polarity ChRMs of Karoo Basin sedimentary sequences are representative of a primary DRM 

or a complete Jurassic remagnetization.  

 This study addresses the following two questions: 1. How well do the late Permian 

magnetostratigraphic results of the Beaufort Group agree with the Geomagnetic Polarity 

Timescale (GPTS) and what are the implications for reported Permian-Triassic ages? 2. What 

are the sources of the secondary magnetization events observed in the Karoo Basin, and is 

there any pattern in where they are observed? If the paleomagnetic record is largely 

controlled by the influence of the Karoo LIP, can the data be used to construct a thermal 

history for the basin?  

 

5.2. Geologic background 

 The Karoo Basin (~700,000 km2) has been interpreted to be a retro-arc foreland basin 

that developed behind an inferred magmatic arc and fold-thrust belt, though different tectonic 

models exist (Catuneanu et al., 1998; Johnson et al., 1996; Lindeque et al., 2011; Milani and 

De Wit, 2008). This basin formed ~1000 km inland from the southern Panthalassan margin of 
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Gondwana, to the north and east of the two branches of the Cape Fold Belt (Fig. 5.1). 

Sedimentary deposits were derived from a southern source area, including the Late 

Carboniferous-Early Jurassic Karoo Supergroup, which records a northeast progradation of 

the sedimentary system (Catuneanu et al., 1998; Johnson et al., 1996; Wild et al., 2009; Wild, 

2005). The base of the Karoo Supergroup is defined by the ca 290 Ma (Bangert et al., 1999) 

glacigenic Dwyka Group (Fig. 5.1), which consists of diamictites formed during the 

Carboniferous-Permian glaciation of southern Gondwana. The Ecca Group overlies the 

Dwyka Group, and consists of ca 290-265 Ma (Chapter 4) marine to sub-marine slope to 

deltaic siltstones and sandstones (Gomis-Cartesio et al., 2016; Hodgson et al., 2006; Poyatos-

Moré et al., 2016; Wickens, 1994; Wild et al., 2009; Wild, 2005). These sedimentary rocks 

are overlain by the terrestrial fluvio-lacustrine strata of the ca 265-250 Ma (Gastaldo et al., 

2015; Lanci et al., 2013; Rubidge et al., 2013) Beaufort Group (Fig. 5.2), which consists 

partially of recycled sedimentary material deposited during the Cape orogeny at ca 265-250 

Ma (Hansma et al., 2016).  

 The PTB as defined by one interpretation of the Dicynodon/Lystrosaurus turnover is 

located within the upper Balfour Formation of the Beaufort Group, and is correlated 

regionally by the top of a laminated reddish-brown siltstone/mudstone couplets facies and a 

horizon of calcareous nodules (Smith and Botha-Brink, 2014; Ward et al., 2005). 

Sedimentation of the Balfour Formation is considered to have been continuous, with a 

conformable contact with the overlying massive sandstone strata of the Katberg Formation 

(Smith and Botha-Brink, 2014). Basin sedimentation was terminated during the Middle 

Jurassic during the eruption of the Karoo Large Igneous Province (Johnson et al., 1996). 
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5.3. Sampling and methodology 

 Paleomagnetic cores were collected from 91 m of the upper Balfour Formation (86 

samples) of the Beaufort Group. Figure 5.1 shows the relative locations between our sample 

site and previously published sections. The section spanning the upper Balfour Formation 

(Ripplemead North; Fig. 5.3) was sampled at a 1 m resolution for best comparison with the 

published PTB reversal stratigraphy from the vertebrate type section at Old (West) Lootsberg 

Pass (located ~25 km east; Fig. 5.3). 

 Samples were drilled in the field using a portable petrol-powered hand drill and 

oriented using a Brunton magnetic compass and a solar compass to correct for local magnetic 

declination. Thickness of the stratigraphic succession was measured using a Jacob’s staff 

perpendicular to bedding to account for tilting, and a detailed stratigraphic log was completed 

at a 1 m resolution. Structural attitudes were measured in order to correct for any post-

magnetization tilting. Samples were then cut into 10 cm3 cylindrical cores, and measured at 

the Alpine Laboratory of Paleomagnetism in Peveragno, Italy, where a pilot study was 

conducted to determine the best treatment for isolation of the individual magnetic 

components. To avoid the acquisition of a viscous remanence over 400°C, the samples were 

demagnetized in a field free space and measured directly after cooling. Stepwise thermal 

demagnetization was conducted using an ASC TD48 thermal demagnetizer to temperatures 

up to 670°C. Samples were measured on a 2G DC-SQUID magnetometer, and paleomagnetic 

directions were isolated via principal component analysis (Kirschvink, 1980) using PaleoMag 

3.1 (Jones 2006). Individual components were calculated from three or more points, and 

directions were restricted to Mean Angular Deviation (MAD) values ≤ 10° for lines and ≤ 15° 

for planes in calculation of the mean paleomagnetic pole. A minimum of three points (4 for 

planes) defined a stable endpoint magnetization, and anchored fits were avoided due to the 

anomalously low uncertainty estimations (Heslop and Roberts, 2016). Where MAD values 
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Fig. 5.3. Google Earth images showing the (a) location of magnetostratigraphic study sites of 
the upper Balfour Formation. (b) Ripplemead North (present study) is located approximately 
25 km west of (c) Old (West) Lootsberg Pass (Gastaldo et al. 2015; Ward et al. 2005).
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were greater than 15°, or where samples did not reach stables end-points, the arc method of 

McFadden and McElhinny (1988) was used to isolate the primary component of 

magnetization and to mitigate the effects of the normal polarity Jurassic Karoo 

remagnetization event (Ballard et al., 1986; Gastaldo et al., 2015; Geissman and Ferre, 2013; 

Lanci et al., 2013; Moulin et al., 2017; Tohver et al., 2015). Final iterative directions along 

the arc constraints were combined with lines for the stratigraphic polarity interpretation. 

Paleomagnetic directional data are provided in Table 5.1. 

 

5.4. Results and interpretations 

The upper Balfour Formation revealed fairly complicated demagnetization behaviour 

(Figs. 5.4-5.6). This section is located in the eastern segment of the Karoo Basin, in proximity 

to the densest concentration of Jurassic dykes and sills of the Drakensberg Group (Fig. 5.1). 

NRM intensity ranged from 170-13000 mA/m, with an average value of 300 mA/m. These 

values are two orders of magnitude larger than the intensity reported from the southwest 

Tanqua Sub-basin (Chapter 4), and might reflect some thermal modification of the 

remanence. Progressive thermal demagnetization revealed up to three paleomagnetic 

components that are in agreement with Components A-C reported from the Tanqua Sub-basin 

(Chapter 4). Occasionally a randomly-oriented low temperature overprint removed at T < 

150°C precedes these three directions during demagnetization. Component A (present in 

about 50% of samples) is typically 5-10° steeper than component B with a more northerly 

declination (Fig. 5.7), and is stable from temperatures of 150-400°C (Fig. 5.4bcf). One major 

difference between this section and the results reported from the Tanqua Sub-basin is the 

unblocking temperature of Component B (interpreted Jurassic overprint) and Component C 

(interpreted ChRM). Normalized intensity decay diagrams display S-shaped demagnetization 

curves that suggest a mixture of magnetite and hematite for the main magnetic phases 
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Table 5.1. Paleomagnetic Results 
 

Section Component 
 
 

Slat 
(°S) 

Slong 
(°E) 

N(n) P D (°) I (°) α95 k Plat 
(°N) 

Plong 
(°E) 

 
 

Dp/Dm 

Ripplemead A 31.817 24.400 42 N 6.1 -70.4 7.8 8.96 -66.9 15.4 11.7/13.5 
(Balfour Fm.) B 31.817 24.400 40 N 336.4 -60.1 6.30 13.86 -69.0 81.8 7.2/9.5 
 C (normal) 31.817 24.400 32(29) N 336.2 -54.5 8.77 10.29 -69.9 98.7 8.7/12.4 
 C (rev) 31.817 24.400 43(30.5) R 154.9 74.4 13.79 4.37 -56.7 46.5 22.7/25 
 *C(rev) 31.817 24.400 38 (25.5) R 138.4 63.2 10.86 7.94 -55.3 80.5 13.5/17.1 
 Mean 31.817 24.400 70 (54.5) N/R 150.4 58.2 6.87 8.86 -65.0 89.7 7.5/10.1 

Ecca Group  C 32.706 20.069 226 (199.5) R 117.3 62.8 3.98 7.27 -40.8 77.4 4.9/6.2 
     Mean **C 32.706 20.069 173 R 116.2 62.5 4.46 6.76 -40.0 77.7 5.4/7.0 

Notes: Slat = site latitude, Slon = site longitude, N = number of samples used for calculation of the mean direction, n = L + ½ P (L = lines; P = planes; McFadden and 
McElhinny 1988), P = polarity, D = declination, I = inclination, α95 = radius of the cone of 95% confidence about the mean direction, k = precision parameter (Fisher, 1953), 
Plat = pole latitude, Plong = pole longitude, Dp/Dm = semi-minor and semi-major axes of oval of 95 per cent confidence, * = mean restricted to a cut-off cone of confidence 
(radius = 50°) for calculation of the reversal test, ** = mean excluding arcs, bold = recommended paleomagnetic mean.  Ecca Group mean is from Chapter 4.
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Fig. 5.4. Representative Zijderveld demagnetization diagrams for the upper Balfour Formation at Ripplemead North. a, e-f) Samples showing the 
removal of the Jurassic overprint by 620°C  and isolation of the reverse polarity ChRM from 620-670°C; b, c, d) Samples showing the removal 
of 2 normal polarity overprint components before isolation of the reverse polarity ChRM from 620-670°C. Solid (open) squares represent 
projections on the horizontal (vertical) plane. For the accompanying equal area projections and normalized intensity diagrams  see Figs. 5.5 and 
5.6.
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Fig. 5.5. Representative equal area projections for the upper Balfour Formation at Ripplemead North. Up (down) pointing paleomagnetic 
directions are indicated by open (closed) squares. 
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Fig. 5.6. Normalized intensity decay diagrams for the upper Balfour Formation at Ripplemead North. The S-shaped demagnetization curves of a-
b) and d-e) are indicative of a combination of magnetite and hematite as the main magnetic phases.
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Fig. 5.7. Equal area diagrams displaying the mean overprint directions (Components A and B) and the dual-polarity reverse ChRM direction 
(Component C) of the upper Balfour Formation. Up (down) pointing paleomagnetic directions are indicated by open (closed) squares in the 
stereoplots. Arc-constraints for samples that do not reach stable endpoints are calculated with the method of McFadden and McElhinny (1988), 
and are shown with circle symbols. Red and blue ovals represent the cone of 95% confidence about the mean direction. The green dashed line 
represents the cut-off cone of confidence (radius = 50°) outside of which sites were excluded in the calculation of the reversal test.
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(Fig. 5.6). At this section, Component B is stable from 400-580°C, but is sometimes not 

completely demagnetized until temperatures up to 640°C (Fig. 5.5cd). In many samples a 

great circle demagnetization trajectory towards the magnetic equator did not begin until T = 

620°C (Fig. 5.5). All samples became unstable or were fully demagnetized at T > 670°C.    

 The presence of both normal and reverse polarity stable endpoint directions isolated at 

temperatures of 600-660°C (Component C/ChRM) may support a potential primary 

remanence, as opposed to secondary hematite. The persistence of a secondary thermal 

overprint to temperatures up to 620°C suggests that this section has been partially to 

completely remagnetized. For example, components B (overprint) and C (interpreted ChRM) 

pass a common distribution test at this locality (γo = 5.6°; γc = 10.2°; McFadden and 

McElhinny 1990), and this is reflected in the large degree of scatter in the resolved ChRM 

directions (Fig. 5.7). Reverse and interpreted normal polarity ChRM data do not pass a 

reversal test. However, when a cut-off cone of confidence is applied to the dataset (radius = 

50°), the two populations pass a reversal test (γo = 12.6°; γc = 13.6°; McFadden and 

McElhinny 1990; Fig. 5.7). The cut-off radius of 50° was determined in order to minimize 

the effects of the more heavily overprinted paleomagnetic data in the calculation of the mean 

direction, and excludes the sites with the shallowest inclinations (unremoved VRM) and 

highest associated error. Despite this uncertainty in the degree of secondary overprinting, 

eighteen stable reverse polarity end-points were found throughout the length of the section 

(A2.1), along with another 25 samples that revealed great circle paths trending towards the 

magnetic equator before complete demagnetization (Fig. 5.8). 
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5.5. Discussion 

5.5.1. The Permian-Triassic Boundary (Upper Balfour Formation)  

 Previous work from this region at Old (West) Lootsberg Pass (Fig. 5.2) identified 

similar demagnetization behaviour for the upper Balfour Formation, with the isolation of a 

low-temperature overprint direction (here Component A) removed by T~350°C (Ward et al.,  

 2005). This direction has a steeper inclination than the ChRM direction, and has been 

associated with a present field overprint acquired either as a VRM, or a chemical remanent 

magnetization (CRM) from the oxidation of magnetite to maghemite in a near surface 

environment (De Kock and Kirschvink, 2004). Samples from Old Lootsberg Pass were 

similarly demagnetized by ~650°C, with primary hematite reported as the main magnetic 

carrier of the ChRM (Ward et al., 2005). An additional component of thermal stability (here 

Component B) was reported from this section below the unblocking temperatures of the 

interpreted ChRM direction and above the unblocking temperatures of the present field 

component. This section was also reported as highly overprinted, with very few observable 

stable end-points of reverse polarity and a negative reversals test (Ward et al., 2005). 

 On the other hand, another magnetostratigraphic study of the Balfour Formation at 

Carlton Heights (Fig. 5.1) concluded that a primary remanence was irresolvable due to 

several Jurassic remagnetization events (Schwindt et al., 2003). A baked contact test 

conducted at this locality revealed statistically indistinguishable remanence directions for 

both Jurassic dolerite dykes and sedimentary country rocks (Schwindt et al., 2003). Both 

units showed a normal polarity overprint at T < 575°C, as well as a high temperature reverse 

polarity component. However, no stable endpoints of reverse polarity were isolated from this 

section, and the resulting paleomagnetic means are based solely on the intersection points of 

great circle demagnetization trajectories. A lack of direct observations (stable endpoints) 

reduces the likelihood of isolating a true mean direction in the calculation of a common 
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intersection point in the iteration loops (McFadden and McElhinny, 1988), and so it is not 

known with certainty the origin of this reverse polarity remanence.  

 The section presented here from Ripplemead North (Fig. 5.1) was sampled for a 

comparison with the published Permian-Triassic magnetostratigraphic data from the 

vertebrate-extinction type section in the Karoo Basin (De Kock and Kirschvink, 2004b; Ward 

et al., 2005). A composite section of all the published magnetostratigraphic data from the 

Beaufort Group is shown in Figure 5.2. Due to the large degree of secondary remagnetization 

in this area, several overlapping sections from the Balfour Formation are in direct 

disagreement (De Kock and Kirschvink, 2004b; Gastaldo et al., 2015; Ward et al., 2005). We 

sampled the Elandsberg and Palingkloof Members along a transect which partially overlaps 

with a published section below the base of the Katberg Sandstone (De Kock and Kirschvink, 

2004b). This section also showed a mainly reverse polarity (78%), with one normal 

magnetozone located towards the top of the section (De Kock and Kirschvink, 2004b).  

 An overlying and slightly overlapping section from Old Lootsberg Pass shows the 

presence of a normal chron followed by a reverse chron, with the previously interpreted PTB 

coincident with the base of the normal chron (Fig. 5.2). On the other hand, a second 

interpretation of the Old Lootsberg Pass section shows a mainly normal polarity for the 

Palingkloof Member (Gastaldo et al., 2015). This apparent contradiction may be the result of 

a combination of highly remagnetized sedimentary strata and contrasting laboratory 

methodologies. However, the presence of stable reverse polarity endpoints at most 

stratigraphic levels in the Ripplemead section (A2.1) implies that this section is likely 

dominated by a reverse polarity, in general agreement with most of the previously published 

magnetostratigraphic results from this area (De Kock and Kirschvink, 2004b; Ward et al., 

2005). A silicified volcanic ash layer from the Elandsberg Member (Fig. 5.2) has yielded a U-

Pb (TIMS; zircon) age of 253.5 ± 0.2 Ma (Gastaldo et al., 2015). The ca 253 Ma division of 
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the GPTS (Fig. 5.2) is dominated by a reverse polarity (Hounslow and Balabanov, 2016b), 

and so it is possible that the stable reverse polarity endpoints isolated here (A2.1) may 

represent a primary ChRM.  

 

5.5.2. Thermal remagnetization events and Gondwana APW 

 A comparison is made between the published paleomagnetic results from both ChRM 

and mean overprint directions with the Gondwana Apparent Polar Wander Path (APWP) in 

order to determine the timing between thermal events, as well as potential unwanted 

contributions from Jurassic magnetizations (Fig. 5.8). Critical angles between the reported 

poles and the Gondwana APWP were calculated using the method of McFadden and 

McElhinny (1990) in Pmag Tools 4.2a (Hounslow, 2006). All reported Gondwana poles from 

310-180 Ma are from the compilation of Torsvik et al. (2012), with the recommended (spline 

500 Q, f=0.6) APWP shown only for reference (Fig. 5.8). To determine the extent of Jurassic 

contributions, overprint poles (Table 5.2) were compared with the ca 190-180 Ma segment of 

the APWP (external constraint not affected by any remagnetization of the system), as 

opposed to the reported Karoo LIP paleomagnetic data, which due to its rapid emplacement 

may not average secular variation (Moulin et al., 2017). Each of these overprint directions 

were reported as the highest-temperature secondary magnetization, which in most studies 

unblocked after the removal of a present field component (Lanci et al., 2013; Tohver et al., 

2015; Ward et al., 2005). The component B pole reported from Pienaarsfontein (Chapter 4) 

gives a critical angle of 8.3° with the 190 Ma segment of the Gondwana APWP (Table 5.2), 

and does not share a common distribution with ca 180 Ma paleomagnetic poles (Torsvik et 

al., 2012). Two additional overprint poles reported from the Tanqua Sub-basin also show 

better agreement with the Gondwanan APWP at ca 190 Ma (Lanci et al., 2013; Tohver et al., 

2015), while overprints from the north-eastern segment of the basin are consistent with an 
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Fig. 5.8. Orthogonal projection of published Permian−Triassic paleomagnetic studies from 
the Karoo Basin and the recommended Gondwana APWP (spline 500 Q, f=0.6) centered at 
40°S, 60°E shown only for reference (Torsvik et al., 2012). All tests for a common mean 
(McFadden and McElhinny, 1990) were calculated from the raw (no spline or flattening 
applied) paleomagnetic poles and A95s (Table 5.2) after Torsvik et al., (2012). For a graphical 
representation of the corresponding A95s see Torsvik et al., (2012). Solid (filled) ellipses 
represent the A95s of the Karoo paleomagnetic poles. ChRM poles are shown in red while 
overprints are shown in yellow. Blue shading corresponds to the Ecca Group (Chapter 4), 
while green shading indicates results from the Karoo LIP (Moulin et al., 2017). Purple 
shading corresponds with the present study of the Balfour Formation (combined mean, Table 
5.1). Corresponding paleomagnetic pole assignments (1-6) are given in Table 5.2. 7 = Dwyka 
Group paleopole (ca 290 Ma) plotted for comparison at 25°S, 67°E, A95 = 12° (Opdyke et al., 
2001). 
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Table 5.2. Published Permian−Triassic paleomagnetic poles for the Karoo Basin 
 

Study 
 
 

N P Plat   
(°N) 

Plong  
(°E) 

 
 

Dp/Dm A95 γo/γc γo /γc   
270 Ma 

γo /γc 
250 Ma 

γo /γc 
180 Ma 

γo /γc 
190 Ma 

1. Ballard et al. (1986)            
Overprint1 37 N -68.6 72.2 7.4/9.4 8.3 27.9/ 

12.8 
 20.5/ 

14.5 
9.1/ 
13.5 

4.5/ 
13.3 

2. DeKock and Kirschvink              
 (2004)                                ChRM2 35 N/R -50.9 86.2 9.1/11.7 10.3 11.8/ 

14.3 
 10.8/ 

17.6 
9.9/ 
16.3 

15.5/ 
16.3 

Overprint2 52 N -67.2 80.3 3.4/4.3 3.8 26.5/ 
10.3 

  6.7/ 
8.6 

1.2/    
8.7 

3. Ward et al. (2005)            
ChRM 71 N/R -47.1 87.6 2.4/4.5 3.3 9.7/ 

9.8 
 11.2/ 

10.8 
13.8/ 
8.3 

19.4/ 
8.7 

Overprint3 93 N -68.7 84.6 1.9/2.5 2.2 28.2/ 
9.8 

  8.2/ 
5.0 

2.6/    
4.7 

4. Lanci et al. (2013)            
ChRM4 136 R/N -48.2 79.8 10.2/13.2 11.6 7.6/ 

13.8 
15.3/ 
19.9 

 12.5/ 
20.8 

18.1/ 
19.5 

Overprint4 50 N -76.5 61.5 3.9/5.1 4.5 36.4/ 
10.2 

  17.4/ 
9.3 

12.0/ 
9.3 

5. Tohver et al. (2015)            
ChRM 98 N/R -48.0 94.4 4.1/5.9 4.9 14.1/ 

9.3 
24.2/ 
11.7 

15.5/ 
12.3 

14.3/ 
10.3 

19.4/ 
10.2 

Overprint 82 N -76.5 88.6 4.0/5.5 4.7 36.0/ 
9.4 

  16.0/ 
9.9 

10.4/ 
10.0 

6. Ecca Group comb.            
ChRM 226 R -40.8 77.4 4.9/6.2 5.5  10.9/ 

12.9 
 20.0/ 

11.0 
25.6/ 
11.3 

Overprint B* 158 N -72.4 73.6 2.9/3.8 3.3  31.7/ 
8.5 

  12.3/ 
8.6 

6.8/    
8.3 
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Table 5.2. Continued 
 

Study N P Plat   
(°N) 

Plong  
(°E) 

Dp/Dm A95 γo /γc  γo /γc  
270 Ma 

γo /γc  
250 Ma  

γo /γc  
180 Ma  

γo /γc  
190 Ma  

This Study (Balfour Fm.) 
 

           

Reverse only 38 R -55.3 80.5 13.5/17.1 15.2 14.6/ 
15.0 

 9.3/ 
25.1 

5.4/ 
23.6 

11.0/ 
24.0 

Mean (comb.) 70 N/R -65.0 89.7 7.5/10.1 8.7 25.2/ 
10.8 

 19.6/ 
15.0 

5.5/ 
14.9 

3.4/ 
14.8 

Overprint B 40 N -69.0 81.8 7.2/9.5 8.3 28.3/ 
12.0 

  8.4/ 
13.8 

2.7/ 
14.0 

Karoo LIP (Moulin et al., 
2017) 

44 N/R -68.9 88.1  4.3    8.6/ 
9.0 

3.4/  
9.1 

270 Ma Gondwana5 11 - -38.5 63.5 - 6.0 - - - - - 
250 Ma Gondwana5 13 - -48.1 71.1 - 6.5 - - - - - 
190 Ma Gondwana5 26 - -66.3 82.2 - 4.4 - - - - - 
180 Ma Gondwana5 22 - -60.6 82.5 - 4.5 - - - - - 

Notes: Slat = site latitude, Slon = site longitude, N = number of samples used for calculation of the mean direction, P = polarity, D = declination, I = inclination,  
α95 = radius of the cone of 95% confidence about the mean direction, k = precision parameter (Fisher, 1953), Plat = pole latitude, Plong = pole longitude, Dp/Dm =  
semi-minor and semi-major axes of oval of 95 per cent confidence, γo γc = critical angle with the reverse polarity Ecca Group (Chapter 4), γc# = critical angle with  
the A95 of the corresponding segment (pole) of the Gondwana APWP (Blue; Torsvik et al. 2012; raw poles only (no spline/flattening applied)); If γo > γc then the  
poles do not share a common mean at the 95% confidence level (McFadden and McElhinny, 1990). If γc > γo (bold) then the likelihood of a shared mean increases as γc  
approaches zero (McFadden and McElhinny, 1990). 1 = Calculated from Ballard et al. (1986) using a common site location (-32.58°N, 22.50°E); 2 =  
Re-calculated from DeKock and Kirschvink (2004) using a site location of -32.1°N, 26.1°E; 3 = Calculated from Ward et al. (2005) using a common site location  
(-31.58°N, 24.92°E); 4 = Calculated from Lanci et al., (2013); 5 = (Torsvik et al., 2012). * = Mean overprints A and B from Pienaarsfontein.  
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age range of 190-180 Ma (De Kock and Kirschvink, 2004b; Ward et al., 2005). This may be 

due to unknown contributions from a VRM, as the overprint directions reported were 

considered present field overprints (De Kock and Kirschvink, 2004b). The paleomagnetic 

pole reported from the original study by Ballard et al. (1986) on folded Beaufort Group rocks 

is consistent with a Jurassic-age magnetization (Fig. 5.8). 

 ChRM poles from the Ecca Group (Chapter 4; γc = 13.59°) as well as the 

Abrahamskraal Formation (Lanci et al., 2013; γc = 21.09°) show good agreement with a ca 

270 Ma Gondwana, while the ChRM pole from the upper Balfour Formation at 

Komandodrifdam is more consistent with a ca 250 Ma (De Kock and Kirschvink, 2004; γc = 

17.6°) Gondwana. The mean poles reported from the upper Balfour Formation at Ripplemead 

North revealed that when normal polarities are excluded from the calculation, the results are 

in better agreement with the ca 250 Ma (γc = 23.4°) Gondwana APWP (Table 5.2). When 

normal polarities are included in the mean calculation, the resulting paleomagnetic pole is 

more consistent with a Jurassic age (γc ~15°). Based on this comparison with the Gondwana 

APWP, we conclude that a large-scale remagnetization event occurred during the early 

Jurassic (Fig. 5.8), and that this overprinting was only significant in the eastern portion of the 

basin (Fig 5.1). 

 The duration of Karoo LIP magmatism is now thought to have occurred over an 

interval of ~10-15 Ma, with several individual and rapid (< 0.5 Ma) emplacement events 

(Moulin et al., 2017; Svensen et al., 2012). The oldest preserved remnants of the Drakensberg 

Group are restricted to a reverse polarity chron, and are thought to have been erupted at ~189 

Ma based on a combination of 40Ar-39Ar (plagioclase) and K-Ar ages (Duncan et al., 1997; 

Moulin et al., 2017); this eruptive phase is considered to be relatively minor and only 

represents about 10% of the total volume of the Drakensberg Group (Moulin et al., 2017). 

The main eruptive phase in which 90% of the basalts were erupted at ca 183-181 Ma 



171 
 

171 
 

(Jourdan et al., 2008) is associated with a transition from reverse to normal polarity, with the 

majority of paleomagnetic results restricted to a normal magnetization (Hargraves et al., 

1997; Moulin et al., 2017). This eruptive phase was accompanied by the intrusion of 

numerous dykes and sills in the Karoo Basin sedimentary rocks.  

 The rapid emplacement of intrusions does not necessarily mean that widespread 

remagnetization will occur. For example, some baked contact tests from this region indicate 

that the influence of the intrusions on the host rock were not laterally extensive, and that 

primary magnetizations can be resolved within distances greater than half the width of the 

dyke/sill (Ward et al., 2005). However, Karoo magmatism was also associated with the 

formation of hydrothermal vent complexes, which are shown to be synchronous with a sill 

emplacement event that predates the main phase of Karoo basalt volcanism (Svensen et al., 

2006). For example, the Witkop III vent complex is exposed about 65 m below the oldest 

exposures (~189 Ma) of the Drakensberg Group (Svensen et al., 2006). Remagnetization 

could have occurred as a result of hydrothermal activity, which may have been responsible 

for the lateral and vertical transfer of excess heat released by cooling intrusions during this 

first phase of LIP activity (Maré et al., 2016; Reeckmann and Mebberson, 1984). As most of 

the high temperature secondary magnetizations reported in the Karoo Basin sedimentary 

rocks are of normal polarity, this remagnetization event may have occurred prior to the 

eruption of the first flows of the Drakensberg Group, which are exclusively reverse polarity 

(Moulin et al., 2017).  

 Paleomagnetic results reported from Tanqua Sub-basin demonstrate that this 

overprinting event was minor in the southwest portion of the basin, with primary components 

of magnetization isolated at temperatures above 450°C (Chapter 4). On the other hand, the 

upper Balfour Formation in the eastern portion of the basin shows highly remagnetized 

paleomagnetic data, with secondary overprints present up to 620°C (Fig. 5.5-7). This 
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difference in remagnetization intensity would seem to support a thermal event focused in the 

eastern segment of the basin, coincident with the thickest preserved remnants of Karoo 

basalts. A recent study documenting the paleothermal variation across the Karoo Basin 

compared AMS, baked contact profiles, and thermomagnetic data of eight boreholes within 

the Ecca Group, and found an increase in paleotemperatures from 200°C in the southwest to 

400°C in the northeast (Maré et al., 2016).  

 Baked contact profiles from boreholes in the southwest confirm that remagnetization 

of the sedimentary rocks was only significant in proximity to the sills (i.e. one-half sill-

width), while those from the east show almost complete remagnetization of the sedimentary 

strata with nearly identical inclinations to the Jurassic intrusions (Maré et al., 2014; Maré et 

al., 2016). Based on a combination of paleomagnetic and rock magnetic data, this W-E 

progression of paleotemperature was attributed to the variation in depositional settings 

observed across the basin, where the thermal conductivity of the low porosity marine shales 

of the southwest was relatively low, and the conductivity of lacustrine mudstone and porous 

sandstones in the northeast was fairly high (Beardsmore and Cull, 2001; Jones, 2003; Maré et 

al., 2016). The heating event was therefore not necessarily focused in the northeast portion of 

the basin, but rather the thermal effects of the intrusions were greater due to the more rapid 

transfer of heat over larger lateral distances in sandstones as opposed to shales (Maré et al., 

2016). Both sedimentary host rocks and sills show the presence of a present-day geomagnetic 

field component imposed over the Jurassic direction, which suggests that remagnetization in 

the Karoo Basin was not restricted to this magmatic event. The improved agreement of the 

Ripplemead paleomagnetic dataset (when normal polarities are excluded) with the Permian 

segment of the Gondwana APWP might indicate the preservation of a primary reverse 

polarity remanence in the eastern Karoo Basin, however the influence of Jurassic normal 
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polarity remagnetization precludes the reliable classification of magnetozones appropriate for 

magnetostratigraphy. 

 

5.6. Conclusions  
 

1. The presence of highly overprinted paleomagnetic directions within the upper Balfour 

Formation at Ripplemead North has confirmed that the eastern portion of the Karoo Basin has 

been partially to completely remagnetized. Comparison of this overprint pole with the 

Gondwana APWP supports the acquisition of a secondary remanence at ca 190-180 Ma, 

possibly during a period of hydrothermal alteration that preceded the main eruptive phase of 

Karoo magmatism at ca 183 Ma. This remagnetization event was most significant in the 

eastern portion of the Karoo Basin, and might be due to the generally higher thermal 

conductivity of sandstones in proximity to cooling igneous intrusions.  

 
2. Though highly overprinted, eighteen stable reverse polarity endpoints were found 

throughout the length of the section, suggesting that this interval may be dominated by a 

reverse polarity. The potential for using magnetostratigraphy in the eastern Karoo Basin as a 

firm chronostratigraphic constraint is met by an additional degree of uncertainty than its 

southwest counterpart, and requires a conservative classification of normal polarity data. A 

comparison with the GPTS and existing U-Pb (TIMS; zircon) ages is broadly consistent with 

an age of ca 253 Ma for this vertebrate-extinction type section, which predates the marine 

Permian-Triassic extinction event at 251.9 ± 0.0 Ma, though we note the highly remagnetized 

nature of this area precludes a strong magnetostratigraphic interpretation. 
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Chapter 6 
 
 

 

Discussion and Conclusions 
 

 
 

 

6.1. Geomagnetic superchrons and reversal frequency 

 The aperiodicity of magnetic reversals makes them an excellent correlation tool for 

global sedimentary successions (Chapter 1). The reversal process is considered stochastic; 

however, when magnetic reversal frequency is analysed on a significantly large timescale 

(i.e. the length of the Phanerozoic), an apparent periodicity is revealed in the reversal record 

(Driscoll and Evans, 2016; Olson et al., 2012). This periodicity is related to the presence of 

stable field configurations known as superchrons (10-100 Ma in duration; Opdyke and 

Channell, 1996). Three superchrons have been reported for the Phanerozoic (Hounslow, 

2016). The most recent is known as the Cretaceous Normal Superchron (CNS), which 

extended from ca 120 to 83 Ma (Granot et al., 2012). This superchron was restricted to 

normal polarity, and has been very well documented from marine magnetic anomalies The 

majority of our understanding of these long-lived stable field configurations comes from this 

younger Cretaceous event, although two Phanerozoic superchrons are known from the 

remnant continental sections (Hounslow, 2016).  
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 These are the KRS (ca 318 to 265 Ma) and the Moyero Reverse Superchron (MRS; ca 

485 to 463 Ma). Very little is known about the MRS as the data are restricted to one section 

in northern Siberia (Gallet and Pavlov, 1996; Pavlov et al., 2012) that has not yet been 

correlated globally (Ogg et al., 2016). On the other hand, in the past 30 years much 

information has been acquired with regards to the KRS (Alva-Valdivia et al., 2002; DiVenere 

and Opdyke, 1991; Hounslow, 2016; Hounslow and Balabanov, 2016b; Hounslow et al., 

2016; Lanci et al., 2013; Menning et al., 1988; Opdyke et al., 2001; Opdyke et al., 2000; 

Steiner, 2006). Figure 6.1 displays an updated paleomagnetic compilation from Chapter 1 

with the new magnetostratigraphic age constraints determined from this thesis. Chapter 2 

provided a timing for the termination of the KRS and the non-reversing field at ca 265 Ma, 

while Chapter 4 presented a uniformly reverse magnetostratigraphic profile that confirms this 

stable polarity configuration from ca 290 to 265 Ma. Recent work by Hounslow et al. (2016) 

from the southwest of England also confirms a stagnant reverse polarity pre-dating the late 

Permian for over 1 km of section (Fig. 6.1), and so the presence of this superchron is 

supported by strong magnetostratigraphic evidence, in agreement with previous 

Carboniferous-Permian paleomagnetic compilations of the geomagnetic field (McElhinny 

and McFadden, 2000; Steiner, 2006). Magnetostratigraphic data presented and compiled in 

Chapter 3 demonstrate the return to a frequently reversing field following the end of the KRS, 

with a minimum reversal rate of 1/Ma (Fig. 6.1).  

The presence of superchrons has led many workers to describe the geomagnetic field 

as operating between two different states: a reversing field characterized by frequent 

geomagnetic reversals, and a non-reversing field characterized by a strong polarity bias 

(Gallet and Pavlov, 2016; Glatzmaier et al., 1999; Lhuillier et al., 2016; McElhinny and 

McFadden, 2000; Meert et al., 2016; Melott et al., 2017). The understanding of this 
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Fig. 6.1. Simplified magnetostratigraphic composite of the late Carboniferous to late Permian 
including the new age constraints determined from this thesis (modified from Chapter 1). 
AUS = Australia, PAK = Pakistan. 1 = (Lozovsky and Molostovsky, 1993); 2 = (Gurevich 
and Slautsitais, 1984); 3 = (Khramov et al., 1974); 4 = (Opdyke et al., 2000); 5 = (Molina‐
Garza et al., 1989); 6 = (Gose and Helsley, 1972); 7 = (Steiner, 1988); 8 = (DiVenere and 
Opdyke, 1990; DiVenere and Opdyke, 1991); 9 = (DiVenere and Opdyke, 1990; DiVenere 
and Opdyke, 1991); (Opdyke et al., 2000); 10 = (Diehl and Shive, 1981); 11 = (Diehl and 
Shive, 1979); 12 = (Magnus and Opdyke, 1991); 13 = (McFadden et al., 1988); 14 = (Heller 
et al., 1988); 15 = (Steiner et al., 1989); 16 = (Embleton et al., 1996); (Menning and Jin, 
1998); 17 = (Glen et al., 2009); 18 = (Kirschvink et al., 2015); 19 = (Haag and Heller, 1991); 
20 = (Alva-Valdivia et al., 2002); 21 = (Menning et al., 1988); 22 = (Hounslow et al., 2016); 
23 = (Szurlies et al., 2012); 24 = (Ward et al., 2005); 25 = (Lanci et al., 2013).
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geomagnetic transition between reversing and non-reversing states involves a gradual 

decrease in reversal frequency ca 10 Ma before superchron start, and a steady increase in 

reversal frequency for ca 10 Ma post-dating the superchron end (Hounslow, 2016). This 

model is mainly based on the reversal pattern observed in marine magnetic anomalies during 

the CNS; however, some authors have suggested that Paleozoic superchrons exhibited a 

fundamentally different reversal process, constrained by numerically optimized statistical 

composites (Hounslow, 2016). They suggest that Paleozoic superchrons have a ‘fast’ restart 

mechanism, and that the termination of the KRS was followed by a 2 Myr episode of high 

reversal frequency (4-5/Ma) before levelling off to the typical gradually-increasing reversal 

rate observed for the CNS.  

In Chapter 2 I provided a magnetostratigraphic review of middle Permian magnetic 

reversals in order to provide a precise timing for the end of the KRS. One of the problems 

with a ‘fast’ restart mechanism for the KRS is that the majority of geomagnetic reversals 

documented from this period are not well-dated, and so the global correlation of these 

reversals is relatively uncertain (Chapter 2). This lack of age constraints was further 

addressed in Chapter 3, where I discussed the problems associated with Permian marine to 

terrestrial biostratigraphic correlation. Without globally correlative index fossils or robust 

isotopic age constraints, the uncertainty in magnetostratigraphic correlation between different 

regions becomes significant. It is very likely that many of these undated post-KRS reversals 

are representative of the same geomagnetic event; however the uncertainty in absolute age 

could lead to misinterpretation of average reversal frequency when statistical modelling is 

applied to the whole Permian magnetostratigraphic dataset.  

The classical model for superchrons invokes low geomagnetic field variability and 

high paleointensity, while the reversing field is characterized by high variability and a weaker 

field intensity (Aubert et al., 2010; Cox, 1968; McFadden et al., 1991; Tarduno and Cottrell, 
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2005; Tarduno et al., 2006; Tarduno et al., 2001; Tarduno et al., 2002; Tauxe and Staudigel, 

2004). However, recent 40Ar-39Ar and paleomagnetic work on Cretaceous basalts (Lhuillier et 

al., 2016) as well as oceanic magnetic anomaly data (Granot et al., 2012) indicate a more 

complex behaviour for geomagnetic superchrons. Lhuillier et al. (2016) propose a bimodal 

field (bipolar and multipolar components) for the non-reversing geodynamo, where the 

termination of the superchron is marked by the removal of the multipolar component during 

the transition to a reversing and mainly bipolar field. Additionally, magnetic anomaly data 

from the central Atlantic show high geomagnetic field variability during the CNS, with the 

highest intensity fluctuations recorded during the middle of the superchron (Granot et al., 

2012). High paleointensity variability has also been documented during the KRS from the 

Gerringong Volcanics (Cottrell et al. 2008), which record significantly higher virtual dipole 

moments of the magnetic field compared to other sections spanning the superchron (Garcia et 

al., 2006; Thomas et al., 1995). In Chapter 2 I demonstrated that the middle Gerringong 

Volcanics post-date the end of the KRS. This means that the observed paleointensity 

variability (Cottrell et al., 2008) is not representative of this superchron, but rather 

characterizes the transition back to a reversing field (Chapter 2). The high virtual dipole 

moments recorded from the Gerringong Volcanics (Cottrell et al., 2008) might reflect the 

proposed removal of multipolar components in the switch back to a mainly dipolar and 

reversing field as proposed by Granot et al. (2012). 

 Whether superchrons are characterized by partially multipolar fields has yet to be 

clearly documented. Tauxe and Kent (2004) discussed how octupolar components of the 

geomagnetic field may cause a systematic dispersion of paleomagnetic directions, where the 

results yield a shallower inclination than would be expected from a Geocentric Axial Dipole 

(GAD). Directions dispersed in a N-S direction are representative of some level of octupolar 

contribution, and create a shallow inclination bias in the calculation of a mean paleomagnetic 
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pole (Tauxe and Kent, 2004). Chapter 4 presented paleomagnetic data from within the KRS, 

and results reported from Pienaarsfontein (~150 samples) showed a distinct N-S elongation in 

the paleomagnetic directions. This could not be attributed to inclination shallowing or 

movement due to apparent polar wander, and I suggested that this may be a result of a partial 

octupolar component of the magnetic field during the KRS (Chapter 4). Additional study of 

this section is required for a robust determination of secular variation, and if this phenomenon 

can be verified, it would support the geodynamo model proposed by Lhuillier et al. (2016), 

where the reversing dynamo is characterized by a bipolar field, and the non-reversing 

dynamo by a bimodal field (bipolar and multipolar components).  

The composite magnetostratigraphic section presented from the Sydney Basin 

(Chapter 3) reveals an average reversal rate of 1/Ma for the first 15 Ma postdating the 

superchron. The PTB interval here has a high reversal rate (2-3/Ma; Chapter 3), while the 

Guadalupian interval has a lower reversal rate (1/Ma; Chapter 2). The lack of frequent 

reversals (4-6/Ma) postdating the end of the KRS in the Sydney Basin (that would be 

expected from the model of Hounslow (2016)) might be due to the ‘spot’ readings of the 

geomagnetic field isolated from lava flows (Gerringong Volcanics), as opposed to the higher 

geomagnetic resolution present from the slower depositional magnetic acquisition of the 

sedimentary rocks located stratigraphically higher in the Narrabeen Group (Chapter 3).  

In Chapter 4 I presented a large reverse polarity stratigraphic section through the 

KRS, with no clear evidence for stable normal polarity magnetozones. An overlying and 

published section spanning the lowermost Ecca and Abrahamskraal Formations at Ouberg 

Pass contains a few normal polarities (Lanci et al., 2013) which may be representative of 

post-KRS reversals. However there are a few problems with this magnetostratigraphy. The 

first is the problem cited in Chapter 5, where primary normal polarities in the Karoo Basin 

are difficult to distinguish due to the widespread remagnetization of sedimentary strata during 
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the eruption of the Karoo LIP. A numerical test with the Gondwana APWP indicates that this 

section may have been partially influenced by Jurassic remagnetization, the degree of which 

is difficult to assess due to the similarity in declination (Chapter 5). If the normal polarities 

from this section are representative of post-KRS reversals, then the fast restart (4-6/Ma) 

mechanism proposed by Hounslow (2016) is not supported by the reported 

magnetostratigraphy, which is mainly of reverse polarity (80%).  

On the other hand, the sequence correlation between this published section (Lanci et 

al., 2013) and the ~1500 m composite presented in this thesis (Chapter 4) has not been 

published, and there may be up to 100 m of sedimentary strata missing in the combined 

magnetostratigraphy. The top of the KRS in the Karoo Basin may lie somewhere in the 

missing stratigraphy, or may have been remagnetized by lightning in the upper Waterford 

Formation at SL1 (below Ouberg Pass; Chapter 4). Somewhat interesting is the presence of 

several potential normal polarity micro-sub chrons located towards the top of the ~1500 m 

section of the Ecca Group (Fig. 6.1; Chapter 4). The base of this section (lower Ecca) shows 

no evidence for normal polarities (OR1 core; Chapter 4), although it is observed that with 

increasing stratigraphic height (middle-upper Ecca), normal polarities are more frequently 

observed (SL1; Chapter 4; Fig. 6.1). As these sites are only represented by one sample, no 

definitive conclusions can be drawn in terms of geomagnetism; however, if observed in other 

sections, it might indicate the dying-out of the non-reversing field (octupolar component), 

marked by increasingly frequent magnetic microchrons (<0.1 Ma; Opdyke and Channell, 

1996) or subchrons (0.1-1 Ma; Opdyke and Channell, 1996).  

 
  
6.2. Timing of major Carboniferous-Permian geologic events 

 The improvement of Permian chronostratigraphic constraints determined from the 

study of the KRS in this thesis allows for an updated comparison with major Carboniferous to 
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Permian geologic events. A correlation between long term cycles of mass extinctions, 

geomagnetic reversals, and mantle plumes was proposed by Loper and McCartney (1986), 

and this hypothesis was further developed by Larson and Olson (1991) who proposed an 

inverse correlation between the frequency of magnetic reversals and mantle plume 

production. Larson and Olson (1991) compared documented magnetic reversals and the 

implied volume production rate of oceanic plateaus and continental flood basalts for the past 

150 Ma, and proposed that mantle plumes control magnetic reversal frequency, where the 

largest production of plume material (superplume) is correlative with the lowest magnetic 

reversal rate (superchrons). This model suggests that the eruption of a superplume from the 

Core-Mantle-Boundary (CMB) creates a significant increase in core heat-loss, which causes 

an increase in outer core convection to compensate for the loss (Larson and Olson, 1991; 

Loper and McCartney, 1986). This increase in core convection disturbs the bipolar reversing 

dynamo, and generates a geomagnetic superchron (non-reversing dynamo). This hypothesis 

has received continued support from recently published statistical and numerical analyses, 

including a recent Fourier analysis which demonstrates a 16-40 million year periodicity in the 

observed rates of reversal frequency linked to the pulsation of mantle plumes (Melott et al., 

2017).  

A link between geomagnetic reversal frequency and mass extinctions has also been 

proposed, though there remains a general disagreement regarding the exact mechanisms 

involved (Glassmeier and Vogt, 2010). Mass extinctions have been correlated with both high 

reversal rates (4-6/Ma) as well as low reversal rates (superchrons). For example, a prior study 

analysed the magnetic reversal frequency during the Triassic-Jurassic extinction event, and 

found that as reversal rate increased, the atmospheric oxygen level decreased, leading to a 

gradual marine extinction pulsed over several millions of years (Wei et al., 2014). Similarly, 

Meert et al., (2016) presented a magnetostratigraphic composite of the Cambrian reversal 
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record that revealed a hyperactive (4-6/Ma) state for the reversing field. As magnetic 

reversals reflect a dipole low (i.e. weakened field strength), the authors proposed that this 

rapidly reversing field allowed for a dramatic increase in UVB radiation introduced into the 

water column (Meert et al., 2016). The resulting mass extinction near the end of the 

Ediacaran Period (ca 550 Ma) affected many soft-bodied biota, while animals with the ability 

to burrow vertically altered the ecology of the seafloor, leading to the Cambrian evolutionary 

radiation where biomineralization became an important evolutionary feature in marine 

environments (Meert et al., 2016).  

Global Permian biostratigraphy supports the existence of two major mass extinction 

events (Chapter 1). The first was at the end of the Guadalupian, and is known as the 

Guadalupian-Lopingian (G-LP) extinction event at ca 260 Ma (Bambach et al., 2004; Day et 

al., 2015; Isozaki, 2009; Jin et al., 1994; Ota and Isozaki, 2006; Payne and Clapham, 2012; 

Stanley and Yang, 1994). The second was the largest mass extinction event observed for the 

Phanerozoic (Chapter 3). While the G-LP event was less dramatic in terms of total 

biodiversity loss, some researchers have suggested that delayed recovery from this extinction 

event contributed to the ultimate severity of the end Permian extinction (Isozaki, 2007; 

Isozaki, 2009). Isozaki (2009) presented a global surface to core geologic history for the 

Guadalupian-Lopingian, and proposed a direct link between mass extinctions and 

geomagnetic reversals which involves the interplay between the creation and eruption of a 

superplume from the CMB (Isozaki, 2009). This model builds on the correlation between 

superplumes and the geomagnetic field originally proposed by Larson and Olson (1991). 

Isozaki (2009) suggested that the prolonged subduction of slabs beneath Pangea generated a 

significant change in the thermochemical boundary conditions at the CMB, resulting in the 

eruption of a superplume (Fig. 6.2). The changes in the mantle associated with the eruption of 

this plume triggered a reversing dynamo at ca 265 Ma (Chapter 2; Isozaki 2009; Fig. 6.2), 
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Fig. 6.2. Proposed cause-effect scenario from Isozaki (2009) for the Late Guadalupian 
Lopingian event; a) ca 265 Ma: a superplume is launched from the CMB triggering a 
reversing geodynamo (Illawarra Reversal) and the Kamura cooling event; b) ca 260 Ma: the 
plume head impinges the base of Pangea, and continental rifting and the eruption of global 
LIPs leads to the G–LB mass extinction.
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and this change in geomagnetism is proposed to have affected the surface in a number of 

ways. 

The first was the introduction of geomagnetic reversals after a ca 50 Myr period of 

high and relatively constant magnetic field intensity. Similar to the proposed Cambrian event 

(Meert et al., 2016), the frequency in magnetic reversals led to a decrease in magnetic field 

strength (intensity), allowing an increase in cosmic rays to the surface and an increased cloud 

coverage over the planet (Isozaki, 2007; Isozaki, 2009). The increased albedo may have 

caused the Kamura cooling event and the associated Capitanian extinctions of tropical fauna. 

(Fig. 6.2; Isozaki, 2007; Isozaki, 2009). The impingement of the superplume at the base of 

the Pangean lithosphere then triggered the eruption of several LIPs at ca 260 Ma that 

contributed to the widespread diversity loss across the G-LP (Isozaki, 2009). The 40Ar-39Ar 

age of 265.1 ± 0.5 Ma reported for the end of the KRS (Chapter 2) suggests that if the G-LB 

superchron-superplume-extinction model of Isozaki (2009) is valid, then the time lag between 

the eruption of this plume from the CMB and the resulting surface volcanic eruptions would 

be ca 5 Myr.  

Eide and Torsvik (1996) present a model that attributes the initiation of the KRS (ca 

318 Ma; Opdyke et al., 2000) with the final assembly of Pangea at ca 320 Ma. In their model, 

prolonged subduction and flushing of cold lithospheric material into the lower mantle 

preceding Pangea amalgamation resulted in persistent cold anomalies at the CMB, causing a 

variation in the circulation pattern of the outer core. This thermal variation then triggered the 

non-reversing field regime of the KRS (Eide and Torsvik, 1996). The Pangea supercontinent 

reached its maximum global extent by the middle Permian (Torsvik et al., 2012), at which 

point its configuration remained consistent with the classic Pangea A reconstruction (Chapter 

2) until the main phase of breakup during the Jurassic opening of the Atlantic (Bullard et al., 

1965). The earliest stages of Pangea breakup can be traced back to the early-middle Permian 
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along the southern Tethys margin during the rifting and production of Cimmeria (Angiolini et 

al., 2015; Wopfner and Jin, 2009; Yeh and Shellnutt, 2016). The termination of the KRS 

during this interval (Chapter 2) may represent the change in outer core circulation associated 

with the transition from a mainly subduction driven tectonic regime (Pangea assembly) to a 

period of continental rifting and global crustal production (Pangea disassembly). If this 

relationship could be confirmed, then long term magnetostratigraphic trends could be used as 

an additional constraint on the timing and breakup of supercontinents. 

 

6.3. Conclusions 

6.3.1. Main research findings and contribution to the field 

 Since the inception of magnetostratigraphy, the mapping of oceanic magnetic 

anomalies, and the construction of the GPTS, our understanding of the geomagnetic field has 

increased greatly, and chronostratigraphic correlation between geographically widespread 

regions has been possible. Despite this improvement, there are still large gaps in the current 

understanding of the geomagnetic field, as well as in the detailed reversal record for the pre-

Triassic. The recent developments in paleomagnetic techniques, the enhancement of the 

sensitivity of magnetic instruments, and the availability of published isotopic ages is 

heralding in a new generation of paleomagnetic opportunities in refining the Geomagnetic 

Polarity Time Scale. Additionally, the revisiting of older paleomagnetic sites with the 

intention of providing isotopic age constraints similar to the 40Ar-39Ar work conducted in this 

thesis may provide additional insights into some of the paleomagnetic inconsistencies cited in 

the literature. 

This research was designed to improve the Permian chronostratigraphy and 

paleogeography of the sedimentary and igneous rocks from the Sydney and Karoo Basins at 

ca 290-250 Ma using a magnetostratigraphic approach, supplemented by 40Ar-39Ar and U-Pb 
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isotopic analyses. The end of the Kiaman Reverse Superchron (KRS) was identified by the 

first appearance of normal polarity magnetozones post-dating a lava flow (Bumbo Latite) 

with a 40Ar-39Ar (plagioclase) age of 265.05 ± 0.46 Ma at the type section near Kiama, 

Australia. Six magnetozones (three normal, three reverse) were further documented from a 

~60 m section in the overlying Narrabeen Group. Comparison with the GPTS, published U-

Pb (TIMS; zircon) ages, and negative δ13Corg data, places the Permian-Triassic Boundary in 

the lower Wombarra Claystone, within a zone of normal polarity ca 200,000 years earlier 

than the conodont-defined Permian-Triassic Boundary at the GSSP in Meishan, China. 

 Magnetostratigraphy of a 1500 m composite section in the Ecca Group, Karoo Basin, 

had reverse polarity, confirming deposition during the ca 318 to 265 Ma Kiaman Reverse 

Superchron. This paleomagnetic assignment has resolved a decade-long controversy 

regarding the age of this unit, and is consistent with the Permian-Triassic biostratigraphic 

interpretation of the overlying Beaufort Group. A corresponding U-Pb (zircon) SHRIMP age 

of 269.5 ± 1.2 Ma was reported from a volcanic ash layer in the upper Tierberg Formation, 

and has been interpreted as a minimum constraint because of possible Pb-loss or lack of co-

eruptive zircon. Magnetostratigraphic data collected from a 91 m section in the overlying 

Beaufort Group in the eastern Karoo Basin show a much higher degree of magnetic 

overprinting, and a paleomagnetic test with the Gondwana APWP confirms that the 

interpreted normal polarity magnetozones may be caused by unresolved Jurassic 

remagnetization. A comparison with published overprint directions supports a west to east 

propagation of remagnetization intensity associated with Jurassic emplacement of the Karoo 

Large Igneous Province. 

 The Eastern Gondwanan paleomagnetic pole from the Gerringong Volcanics (Sydney 

Basin) is consistent with well dated Middle Permian Western Gondwanan paleomagnetic 

poles, and indicates that both Gondwanan and Laurasian paleogeographic locations are 
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consistent with the Pangea A configuration at ca 265 Ma. The transition from the stable 

unipolar geomagnetic field regime of the KRS to a regime of frequent geomagnetic reversals 

is assigned at 265.05 ± 0.46 Ma. A ‘fast’ restart mechanism has recently been proposed for 

the termination of the KRS (Hounslow, 2016). However, both the Sydney and Karoo Basin 

fills demonstrate the paleomagnetic record of long reverse chrons punctuated by short normal 

chrons post-dating the end of the KRS, suggesting a ‘slow’ restart mechanism to the 

reversing geodynamo state, similar to that observed after the end of the Cretaceous Normal 

Superchron. 

 

6.3.2. Limitations of the study 

 This thesis sought to improve chronostratigraphic constraints on the timing of 

geomagnetic events with respect to major geologic events, and has been primarily concerned 

with the magnetic reversal record. While the 40Ar-39Ar data isolated from the Sydney Basin 

gave a very precise age, the U-Pb age from the Tierberg Formation in the Karoo Basin is less 

precise, though it is in general agreement with the reported magnetostratigraphy. This is due 

to the suspected episode of Pb-loss, the degree of which is hard to determine for Phanerozoic 

samples.  

Another limitation of this study is the non-availability of marine index fossils in the 

terrestrially deposited southern Sydney Basin that can be directly correlated with the end 

Permian marine mass extinction event. Although the δ13Corg excursion is considered to be a 

proxy for the corresponding episode of terrestrial biodiversity loss, uncertainty remains 

regarding the apparent differences in the changes in δ13C of bulk organic matter versus 

individual molecular species (Williams et al., 2012). The addition of precise U-Pb TIMS ages 

will help improve the resolution of this section with the marine section at the GSSP in south 

China. 
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 The large degree of secondary remagnetization observed in the Beaufort Group of the 

eastern Karoo Basin is a major limitation in the interpretation of normal polarity 

magnetozones, and the conclusion is drawn here that the area has likely been partially to 

completely remagnetized, though comparison of individual magnetozones with cratonic 

Gondwana may help somewhat in the polarity interpretation.  

 

6.3.3. Recommendations for future research 

Future research on the Ecca Group in the Karoo Basin might prove useful in the study 

of the geomagnetic secular variation during the Kiaman Reverse Superchron. A concrete 

model for the pattern of geomagnetic variability observed during superchrons is still lacking, 

and interpretations are based solely on scant (and contrasting) paleointensity data, numerical 

models, and reversal frequency studies (dependent on very limited paleomagnetic data as 

opposed to the Cretaceous Superchron). In particular, it is important to investigate further 

whether the hypothesis of an octupolar field component during superchrons is valid. A future 

research plan for Ecca Group exposures (e.g. OR1, Pienaarsfontein, and SL1) might be to 

resample the siltstone intervals that revealed the best paleomagnetic demagnetization data 

from each of the sections, with ~30 samples per bed. The statistical distribution of directions 

could be used to determine the evolution of secular variation from the non-reversing dynamo 

from the base of the Ecca Group (ca 290 Ma) to the reversing dynamo (ca 265 Ma) towards 

the top of the Ecca Group. 

The successful removal of several overprint directions and isolation of a likely ChRM 

from the lower Illawarra Coal Measures (Gerringong Volcanics) and lower Narrabeen Group 

in the Sydney Basin indicates that similar isolation of primary remanence might be possible 

in the upper Illawarra Coal Measures. At present the magnetostratigraphy between the end of 

the KRS and the PTB in the Sydney Basin (middle-upper Illawarra Coal Measures) is not 
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well known, so this record cannot be directly compared to the reversal sequence in the Karoo 

Basin. Future magnetostratigraphic research in this area should focus on locating additional 

well preserved field exposures because these have demonstrated a higher precision in the 

polarity interpretation than the published paleomagnetic data from drill cores. The volume of 

U-Pb TIMS ages now being published from this area, especially within the Triassic 

palynologic zones, provides a key opportunity for further magnetostratigraphic study, and for 

successive correlation with early Triassic faunal recoveries.   
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Appendix 1 
 

A1.1 Southern Sydney Basin (Bumbo Latite)  
 
40Ar-39Ar Relative abundance summary 

Age ± 2σ 40Ar(r) 39Ar(k)
(% ) (% )

  5M14032 3 °C 0.0001723 0.810 0.4963882 1.226 0.0009039 1.901 0.0735546 0.043 1.100438 0.028 14.88087 ± 0.02484 264.38 ± 0.41 98.96 6.17 0.063 ± 0.002
  5M14033 3 °C 0.0001771 0.752 0.5921771 1.226 0.0011052 1.574 0.0887593 0.044 1.319923 0.023 14.88765 ± 0.02333 264.50 ± 0.39 99.61 7.45 0.064 ± 0.002
  5M14035 4 °C 0.0002117 0.710 0.7243418 1.226 0.0013119 1.636 0.1094786 0.042 1.626395 0.019 14.88606 ± 0.02240 264.47 ± 0.37 99.70 9.19 0.065 ± 0.002
  5M14036 4 °C 0.0002144 0.691 0.7398576 1.227 0.0013865 1.247 0.1120755 0.042 1.666005 0.018 14.89997 ± 0.02221 264.70 ± 0.37 99.73 9.40 0.065 ± 0.002
  5M14037 5 °C 0.0002130 0.712 0.7372668 1.227 0.0013411 1.633 0.1117623 0.043 1.661099 0.018 14.89941 ± 0.02236 264.69 ± 0.37 99.74 9.38 0.065 ± 0.002
  5M14039 5 °C 0.0002037 0.794 0.7005867 1.227 0.0012636 1.593 0.1068667 0.041 1.590108 0.019 14.91222 ± 0.02247 264.90 ± 0.37 99.72 8.97 0.065 ± 0.002
  5M14040 6 °C 0.0001673 0.826 0.5395207 1.228 0.0009840 1.915 0.0823193 0.046 1.228083 0.025 14.91358 ± 0.02414 264.93 ± 0.40 99.47 6.91 0.065 ± 0.002
  5M14041 6 °C 0.0001348 1.215 0.4537578 1.228 0.0008154 2.687 0.0692253 0.044 1.031663 0.030 14.92367 ± 0.02635 265.09 ± 0.44 99.64 5.81 0.065 ± 0.002
  5M14043 7 °C 0.0001451 1.085 0.4912627 1.228 0.0009084 1.956 0.0752437 0.042 1.121325 0.027 14.92634 ± 0.02497 265.14 ± 0.41 99.66 6.31 0.066 ± 0.002
  5M14044 8 °C 0.0001470 1.001 0.5019611 1.228 0.0009237 2.195 0.0769081 0.045 1.146424 0.027 14.93513 ± 0.02474 265.28 ± 0.41 99.70 6.45 0.066 ± 0.002
  5M14045 10 °C 0.0001579 1.017 0.5275732 1.229 0.0010053 1.979 0.0811383 0.045 1.209634 0.025 14.92444 ± 0.02474 265.10 ± 0.41 99.61 6.81 0.066 ± 0.002
  5M14047 12 °C 0.0001041 1.262 0.3590807 1.229 0.0006640 2.823 0.0545520 0.044 0.812213 0.038 14.92337 ± 0.02739 265.09 ± 0.45 99.73 4.58 0.065 ± 0.002
  5M14048 15 °C 0.0000837 1.658 0.2784750 1.229 0.0004988 3.446 0.0428161 0.047 0.638956 0.048 14.93697 ± 0.03185 265.31 ± 0.53 99.60 3.59 0.066 ± 0.002
  5M14049 18 °C 0.0000662 2.084 0.2290069 1.230 0.0004240 4.025 0.0347675 0.050 0.518984 0.058 14.96388 ± 0.03660 265.76 ± 0.60 99.74 2.92 0.065 ± 0.002
  5M14051 21 °C 0.0000496 2.683 0.1762235 1.231 0.0003300 6.218 0.0262203 0.051 0.390649 0.078 14.95189 ± 0.04417 265.56 ± 0.73 99.84 2.20 0.064 ± 0.002
  5M14052 24 °C 0.0000409 3.380 0.1413740 1.231 0.0002798 5.599 0.0211862 0.062 0.315621 0.096 14.93473 ± 0.05433 265.27 ± 0.90 99.74 1.78 0.064 ± 0.002
  5M14053 27 °C 0.0000287 4.525 0.1022747 1.232 0.0001703 12.328 0.0155835 0.062 0.232026 0.130 14.94251 ± 0.06792 265.40 ± 1.12 99.86 1.31 0.065 ± 0.002
  5M14054 30 °C 0.0000175 7.453 0.0621282 1.233 0.0001334 14.522 0.0093810 0.100 0.139872 0.216 14.96082 ± 0.11112 265.71 ± 1.84 99.84 0.79 0.065 ± 0.002

Σ 0.0023352 0.262 7.8532568 0.324 0.0144492 0.563 1.1918386 0.011 17.749417 0.007

% 1σRelative
Abundances

36Ar
[V] % 1σ 37Ar

[V] % 1σ 38Ar
[V] % 1σ 39Ar

[V] % 1σ 40Ar
[V]   40(r)/39 (k) ± 2σ K/Ca ± 2σ

(Ma)

 

Notes: Table shows the relative abundances of Ar corrected from blanks, radioactive decay and fractionation
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Appendix 2 
 

A2.1 Eastern Karoo Basin (upper Balfour Formation) 
 

Supplementary reverse polarity demagnetization data 
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