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Abstract 14 

Three-dimensional (3D) seismic data has provided important insights into how magma is 15 

transported and stored in sedimentary basins. Much of our understanding is based on 16 

volcanic-rifted margins. In contrast, the magma plumbing systems of magma-poor rifted 17 

margins are less well studied. This study uses 3D seismic data to describe the magma 18 

plumbing system of the Bight Basin Igneous Complex; a volcanic province located along the 19 

magma-poor southern Australian margin. Here, magma emplacement occurred in the Mid 20 

Eocene, some 40 million years after the onset of seafloor spreading. Our data images a 21 

variety of 30−270 m thick, 2−23 km diameter mafic intrusions that are confined to within 22 

1200 m of the paleoseabed. Intrusions emplaced at ≤200 m depth formed hybrid and 23 

compound sills and are typified by elongate, lava flow-like morphologies. Intrusions 24 

emplaced at depths of 200−1200 m formed saucer-shaped and compound sills, as well as 25 
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laccoliths. Approximately 60% of the intrusions have lava flows and volcanogenic vents 26 

above their shallowest tips, as shown from previous studies. This suggests that the intrusions 27 

played a crucial role in transporting magma to the paleoseabed. Furthermore, many of the 28 

intrusions are overlain by forced folds, highlighting the role of magma emplacement in 29 

inducing overburden deformation. Contrary to observations from volcanic rifted margins, the 30 

sills and laccoliths rarely form interlinked complexes. Instead, they most commonly occur as 31 

isolated bodies. This suggests that the sills and laccoliths were fed by dykes. We infer that 32 

high rates of magma ascent in the dykes prevented their transition into sills within sediments 33 

at >1.2 km depth. Our study highlights that the magma plumbing system of the Bight Basin 34 

Igneous Complex contains a diversity of magmatic intrusions, the morphology of which is 35 

linked to their emplacement depth, host sediment rheology and the physical properties of the 36 

magma. This plumbing system contrasts markedly with those found along better-studied 37 

volcanic rifted margins.  38 

 39 

1. Introduction  40 

Sills and laccoliths play an important role in transporting and storing mafic magma in the 41 

shallow crust (Thomson, 2007; Muirhead et al., 2014; Magee et al., 2016). These features can 42 

form vertically and laterally connected complexes capable of facilitating magma movement 43 

for tens of kilometres through the crust (e.g. Thomson and Hutton, 2004; Planke et al., 2005; 44 

Cartwright and Hansen, 2006; Polteau et al., 2008; Schofield et al., 2015). From a 45 

volcanological perspective, sills and laccoliths are important because they can feed eruptions 46 

and modulate eruptive activity (e.g. Magee et al., 2013; Magee et al., 2016; Muirhead et al., 47 

2016; Reynolds et al., 2016; Magee et al., 2017). As summarised by Magee et al. (2016), sills 48 

also provide insights into continental rifting, the thermomechanical state of the mantle and 49 

the physiochemical evolution of magma. Furthermore, mafic intrusions have been 50 
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hypothesised to play an important role in driving global climate change, since work from the 51 

North Atlantic has shown that the emplacement of mafic intrusions into carbon-rich 52 

sediments can cause the release of greenhouse gases (e.g. Svensen et al., 2004; Reynolds et 53 

al., 2017).  54 

Sills and laccoliths also have a range of implications for petroleum systems (e.g. Senger 55 

et al., 2017).  For instance, these intrusions can act as barriers and/or conduits to fluid flow in 56 

the subsurface (e.g. Rateau et al., 2013; Schofield et al. 2015; Schofield et al. 2017) as well as 57 

hydrocarbon reservoirs (Rodriguez Monreal et al., 2009). Furthermore, magma intrusion is 58 

often associated with source rock maturation (Rodriguez Monreal et al., 2009) and the 59 

formation of forced folds (e.g. Pollard and Johnson, 1973; Jackson and Pollard, 1990; Trude 60 

et al., 2003; Schmiedel et al, 2017). These folds can be used to elucidate the timing of 61 

magmatism, as well as potentially acting as traps for hydrocarbons (Trude et al., 2003; 62 

Schutter 2003; Holford et al., 2012). 63 

Many observations of magma plumbing systems are from volcanic rifted margins which 64 

contain abundant mafic intrusions (e.g. Thomson and Hutton, 2004; Planke et al., 2005; 65 

Cartwright and Hansen, 2006; Schofield et al., 2015; Reynolds et al., 2017). However, since 66 

many of the intrusions along these margins are deeply buried, they often cannot be imaged at 67 

high resolution; partly as a result of decreasing seismic frequency with depth. Furthermore, 68 

many intrusions along volcanic rifted margins are located beneath thick sequences of 69 

extrusive volcanic rocks (e.g. Seaward Dipping Reflectors and Landward Flows) further 70 

obscuring intrusion distribution and morphology (e.g. Symonds et al., 1998; Planke et al., 71 

2000; Reynolds et al., 2017). In contrast, there are comparatively few studies of the magma 72 

plumbing systems along magma-poor rifted margins (e.g. Autin et al., 2010; Franke et al., 73 

2014; Peace et al., 2017). Therefore, our understanding of the emplacement mechanisms and 74 

controls on magma plumbing system formation along these margins is not well understood.  75 
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In this study, we use 3D seismic data from the magma-poor southern Australian margin. 76 

This data allows us to detail how magma was transported and stored in a sedimentary basin 77 

that has undergone volcanic activity not intrinsically linked to continental rifting. Our unique 78 

dataset images intrusions buried beneath a shallow (<2 km) sequence of sedimentary rocks. 79 

The shallow emplacement depth of the intrusions and absence of Seaward Dipping 80 

Reflections and Landward Flows (typical of volcanic rifted margins) also means our data is 81 

of high resolution, allowing the complexities of intrusion emplacement to be investigated in 82 

detail. Although focused on the southern Australian margin, our findings have implications 83 

for understanding the emplacement of magmatic intrusions in sedimentary basins along other 84 

continental rifted margins. 85 

 86 

2. Geological setting 87 

The Ceduna sub-basin is located within the Bight Basin on the southern margin of 88 

Australia (Fig. 1). The sub-basin has an area of 90,000 km2 and contains over 15 km of syn 89 

and post-rift Mesozoic sedimentary rocks (Totterdell and Krassay, 2003; MacDonald et al., 90 

2010). These rocks are sub-divided into a series of supersequences that were deposited from 91 

the mid- to late-Jurassic onwards. The earliest of these sequences record slow thermal 92 

subsidence, whilst the Late Santonian-aged Tiger Supersequence records increases in 93 

subsidence rate deposited the during major marine flooding (Totterdell et al., 2000). This 94 

supersequence is composed of marginal marine to marine mudstones (Totterdell et al., 2000). 95 

Deposition of these mudstones correlates with upper crustal extension and formation of large, 96 

east-west striking faults and re-activation of Cenomanian growth faults (Robson et al., 2016). 97 

The overlying Ceduna Delta succession was deposited from the Late Santonian onwards, 98 

and is composed of the Hammerhead Supersequence ( Totterdell et al., 2000; MacDonald et 99 

al., 2013). Component sedimentary rocks are characteristic of marine, deltaic and coastal 100 
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plain environments, and were deposited during extremely low spreading rates of <100 m year 101 

(Tikku and Cande, 1999). The Gnarlyknots-1A petroleum exploration well penetrated this 102 

supersequence and encountered water-saturated sandstones and shales, interpreted to form as 103 

shallow marine prograding delta top sets (Totterdell et al., 2000; Tapley et al., 2005).  104 

Both the Hammerhead and the overlying Wobbegong sequences (deposited following a 105 

5−7 Myr hiatus) are dissected by northwest-southeast oriented Cenomanian-Santonian and 106 

Campanian-Maastrichtian-aged normal faults, formed during gravity-driven extension of the 107 

delta (Robson et al., 2016). The overlying Dugong Supersequence is dominated by cool water 108 

carbonates that developed on a carbonate shelf and contains minor amounts of sandstones at 109 

its base (Totterdell et al., 2000; Macdonald et al., 2012). This supersequence formed from the 110 

middle Eocene onwards during a period of fast seafloor spreading and records a marine 111 

transgression with water depths of up 300 m (Li et al., 2003). 112 

The southern margin of Australia is also characterised by an abundance of both offshore 113 

and onshore igneous rocks (e.g. Holford et al., 2012; Jackson, 2012; Cas et al., 2016; Meeuws 114 

et al., 2016; Reynolds et al., 2016). Melt production along the southern Australian margin has 115 

been proposed to result from processes similar to those in intraplate volcanic provinces, such 116 

as mantle shearing, mantle plumes and small scale convection above steps in lithospheric 117 

thickness (Demidjuk et al., 2007; Conrad et al., 2011; Davies et al., 2015). Subsequent 118 

volcanism may be associated with the onset of rapid spreading in the mid Eocene and 119 

reconfigurations of the Indo-Australian plate boundaries (Holford et al., 2012). 120 

The subject of this study is a 9000 km2 area within the ~130 km diameter Bight Basin 121 

Igneous Complex (BBIC). This complex is found in the centre of the Ceduna sub-basin (Fig. 122 

1). Previous work based on the Flinders 2D seismic survey has shown that the BBIC contains 123 

intrusions, lava flows, volcanogenic vents and forced folds (Schofield and Totterdell, 2008; 124 

Jackson et al., 2013; Magee et al., 2013). These features are described below.  125 
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Jackson et al. (2013) suggested that the intrusions range from 7−19 km in diameter and 126 

32−250 m in thickness. Their morphologies have previously been divided into sill, laccolith 127 

and hybrid types (Jackson et al., 2013). Intrusions are found within the Wobbegong, 128 

Hammerhead and Tiger Supersequences (Figs. 1 and 2; see also Schofield and Totterdell, 129 

2008). Many of the intrusions are overlain by forced folds which reach 17 km in width and 130 

display up to 210 m of relief (Jackson et al., 2013). These folds are interpreted to have 131 

formed as a result of magma emplacement in the subsurface since they directly overly the 132 

intrusions. The folds typically have reliefs lower than the thickness of the underlying 133 

intrusion, suggesting fluidisation and expulsion of pore fluids from the host rock 134 

accompanied elastic bending of the overburden (Jackson et al., 2013).  The Dugong 135 

Supersequence onlaps the folds, indicating the intrusions were emplaced in the Mid-Eocene 136 

(Schofield and Totterdell, 2008; Jackson et al., 2013; Magee et al., 2013). 137 

A total of 56 vents were identified by Magee et al. (2013). The vents downlap the top of 138 

the mid Eocene-aged Wobbegong Supersequence and are onlapped by the Dugong 139 

Supersequence (Schofield and Totterdell, 2008; Jackson et al., 2013; Magee et al., 2013). 140 

They typically overly the shallowest tips of underlying intrusions. The vents range from 141 

1.09−18.89 km in diameter, and have been interpreted as hydrothermal vents and shield 142 

volcanoes (Magee et al., 2013). The vents and volcanoes have been distinguished based on 143 

morphological characteristics such as their flank dip, summit height and seismic velocity. The 144 

spatial and temporal relationship between the vents and intrusions suggest that they are 145 

genetically linked (Magee et al., 2013). Dredging from incised canyons collected detrital 146 

volcanic fragments that were characterised as amygdaloidal, possibly pillowed, alkali basalts 147 

(Clarke and Alley, 1993) suggesting that the vents have a similar composition (Schofield and 148 

Totterdell, 2008; Magee et al., 2013). The vents occur on the same horizon as biogenic 149 

mounds, which are distinguished based on their lower lateral variation in seismic amplitude, 150 
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higher internal continuity, smaller heights and the absence of wash-out beneath (Langhi et al., 151 

2016). 152 

 153 

3. Method and dataset 154 

This study uses the Nerites 3D and Flinders 2D seismic reflection surveys (Fig. 1). The 155 

Nerites survey covers an area of 9000 km2 and extends to 9 s depth, of which the top 3 s were 156 

used in this study. This dataset has a bin spacing of 12.5 m × 15 m. The Flinders survey 157 

covers 44,000 km2 and also extends to 9 s depth. The 2D lines are spaced 4−8 km. Data are 158 

displayed with an SEG reverse polarity; a downward increase in acoustic impedance (i.e. 159 

hard event) is measured by a trough and is represented by a blue reflection. The seismic 160 

surveys are tied to the Gnarlyknots-1A and Potoroo-1 wells using the Flinders 2D seismic 161 

survey. The wells are located 65 km and 175 km to the northwest of the Nerites survey. 162 

Neither well penetrated the intrusions, therefore we assumed a velocity of 5500 m s-1 (Planke 163 

et al., 2005) to calculate their thicknesses. Although typical for many intrusions (e.g. Skogly, 164 

1998; Hansen and Cartwright, 2006), this value represents a lower estimate for the velocity of 165 

the intrusions; Nelson et al. (2009) record values up to 7000 m s-1. The resolution and 166 

detection limit of the seismic data were calculated using a frequency of 30 Hz, which is the 167 

dominant frequency of the Nerites survey at the level at which the intrusions were mapped 168 

(between 2.1−2.8 s). Assuming a velocity of 5500 m s-1, this indicates the intrusions must be 169 

≥5 m to be detected and ≥45 m thick to be resolved. Based on the potential variation in their 170 

velocity (e.g. Nelson et al., 2009), these values likely represent the minimum thicknesses that 171 

can be detected and resolved.  172 

 173 

3.1 Seismic interpretation strategy 174 
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In order to determine the vertical and lateral distribution of the intrusions, and their 175 

relationship to the lava flows, volcanogenic vents and paleoseabed, we mapped each of these 176 

features throughout the Nerites survey. Our interpretation strategy is outlined below. 177 

 178 

3.1.1 Mapping of the paleoseabed 179 

 The Base Dugong (BD) reflection represents the paleoseabed at the time of volcanism 180 

(Schofield and Totterdell, 2008; Jackson et al., 2013; Magee et al., 2013). It is represented by 181 

a moderate-high amplitude, trough event that forms a prominent unconformity that is 182 

onlapped by the overlying Dugong Supersequence. The BD is downlapped by the vents and 183 

is folded above underlying intrusions.  184 

 185 

3.1.2 Mapping of volcanogenic vents and lava flows 186 

The tops of the volcanogenic vents are represented by the Top Vent (TV) reflection.  This 187 

reflection varies from low to high amplitude and from a trough to peak event. It varies in 188 

character from smooth to rough and continuous to semi-continuous. The vents are onlapped 189 

by the overlying Dugong Supersequence which may be domed above the centre of the vent. 190 

In time slice the vents have a concentric structure which becomes more chaotic with depth. 191 

The bases of the vents are represented by the BD reflection and/or the top of an adjacent vent 192 

in cases where vents overlap. Seismic velocity “pull-up” and washout is common beneath the 193 

vents, particularly towards their centres (e.g. Schofield and Totterdell, 2008; Magee et al., 194 

2013). Such features are typical of volcanic rocks in sedimentary sequences (e.g. Jerram, 195 

2002) 196 

The tops of the lava flow fields are represented by the Top Extrusive (TE) reflection. This 197 

is represented by a high amplitude trough that is parallel to the underlying BD reflection. The 198 
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TE reflection is smooth, sub horizontal and terminates abruptly. Seismic velocity pull-up and 199 

zones of washout are common beneath the TE. 200 

 201 

3.1.3 Mapping of intrusions 202 

We mapped the intrusions using the seismostratigraphic approach of Planke et al. (2000) 203 

and Planke et al. (2015). The top of the intrusions are represented by the Top Intrusion (TI) 204 

reflection. Intrusions can split into several units or merge, meaning that the TI reflection is 205 

located at multiple levels and is not laterally continuous. It is a high amplitude, trough event 206 

that cross-cuts adjacent reflections and has abrupt terminations. The Base Intrusion (BI) 207 

reflection is a moderate-high amplitude, peak event that also cross-cuts adjacent reflections 208 

and has abrupt terminations. In regions where the Base Intrusion reflection was not visible 209 

(i.e. the thickness of the intrusion is below the resolution limit of the data) the intrusion was 210 

represented by a single trough-peak doublet. In this case, we picked the peak event of the 211 

doublet as the Base Intrusion.  212 

 213 

3.2 Calculating intrusion emplacement depth and volume 214 

The emplacement depth of the intrusions was calculated from the distance in 215 

milliseconds two-way time (TWT) between the TI reflection and the BD reflection. We 216 

converted from TWT to depth in metres using an interval velocity of 2100 m s-1, as indicated 217 

by the Gnarlyknots-1A well.  218 

For each intrusion we calculated a minimum and maximum volume from depth-219 

converted grids of the Top Intrusion and Base Intrusion reflections. In the first instance, these 220 

calculations assume that the intrusions have a thickness equal to the seismic detection limit (5 221 

m) in regions where the intrusion was represented by a single trough-peak doublet. 222 

Conversely, to calculate the maximum volumes, we assumed that the intrusions have a 223 
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thickness of 44 m (the maximum possible thickness below the resolution limit) in regions 224 

where the only a single trough-peak doublet was identified. Since the entire thicknesses of 225 

some intrusions are between the detection limit and resolution limit, they have a wide range 226 

in possible volumes (e.g. intrusion 1, Table 1). In contrast, other intrusions are >45 m in 227 

thickness across 90% of their areas, giving them a narrow volume range (e.g. intrusion 4, 228 

Table 1).  229 

 230 

4. Description of the intrusions 231 

4.1 Intrusion morphology 232 

Four morphologically-distinct types of intrusions are identified, including saucer-shaped, 233 

compound and hybrid sills, as well as laccoliths (Fig. 3). All intrusions occur 100−1200 m 234 

beneath the paleoseabed (not accounting for compaction) within the Tiger, Hammerhead and 235 

Wobbegong Supersequences (Fig. 4). These intrusions vary from 2−23 km in length, 1−18 236 

km in width and 5−270 m in thickness (Figs. 4 and 5). Their morphology is described below. 237 

 238 

4.1.1 Saucer-shaped sills 239 

Saucer-shaped sills comprise half of all mapped intrusions. They have a sub-circular 240 

shape in plan view whilst in cross section they have a flat inner saucer and gently inclined, 241 

transgressive rims defined by sub-parallel TI and BI reflections (Fig. 3). The inner saucers 242 

form 60−70% of the sills’ diameter, whilst the rims make up the remaining 30−40%. These 243 

rims can transgress the host rocks by up to 225 m (e.g. intrusion 26; Fig. 3). The sills have 244 

volumes varying from 0.01−3.03 km3 (Table 1). Their thicknesses vary from 5−160 m and 245 

their thickest regions are found in the centre of the inner saucer (Fig. 5).  246 

 247 

4.1.2 Compound intrusions 248 
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Compound intrusions constitute approximately 10% of the mapped intrusions. They are 249 

commonly elongate and have convex or concave, irregular-shaped margins in plan view (Fig. 250 

3). Compound intrusions have volumes of <0.01−13.39 km³ (Table 1) and vary from 5−150 251 

m thick. The intrusions may have multiple regions >45 m thick (Fig. 5) and these regions 252 

commonly occur at the greatest depths (300 m). Seismic amplitude maps indicate that the 253 

compound intrusions are composed of multiple lobes which vary from elongate to saucer-254 

shaped.  This is typified by intrusion 31, which is composed of multiple lobes approximately 255 

1−8 km in diameter (measured along their longest axis). These lobes have convex or concave 256 

margins and aspect ratios of 1−4.  In cross section, the lobes have convex-up, convex-down 257 

or planar-shaped geometries defined by the TI reflection (Fig. 3). This reflection is paralleled 258 

by the BI reflection (Fig. 3).  259 

 260 

4.1.3 Hybrid Intrusions 261 

Hybrid intrusions account for approximately a third of the magmatic bodies in the 262 

Nerites survey. In plan view, the hybrid intrusions are typically elongate, and those emplaced 263 

at <200 m depth have sinuous, “lava flow-like” morphologies (e.g. intrusion 36; Fig. 3). 264 

Their volumes vary from 0.04−10.41 km3 (Table 1). The hybrid intrusions vary from 5−190 265 

m thick, and thin towards their distal margins (Fig. 5). The thickest regions occurring above 266 

their deepest parts. As for the compound intrusions, seismic amplitude maps indicate that 267 

these intrusions are composed of multiple lobes. Some lobes are sub-circular with 268 

transgressive rims (e.g. intrusion 20; Fig. 4) whilst others are more elongate (e.g. intrusion 269 

36; Fig. 3). The longest axes of individual lobes vary from 0.4−14 km in diameter, and they 270 

have aspect ratios of 1−8.  The lobes shallow towards their distal margins. In cross section 271 

the lobes have convex-up or down shapes TI reflections which are paralleled by their BI 272 

reflections (Fig. 3).   273 
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 274 

4.1.4 Laccoliths 275 

The laccoliths represent 5% of the intrusions in the Nerites survey. In plan view the 276 

laccoliths are elongate. They have volumes varying from 7.24−10.93 km3 and thicknesses 277 

varying from 5−270 m. The thickest parts of the laccoliths are found along their central axes 278 

(Fig. 5). Seismic amplitude maps indicate they are composed of a central, elongate lobe that 279 

bifurcates into a series of peripheral lobes that transgress the stratigraphy (Fig. 3). The lobes 280 

have convex-outwards margins. Measurements of the longest lobe axes indicate they vary 281 

from 1−13 km in length and they have aspect ratios of 1−4. The central lobes are the largest 282 

lobes. In cross section, individual lobes have a convex-upwards TI reflection and a sub-283 

horizontal BI reflection. The lobes have sinuous amplitude anomalies along their length that 284 

run parallel to the lobes’ longest axis (Fig. 3). These anomalies terminate abruptly at lobe 285 

junctions.  286 

 287 

4.2 Intrusion distribution and connectivity 288 

The intrusions are concentrated in the inboard, central part of the Ceduna sub-basin 289 

above the Potoroo fault system (Fig. 1). The intrusions were emplaced at depths ranging from 290 

100−1200 m, with the shallowest intrusions tending to be found basinward (Figs. 4 and 6). 291 

There appears to be no relationship between intrusion diameter and emplacement depth; large 292 

diameter intrusions can occur at all depths in the survey (Fig. 6). Saucer-shaped sills are 293 

found at the greatest depths of all the intrusion types, and occur 60−1200 m beneath the 294 

paleoseabed. Saucer-shaped sills >1 km3 in size are only found at depths >500 m (e.g. 295 

intrusions 6 and 12). The hybrid intrusions and compound intrusions are found at the 296 

shallowest depths of 60−1000 m and 180−880 m respectively. These intrusions display no 297 

relationship between volume and emplacement depth (Fig. 6). Laccoliths are found at 298 
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260−1200 m depth and they similarly do not display a volume-depth relationship. Many of 299 

the intrusions are overlain by forced folds (Schofield and Totterdell, 2008; Jackson et al., 300 

2013; Magee et al., 2013). The outlines of these folds are similar to that of the underlying 301 

intrusion, and their amplitudes are equal-to or lower than the thickness of the underlying 302 

intrusion (Jackson et al., 2013). 303 

About 60% of the intrusions are not vertically or laterally connected to others, and occur 304 

as isolated features (e.g. intrusions H7 and H18; Fig. 7; Table 1). The remaining 40% of the 305 

intrusions form interlinked complexes. These complexes are composed of individual 306 

intrusions which overlap by as much as half of their diameter (e.g. Intrusions 12 and 24; Fig. 307 

7). The complexes can extend laterally for 20 km and vertically for ~600 m. The intrusions 308 

do not offset each other, preventing deduction of the relative timing of intrusion 309 

emplacement.  310 

 311 

4.3 Determining intrusion source regions 312 

The morphology of the intrusions and their component lobes are similar to those of other 313 

mafic intrusions identified from 3D seismic and well data (e.g. Planke et al., 2005; Schofield 314 

et al., 2012a; Schofield et al., 2015). We are able to use the morphology of the intrusions (e.g. 315 

bridge structures; see Schofield et al., 2012a) and their emplacement depths to infer the 316 

direction of magma flow.  Mafic intrusions usually propagate from their deepest parts 317 

towards the paleosurface (see Galland et al., 2009; Schofield et al., 2010). Magma is also 318 

commonly transported from larger “feeder” lobes towards smaller lobes at the periphery of 319 

the intrusion (e.g. Schofield et al., 2012a; Suleiman et al., 2017). Based on these 320 

observations, we infer that the saucer-shaped sills were emplaced via flow of magma upwards 321 

and radially outwards from a source region found at their deepest points (e.g. Fig. 8; Malthe-322 

Sørenssen et al., 2004; Galland et al., 2009). In comparison, the compound sills are 323 
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characterised by radial and unidirectional magma flow in their component lobes (Fig. 8). We 324 

suggest that these intrusions were constructed via the amalgamation of multiple lobes fed 325 

from multiple points, rather than by the “feeding” of one lobe to another, as within the 326 

saucer-shaped sills. Magma flow in the hybrid intrusions was strongly unidirectional in the 327 

elongate lobes, whilst was radial in their sub-circular lobes. Similar to the saucer-shaped sills, 328 

these intrusions have a source region located at their deepest point (Fig. 8). Within the 329 

laccoliths, the direction of magma flow appears to have been predominantly unidirectional 330 

from a source point at their greatest depth (Fig. 8).  331 

 332 

4.4 The role of dykes in feeding the sills and laccoliths  333 

We interpret that many of the intrusions are fed by dykes (e.g. Fig. 9) since the sills and 334 

laccoliths most commonly occur as isolated features that do not form vertically connected 335 

complexes. Approximately half of the dykes are inferred to have propagated up both north-336 

dipping and south-dipping fault planes, supported by the location of approximately half of the 337 

intrusions’ source regions above fault planes (e.g. Fig. 8). The dykes intruded and were 338 

emplaced approximately perpendicular to the regional orientation of σ3, as indicated by their 339 

orientation within east-west striking normal faults. We infer that the remaining half of the 340 

dykes propagated via host-rock fracturing at the dyke tip and did not exploit pre-existing 341 

faults. The possibility of the dykes exploiting faults within the wash out zones beneath the 342 

intrusions is excluded, since many faults have lengths of 50 km; greater than the diameters of 343 

overlying intrusions (≤23 km). The length of the dykes is unknown; dykes do not propagate 344 

to equal heights along their length (Keating et al., 2008). Our observations therefore 345 

complement those of other intraplate volcanic provinces, which suggest that dykes form the 346 

dominant mechanism of vertical magma transport (e.g. Brenna et al., 2011; van den Hove et 347 

al., 2017).  348 
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 349 

5. Relationship between intrusive and extrusive components of the magmatic system 350 

5.1 The surface manifestation of volcanism 351 

The BBIC contains lava flow fields and volcanogenic vents that are most densely 352 

concentrated within the central part of the Nerites survey (Figs. 1 and 10). These features 353 

onlap onto the forced folds (Fig. 11). In our dataset, approximately 60% of the vents and lava 354 

flow fields are found directly above the tips of the sills and laccoliths (Fig. 12).  The 355 

remaining extrusive features are either not underlain by intrusions (20% of those mapped; 356 

Fig. 10) or are found above the centres of compound intrusions (20% of those mapped; Fig. 357 

10).  358 

 359 

5.2 The role of intrusions in feeding surface volcanism 360 

A temporal link between the timing of intrusive and extrusive activity is evidenced by 361 

the extrusive features which onlap onto the forced folds caused by the intrusions, and the fact 362 

that the forced folds, vents and lava flows are all onlapped by the Dugong Supersequence 363 

(Figs. 11 and 12). The spatial relationship between the extrusive features and the shallowest, 364 

lateral terminations of intrusions (e.g. Fig. 12) leads us to suggest that the sills and laccoliths 365 

played an important role in feeding eruption sites and delivering magma to the paleoseabed, 366 

consistent with previous authors (Magee et al., 2013). Whilst we cannot prove that each 367 

individual extrusive feature was directly fed by the intrusion which it overlies, the intrusions 368 

which terminate within 100 m of the BD provide strong evidence that some vents and lava 369 

flow fields were fed by the underlying intrusion. Small dykes emanating from sill tips may 370 

have facilitated magma movement in the shallowest subsurface. Consistent with Magee et al. 371 

(2013) we infer that the tips of intrusions may not be imaged in contact with the base of the 372 

overlying vents because either: 1) the volcanoes were fed by dykes in the shallowest 373 
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hundreds of metres, and these dykes cannot be imaged in seismic data (e.g. Thomson, 2007); 374 

and/or 2) washout of seismic data beneath the volcanoes prevents us from imaging the 375 

shallowest tips of the intrusions.  376 

It is interesting that some of the intrusions are not linked to any extrusive features (e.g. 377 

intrusion 37; Fig. 10). This suggests that not all intrusions acted as magma conduits to the 378 

paleoseabed and simply represent stalled bodies of magma. Conversely, the absence of 379 

concordant intrusions beneath some extrusive features suggests that dykes, not imaged in our 380 

data set, also delivered magma directly to the paleoseabed. This further highlights the 381 

importance of dykes as a method of magma transport within the BBIC.  382 

 383 

6. Magma emplacement in the Bight Basin Igneous Complex 384 

6.1 Controls on intrusion emplacement depth 385 

Intrusions imaged within the Nerites survey are emplaced at shallow depths (<1200 m; 386 

not accounting for compaction). These intrusions have by-passed a number of rheological 387 

interfaces and shale-rich horizons (e.g. within the Pre-Campanian sequences; see Totterdell et 388 

al., 2000) which are commonly favoured by sills (Schofield et al. 2012b). This observation 389 

suggests that contrasting rigidity and/or the host rock rheology did not control the depth of 390 

intrusion emplacement, as reported by other authors (e.g. Kavanagh et al., 2006; 391 

Gudmundsson, 2011; Menand, 2011). However, previous work has shown that the dyke-sill 392 

transition can be suppressed at mechanical interfaces if magma ascends at sufficiently high 393 

rates (Chanceaux and Menand, 2014). Therefore, we infer that the vertical distribution of the 394 

intrusions in the Nerites survey results from the dykes which fed the sills and laccoliths 395 

ascending at rapid rates and by-passing the deeper (>1.2 km depth) sediments. As magma 396 

approached the paleosurface its’ ascent rate slowed (e.g. Taisne and Jaupart, 2011) there-by 397 

increasing the probability of sill formation at shallow depths.  398 
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Evidence of high magma ascent rates is found onshore along the southern Australian 399 

margin, where magma transited from the mantle to the surface in 1−10 days. This implies 400 

magma ascent rates of  >10 cm s-1 (Holt et al., 2013; Van Otterloo et al., 2014). High magma 401 

ascent rates are also recorded in other NVP volcanoes (Van Otterloo et al., 2014) and other 402 

intraplate volcanic fields (e.g. McGee et al., 2011). Our study therefore supports the 403 

conclusions of Holt et al. (2013) who suggested that volcanic provinces characterised by high 404 

magma ascent rates have plumbing systems found within the shallowest sections of the crust.  405 

An additional influence on the depth of dyke-sill transition may be the orientation of 406 

principal stresses. At depths >1200 m, the vertical principal stress is σ2, thus favouring dyke 407 

intrusion. In contrast, at shallow depths, the principal stress changes to σ3, favouring sill 408 

intrusion. The effects of stress orientation could have acted in tandem with the effects of 409 

magma ascent speed and have facilitated restriction of the dyke-sill transition to depths 410 

<1200 m. However, we are unable to account for why some dykes were able to ascend 411 

directly to the surface feeding the vents, whilst others fed sills and laccoliths. 412 

Other authors infer the dyke-sill transition can be initiated by asperities and lithological 413 

contrasts across fault planes (Valentine and Krogh, 2006), causing local rotation of principal 414 

stresses (Chester and Chester, 2000). However, in the Ceduna sub-basin, the fault planes 415 

cross numerous lithological boundaries at depth, and therefore does not provide a satisfactory 416 

explanation for why the sill-dyke transition occurred at such shallow depths. The level of 417 

neutral buoyancy is not thought to have been important in controlling the dyke-sill transition, 418 

because the sills are found at multiple stratigraphic horizons, and fed eruptions at the 419 

paleoseabed. Numerous other studies of intrusions within sedimentary basins (e.g. Thomson, 420 

2007) and numerical models (e.g. Maccaferri et al., 2011) also suggest that the level of 421 

neutral buoyancy plays a relatively minor role in determining the dyke-sill transition. 422 

 423 
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6.2 Lava-like intrusions: characteristic features of shallow depth magma emplacement? 424 

In our study, the hybrid intrusions with sinuous, lava flow-like shapes are restricted to 425 

shallow (<200 m) depths (e.g. intrusions 36, 37, 39). Other authors have similarly reported 426 

that intrusions emplaced in the shallowest hundreds of metres of sedimentary basins have 427 

lava flow-like morphologies (e.g. Fig. 13; Trude, 2004; Hansen and Cartwright, 2006; Miles 428 

and Cartwright, 2010). The lava flow-like shapes of the hybrid intrusions contrasts markedly 429 

with the saucer-shaped sills and laccoliths, which are typical morphologies for intrusions 430 

emplaced at depths of a few hundred metres or more (e.g. Planke et al., 2005; Polteau et al., 431 

2008; Schofield et al., 2012b). These combined observations therefore suggest that lava flow-432 

like sills represent a unique intrusion morphology that is characteristic of shallow depth 433 

magma intrusion (Fig. 14).   434 

We infer that the lava flow-like intrusions were dominantly emplaced by ductile 435 

mechanisms. This hypothesis is supported by data from the Gnarlyknots-1A well (see section 436 

2) which indicates that the sediments within the Hammerhead Supersequence were water-437 

saturated and had anomalously high porosity; conditions which favour ductile magma 438 

emplacement (Schofield et al., 2012b). Previous authors have focused on the importance of 439 

host rock rheology in controlling intrusion morphology (e.g. Schofield et al. 2010; Miles and 440 

Cartwright, 2010; Schofield et al. 2012b). In contrast, factors such as magma emplacement 441 

rate, emplacement duration and the physical properties of the magma have previously been 442 

neglected. However, these factors play an important role in governing the emplacement of 443 

lava flow fields (e.g. Hon et al., 1994; Soule et al., 2004). Although we cannot quantify these 444 

processes, we suggest that they are likely to play an increasingly dominant role in magma 445 

emplacement at shallow depths (Fig. 14).  446 

 447 

6.3 Comparison with volcanic rifted margins 448 
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In our study, many of the intrusions are of small volume (<14 km3), were emplaced at 449 

shallow depths (<1200 m) and are not laterally and vertically interconnected. This is in 450 

contrast to those found along volcanic rifted margins which are 10’s of km diameter and are 451 

found at depths ranging from <1−9 km (Planke et al., 2005; Schofield et al., 2015; Reynolds 452 

et al., 2017). These sills often form interconnected complexes (e.g. Planke et al., 2005; 453 

Schofield et al., 2015; Magee et al., 2016; Reynolds et al., 2017) and are capable of 454 

transporting magma vertically and laterally for 12 km and 4100 km respectively (Cartwright 455 

and Hansen, 2006; Magee et al., 2016). 456 

There are several factors which could account for the differing magma plumbing systems 457 

in the BBIC and those along volcanic rifted margins. As described in Section 6.1, we infer 458 

that the vertical distribution of the sills and laccoliths in this study partially results from 459 

dykes that ascended through the lithosphere at high rates. Magma ascent rate may therefore 460 

have also played a role in controlling the emplacement depth of sills along volcanic rifted 461 

margins. Although not well studied, magma ascent rate may have also influenced whether 462 

interlinked complexes of sills developed, as suggested by Magee et al., (2016) and references 463 

there-in. The volume of magma intruded may also partially influenced whether inter-linked 464 

sill complexes form; intrusions with as larger diameter are more likely to become inter-465 

connected than smaller diameter intrusions (see also Holt et al., 2013).  466 

In summary, whilst factors such as host rock lithology and elastic mismatch no doubt 467 

play an important role in governing the vertical distribution and interconnectedness of 468 

magmatic intrusions in sedimentary basins (see Magee et al., 2016 for a thorough review), 469 

our study highlights the potentially important role of magma ascent rate and magma volume 470 

in influencing the architecture of magma plumbing systems in sedimentary basins. 471 

 472 

7. Conclusions  473 
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We have shown that the Bight Basin Igneous Complex, offshore southern Australia, 474 

contains a variety of saucer-shaped, compound and hybrid sills, as well as laccoliths. Our 3D 475 

seismic data indicates that these intrusions were emplaced within 1200 m of the paleoseabed 476 

and are overlain by a series of forced folds, volcanogenic vents and lava flow fields. The 477 

spatial linkage between the lava flow fields and vent suggests that the intrusions played an 478 

important role in delivering magma to the paleoseabed. Many of the intrusions occur as 479 

isolated bodies, suggesting that they were fed by dykes. We infer that high magma ascent 480 

rates enabled magma propagating in dykes to bypass lithological interfaces, resulting in 481 

focusing of the intrusions in the shallow subsurface. Our study indicates that magma-poor 482 

rifted margins are characterised by a diversity of shallow-depth, dyke-fed intrusions, the 483 

manifestation of which is controlled intrinsic magma properties (e.g. ascent and emplacement 484 

rate, volume and physical properties) as well as host rock lithology. 485 

 486 
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Figure Captions  721 

Fig. 1. Map showing the location of the study area along the southern Australian margin and 722 

a stratigraphic column indicating that the intrusions are of Mid Eocene age. 723 

Fig. 2. Composite seismic section using lines 43, 58, 85 and 92r from the Flinders 2D seismic 724 

survey. Uninterpreted version provided in Supplementary Data (Fig. S1).  725 

Fig. 3. Seismic cross sections through intrusion number S13, a saucer-shaped sill (A); 726 

intrusion number C27, a compound sill (B); intrusion number H36, hybrid sill (C) and 727 

intrusion number L4; a laccolith (D). Emplacement depth and amplitude maps are also 728 

shown. See Figure 4 for their locations. 729 

Fig. 4. Map showing the emplacement depth of the intrusions beneath the paleoseabed (the 730 

Base Dugong reflection).  731 

Fig. 5. Map showing the thickness variation within the intrusions.  732 

Fig. 6 Graphs showing the relationship between intrusion emplacement depth and distance 733 

towards break-up axis (A), diameter and emplacement depth (B) and volume and 734 

emplacement depth (C).  735 

Fig. 7. Seismic cross sections of sills 7 and 18 (A) and 12 and 24 (B). In A, the intrusions 736 

overlap but are not connected. These intrusions are typical of those within the Ceduna Sub-737 

basin. In the B the sills form a complex, perhaps allowing lateral and vertical transport of 738 

magma.  739 

Fig. 8. Map showing the direction of magma flow within the intrusions and their source 740 

regions. 741 

Fig. 9. 3D visualisation of a hybrid sill (number H20) showing time (A) and amplitude (B) 742 

maps and interpreted magma flow directions. The intrusion overlies a fault and is interpreted 743 

to have been fed by a dyke. See Fig. 8 for location. 744 

Fig. 10. Map showing the distribution of vents, lava flow fields and intrusions. 745 
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Fig. 11. Seismic cross section showing a vent onlapping onto forced folds above an intrusion, 746 

indicating that intrusive activity pre-dated eruption. See Fig. 10 for location.  747 

Fig. 12. Seismic section showing a saucer-shape sill and volcanogenic vents. The left-most 748 

vent is located above the shallowest termination of the sill ~200 m beneath the paleosurface. 749 

See Fig. 10 for location. 750 

Fig. 13. Outlines of the Krafla lava flow, Iceland (A), intrusion 36 from this study (B, 751 

emplacement depth ~100 m) and an intrusion offshore Norway emplaced at 200−400 m depth 752 

(C; redrawn from Miles and Cartwright, 2010). The arrows indicate the direction of 753 

lava/magma flow. Note the similar sinuous morphologies and ragged terminations of each 754 

feature. 755 

Fig. 14. Schematic diagram illustrating the factors influencing intrusion morphology, and 756 

how emplacement processes vary with emplacement depth. Adapted from Schofield et al. 757 

(2012b). 758 
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Intrusion 
number 

Intrusion type Is the intrusion 
part of a 

complex? 

Length 
(km) 

Width (km) Aspect 
ratio 

Emplacement 
depth (m) 

Min 
volume* 

(km3) 

Max volume† 
(km3) 

1 Hybrid No 4 2.1 0.5 244 0.04 0.31 
2 Hybrid No 10 5.5 0.6 533 0.86 2.35 
3 Saucer Yes 5 2.6 0.5 297 0.09 0.45 
4 Laccolith No 18 7.8 0.4 297 7.24 7.90 
5 Saucer No 3 1.9 0.6 418 0.02 0.18 
6 Saucer No 4 2.7 0.7 418 0.77 0.84 
7 Hybrid No 12 8.1 0.7 358 7.40 7.71 
8 Saucer No 9 6.9 0.8 1180 0.60 1.92 
9 Hybrid No 9 5.9 0.7 1005 2.71 3.29 
10 Saucer No 4 3 0.8 528 0.60 0.76 
11 Laccolith No 19.5 9.3 0.5 320 10.36 10.93 
12 Saucer Yes 4.8 2.4 0.5 533 0.06 0.53 
13 Saucer Yes 6 4.5 0.8 480 1.41 1.73 
14 Hybrid No 4 1 0.3 822 0.01 0.11 
15 Hybrid No 3 2.4 0.8 1119 0.46 0.47 
16 Compound No 23 12 0.5 884 13.04 13.39 
17 Hybrid Yes 8 3.1 0.4 61 0.07 0.57 
18 Hybrid No 15 6.3 0.4 533 2.40 4.25 
19 Hybrid No 14 6.4 0.5 533 5.24 5.48 
20 Hybrid No 22 4.8 0.2 419 3.91 5.86 
21 Hybrid No 10 6.5 0.7 769 1.73 2.90 
22 Saucer Yes 9 6.8 0.8 769 2.84 3.03 
23 Hybrid Yes 4 3 0.8 533 0.16 0.23 
24 Saucer Yes 4 2.5 0.6 297 0.08 0.37 
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25 Saucer Yes 2 1.3 0.7 173 0.01 0.06 
26 Saucer No 7 5.8 0.8 998 1.67 1.82 
27 Compound No 19 9.1 0.5 236 7.03 8.40 
28 Hybrid Yes 9 4.2 0.5 297 1.72 1.89 
29 Hybrid Yes 4 2.6 0.7 357 6.24 6.43 
30 Hybrid Yes 14 5.8 0.4 297 0.61 0.73 
31 Saucer Yes 4 2.5 0.6 480 0.04 0.35 
32 Hybrid Yes 5 3.2 0.6 533 0.51 0.68 
33 Saucer No 2 1.8 0.9 297 0.25 0.26 
34 Saucer No 4 2 0.5 297 0.04 0.31 
35 Hybrid Yes 8.2 6.7 0.8 80 1.57 1.76 
36 Hybrid Yes 20 18.6 0.9 84 9.94 10.41 
37 Hybrid No 12.1 3.8 0.3 183 0.49 2.03 
38 Hybrid No 2 1.6 0.8 266 0.17 0.21 
39 Saucer Yes 2.5 2.3 0.9 357 0.14 0.14 

Table 1. Measurements of intrusion dimensions. * assumes the intrusion is 5 m thick in areas where it is represented by a single trough-
peak doublet. † assumes the intrusion is 44 m thick in areas where it is represented by a single trough-peak doublet. 
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• We describe magmatic intrusions in a sedimentary basin offshore southern Australia. 

• The intrusions are confined to within 1200 m of the paleoseabed.  

• The intrusions occur as isolated bodies, suggesting they were fed by dykes. 

• High magma ascent rates prevented the dyke-sill transition deep in the basin. 

 


