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Abstract 15 

The volumetric relationship between the intrusive and extrusive components of volcanic 16 

fields are difficult to constrain. This is because the erupted products are commonly either 17 

eroded, or the intrusions are concealed by overburden. 3D seismic data therefore offers a 18 

unique opportunity to study ancient volcanic provinces, since these datasets can image both 19 

components without the need for erosional dissection. This study is based on 3D seismic 20 

data from the Bight Basin Igneous Complex (BBIC); a volcanic province constructed within a 21 

sedimentary basin, offshore southern Australia. We demonstrate that the BBIC contains 22 

abundant sills and laccoliths emplaced within deltaic sediments. The intrusions have a total 23 

volume of 92−111 km3 whilst the lava flows and volcanoes have a combined volume of 24 

66−76 km3 (Dense Rock Equivalent). This indicates that the ratio of intrusive:extrusive 25 
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products for the BBIC is between 1:1 and 2:1. The architecture of the BBIC contrasts 26 

markedly with the neighbouring Newer Volcanics Province (NVP), which lacks abundant sills 27 

and laccoliths. Since lava flows and volcanoes in the NVP were dominantly fed by dykes 28 

hosted in basement rock, we suggest subsurface lithology plays an important role in causing 29 

sill formation and determining the total volume of magma stored in the subsurface.  30 

 Introduction 31 

A fundamental goal of volcanology is to understand the relationship between the magma 32 

stored in the subsurface and that erupted at the surface. Quantification of the relative 33 

proportion of these components (the intrusive:extrusive or “I:E” ratio) can be used to 34 

predict the magnitude of future eruptions (Ferguson et al., 2010), to determine the volumes 35 

of magma intruded beneath active volcanic provinces, and provide insights into volcanic 36 

processes on other planets (Greeley and Schneid, 1991). The intrusive component is 37 

commonly represented by igneous bodies such as sills, laccoliths and dykes (e.g. Jackson et 38 

al., 2013; Schofield et al., 2015). Subsurface stalling of magma, to form intrusions, can be 39 

caused by insufficient magma driving pressure (Lister and Kerr, 1991), too high a magma 40 

density (Ryan, 1987), strong subsurface lithological control (Schofield et al. 2012), thermal 41 

death because of cooling (Taisne and Tait, 2011), viscous death due to decompression-42 

induced crystallisation (Annen et al., 2006) or stresses created by overlying volcanoes (Pinel 43 

and Jaupart, 2004). In contrast, eruptions at the Earths’ surface are ultimately driven by 44 

magma buoyancy and are manifested as lava flows and pyroclastic constructs. In intraplate 45 

volcanic fields (i.e. those unrelated to plate boundary processes; Schmincke, 2004) the total 46 

volume of magma erupted can provide insights into the mechanisms driving volcanism (e.g. 47 

Valentine and Perry, 2007). 48 

Previous work has reported a wide range of I:E values, ranging from 1:1 to 16:1 (Shaw, 49 

1980; Wadge, 1980; Crisp, 1984) and an “average” value of 5:1 (White et al., 2006). 50 
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Although ratios higher than 10:1 are uncommon (White et al., 2006), values of up to 180:1 51 

have been reported from the Afar rift (Ferguson et al., 2010). The I:E ratio is thought to be 52 

related to factors including: 1) local crustal thickness; 2) tectonic setting; 3) the orientation 53 

and magnitude of principal stresses; 4) magma composition; and 5) the melt generation rate 54 

in the source region (White et al., 2006). There is not thought to be any systematic 55 

variation in I:E ratio with eruptive style, volcanic setting or total volume, although higher I:E 56 

ratios have been hypothesied to occur in regions of thicker crust (White et al., 2006). This 57 

is the result of the increased transit time for magma, which increases the potential for 58 

magma cooling (Shaw, 1980).  59 

One approach to determine the I:E ratio is to make measurements of the magma 60 

plumbing systems beneath active or dormant volcanoes. For instance, mapping of 61 

incompatible elements, gravity surveys, flexural models and sulfur output by magma 62 

degassing can all be used to estimate the volume of the magma chamber (Allard, 1997; 63 

Haederle and Atherton, 2002; Vidal and Bonneville, 2004). Seismic, geodetic and 64 

electromagnetic methodologies can also reveal the dimensions of (partially) molten magma 65 

chambers (Iyer, 1984; Patanè et al., 2017). However, these methods are limited by their 66 

ability to directly observe the magma reservoir(s), and by the fact that the size of the magma 67 

bodies does not necessarily represent the total intrusive history, which is more long lived 68 

than individual magma reservoirs (White et al., 2006). Other studies have used 69 

measurements of overburden deformation to determine the geometry and emplacement 70 

depth of magma reservoirs (e.g. Lu et al., 2010). However, recent work has shown that the 71 

magnitude of ground deformation can be less than half the volume of the associated 72 

intrusion (Jackson et al., 2013) and that magma can be intruded without associated folding 73 

(Schofield et al., 2012). Alternatively, it is possible to measure the volume of ancient magma 74 

plumbing systems, and estimate the volume of the now-eroded erupted products (e.g. 75 
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Richardson et al., 2015). This method is inherently limited by its inability to directly observe 76 

the extrusive features. 77 

3D seismic data offers a unique opportunity to investigate the I:E ratios of volcanic 78 

systems. Volcanic rocks buried within sedimentary basins are typically imaged at a high 79 

resolution, especially if they are buried at shallow depths (e.g. Reynolds et al., 2017a). These 80 

datasets allows insights into the relationship between the intrusive and extrusive 81 

components, without the need for erosional dissection. However, whilst previous work 82 

from magmatic-affected sedimentary basins has documented the distribution of intrusions 83 

and the architecture of lava flows and volcanoes (Thomson, 2005; Reynolds et al., 2017a), 84 

few studies have explicitly documented the volumetric relationship between these 85 

components. This is largely the result of sparse data coverage not permitting the I:E ratios 86 

to be accurately constrained (e.g. Magee et al., 2013), or the intrusive and extrusive 87 

products being spatially unrelated (Schofield et al., 2015; Reynolds et al., 2017b).  88 

In this study we use newly acquired 3D seismic data from the Bight Basin Igneous 89 

Complex (BBIC), an intraplate basaltic volcanic field, located offshore southern Australia, 90 

which developed during a constrained time period during the early Middle Eocene (Schofield 91 

& Totterdell, 2008). This extinct igneous complex contains lava flow fields, volcanoes and a 92 

variety of sills and laccoliths. The extrusive features have their basal contacts at the same 93 

stratigraphic surface, which is also variably folded by underlying intrusions, indicating that 94 

intrusive and extrusive magmatism occurred concurrently (Schofield & Totterdell, 2008; 95 

Magee et al., 2013; Reynolds et al., 2017c). The near pristine preservation of volcanoes and 96 

lava flow fields within the province implies that it has largely been unaffected by erosion 97 

(Reynolds et al., 2017d), and the measured intrusive and extrusive volumes are likely to be 98 

representative of the entire lifetime of the volcanic field. We demonstrate that the volume 99 

of the sills and laccoliths is equal to as much as twice the volume of the volcanoes and lava 100 
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flows. We first describe the character of the components of the BBIC in seismic section, 101 

before calculating the volume of the extrusive and intrusive products and comparing this 102 

volume, and their ratio, to that of other volcanic provinces. 103 

Geological setting 104 

The Ceduna sub-basin is a NW-trending depocentre within the Bight Basin which is 105 

located on the rifted southern continental margin of Australia (Fig. 1). It contains a 15 km-106 

thick sequence of predominantly sedimentary rocks. The sedimentary rocks were mostly 107 

deposited from the mid- to late-Jurassic to latest Cretaceous in response to continental 108 

rifting which culminated in break-up around 85 Ma, with a thin Cenozoic post-rift succession 109 

(Norvick, 2005). The sub-basin also hosts a series of mid-Eocene aged intrusions, volcanoes 110 

and lava flows within a 50,000 km2 area known as the Bight Basin Igneous Complex 111 

(Schofield and Totterdell, 2008). The BBIC is one of several volcanic provinces along the 112 

southern Australian margin, which although classified as magma-poor, has undergone several 113 

post-rift phases of magmatism from the Eocene until the Holocene. The genesis of 114 

magmatism along the margin is not completely understood, but has been proposed to arise 115 

from factors such as impingement of hotspots beneath the crust; transtensional 116 

decompression of the crust and edge- and shear-driven convection of the mantle (Demidjuk 117 

et al., 2007; Conrad et al., 2011; Davies et al., 2015; Cas et al., 2016). Provinces found 118 

elsewhere along the margin include the 10−4.6 Ma Macedon-Trentham Province, Victoria; 119 

the 95−19 Ma aged Older Volcanic Province, located in Eastern Victoria; and the most 120 

widely studied 4.5 Ma – 4.5 kyr Newer Volcanics Province, located in Victoria and South 121 

Australia (Fig. 2; Wellman and McDougall, 1974; Edwards et al., 2004; Cas et al., 2016). 122 

Additionally, Cenozoic lava flows, volcanoes and intrusions are also found offshore in the 123 

Bass Basin and onshore Tasmania (Johnson et al., 1989; Reynolds et al., 2017a). 124 
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Intrusions within the BBIC were emplaced into the Paleocene−Eocene-aged 125 

Wobbegong Supersequence, the Upper Cretaceous-aged Hammerhead Supersequence and 126 

Middle Cretaceous-aged Tiger Supersequence, at depths of ~100 to 1200 m below the 127 

paleoseabed, with the shallowest intrusions generally found basinward (Reynolds et al., 128 

2017c). The lava flows and volcanoes downlap the top of the Wobbegong Supersequence 129 

(Fig. 1). Cold-water, giant bryozoan reef mounds penetrated by the Potoroo-1 well are also 130 

found downlapping the base of the top of the Wobbegong Supersequence (Langhi et al., 131 

2016) suggesting that the volcanoes and lava flows were emplaced in a submarine 132 

environment (Schofield and Totterdell, 2008; Jackson, 2012; Magee et al., 2013; Reynolds et 133 

al., 2017d). Dredging from incised canyons collected detrital volcanic fragments that were 134 

characterised as amygdaloidal, possibly pillowed, alkali basalts (Clarke and Alley, 1993) 135 

suggesting that the volcanoes have a similar composition (Schofield and Totterdell, 2008; 136 

Magee et al., 2013).  137 

Dataset and Methods 138 

Seismic reflection data 139 

This study uses zero phase, time migrated, 3D seismic reflection data (the Nerites 3D 140 

survey) that was collected in 2014 by TGS, and covers an area of 9,000 km2-(Fig. 1). The 141 

survey has a bin spacing and thus horizontal resolution of 12.5 × 15 m. The resolution (/4 142 

where  is seismic wavelength) and detection limits (/30) for intrusions are calculated to be 143 

>5 and >45 m, and for volcanic features these are calculated to be >4 and >40 m 144 

respectively, as explained in more detail subsequently. Our dataset covers the largest 145 

concentration of igneous features within the BBIC, with some volcanic features falling 146 

outside the Nerites survey. A trough event (i.e. a downwards increase in acoustic 147 

impedance, such as the transition from a sedimentary rock into a high density volcanic rock) 148 

is represented by a blue reflection. A peak event (i.e. a downwards decrease in acoustic 149 
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impedance, such as the transition from a high density volcanic rock into a sedimentary rock) 150 

is represented by a blue reflection.  151 

Seismic interpretation strategy 152 

Key seismic horizons interpreted within the survey include: 1) the Base Dugong; 2) the 153 

Top Vent; 3) the Top Extrusives; 4) the Top Intrusion; and 5) the Base Intrusion. The Base 154 

Dugong horizon was mapped across the entire survey. This horizon is a moderate-high 155 

amplitude, trough event which is folded above many intrusions (Schofield and Totterdell, 156 

2008; Jackson et al., 2013). The Base Dugong is also onlapped by overlying sediments and 157 

downlapped by the volcanogenic vents and lava flow fields. Previous work using regional 2D 158 

seismic data strongly implies that the Base Dugong represents the paleo-surface at the time 159 

of magma intrusion and extrusive activity (Schofield and Totterdell, 2008; Jackson et al., 160 

2013; Reynolds et al., 2017d). 161 

The volcanoes are all found at the same stratigraphic interval (Schofield and Totterdell, 162 

2008; Reynolds et al., 2017d). These volcanoes vary from 60 to 625 m in height and 0.3 to 163 

10 km in diameter (see Reynolds et al., 2017d). The tops of the volcanoes are identified as 164 

the Top Vent and their bases are represented by the Base Dugong horizon. We therefore 165 

mapped one Top Vent reflection across each of the volcanoes in the survey. The reflection 166 

varies from low to high amplitude and from trough to peak events. The reflection may vary 167 

in character from smooth to rough and continuous to semi-continuous. The Top Vent 168 

reflection is onlapped by the overlying Dugong Supersequence which may be domed above 169 

the centre of the volcano (Fig. 3).  170 

As with the volcanoes, all the lava flow fields are also located at the same stratigraphic 171 

interval, directly above the Base Dugong horizon. This enables mapping of the lava flow 172 

fields with one horizon, named the Top Extrusive. This horizon corresponds to the top of 173 

the lava flow fields and is high amplitude, sub-horizontal and terminates abruptly. It forms a 174 
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trough-peak couplet, beneath which the quality of seismic imaging is commonly reduced (Fig. 175 

3). 176 

The seismic interpretation method for intrusions differs from that of conventional time-177 

surface mapping (Planke et al., 2005). For instance, intrusions can transgress the stratigraphy 178 

and may overlap with each other. Therefore, we mapped each intrusion with an individual 179 

Top Intrusion horizon. These horizons are mapped on high amplitude, trough events (Fig. 180 

3). Once interpreted, they allowed us to produce depth-converted grids for the top of each 181 

intrusion. Similarly, we mapped an individual Base Intrusion horizon for each igneous body. 182 

These horizons are mapped on low-moderate amplitude, peak events. Beneath these 183 

horizons, the quality of seismic imaging is reduced, typical of volcanic rocks in seismic data 184 

which reflect and attenuate seismic energy (e.g. Jerram, 2002). In regions where the events 185 

marking the Base Intrusion horizons were not visible (i.e. the thickness of the intrusion was 186 

below the resolution limit of the data; see following text) the intrusions were represented 187 

by a single trough-peak doublet. In this case, we picked the peak event of the doublet as the 188 

Base Intrusion. This method allowed us to produce depth-converted grids for the 189 

approximate base of the intrusions. The inability to clearly identify the bases of some 190 

intrusions introduces some uncertianity into the calculation of their volumes. An additional 191 

source of uncertainity occurs in regions where intrusions vertically overlap, as the deeper 192 

intrusions are likely to be less clearly resolved, indicating that their volume estimates should 193 

be regarded as minima.  194 

 Method and Accuracy of Volume Calculations 195 

There are no wells penetrating the igneous features in the Ceduna sub-basin. 196 

Measurements of intrusion thickness are therefore depth-converted assuming a velocity of 197 

5500 m s-1, which is representative for many intrusions that have been penetrated by drilling 198 

(Skogly, 1998; Smallwood and Maresh, 2002; Hansen and Cartwright, 2006). The dominant 199 
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frequency of the seismic data at the depth at which the intrusions are found is 30 Hz, 200 

indicating that the resolution limit of the data (i.e. the minimum thickness at which both the 201 

top surface and the bottom surface of the intrusions can be identified as separate 202 

reflections) is around 45 m, whilst the detection limit (i.e. the minimum thickness at which 203 

the intrusion is visible in seismic data) is around 5 m. Therefore, for a given intrusion where 204 

the top and bottom surface of the intrusion cannot be resolved and is ‘tuned’, the intrusion 205 

can range in thickness from 45 m to 5 m. Based on the potential variation in their velocity 206 

(e.g. Nelson et al., 2009), these values likely represent the minimum thicknesses that can be 207 

detected and resolved. 208 

 For each mappable intrusion, we calculated a minimum and maximum volume (e.g. Fig. 209 

4). The maximum volumes were calculated by totalling the volume of the intrusion >45 m 210 

thick with the volume of the intrusion equal to or lower than the resolution limit (45 m), 211 

and assuming that the intrusions have a minimum thicknesses of 45 m. The minimum 212 

volumes of the intrusions were calculated in a similar method, only in this case assuming 213 

that the intrusions have a minimum thicknesses of 5 m in regions where their thickness is 214 

equal to or below the resolution limit. Varying the assumed velocity of the intrusions by 215 

10% results in a corresponding change in the estimated minimum and maximum volumes 216 

(similar changes apply to ±10% variations in the assumed velocity of mapped volcanic 217 

features). The total volume of magma intruded into the basin was calculated by summing the 218 

volume of all the individual intrusions. We note that no dykes are directly observed in the 219 

seismic data, and thus it is not possible to estimate their volumes. The probable role of 220 

dykes in transporting magma in the BBIC is detailed in the Discussion.  221 

The volume of the lavas was calculated assuming that the thickness of the lavas is 222 

between the detection limit and resolution limit of the data (i.e. they are represented by 223 

only a single trough-peak couplet). Based on the dominant frequency of the seismic data at 224 
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the depth at which the lavas are found (25 Hz) and using a velocity of 4000 m s-1 (Nelson et 225 

al., 2009) we calculate that the detection and resolution limits for the lava flow fields are 4 226 

and 40 m respectively. Similar to the method employed for the intrusions, we therefore 227 

calculated a minimum and maximum volume of the lava flows using each of these 228 

thicknesses. We then converted the volumes of the lava flow fields measured in seismic data 229 

to their dense rock equivalent (DRE). Since the BBIC was constructed in a submarine 230 

environment (see 'Geological setting'; also Schofield and Totterdell, 2008; Jackson, 2012; 231 

Magee et al., 2013) we assume that all the lava flows have a vesicularity of 20%, comparable 232 

to that of pillow lavas (Jones, 1969). We use this value to calculate that the volume of 233 

individual lava flow fields. 234 

The volumes of the volcanoes were calculated by first determining their internal 235 

velocity. We follow the approach of Magee et al. (2013) whereby their internal velocity was 236 

calculated from the thickness of pull-ups beneath the volcanoes or using a velocity of 2215 237 

m s-1 (equal to the overlying Dugong Supersequence; as constrained by the Gnarlyknots-1 238 

well) in cases where pull-ups were absent. We therefore suggest that each volcano has a 239 

velocity of between 2215−4900 m s-1. These values were used to calculate volcano height. 240 

The volumes of the volcanoes were then converted to DRE assuming a vesicularity of 20%, 241 

as for the lava flows, with a ±10% variation in assumed vesicularity resulting in a 242 

concomitant change in estimated volume. The velocity of the Dugong Supersequence and 243 

frequency of the seismic data suggest that the data has a resolution limit of 30 m within 244 

these sediments. 245 

Interpretation of the Bight Basin Igneous Complex 246 

Volume of the intrusive and extrusive components 247 

Seismic mapping has identified a total of 39 sills and laccoliths, 89 cone-shaped 248 

volcanoes and 26 lava flow fields (Fig. 5). The dimensions of these features are summarised 249 
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in Table 1. We also calculated the area covered by these features (Table 1) to compare 250 

them with the proportion of volcanic features outside the Nerites survey (see section on 251 

‘Seismic data’ following text). Our data indicates that the combined volume of the intrusions 252 

imaged within the Nerites 3D seismic survey ranges from 92−111 km3 (Fig. 6). The erupted 253 

products cover an area of 1160 km2 and our estimate of their total DRE is 66−76 km3. Our 254 

data therefore indicates an I:E ratio of between 1:1 and 2:1, with the volume of the intrusive 255 

component outweighing the volume of the lava flows and volcanoes. As evidenced by Fig. 7, 256 

the BBIC has an I:E ratio typical of continental volcanic provinces although the volume of the 257 

extrusive components is fairly low for basaltic volcanic fields (Fig. 8).   258 

The role of dykes in vertical magma transport 259 

Approximately 60% of the volcanoes and lava flow fields are linked to the shallowest 260 

tips of the proximal underlying intrusions (Reynolds et al., 2017c). Therefore, we infer that 261 

dykes acted as feeders for 40% of the volcanoes and lava flows within the Nerites survey 262 

(i.e. the extrusive features not underlain by sills or laccoliths). Based on the isolated 263 

distribution of the sills and laccoliths, the dykes are also interpreted to have played an 264 

important in feeding the concordant intrusions (Reynolds et al., 2017c). Many of these dykes 265 

are inferred to have propagated up faults, since the source regions of the sills and laccoliths 266 

are found above them (Reynolds et al., 2017c). The lengths of the dykes is unknown; dykes 267 

do not propagate to equal heights along their length (e.g. Keating et al., 2008).  268 

Rates of magma production 269 

The Nerites 3D seismic dataset can be used to estimate the duration and rate of magma 270 

eruption in the BBIC. All magmatism occurred during the mid-Eocene, evidenced by the 271 

superposition of all extrusive components directly onto the BD horizon and the forced 272 

folding of the BD caused by the underlying intrusions. Assuming a sedimentation rate of 15 273 

m in 1 million years during the Eocene (based on nannofossil data collected during IODP Leg 274 
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182 to the west of our study area; see Li et al., 2003), and that the seismic data has a 275 

resolution of 30 m within the Dugong Supersequence (see section on ‘Seismic interpretation 276 

strategy’), we estimate that no more than 2 million years could have elapsed before the 277 

entire BBIC was constructed. If the BBIC had been constructed over longer timescales, the 278 

extrusive features would not directly overly the BD due to inter-eruption sedimentation 279 

and the tops of the forced folds would not consistently be represented by the BD horizon. 280 

Therefore, based on seismic mapping, we calculate 72 km3 of magma was erupted within a 2 281 

Myr period. As a minimum estimate, this implies an eruption rate of ~36 km3/Myr or 3.6×10-282 

5 km3/yr in the BBIC. If we assume that the BBIC was constructed over a shorter timescale, 283 

this would require an increased eruption rate (i.e. 144 km3/Myr if constructed within 0.5 284 

Myr). 285 

Discussion 286 

How much of the intrusive complex are we missing? 287 

Our measurements indicate that the volume of the intrusions component outweighs 288 

that of the extrusive component by as much as 2:1. There are several reasons for which we 289 

consider our estimates of the intrusive components of the BBIC to be a minimum estimate. 290 

Firstly, well data from the Atlantic Margin, UK, suggests 63% of the intrusions within the 291 

subsurface are ≤5 m thick (Schofield et al., 2015). Assuming that other basins have similar 292 

distributions of sill thicknesses (as evidenced within the Karoo Basin; see Svensen et al., 293 

2016) approximately 60% of the intrusions within the Ceduna sub-basin would not be 294 

imaged due to their thickness being below that which can be detected. Secondly, the thicker 295 

intrusions attenuate seismic energy, leading to a downwards decrease in the frequency of 296 

the seismic data, preventing us from detecting thinner intrusions beneath them. For 297 

instance, the frequency beneath the intrusion in Figure 3 decreases from 30 to 25 Hz 298 

immediately beneath the Base Intrusion horizon, and continues to decrease with depth. This 299 
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means it is likely that there are at least some intrusions beneath those imaged in the Nerites 300 

3D dataset that are not successfully imaged due to the presence of overlying intrusions. 301 

Thirdly, our estimate of the volume of the intrusive complex does not account for dykes. 302 

These dykes are difficult to image in seismic data due to their steeply inclined orientation 303 

and typically narrow width (<5 m). However, the dykes played a crucial role in vertical 304 

magma transport (Reynolds et al., 2017b). For these reasons, we infer that the volume of 305 

intrusions we have provided is an underestimate.  306 

We also note that the Nerites survey does not cover the entirety of the BBIC. Other 307 

volcanic features are found within the Bight Basin and are covered by the Flinders 2D 308 

survey. The intrusions outside the area covered by the Nerites survey mapped by Schofield 309 

and Totterdell (2008) have areas varying from 11−300 km2 and cover a combined area of 310 

1646 km2. The extrusive features have areas of between 3−215 km2 and cover a combined 311 

area of 1216 km2. Whilst there is uncertainty in the volumes of these features, the 312 

intrusions have a larger area than the extrusive features, similar to the features observed in 313 

the Nerites survey. This suggests that the rest of the BBIC is characterised by a similar I:E 314 

ratio to that documented within our study. 315 

 316 

      How much of the erupted products have been eroded? 317 

We infer that the volcanoes and lava flows are preserved in a near-pristine state and 318 

have not been subject to intense erosion that would significantly alter the calculated 319 

volumes of the erupted products. All volcanoes except one retain a conical shape, typical of 320 

pyroclastic cones which form in shallow marine environments (e.g. Solgevik et al., 2007). 321 

We note that only the most inboard cone displays a flat top, such as those typical of 322 

pyroclastic cones which have been eroded by wave action (e.g. Sorrentino et al., 2011). To 323 

the best of our knowledge, the lava flows are also preserved in a near-pristine state 324 
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(Reynolds et al., 2017d). The flows provide clear evidence for the direction of their 325 

emplacement and display no features suggesting they have been significantly eroded 326 

(Reynolds et al., 2017d). Furthermore, the lava flows are not offset by faults, suggesting that 327 

they have not been exposed and eroded on fault planes. Previous workers have also 328 

suggested that the vents in the Bight Basin are preserved in a condition representative of 329 

their post-eruption morphology (Jackson, 2012). Factors favouring their preservation are 330 

thought to include: 1) the volcanoes are almost exclusively located on the outer shelf and 331 

were not subjected to wave- or tide-driven erosion; 2) the post-Eocene currents were too 332 

weak to eroded the volcanoes; and 3) the volcanoes were not modified by caldera collapse 333 

(Jackson, 2012). Although we negate the importance of caldera collapse in a monogenetic 334 

field, our observations support the hypotheses of minimal erosion and we neglect the 335 

volume of eroded material in our calculations of the I:E ratio. However, our estimates likely 336 

represent a minimum value. 337 

 338 

 Magmatism along the southern Australian margin and the importance of 339 

magma host rock lithology 340 

The eruption rate we estimate for the BBIC (~36 km3/Myr) is intermediate between 341 

those proposed for tectonically controlled volcanic provinces (<1 km3/Myr) and 342 

magmatically controlled volcanic provinces (>100 km3/Myr; Valentine and Perry, 2007). This 343 

suggests that eruption rate alone cannot be used to diagnose whether the BBIC is more 344 

typical of a magmatically or tectonically controlled volcanic province. The relationship 345 

between dykes and faults is also thought to diagnostic of province type (Valentine and Perry, 346 

2007). As detailed in the Discussion, many of the dykes in the BBIC are inferred to have 347 

been captured by faults, suggesting that this province is tectonically controlled. This is 348 

consistent with previous authors who have inferred magmatism along the southern 349 
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Australian margin results from tectonic processes such as mantle shear-driven convection 350 

and edge-driven convection (Demidjuk et al., 2007; Conrad et al., 2011; van den Hove et al., 351 

2017b). Our results thus imply that eruption rates in tectonically controlled volcanic 352 

provinces can be substantially higher than <1 km3/Myr (c.f. Valentine and Perry, 2007). 353 

The best studied manifestation of volcanism along the southern Australian margin is the 354 

Newer Volcanics Province (NVP), although the I:E ratio for this province is unknown. The 355 

NVP is composed of an erupted volume ten times that within the Nerites survey (680 km3) 356 

at a much higher rate (200 km3/Myr; van den Hove et al., 2017b). Although most of the 357 

volcanoes and lava flows in the NVP are thought to be fed by dykes (van den Hove et al., 358 

2017a), a small number of 1 km-wide intrusions have been described from 2D seismic data 359 

(Chatfield, 1992), whilst work by Holt et al. (2013) details a saucer-shaped sill up to 2 km in 360 

diameter from the western part of the province. Other seismic surveys within 5 km of 361 

volcanoes do not image any sills (Holt et al., 2013). Whilst there is evidence for magma 362 

storage at depth beneath tholeiitic lavas in parts of the province (McBride et al., 2001), these 363 

combined observations suggest that shallow intrusions similar in dimension (i.e. up to 23 km 364 

in diameter) to those found within the BBIC are absent from the NVP. The absence of any 365 

forced folds of similar magnitudes to those observed within the BBIC (up to 210 m in 366 

height; Jackson et al., 2013; Reynolds et al., 2017c) also suggests that sills and/or laccoliths 367 

do not form an important part of the magma plumbing system for the NVP. This scenario 368 

contrasts markedly with the BBIC, which is characterised by an abundance of sills and 369 

laccoliths which form the dominant volumetric component of the province.  370 

A key difference between the BBIC and NVP is that dyke emplacement in 371 

approximately half of the NVP occurred through Paleozoic basement (Cas et al., 2016). In 372 

contrast, the entirety of the BBIC was constructed within a sedimentary basin. We suggest 373 

that the contrasting magma plumbing systems for the NVP and BBIC result from the 374 
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contrasting host rocks through which magma ascended (Fig. 9). In the case of the NVP, 375 

dykes mostly ascended through brittle basement rocks and directly fed eruptions at the 376 

surface. In the BBIC, magma ascended vertically through siliciclastic sediments via dykes, 377 

before transitioning to sills and stalling in the shallowest subsurface, forming a voluminous 378 

intrusive complex. We speculate that if the dykes in the BBIC had not ascended through a 379 

sedimentary basin, more magma would have been erupted at the paleosurface and the BBIC 380 

would have a lower I:E ratio. 381 

We are able to negate the importance of local crustal thickness in controlling the 382 

proportion of intrusive to extrusive volcanic rocks within the NVP and BBIC; the NVP is 383 

found in a region where the crust is 33−38 km thick (Collins, 1991) whilst the BBIC is 384 

situated above crust ~25 km thick (Ball et al., 2013). Since thicker crust is more likely to 385 

promote magma cooling and stalling (Shaw, 1980), it would be expected that the NVP would 386 

have a higher I:E ratio than the BBIC if crustal thickness was the dominant control. Since 387 

both volcanic provinces formed after the initiation of seafloor spreading in a period of 388 

tectonic quiescence, tectonic setting and the magnitude of principal stresses also cannot be 389 

invoked to explain the difference in I:E ratios between the provinces.  390 

There remains considerable uncertainty as to the role of magma composition and melt 391 

generation rate in controlling the proportion of volcanic rocks within the provinces. Magma 392 

composition may have been an important factor, although in the absence of a broader suite 393 

of petrologic data from the BBIC, this remains to be confirmed. Additionally, although our 394 

data suggests that the eruption rate for the NVP is much higher than that for the BBIC; 395 

whether this reflects an increased melt generation rate in the mantle source region and its 396 

impact on the I:E ratios of the provinces is unknown. Based on our results, which indicate 397 

that I:E ratios can be highly variable and strongly influenced by local, province-specific 398 
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factors, we speculate that in many cases, eruption rate may be a poor measure of magma 399 

productivity. 400 

Our hypothesis, that the I:E ratios of the NVP and BBIC is in-part controlled by the 401 

host rock through which magma ascends, is supported by a number of previous studies. 402 

Earlier work has suggested that vertical magma ascent through layered sediments promotes 403 

the formation of concordant intrusions (e.g. Rivalta et al., 2005; Galland et al., 2009; Taisne 404 

and Jaupart, 2009). Factors that may have promoted magma stalling  and sill and laccolith 405 

formation in the BBIC include: 1) dykes encountering a rigidity or density barrier (Kavanagh 406 

et al., 2006; Taisne and Jaupart, 2009); 2) mechanical contrasts in material toughness and 407 

stiffness across an interface (Gudmundsson, 2011; Gudmundsson et al., 2014); 3) 408 

delamination of host sediments (Gudmundsson, 2011); 4) hydrofracture arrest in layered 409 

rocks (Gudmundsson and Brenner, 2001); 5) ascending dykes experiencing high compressive 410 

stresses at weak horizontal interfaces (Maccaferri et al., 2011); and 6) magma encountering 411 

lithologies that are commonly favoured by intrusions (e.g. shales; see Schofield et al., 2012). 412 

Processes such as these would not operate in the Palaeozoic basement that underlies much 413 

of the NVP. Our study therefore suggests that the lithology through which magma ascends 414 

before reaching the surface plays an important role in controlling whether magma stalls in 415 

the subsurface and the resultant I:E ratio.  416 

 417 

Conclusion 418 

This study has used 3D seismic data from a Mid Eocene intraplate volcanic province, 419 

located offshore southern Australia, to demonstrate that seismic data provides an unrivalled 420 

opportunity to determine the I:E ratios of ancient volcanic provinces. Comparable with 421 

other continental volcanic provinces, the BBIC is dominantly composed of intrusions, the 422 

volume of which outweighs the extrusive component by as much as two-fold. We infer that 423 
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the larger volume of magma stored relative to that erupted resulted from ascending dykes 424 

transitioning to sills and laccoliths at shallow depths within a sedimentary basin. This 425 

suggests that magma ascent through layered sediments may play an important role in 426 

controlling the I:E ratios and volumes of magma erupted in other volcanic provinces.  427 

 428 
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 626 

Figure captions 627 

Fig. 1. Geological map and stratigraphic column (A) for the Bight Basin Igneous Complex 628 

(BBIC) and seismic line from the Flinders 2D survey showing the volcanic features (B). 629 

Fig. 2. Map showing the location of the Bight Basin Igneous Complex (BBIC), the Newer 630 

Volcanics Province (NVP), the Older Volcanics Province (OVP) and the Macedon-Trentham 631 

Province (MTP) along the southern Australian margin. Adapted from Meeuws et al. (2016). 632 

Fig. 3. Seismic cross sections of vent with a lava flow at its base (A) and an intrusion (B). 633 

See Fig. 5 for their location.  634 

Fig. 4. Figure demonstrating the method used to calculate the volume of the intrusions. 635 

Part A shows a schematic illustration of the horizons picked and the velocities used. Where 636 

the intrusion is represented by a single trough-peak doublet, its thickness is below the 637 

resolution of the seismic data and above the detection limit (i.e. between 4 and 45 m thick). 638 

An example of an intrusion and the picked horizons are shown in part B. Part C shows how 639 

the total area of the intrusion (between points 1 and 4) can be sub-divided into areas >45 m 640 

thick (within the dashed line) and areas below the resolution limit (between the dashed line 641 

and the outline of the intrusion). Notice that points 1, 2, 3 and 4 on the plan view correlate 642 

with the picks on part A and B of the figure. Part D shows amplitude (left) and thickness 643 

maps (right) for the intrusion in part B. Note that the true thickness of the intrusion 644 
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beneath 45 m is unknown. The values used to calculate the maximum and minimum volume 645 

of the intrusion are shown beneath. See Fig. 5 for the location of the intrusion. 646 

Fig. 5. Map showing the distribution of igneous features in the Nerites survey. 647 

Fig. 6. Charts showing the volume of the individual components of the BBIC and the sum of 648 

its components. 649 

Fig. 7. Graph comparing the volume of the intrusive and extrusive components of 650 

continental (blue) and oceanic (orange) volcanic provinces. Data from this study is shown as 651 

a green point with an error bar representing the potential range in volume of the intrusions. 652 

Data from White et al. (2006) and references there-in. 653 

Fig. 8. Graph showing the relationship between the volumes and duration of volcanism. The 654 

volcanic fields are classified accoring to their SiO2 content, as determined by White et al., 655 

(2006). The BBIC plots at the lowest end of the field for basaltic fields whilst the NVP has a 656 

volume more typical of the mean value of basaltic volcanic fields. Adapted from White et al. 657 

(2006); data for the NVP taken from Cas et al. (2016). 658 

Fig. 9. Schematic diagram illustrating the contrasting plumbing systems and I:E ratios for the 659 

Newer Volcanics Province (NVP) and the Bight Basin Igneous Complex (BBIC). In the case 660 

of the northern part of the NVP, volcanoes are fed by dykes that ascend through basement 661 

directly to the surface. In the BBIC, dykes ascend through basement and into the sediments 662 

of the Ceduna sub-basin. Factors such as rigidity or density barriers; mechanical contrasts in 663 

material stiffness across bedding planes; delamination of host sediments; hydrofracture 664 

arrest and dykes experiencing high compressive stresses at bedding planes may have 665 

triggered the dykes to transition into sills (see text for references). This resulted in greater 666 

volumes of magma being stored in the subsurface relative to the NVP. Adapted from van 667 

den Hove et al. (2017a). 668 

Table 1. Summary measurements of volcanic features observed in the Nerites survey. * DRE 669 



Controls on intrusive:extrusive ratios in intraplate volcanic provinces 

 28 

Acknowledgements 670 

This work comprises a part of the Great Australian Bight Deepwater Marine Program 671 

(GABDMP). The GABDMP is a CSIRO research program, sponsored by Chevron Australia 672 

the results of which will be made publicly available. 3D seismic data was gratefully provided 673 

by TGS. We thank IHS for access to Kingdom seismic interpretation software and 674 

DownUnder GeoSolutions for access to DUG Insight. The constructive reviews provided by 675 

Sebastian Watt and Jozua van Otterloo are gratefully acknowledged.  676 

 677 



Feature Min. 

vol. 

(km3

) 

Max. 

vol. 

(km3

) 

Min. 

Height/thicknes

s 

(m) 

Max. 

Height/thicknes

s 

(m) 

Min. 

Length/diamete

r (km) 

Max. 

Length/diamete

r (km) 

Area 

covere

d (km2) 

Combine

d volume 

(km3) 

DRE 

(km3

) 

Total 

lava/magm

a volume 

within 

Nerites 

survey 

Vents 0.1 11 60 625 0.5 10 602 70 58 158−187* 

Lava 

flows 

0.01 9 5 45 0.4 34 558 20 8−18 

Intrusion

s 

0.1 13 5 270 2 23 1537 92−111 NA 

Table 1.   

 

Table Click here to download Table Table 1_intrusive_extrusive.docx 

http://www.editorialmanager.com/jgsl/download.aspx?id=27542&guid=76ac3529-1a16-4c93-a173-5c8423ddfa6c&scheme=1
http://www.editorialmanager.com/jgsl/download.aspx?id=27542&guid=76ac3529-1a16-4c93-a173-5c8423ddfa6c&scheme=1


N

130˚ 132˚

34˚

100 kmPotoroo 1

Recherché 
sub-basin

KEY
well location
basin margin

intrusion
Flinders 2D
Nerites survey

extrusion Fig. B

Ceduna 
sub-basin

Stratigraphy

BD Base Dugong horizon

onlapdownlap
forced fold

pre-deformation surface

marine carbonates
Lithology

depositional hiatus

volcano intrusion

Oligocene

Eocene

Paleocene

Upper 
Cretaceous

Pidinga Fm.

Potoroo 
Fm.

Wingunda Fm.

Nullabor & 
Wilson Blu� 
Limestones

Dugong

Wobbegong

Hammerhead

Tiger

BD

marginal marine and 
deltaic sandstones and 
siltstone
�uvial sandstones, �ood 
plain claystones, siltstone 
and coals
marginal marine and 
marine mudstones

lava �ow

Potoroo faults

Gnarlyknots-1A

Series/
Epoch

Superse-
quence

bryozoan mound

20 km2 sec Lower Cretaceous and basement

B

AFigure 1 Click here to
download Figure Fig

http://www.editorialmanager.com/jgsl/download.aspx?id=27546&guid=069fea25-84e6-43a9-aabc-97673e21a255&scheme=1
http://www.editorialmanager.com/jgsl/download.aspx?id=27546&guid=069fea25-84e6-43a9-aabc-97673e21a255&scheme=1


130°E 140°E 150°E

35°S

40°S

SOUTHERN OCEAN

N100 km

Bight Basin

BBIC

NVP
OVP

MTP

New South 
Wales

Victoria

South 
Australia

Tasmania

Bass 
BasinOtway-Sorell

Basin

Figure 2 Click here to
download Figure Fig 2

http://www.editorialmanager.com/jgsl/download.aspx?id=27557&guid=5e44c677-9f52-48fe-a0f3-4368521645c0&scheme=1
http://www.editorialmanager.com/jgsl/download.aspx?id=27557&guid=5e44c677-9f52-48fe-a0f3-4368521645c0&scheme=1


tim
e 

(s
)

1.5

1.8

1.6

1.7

1.9 3 km

washout

lava �ow emanating from base 
of vent

A

B

6 km

X X’

forced fold1.4

1.6

1.8

2.0

2.2

2.4

feeder lobe elongate lobe

BD

TI

BI

seabed

TV

TE BD

Top Intrusion (TI)
Base Intrusion (BI) Base Dugong (BD)

Top Extrusives (TE) Top Vent (TV)

Y Y’

onlap

Figure 3 Click here to download Figure Fig
3_low res.pdf

http://www.editorialmanager.com/jgsl/download.aspx?id=27548&guid=4176bf33-5638-45f1-86e6-963474ee03c0&scheme=1
http://www.editorialmanager.com/jgsl/download.aspx?id=27548&guid=4176bf33-5638-45f1-86e6-963474ee03c0&scheme=1


B

C PLAN VIEW

SECTION VIEW

1 2 3 4

outline of intrusionoutline of intrusion ≥45 m thick

Hammerhead Supersequence
V=2100 m s-1

intrusion
V=5500 m s-1

Top Intrusion

Base Intrusion

Doublet

Top Intrusion

multiples
Base Intrusion

D

max intrusion 
thickness 180 m

0.1 s
2 km

min. intrusion 
thickness 5–45 m

1
2

3
4

X X’

X

X’

lin
e of s

ectio
n

Total area of intrusion
Area of intrusion ≥45 m thick
Volume of intrusion ≥45 m thick
Min. volume of intrusion in area <45 m thick*

TOTAL 7.40 km3
7.71 km3

5

180 in
tr

us
io

n 
th

ic
kn

es
s 

(m
)

2 km

Max. volume intrusion in area <45 m thick †

100

45

Min. volume
Max. volume

0.35 km3
0.04 km3
7.36 km3
70 km2
77 km2

*assuming thickness of 5 m
assuming thickness of 45 m†

A

1 2 3 4

1 2 3 4

25 Hz

30 Hz
seismic frequency

de
cr

ea
si

ng
 

se
is

m
ic

 fr
eq

ue
nc

yFigure 4 Click here to
download Figure Fig

http://www.editorialmanager.com/jgsl/download.aspx?id=27549&guid=e8609d6a-4902-4d3a-9d50-2b317a710bed&scheme=1
http://www.editorialmanager.com/jgsl/download.aspx?id=27549&guid=e8609d6a-4902-4d3a-9d50-2b317a710bed&scheme=1


intrusion

10 km N

KEY

volcano

lava �ow �eld

Y

Y’

X

X’

Fig. 3

Fig. 4

Figure 5 Click here to
download Figure Fig

http://www.editorialmanager.com/jgsl/download.aspx?id=27550&guid=af2b96a5-6add-4ca6-917f-9939379c4778&scheme=1
http://www.editorialmanager.com/jgsl/download.aspx?id=27550&guid=af2b96a5-6add-4ca6-917f-9939379c4778&scheme=1


intrusions lava �ows
volcanoes

58 km3

18 km3*

111 km3*

*maximum value

0.001

0.01

0.1

1

10

100
Vo

l (
km

3)
Figure 6 Click here to

download Figure Fig

http://www.editorialmanager.com/jgsl/download.aspx?id=27551&guid=74244133-b524-4484-9ca4-f6a290eeacc7&scheme=1
http://www.editorialmanager.com/jgsl/download.aspx?id=27551&guid=74244133-b524-4484-9ca4-f6a290eeacc7&scheme=1


volume of extrusives (km³)
10-2 10-1 100 101 102 103 104 105 106 107

vo
lu

m
e 

of
 in

tr
us

iv
es

 (k
m

³)

10-1

100

101

102

103

104

105

106 R2=0.7

continental
oceanic
BBIC

Figure 7 Click here to
download Figure Fig

http://www.editorialmanager.com/jgsl/download.aspx?id=27552&guid=c6b94fc1-25c8-4438-afd3-0e4280361dff&scheme=1
http://www.editorialmanager.com/jgsl/download.aspx?id=27552&guid=c6b94fc1-25c8-4438-afd3-0e4280361dff&scheme=1


BBIC
NVP

10³10²10¹10010-¹10-²10-³
Duration (Myr)

108

107

106

105

104

10³

10²

10

1

andesite-arcs/�elds
andesite volcanoes
basalt arcs/�elds
basalt volcanoes

basaltic andesite arcs/�elds
basaltic andesite volcanoes
rhyolite arcs/�elds
rhyolite volcanoes

vo
lu

m
e 

of
 e

xt
ru

si
ve

s 
(k

m
3)

Figure 8 Click here to download Figure figure 8 revised.pdf 

http://www.editorialmanager.com/jgsl/download.aspx?id=27559&guid=7ea331b8-0751-41c2-bcf2-ae4b4d86c163&scheme=1
http://www.editorialmanager.com/jgsl/download.aspx?id=27559&guid=7ea331b8-0751-41c2-bcf2-ae4b4d86c163&scheme=1


increasing volume of magma stored in subsurface

depth (km)

0

15

30

100

dyke dyke

sill

NVP BBIC
sediment

basement basement

asthenosphere asthenosphere

Figure 9 Click here to download Figure Fig
9.pdf

http://www.editorialmanager.com/jgsl/download.aspx?id=27554&guid=34baa612-4089-4f73-9c90-183e12a2b760&scheme=1
http://www.editorialmanager.com/jgsl/download.aspx?id=27554&guid=34baa612-4089-4f73-9c90-183e12a2b760&scheme=1


2 
 

morphology of which is linked to their emplacement depth, host sediment rheology and the 26 

physical properties of the magma. This plumbing system contrasts markedly with those found 27 

along better-studied volcanic rifted margins.  28 




