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Abstract

Three-dimensional (3D) seismic data has providegomant insights into how magma is
transported and stored in sedimentary basins. Mofclour understanding is based on
volcanic-rifted margins. In contrast, the magmangding systems of magma-poor rifted
margins are less well studied. This study uses 8iBnsc data to describe the magma
plumbing system of the Bight Basin Igneous Compéexplcanic province located along the
magma-poor southern Australian margin. Here, magmalacement occurred in the Mid
Eocene, some 40 million years after the onset afl@@ spreading. Our data images a
variety of 30-270 m thick, 2-23 km diameter mafitrisions that are confined to within
1200 m of the paleoseabed. Intrusions emplaced280 m depth formed hybrid and

compound sills and are typified by elongate, lal@wv{like morphologies. Intrusions

emplaced at depths of 200-1200 m formed saucershapd compound sills, as well as
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laccoliths. Approximately 60% of the intrusions kalava flows and volcanogenic vents
above their shallowest tips, as shown from previiudies. This suggests that the intrusions
played a crucial role in transporting magma to pléeoseabed. Furthermore, many of the
intrusions are overlain by forced folds, highligigtithe role of magma emplacement in
inducing overburden deformation. Contrary to obagons from volcanic rifted margins, the
sills and laccoliths rarely form interlinked comyés. Instead, they most commonly occur as
isolated bodies. This suggests that the sills anddliths were fed by dykes. We infer that
high rates of magma ascent in the dykes prevehtgdtransition into sills within sediments
at >1.2 km depth. Our study highlights that the maglumbing system of the Bight Basin
Igneous Complex contains a diversity of magmattousions, the morphology of which is
linked to their emplacement depth, host sedimeabldgy and the physical properties of the
magma. This plumbing system contrasts markedly whitse found along better-studied

volcanic rifted margins.

1. Introduction

Sills and laccoliths play an important role in sparting and storing mafic magma in the
shallow crust (Thomson, 2007; Muirhead et al., 20ddgee et al., 2016). These features can
form vertically and laterally connected complexepable of facilitating magma movement
for tens of kilometres through the crust (e.g. Teomand Hutton, 2004; Planke et al., 2005;
Cartwright and Hansen, 2006; Polteau et al., 2088hofield et al., 2015). From a
volcanological perspective, sills and laccolithe enportant because they can feed eruptions
and modulate eruptive activity (e.g. Magee et2013; Magee et al., 2016; Muirhead et al.,
2016; Reynolds et al., 2016; Magee et al., 2018)sdmmarised by Magee et al. (2016), sills
also provide insights into continental rifting, tteermomechanical state of the mantle and

the physiochemical evolution of magma. Furthermoneafic intrusions have been
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hypothesised to play an important role in driviigbgl climate change, since work from the
North Atlantic has shown that the emplacement offienatrusions into carbon-rich
sediments can cause the release of greenhouse(gageSvensen et al., 2004; Reynolds et
al., 2017).

Sills and laccoliths also have a range of implmadi for petroleum systems (e.g. Senger
et al., 2017). For instance, these intrusionsazaras barriers and/or conduits to fluid flow in
the subsurface (e.g. Rateau et al., 2013; Schadieddl 2015; Schofield et al. 2017) as well as
hydrocarbon reservoirs (Rodriguez Monreal et 09. Furthermore, magma intrusion is
often associated with source rock maturation (Rpediz Monreal et al., 2009) and the
formation of forced folds (e.g. Pollard and Johnst®v73; Jackson and Pollard, 1990; Trude
et al., 2003; Schmiedel et al, 2017). These folais be used to elucidate the timing of
magmatism, as well as potentially acting as tragshiydrocarbons (Trude et al., 2003;
Schutter 2003; Holford et al., 2012).

Many observations of magma plumbing systems ara frolcanic rifted margins which
contain abundant mafic intrusions (e.g. Thomson Hutton, 2004; Planke et al., 2005;
Cartwright and Hansen, 2006; Schofield et al., 2Ré&ynolds et al., 2017). However, since
many of the intrusions along these margins arelgdrpied, they often cannot be imaged at
high resolution; partly as a result of decreasieigmic frequency with depth. Furthermore,
many intrusions along volcanic rifted margins aoeated beneath thick sequences of
extrusive volcanic rocks (e.g. Seaward Dipping &tirs and Landward Flows) further
obscuring intrusion distribution and morphologyg(eSymonds et al., 1998; Planke et al.,
2000; Reynolds et al., 2017). In contrast, theeecamparatively few studies of the magma
plumbing systems along magma-poor rifted marging. (Rutin et al., 2010; Franke et al.,
2014; Peace et al., 2017). Therefore, our undeatstgrof the emplacement mechanisms and

controls on magma plumbing system formation aldwege margins is not well understood.
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In this study, we use 3D seismic data from the magoor southern Australian margin.
This data allows us to detail how magma was tramtegand stored in a sedimentary basin
that has undergone volcanic activity not intrinficanked to continental rifting. Our unique
dataset images intrusions buried beneath a sh&#@wkm) sequence of sedimentary rocks.
The shallow emplacement depth of the intrusions abdence of Seaward Dipping
Reflections and Landward Flows (typical of volcarifted margins) also means our data is
of high resolution, allowing the complexities ofrusion emplacement to be investigated in
detail. Although focused on the southern Austrah@argin, our findings have implications
for understanding the emplacement of magmatic $idns in sedimentary basins along other

continental rifted margins.

2. Geological setting

The Ceduna sub-basin is located within the BighsiBaon the southern margin of
Australia (Fig. 1). The sub-basin has an area gd@Dknf and contains over 15 km of syn
and post-rift Mesozoic sedimentary rocks (Tottdrdeld Krassay, 2003; MacDonald et al.,
2010). These rocks are sub-divided into a seriesipérsequences that were deposited from
the mid- to late-Jurassic onwards. The earliesthese sequences record slow thermal
subsidence, whilst the Late Santonian-aged Tigepe&equence records increases in
subsidence rate deposited the during major matowdihg (Totterdell et al., 2000). This
supersequence is composed of marginal marine tmenarudstones (Totterdell et al., 2000).
Deposition of these mudstones correlates with uppestal extension and formation of large,
east-west striking faults and re-activation of Geaaian growth faults (Robson et al., 2016).

The overlying Ceduna Delta succession was depositetdthe Late Santonian onwards,
and is composed of the Hammerhead Supersequermte(dell et al., 2000; MacDonald et

al., 2013). Component sedimentary rocks are chenatt of marine, deltaic and coastal
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plain environments, and were deposited during enghg low spreading rates of <100 m year
(Tikku and Cande, 1999). The Gnarlyknots-1A petioieexploration well penetrated this
supersequence and encountered water-saturated@axsland shales, interpreted to form as
shallow marine prograding delta top sets (Tottéretehl., 2000; Tapley et al., 2005).

Both the Hammerhead and the overlying Wobbegongesesps (deposited following a
5-7 Myr hiatus) are dissected by northwest-southeasnted Cenomanian-Santonian and
Campanian-Maastrichtian-aged normal faults, formedng gravity-driven extension of the
delta (Robson et al., 2016). The overlying Dugonge3sequence is dominated by cool water
carbonates that developed on a carbonate shel¢@rtdins minor amounts of sandstones at
its base (Totterdell et al., 2000; Macdonald et2012). This supersequence formed from the
middle Eocene onwards during a period of fast eeafspreading and records a marine
transgression with water depths of up 300 m (lalgt2003).

The southern margin of Australia is also charaséeriby an abundance of both offshore
and onshore igneous rocks (e.g. Holford et al.220&ckson, 2012; Cas et al., 2016; Meeuws
et al., 2016; Reynolds et al., 2016). Melt produttalong the southern Australian margin has
been proposed to result from processes simildndset in intraplate volcanic provinces, such
as mantle shearing, mantle plumes and small scadeection above steps in lithospheric
thickness (Demidjuk et al., 2007; Conrad et al.120Davies et al., 2015). Subsequent
volcanism may be associated with the onset of rapicading in the mid Eocene and
reconfigurations of the Indo-Australian plate boanes (Holford et al., 2012).

The subject of this study is a 9000 %area within the ~130 km diameter Bight Basin
Igneous Complex (BBIC). This complex is found ie itentre of the Ceduna sub-basin (Fig.
1). Previous work based on the Flinders 2D seismigey has shown that the BBIC contains
intrusions, lava flows, volcanogenic vents and édréolds (Schofield and Totterdell, 2008;

Jackson et al., 2013; Magee et al., 2013). Thestaries are described below.
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Jackson et al. (2013) suggested that the intrusimmge from 7-19 km in diameter and
32-250 m in thickness. Their morphologies have ipresly been divided into sill, laccolith
and hybrid types (Jackson et al., 2013). Intrusians found within the Wobbegong,
Hammerhead and Tiger Supersequences (Figs. 1 asée2also Schofield and Totterdell,
2008). Many of the intrusions are overlain by fardelds which reach 17 km in width and
display up to 210 m of relief (Jackson et al., 20Ithese folds are interpreted to have
formed as a result of magma emplacement in theusislce since they directly overly the
intrusions. The folds typically have reliefs lowdran the thickness of the underlying
intrusion, suggesting fluidisation and expulsion pére fluids from the host rock
accompanied elastic bending of the overburden édacket al.,, 2013). The Dugong
Supersequence onlaps the folds, indicating thesiins were emplaced in the Mid-Eocene
(Schofield and Totterdell, 2008; Jackson et all,20Wagee et al., 2013).

A total of 56 vents were identified by Magee et(2D13). The vents downlap the top of
the mid Eocene-aged Wobbegong Supersequence andndapped by the Dugong
Supersequence (Schofield and Totterdell, 2008; staclet al., 2013; Magee et al., 2013).
They typically overly the shallowest tips of ung@mnp intrusions. The vents range from
1.09-18.89 km in diameter, and have been intergrate hydrothermal vents and shield
volcanoes (Magee et al., 2013). The vents and moks have been distinguished based on
morphological characteristics such as their flaipk summit height and seismic velocity. The
spatial and temporal relationship between the vami$ intrusions suggest that they are
genetically linked (Magee et al., 2013). Dredgimgni incised canyons collected detrital
volcanic fragments that were characterised as aaiggtal, possibly pillowed, alkali basalts
(Clarke and Alley, 1993) suggesting that the véraige a similar composition (Schofield and
Totterdell, 2008; Magee et al., 2013). The ventsuomn the same horizon as biogenic

mounds, which are distinguished based on their ddateral variation in seismic amplitude,
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higher internal continuity, smaller heights and @alhsence of wash-out beneath (Langhi et al.,

2016).

3. Method and dataset

This study uses the Nerites 3D and Flinders 2Dnseiseflection surveys (Fig. 1). The
Nerites survey covers an area of 900¢ md extends to 9 s depth, of which the top 3 s were
used in this study. This dataset has a bin spagint.5 m x 15 m. The Flinders survey
covers 44,000 kfand also extends to 9 s depth. The 2D lines axeesp4-8 km. Data are
displayed with an SEG reverse polarity; a downwaitease in acoustic impedance (i.e.
hard event) is measured by a trough and is repiexsdry a blue reflection. The seismic
surveys are tied to the Gnarlyknots-1A and Potdragells using the Flinders 2D seismic
survey. The wells are located 65 km and 175 kmh& rniorthwest of the Nerites survey.
Neither well penetrated the intrusions, therefoeeagsumed a velocity of 5500 fh(®lanke
et al., 2005) to calculate their thicknesses. Altifotypical for many intrusions (e.g. Skogly,
1998; Hansen and Cartwright, 2006), this valueasgnts a lower estimate for the velocity of
the intrusions; Nelson et al. (2009) record valugsto 7000 m 8. The resolution and
detection limit of the seismic data were calculaisthg a frequency of 30 Hz, which is the
dominant frequency of the Nerites survey at thellet which the intrusions were mapped
(between 2.1-2.8 s). Assuming a velocity of 5508 this indicates the intrusions must be
>5 m to be detected andl5 m thick to be resolved. Based on the potenaaktion in their
velocity (e.g. Nelson et al., 2009), these valilesdy represent the minimum thicknesses that

can be detected and resolved.

3.1 Seismicinterpretation strategy



175 In order to determine the vertical and lateral ribstion of the intrusions, and their
176  relationship to the lava flows, volcanogenic veamsl paleoseabed, we mapped each of these
177  features throughout the Nerites survey. Our inttgtion strategy is outlined below.

178

179  3.1.1 Mapping of the paleoseabed

180 The Base Dugong (BD) reflection represents theqssabed at the time of volcanism
181  (Schofield and Totterdell, 2008; Jackson et alLMagee et al., 2013). It is represented by
182 a moderate-high amplitude, trough event that fommgrominent unconformity that is
183  onlapped by the overlying Dugong Supersequence.BIhés downlapped by the vents and
184 s folded above underlying intrusions.

185

186  3.1.2 Mapping of volcanogenic vents and lava flows

187 The tops of the volcanogenic vents are represéatedde Top Vent (TV) reflection. This
188  reflection varies from low to high amplitude anadrfr a trough to peak event. It varies in
189  character from smooth to rough and continuous toi-sentinuous. The vents are onlapped
190 by the overlying Dugong Supersequence which magidmed above the centre of the vent.
191 In time slice the vents have a concentric structinech becomes more chaotic with depth.
192  The bases of the vents are represented by the fBiatren and/or the top of an adjacent vent
193  in cases where vents overlap. Seismic velocityl“ppt and washout is common beneath the
194  vents, particularly towards their centres (e.g.d8eld and Totterdell, 2008; Magee et al.,
195 2013). Such features are typical of volcanic rocksedimentary sequences (e.g. Jerram,
196 2002)

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

198 is represented by a high amplitude trough thaarslfel to the underlying BD reflection. The
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TE reflection is smooth, sub horizontal and terrt@sabruptly. Seismic velocity pull-up and

zones of washout are common beneath the TE.

3.1.3 Mapping of intrusions

We mapped the intrusions using the seismostratigzagpproach of Planke et al. (2000)
and Planke et al. (2015). The top of the intrusiaresrepresented by the Top Intrusion (TI)
reflection. Intrusions can split into several urotsmerge, meaning that the Tl reflection is
located at multiple levels and is not laterally thomous. It is a high amplitude, trough event
that cross-cuts adjacent reflections and has abmrptinations. The Base Intrusion (BI)
reflection is a moderate-high amplitude, peak evkat also cross-cuts adjacent reflections
and has abrupt terminations. In regions where thgeBntrusion reflection was not visible
(i.e. the thickness of the intrusion is below thealution limit of the data) the intrusion was
represented by a single trough-peak doublet. I thse, we picked the peak event of the

doublet as the Base Intrusion.

3.2 Calculating intrusion emplacement depth and volume

The emplacement depth of the intrusions was cdkdilafrom the distance in
milliseconds two-way time (TWT) between the Tl esfion and the BD reflection. We
converted from TWT to depth in metres using anrirgtevelocity of 2100 m’$, as indicated
by the Gnarlyknots-1A well.

For each intrusion we calculated a minimum and maxrn volume from depth-
converted grids of the Top Intrusion and Base bitmi reflections. In the first instance, these
calculations assume that the intrusions have arnbgs equal to the seismic detection limit (5
m) in regions where the intrusion was representgdabsingle trough-peak doublet.

Conversely, to calculate the maximum volumes, weumed that the intrusions have a
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thickness of 44 m (the maximum possible thicknessvib the resolution limit) in regions

where the only a single trough-peak doublet wastifled. Since the entire thicknesses of
some intrusions are between the detection limitr@sdlution limit, they have a wide range
in possible volumes (e.g. intrusion 1, Table 1).ctmtrast, other intrusions are >45 m in
thickness across 90% of their areas, giving thenaraow volume range (e.g. intrusion 4,

Table 1).

4. Description of theintrusions
4.1 Intrusion morphology

Four morphologically-distinct types of intrusion® adentified, including saucer-shaped,
compound and hybrid sills, as well as laccolithg(B). All intrusions occur 100-1200 m
beneath the paleoseabed (not accounting for compaetithin the Tiger, Hammerhead and
Wobbegong Supersequences (Fig. 4). These intrus@nysfrom 2-23 km in length, 1-18

km in width and 5-270 m in thickness (Figs. 4 ahdiBeir morphology is described below.

4.1.1 Saucer-shaped sills

Saucer-shaped sills comprise half of all mappetusiins. They have a sub-circular
shape in plan view whilst in cross section theyehawlat inner saucer and gently inclined,
transgressive rims defined by sub-parallel TI andeBlections (Fig. 3). The inner saucers
form 60-70% of the sills’ diameter, whilst the rimsake up the remaining 30-40%. These
rims can transgress the host rocks by up to 228.g1 (ntrusion 26; Fig. 3). The sills have
volumes varying from 0.01-3.03 KrfiTable 1). Their thicknesses vary from 5-160 m and

their thickest regions are found in the centrehefinner saucer (Fig. 5).

4.1.2 Compound intrusions

10
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Compound intrusions constitute approximately 10%hef mapped intrusions. They are
commonly elongate and have convex or concave,ulaeghaped margins in plan view (Fig.
3). Compound intrusions have volumes of <0.01-1%:/89 (Table 1) and vary from 5-150
m thick. The intrusions may have multiple regiomts>m thick (Fig. 5) and these regions
commonly occur at the greatest depths (300 m).n8eiamplitude maps indicate that the
compound intrusions are composed of multiple lolvegch vary from elongate to saucer-
shaped. This is typified by intrusion 31, whiclc@mposed of multiple lobes approximately
1-8 km in diameter (measured along their longes) aXhese lobes have convex or concave
margins and aspect ratios of 1-4. In cross sectimnlobes have convex-up, convex-down
or planar-shaped geometries defined by the Tletdfle (Fig. 3). This reflection is paralleled

by the Bl reflection (Fig. 3).

4.1.3 Hybrid Intrusions

Hybrid intrusions account for approximately a thiofl the magmatic bodies in the
Nerites survey. In plan view, the hybrid intrusiare typically elongate, and those emplaced
at <200 m depth have sinuous, “lava flow-like” muoojpgies (e.g. intrusion 36; Fig. 3).
Their volumes vary from 0.04-10.41 RifTable 1). The hybrid intrusions vary from 5-190
m thick, and thin towards their distal margins (B¢ The thickest regions occurring above
their deepest parts. As for the compound intrusieessmic amplitude maps indicate that
these intrusions are composed of multiple lobesme&dobes are sub-circular with
transgressive rims (e.g. intrusion 20; Fig. 4) athdthers are more elongate (e.g. intrusion
36; Fig. 3). The longest axes of individual lobesywfrom 0.4-14 km in diameter, and they
have aspect ratios of 1-8. The lobes shallow tdsvéineir distal margins. In cross section
the lobes have convex-up or down shapes Tl reflestwhich are paralleled by their Bl

reflections (Fig. 3).

11



274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

4.1.4 Laccoliths

The laccoliths represent 5% of the intrusions ia MNerites survey. In plan view the
laccoliths are elongate. They have volumes varfing 7.24-10.93 krhand thicknesses
varying from 5-270 m. The thickest parts of thectdiths are found along their central axes
(Fig. 5). Seismic amplitude maps indicate they@mmposed of a central, elongate lobe that
bifurcates into a series of peripheral lobes thatdgress the stratigraphy (Fig. 3). The lobes
have convex-outwards margins. Measurements ofdhgekt lobe axes indicate they vary
from 1-13 km in length and they have aspect raiios-4. The central lobes are the largest
lobes. In cross section, individual lobes have aves-upwards Tl reflection and a sub-
horizontal Bl reflection. The lobes have sinuougphkimde anomalies along their length that
run parallel to the lobes’ longest axis (Fig. 3he$e anomalies terminate abruptly at lobe

junctions.

4.2 Intrusion distribution and connectivity

The intrusions are concentrated in the inboardirakmpart of the Ceduna sub-basin
above the Potoroo fault system (Fig. 1). The intms were emplaced at depths ranging from
100-1200 m, with the shallowest intrusions tendmdpe found basinward (Figs. 4 and 6).
There appears to be no relationship between ioinudiameter and emplacement depth; large
diameter intrusions can occur at all depths in gbherey (Fig. 6). Saucer-shaped sills are
found at the greatest depths of all the intrusies, and occur 60-1200 m beneath the
paleoseabed. Saucer-shaped sills >F kmsize are only found at depths >500 m (e.g.
intrusions 6 and 12). The hybrid intrusions and pound intrusions are found at the
shallowest depths of 60-1000 m and 180-880 m réspgc These intrusions display no

relationship between volume and emplacement depif). 6). Laccoliths are found at

12
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260-1200 m depth and they similarly do not disgayolume-depth relationship. Many of
the intrusions are overlain by forced folds (Schlofiand Totterdell, 2008; Jackson et al.,
2013; Magee et al., 2013). The outlines of thesdsfare similar to that of the underlying
intrusion, and their amplitudes are equal-to ordowhan the thickness of the underlying
intrusion (Jackson et al., 2013).

About 60% of the intrusions are not vertically aterally connected to others, and occur
as isolated features (e.g. intrusions H7 and Hif; F Table 1). The remaining 40% of the
intrusions form interlinked complexes. These com@de are composed of individual
intrusions which overlap by as much as half ofrtihle@ameter (e.g. Intrusions 12 and 24; Fig.
7). The complexes can extend laterally for 20 krd aertically for ~600 m. The intrusions
do not offset each other, preventing deduction lo¢ trelative timing of intrusion

emplacement.

4.3 Deter mining intrusion sour ce regions

The morphology of the intrusions and their compadhenes are similar to those of other
mafic intrusions identified from 3D seismic and lgdta (e.g. Planke et al., 2005; Schofield
et al., 2012a; Schofield et al., 2015). We are &blese the morphology of the intrusions (e.g.
bridge structures; see Schofield et al., 2012a) thetr emplacement depths to infer the
direction of magma flow. Mafic intrusions usualpropagate from their deepest parts
towards the paleosurface (see Galland et al., 2808pfield et al., 2010). Magma is also
commonly transported from larger “feeder” lobes &oas smaller lobes at the periphery of
the intrusion (e.g. Schofield et al., 2012a; Submmet al., 2017). Based on these
observations, we infer that the saucer-shapedvedie emplaced via flow of magma upwards
and radially outwards from a source region founthair deepest points (e.g. Fig. 8; Malthe-

Sgrenssen et al.,, 2004; Galland et al., 2009). dmparison, the compound sills are

13
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characterised by radial and unidirectional magraw ih their component lobes (Fig. 8). We
suggest that these intrusions were constructedh@aamalgamation of multiple lobes fed
from multiple points, rather than by the “feedingf one lobe to another, as within the
saucer-shaped sills. Magma flow in the hybrid isimas was strongly unidirectional in the
elongate lobes, whilst was radial in their subwdic lobes. Similar to the saucer-shaped sills,
these intrusions have a source region located ait tteepest point (Fig. 8). Within the
laccoliths, the direction of magma flow appearsh&ve been predominantly unidirectional

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

4.4 Therole of dykesin feeding the sillsand laccoliths

We interpret that many of the intrusions are feddglges (e.g. Fig. 9) since the sills and
laccoliths most commonly occur as isolated feattines do not form vertically connected
complexes. Approximately half of the dykes are rirdd to have propagated up both north-
dipping and south-dipping fault planes, supportgdhie location of approximately half of the
intrusions’ source regions above fault planes (Eig. 8). The dykes intruded and were
emplaced approximately perpendicular to the redionantation ofcs, as indicated by their
orientation within east-west striking normal faulWe infer that the remaining half of the
dykes propagated via host-rock fracturing at thkedip and did not exploit pre-existing
faults. The possibility of the dykes exploiting ksuwithin the wash out zones beneath the
intrusions is excluded, since many faults havetlengf 50 km; greater than the diameters of
overlying intrusions£23 km). The length of the dykes is unknown; dykesdt propagate
to equal heights along their length (Keating et @008). Our observations therefore
complement those of other intraplate volcanic progs, which suggest that dykes form the
dominant mechanism of vertical magma transport @rgnna et al., 2011; van den Hove et

al., 2017).
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5. Relationship between intrusive and extrusive components of the magmatic system
5.1 The surface manifestation of volcanism

The BBIC contains lava flow fields and volcanogements that are most densely
concentrated within the central part of the Nergasvey (Figs. 1 and 10). These features
onlap onto the forced folds (Fig. 11). In our dataapproximately 60% of the vents and lava
flow fields are found directly above the tips ofetlsills and laccoliths (Fig. 12). The
remaining extrusive features are either not undetty intrusions (20% of those mapped,;
Fig. 10) or are found above the centres of compantrdsions (20% of those mapped; Fig.

10).

5.2 Theroleof intrusionsin feeding surface volcanism
A temporal link between the timing of intrusive aexkrusive activity is evidenced by

the extrusive features which onlap onto the forfoddls caused by the intrusions, and the fact
that the forced folds, vents and lava flows areoalapped by the Dugong Supersequence
(Figs. 11 and 12). The spatial relationship betwibenextrusive features and the shallowest,
lateral terminations of intrusions (e.g. Fig. 12ads us to suggest that the sills and laccoliths
played an important role in feeding eruption sdes delivering magma to the paleoseabed,
consistent with previous authors (Magee et al.,320Whilst we cannot prove that each
individual extrusive feature was directly fed by timtrusion which it overlies, the intrusions
which terminate within 100 m of the BD provide sigoevidence that some vents and lava
flow fields were fed by the underlying intrusiorm8ll dykes emanating from sill tips may
have facilitated magma movement in the shallowmalssgrface. Consistent with Magee et al.
(2013) we infer that the tips of intrusions may betimaged in contact with the base of the

overlying vents because either: 1) the volcanoesewed by dykes in the shallowest
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hundreds of metres, and these dykes cannot be dnageismic data (e.g. Thomson, 2007);
and/or 2) washout of seismic data beneath the moks prevents us from imaging the
shallowest tips of the intrusions.

It is interesting that some of the intrusions aoé Imked to any extrusive features (e.qg.
intrusion 37; Fig. 10). This suggests that notiriiusions acted as magma conduits to the
paleoseabed and simply represent stalled bodiemagma. Conversely, the absence of
concordant intrusions beneath some extrusive featsuggests that dykes, not imaged in our
data set, also delivered magma directly to the gsalabed. This further highlights the

importance of dykes as a method of magma transpthin the BBIC.

6. Magma emplacement in the Bight Basin | gneous Complex
6.1 Controls on intrusion emplacement depth

Intrusions imaged within the Nerites survey are kg at shallow depths (<1200 m;
not accounting for compaction). These intrusiongehhy-passed a number of rheological
interfaces and shale-rich horizons (e.g. withinRine-Campanian sequences; see Totterdell et
al., 2000) which are commonly favoured by sillsiH&eeld et al. 2012b). This observation
suggests that contrasting rigidity and/or the hosk rheology did not control the depth of
intrusion emplacement, as reported by other autherg. Kavanagh et al., 2006;
Gudmundsson, 2011; Menand, 2011). However, prewiou& has shown that the dyke-sill
transition can be suppressed at mechanical inesfdomagma ascends at sufficiently high
rates (Chanceaux and Menand, 2014). Thereforenige that the vertical distribution of the
intrusions in the Nerites survey results from thyes which fed the sills and laccoliths
ascending at rapid rates and by-passing the d€efie? km depth) sediments. As magma
approached the paleosurface its’ ascent rate sl¢gevgd Taisne and Jaupart, 2011) there-by

increasing the probability of sill formation at #bev depths.
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Evidence of high magma ascent rates is found omshlumg the southern Australian
margin, where magma transited from the mantle éosiwface in 1-10 days. This implies
magma ascent rates of >10 cth(slolt et al., 2013; Van Otterloo et al., 2014)ghlimagma
ascent rates are also recorded in other NVP voés(dan Otterloo et al., 2014) and other
intraplate volcanic fields (e.g. McGee et al., 2010ur study therefore supports the
conclusions of Holt et al. (2013) who suggested ¥oécanic provinces characterised by high
magma ascent rates have plumbing systems foundhwiith shallowest sections of the crust.

An additional influence on the depth of dyke-sitrisition may be the orientation of
principal stresses. At depths >1200 m, the verpeacipal stress is», thus favouring dyke
intrusion. In contrast, at shallow depths, the @pal stress changes ta, favouring sill
intrusion. The effects of stress orientation cobéye acted in tandem with the effects of
magma ascent speed and have facilitated restrictfothe dyke-sill transition to depths
<1200 m. However, we are unable to account for wbsne dykes were able to ascend
directly to the surface feeding the vents, whitsieos fed sills and laccoliths.

Other authors infer the dyke-sill transition canibi#éiated by asperities and lithological
contrasts across fault planes (Valentine and Kr@@B6), causing local rotation of principal
stresses (Chester and Chester, 2000). HoweveheirCeduna sub-basin, the fault planes
cross numerous lithological boundaries at deptt,tharefore does not provide a satisfactory
explanation for why the sill-dyke transition ocadrat such shallow depths. The level of
neutral buoyancy is not thought to have been ingmbiin controlling the dyke-sill transition,
because the sills are found at multiple stratigi@giorizons, and fed eruptions at the
paleoseabed. Numerous other studies of intrusiathsnwsedimentary basins (e.g. Thomson,
2007) and numerical models (e.g. Maccaferri et 2011) also suggest that the level of

neutral buoyancy plays a relatively minor role etatmining the dyke-sill transition.
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6.2 Lava-likeintrusions. characteristic features of shallow depth magma emplacement?

In our study, the hybrid intrusions with sinuouasvd flow-like shapes are restricted to
shallow (<200 m) depths (e.g. intrusions 36, 37, 83her authors have similarly reported
that intrusions emplaced in the shallowest hundifdsietres of sedimentary basins have
lava flow-like morphologies (e.g. Fig. 13; Trud®02; Hansen and Cartwright, 2006; Miles
and Cartwright, 2010). The lava flow-like shapeshaf hybrid intrusions contrasts markedly
with the saucer-shaped sills and laccoliths, wrach typical morphologies for intrusions
emplaced at depths of a few hundred metres or feoge Planke et al., 2005; Polteau et al.,
2008; Schofield et al., 2012b). These combined miasiens therefore suggest that lava flow-
like sills represent a unique intrusion morpholdggt is characteristic of shallow depth
magma intrusion (Fig. 14).

We infer that the lava flow-like intrusions were ndimantly emplaced by ductile
mechanisms. This hypothesis is supported by data the Gnarlyknots-1A well (see section
2) which indicates that the sediments within thanideerhead Supersequence were water-
saturated and had anomalously high porosity; cmmdit which favour ductile magma
emplacement (Schofield et al., 2012b). Previoub@sthave focused on the importance of
host rock rheology in controlling intrusion morpbgy (e.g. Schofield et al. 2010; Miles and
Cartwright, 2010; Schofield et al. 2012b). In casty factors such as magma emplacement
rate, emplacement duration and the physical priggedf the magma have previously been
neglected. However, these factors play an impontalet in governing the emplacement of
lava flow fields (e.g. Hon et al., 1994; Soule ket 2004). Although we cannot quantify these
processes, we suggest that they are likely to glayncreasingly dominant role in magma

emplacement at shallow depths (Fig. 14).

6.3 Comparison with volcanic rifted margins
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In our study, many of the intrusions are of smallume (<14 kr), were emplaced at
shallow depths (<1200 m) and are not laterally aadically interconnected. This is in
contrast to those found along volcanic rifted masgwvhich are 10’s of km diameter and are
found at depths ranging from <1-9 km (Planke et28105; Schofield et al., 2015; Reynolds
et al.,, 2017). These sills often form interconndctemplexes (e.g. Planke et al., 2005;
Schofield et al., 2015; Magee et al.,, 2016; Reymodd al., 2017) and are capable of
transporting magma vertically and laterally for K@ and 4100 km respectively (Cartwright
and Hansen, 2006; Magee et al., 2016).

There are several factors which could accountHerdiffering magma plumbing systems
in the BBIC and those along volcanic rifted margiAs described in Section 6.1, we infer
that the vertical distribution of the sills and datiths in this study partially results from
dykes that ascended through the lithosphere at faigls. Magma ascent rate may therefore
have also played a role in controlling the emplaseindepth of sills along volcanic rifted
margins. Although not well studied, magma ascetdé maay have also influenced whether
interlinked complexes of sills developed, as sutggeby Magee et al., (2016) and references
there-in. The volume of magma intruded may alsdigdbr influenced whether inter-linked
sill complexes form; intrusions with as larger deter are more likely to become inter-
connected than smaller diameter intrusions (sexHddt et al., 2013).

In summary, whilst factors such as host rock litiggl and elastic mismatch no doubt
play an important role in governing the verticabtdbution and interconnectedness of
magmatic intrusions in sedimentary basins (see ®lageal., 2016 for a thorough review),
our study highlights the potentially important raiemagma ascent rate and magma volume

in influencing the architecture of magma plumbiggtems in sedimentary basins.

7. Conclusions
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We have shown that the Bight Basin Igneous Compidfshore southern Australia,
contains a variety of saucer-shaped, compound goddhsills, as well as laccoliths. Our 3D
seismic data indicates that these intrusions wengaced within 1200 m of the paleoseabed
and are overlain by a series of forced folds, vaobegenic vents and lava flow fields. The
spatial linkage between the lava flow fields andtv&uggests that the intrusions played an
important role in delivering magma to the paleoseabMany of the intrusions occur as
isolated bodies, suggesting that they were fed ykesl We infer that high magma ascent
rates enabled magma propagating in dykes to byiiasdogical interfaces, resulting in
focusing of the intrusions in the shallow subswefa@ur study indicates that magma-poor
rifted margins are characterised by a diversitysbéllow-depth, dyke-fed intrusions, the
manifestation of which is controlled intrinsic magmroperties (e.g. ascent and emplacement

rate, volume and physical properties) as well &t hack lithology.
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721 Figure Captions

722 Fig. 1. Map showing the location of the study aaeng the southern Australian margin and
723 astratigraphic column indicating that the intrusi@re of Mid Eocene age.

724  Fig. 2. Composite seismic section using lines £3,85 and 92r from the Flinders 2D seismic
725  survey. Uninterpreted version provided in Supplet@gnData (Fig. S1).

726  Fig. 3. Seismic cross sections through intrusiomioer S13, a saucer-shaped sill (A);
727  intrusion number C27, a compound sill (B); intrusiaumber H36, hybrid sill (C) and
728 intrusion number L4; a laccolith (D). Emplacememipth and amplitude maps are also
729  shown. See Figure 4 for their locations.

730  Fig. 4. Map showing the emplacement depth of theisons beneath the paleoseabed (the
731 Base Dugong reflection).

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

733  Fig. 6 Graphs showing the relationship betweerugim emplacement depth and distance
734 towards break-up axis (A), diameter and emplacemdegpth (B) and volume and
735 emplacement depth (C).

736  Fig. 7. Seismic cross sections of sills 7 and 184Ad 12 and 24 (B). In A, the intrusions
737  overlap but are not connected. These intrusionsgyaieal of those within the Ceduna Sub-
738 basin. In the B the sills form a complex, perhalewang lateral and vertical transport of
739 magma.

740 Fig. 8. Map showing the direction of magma flow int the intrusions and their source
741  regions.

742 Fig. 9. 3D visualisation of a hybrid sill (numbe2®) showing time (A) and amplitude (B)
743  maps and interpreted magma flow directions. Theisndn overlies a fault and is interpreted
744  to have been fed by a dyke. See Fig. 8 for location

745  Fig. 10. Map showing the distribution of vents,ddlow fields and intrusions.
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Fig. 11. Seismic cross section showing a vent goihggponto forced folds above an intrusion,
indicating that intrusive activity pre-dated erapti See Fig. 10 for location.

Fig. 12. Seismic section showing a saucer-shaparsil volcanogenic vents. The left-most
vent is located above the shallowest terminatiothefsill ~200 m beneath the paleosurface.
See Fig. 10 for location.

Fig. 13. Outlines of the Krafla lava flow, Icelarfd), intrusion 36 from this study (B,
emplacement depth ~100 m) and an intrusion offsNargvay emplaced at 200—400 m depth
(C; redrawn from Miles and Cartwright, 2010). Theows indicate the direction of
lava/magma flow. Note the similar sinuous morphaegand ragged terminations of each
feature.

Fig. 14. Schematic diagram illustrating the factoruencing intrusion morphology, and
how emplacement processes vary with emplacemerih.dédapted from Schofield et al.

(2012b).
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Intrusion Intrusion type Is the intrusion  Length  Width (km) Aspect Emplacement Min Max volumet
number part of a (km) ratio depth (m) volume* (km®)
complex? (km°)
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 195 9.3 0.5 320 10.36 10.93
12 Saucer Yes 4.8 24 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




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 dimensionsstiages the intrusion is 5 m thick in areas wheienepresented by a single trough-
peak doublet. #issumes the intrusion is 44 m thick in areas wiéaepresented 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 pal eoseabed.
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.



