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Abstract Submarine lava flows are the most common surficial igneous rock on the Earth. However, they
are inherently more difficult to study than their subaerial counterparts due to their inaccessibility. In this
study, we use newly acquired 3-D (three-dimensional) seismic reflection data to document the distribution
and morphology of 26 ancient, buried lava flows within the middle Eocene-aged Bight Basin Igneous
Complex, offshore southern Australia. Many of these lava flows are associated with volcanoes that vary from
60 to 625 m in height and 0.3 to 10 km in diameter. Well data and seismic-stratigraphic relationships
suggest that the lava flows and volcanoes were emplaced offshore in water depths of <300 m. The lava
flows range from 0.5 to 34 km in length and 1 to 15 km in width and are typified by tabular and dendritic
forms. This morphological variation may result from differing lava effusion rates and/or the volumes of lava
erupted. We demonstrate that: (1) the dendritic flows contain complex lava distribution systems and
kipukas, features never-before observed from seismic data; and (2) the distribution and morphology of the
lava flows was strongly controlled by the emplacement of magmatic intrusion-induced forced folds. This
suggests that magmatic intrusions may play an important role in controlling the distribution of lava flows
elsewhere. Our study highlights the usefulness of seismic data in studying the manifestation of submarine
volcanism, and provides quantitative data on the extent and distribution of an ancient submarine volcanic
province along the southern Australian margin.

1. Introduction

More than two thirds of Earth’s volcanism occurs in the submarine realm. Basaltic lava flows produced
during submarine volcanism are commonly classified into pillow, lobate and sheet types, which are distin-
guished by the size and interconnectedness of the unit cells that make up the lava (see White et al., 2015,
and references therein). Flow morphology is controlled by lava rheology, effusion rate, cooling rate, lava
viscosity, and the underlying slope (see Gregg & Smith, 2003; Griffiths & Fink, 1992; Hulme, 1974; also
White et al., 2015). Observations from multibeam sonar, high-resolution bathymetry, sidescan sonar imag-
ery, and submersible dives reveal that these flows produce distinctive, mappable relief at the seafloor
(e.g., Ballard & Moore, 1977; Ballard & van Andel, 1977; Chadwick et al., 2013; Fox et al., 1988). As well as
forming a critical part of the Earths’ cycle of crustal growth, submarine lava flows also play an important
role in natural resource systems such as aquifers and petroleum systems (e.g., Millett et al., 2016; Watton
et al., 2014).

The products of submarine volcanism are inherently more difficult to study than their subaerial counter-
parts. Remotely Operated Vehicles (ROV) and Autonomous Underwater vehicles (AUVs) are commonly used
to gather data from inaccessible regions of the seabed (e.g., Chadwick et al., 2013; Mitchell et al., 2008).
Studies using data sets collected by these methods are capable of observing meter-scale features of lava
flows, yet lack the ability to map volcanic provinces over tens of kilometers. Thus, our understanding of the
extent, components and volume of submarine volcanic provinces are limited compared to subaerial volca-
nic provinces. Field outcrops are also used to study ancient, exhumed submarine volcanoes and lava flows
(e.g., Goto & McPhie, 2004; Moorhouse et al., 2015). However, it is rare for field outcrops to provide both
cross-sectional exposure and insights into the map-scale distribution of submarine lavas. Furthermore, out-
crops may only reveal small portions of an entire lava flow, making lateral feeder relationships and flow field
morphology difficult to interpret.
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Seismic reflection data provide a unique tool with which to study the distribution and emplacement of sub-
marine lava flows buried within sedimentary successions. Volcanic rocks have seismic velocities that typi-
cally range from 3,300 to 6,800 m s21 (Nelson et al., 2009; Planke & Eldholm, 1994). This is high relative to
the surrounding sediments (commonly <3,000 m s21) meaning that volcanic rocks can be readily imaged
using seismic reflection analysis (e.g., Thomson, 2005). Furthermore, seismic data allow us to study ancient
volcanic provinces without the need for erosional dissection. However, there are few studies that have used
seismic data to study the products of submarine volcanism (e.g., Bischoff et al., 2017; Zhao et al., 2014).
Instead, detailed descriptions of the morphology and emplacement of lava flows in seismic data are largely
based on examples from the subaerial environment (McLean et al., 2017; Planke et al., 2017; Schofield &
Jolley, 2013; Thomson, 2005).

The aim of this study is to show that submarine lava flows can be studied using 3-D seismic data, and that
flow morphology can be used to inform on their emplacement processes. Our data set is from a middle
Eocene-aged, intraplate volcanic province along the southern Australian margin, known as the Bight Basin
Igneous Complex (BBIC). The BBIC is located at shallow subsurface depths (<250 m beneath the present-
day seabed) and is not overlain by thick flood basalt cover, meaning that we are able to detect volcanic
rocks 5 m in thickness. We first describe the distribution and morphology of the lava flows within the BBIC,
before using high-resolution seismic attribute analysis and mapping to define a series of map-scale features
that have not previously been recognized from seismic data. We then use these features to infer that the
flows were emplaced via a series of laterally connected pathways, perhaps representing tubes, channels, or
pillows. We also show that the flows commonly erupted from the margins of forced folds associated with
magmatic intrusions, implying that the distribution and morphology of the intrusions plays an important
role in governing the distribution and morphology of submarine lava flows.

2. Geological Setting

The Ceduna subbasin, located within the Bight Basin on the southern
margin of Australia (Figure 1) has an area of 126,000 km2 and contains
approximately 20 km of syn and postrift Mesozoic sediments (Mac-
Donald et al., 2010; Totterdell & Krassay, 2003). The northern margin
of the basin is demarked by half grabens, while its southern margin is
represented by the basinward edge of a delta toe-thrust zone. Here
the sediments thin onto the abyssal plains of the Recherch�e subbasin.

As described by Totterdell et al. (2000), the sediments within the
Ceduna subbasin are divided into a series of supersequences that
total 15 km in thickness. These were deposited from the Mid- to Late-
Jurassic through to the Upper Cretaceous during progradation of del-
tas from the southern Australian margin. Overlying these superse-
quences is the Hammerhead Supersequence, deposition of which
began in the Santonian. This supersequence reaches thicknesses of
5,000 m and is composed of deltaic sediments deposited during ther-
mal subsidence of the continental crust. Above this is the Eocene-
aged Wobbegong Supersequence. Data from the Potoroo-1 well indi-
cate that this supersequence is composed of reworked marginal
marine to deltaic sandstones and siltstones (Totterdell et al., 2000),
though recent dredging during the Great Australian Bight Deepwater
Marine Program has primarily recovered carbonates. The younger and
overlying Dugong Supersequence is dominated by cool-water carbo-
nates that developed on a carbonate shelf and contain minor
amounts of sandstone at its base (Macdonald et al., 2012; Totterdell
et al., 2000). This supersequence formed from the middle Eocene
onward during a period of fast seafloor spreading and records a
marine transgression with water depths of up 300 m (Li et al., 2003).
Further evidence of a marine setting during the middle Eocene is

Figure 1. Map showing the location of the study area. Below is a stratigraphic
column showing that the bryozoan mounds, lava flows, and volcanogenic
edifices all downlap the top of the Wobbegong Supersequence. Adapted from
Reynolds et al. (2017).
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provided by the cold water giant bryozoan reef mounds within the Ceduna and Eyre basins (Sharples et al.,
2014). These mounds onlap the top of the Wobbegong Supersequence (Langhi et al., 2016) and have been
penetrated by the Potoroo-1 well (Sharples et al., 2014).

The southern margin of Australia is also characterized by an abundance of Cenozoic igneous rocks onshore
South Australia, Tasmania, and Victoria; as well as offshore in the Bass, Otway, Gippsland, Sorell, and Bight
Basins (Cas et al., 2016; Holford et al., 2012, 2017; Reynolds et al., 2017a). Volcanism has been ascribed to
various mechanisms including high shear rates of the asthenosphere (Conrad et al., 2011), steps in litho-
spheric thickness causing small-scale mantle convection (Demidjuk et al., 2007), and passage of the Cos-
grove hotspot (Davies et al., 2015).

The main concentration of offshore igneous features is within the Bight Basin Igneous Complex (BBIC), a
�130 km diameter complex composed of mafic lava flows, volcanogenic edifices, and intrusions (Jackson
et al., 2013; Magee et al., 2013; Schofield & Totterdell, 2008). Features interpreted to be lava flows have
been interpreted from 2-D seismic data, which suggested that the flows have ‘‘pillow lava-like’’ and ‘‘rubbly’’
textures. The flows are inferred to have been erupted in the submarine realm from both fissures and associ-
ated volcanogenic edifices (Schofield & Totterdell, 2008). The edifices are interpreted to include both hydro-
thermal vents and basaltic shield volcanoes (Jackson et al., 2013; Magee et al., 2013). Both the volcanoes
and lava flows downlap the top of the middle Eocene-aged Wobbegong Supersequence (Figure 2) indicat-
ing that volcanism is middle Eocene-aged (Jackson et al., 2013; Magee et al., 2013; Schofield & Totterdell,
2008). There have been numerous attempts to recover rock samples from the volcanoes (Bins, 2001; Davies
et al., 1986; Totterdell & Mitchell, 2009). Samples described by Clarke and Alley (1993) from incised canyons
contained detrital volcanic fragments that were characterized as amygdaloidal, possibly pillowed basalts.
The intrusions within the BBIC can be divided into sills and laccoliths, and are found within the Hammer-
head and Wobbegong Supersequences (Jackson et al., 2013; Magee et al., 2013; Schofield & Totterdell,
2008). Many intrusions are overlain by forced folds, which are onlapped by the Dugong Supersequence, fur-
ther supporting a middle Eocene age for magmatic activity.

3. Data Set

This study uses the Nerites 3-D seismic survey, acquired by TGS in 2014. The data are zero phase, time
migrated, covers an area of 9,000 km2, and extends to 9 s depth (of which the top 3 s of data are used
here). Data are displayed with a reverse polarity; a downward increase in acoustic impedance (e.g., a

Figure 2. Seismic cross section from the Flinders 2-D survey showing the seismic expression of intrusions, volcanogenic edifices, and lava flows.
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transition from low density sedimentary rock into high-density volcanic rock) is indicated by a trough event
and a blue reflection. The survey is tied to the Gnarlyknots 1A and Potoroo-1 wells using the Flinders 2-D
seismic survey. These wells are located 65 and 175 km to the northwest of the Nerites survey, respectively.

The lava flows were mapped using the seismic volcanostratigraphy and seismic geomorphology techniques
of Planke et al. (2000) and Planke et al. (2017), respectively. We identified their tops as the Top Extrusive
reflection (see following text). The lava flows were investigated using conventional seismic attribute analysis
(e.g., amplitude and time) as well as spectral decomposition. This technique splits the seismic data into a
series of discrete frequency domains. We found a blend involving the frequencies R 5 23, G 5 33, B 5 49 Hz
clearly imaged lava flow morphology. The methods used to map the intrusions and their distribution is
described in detail by Reynolds et al., (2017a, 2017b).

4. Description and Interpretation of the Lava Flows

4.1. Seismic Mapping of the Paleosurface and Lava Flows
Key seismic reflections identified within the study include the Base Dugong and Top Extrusive. The Base
Dugong is represented by a moderate- to high-amplitude, trough event. The Base Dugong forms a south-
ward dipping surface that has an inclination of <38, similar to the present-day seabed. The reflection is cut
by a number of east-west oriented normal faults, with downthrow of 15 2 60 m occurring on the southern
side of the fault plane. The Base Dugong is also characterized folds that are up to 210 m in height and
directly overly the magmatic intrusions situated within the Hammerhead and Wobbegong Supersequences
(Jackson et al., 2013; Magee et al., 2013; Reynolds et al., 2017a, 2017b; Schofield & Totterdell, 2008). The
folds tend to be of lower amplitude than the intrusion thickness, but their outlines extend approximately to
the perimeter of the underlying intrusion (Jackson et al., 2013). These folds are onlapped by the overlying
Dugong Supersequence, volcanogenic edifices and the lava flows (Jackson et al., 2013; Magee et al., 2013;
Schofield & Totterdell, 2008).

The Top Extrusive reflection is a high-amplitude, trough event. This reflection is rough, subhorizontal, and
terminates abruptly. The reflection forms a trough-peak couplet, beneath which the quality of seismic imag-
ing is commonly reduced. The Top Extrusive directly overlies and is parallel to the Base Dugong and onlaps
onto the forced folds.
4.1.1. Interpretation
We suggest that the Base Dugong represents the paleosurface at the time of lava eruption, as indicated by
the onlapping relationships. This interpretation is consistent with that of previous authors (Jackson et al.,
2013; Magee et al., 2013; Schofield & Totterdell, 2008). We also concur with Schofield and Totterdell (2008),
Jackson et al. (2013), and Magee et al. (2013) that the folds are formed due to the intrusion of magma
beneath the paleosurface. The fact that the lava flows onlap onto the fold margins indicates that fold
growth (and therefore magma intrusion) predated eruption of the lavas.

The Top Extrusive reflection displays features indicative of volcanic rocks, including a high amplitude, hard
reflection and zones of wash-out beneath (Holford et al., 2012). An extrusive origin is indicated by the fact
that the Top Extrusive reflection onlaps the Base Dugong. The lavas are inferred to have been erupted in
shallow (<300 m) water depths on the continental shelf. This interpretation is supported by several lines of
evidence. First, the lavas are found within the Dugong Supersequence which is composed of carbonate (see
section 2). Foraminiferal assemblages from the base of this supersequence include Globigerinatheka index,
Acarinina primitive, and Maslinella chapmani (Li et al., 2003). These assemblages and those within the overly-
ing supersequence indicate rapid crustal subsidence from the mid Eocene onward (Li et al., 2003). Second,
the lava flows occur along the same horizon (the Base Dugong) as the bryozoan reef mounds penetrated
by the Potoroo-1 well (Langhi et al., 2016; Sharples et al., 2014). These mounds formed during rapid cool-
water carbonate deposition in the Bight Basin (Sharples et al., 2014).

4.2. Morphology and Distribution of the Lava Flows
Twenty six features interpreted as lava flows are found throughout the 3-D seismic survey; these vary from
0.5 to 34 km in length and 1 to 15 km in width (Figures 3 and 4). They are all found directly overlying the
Base Dugong reflection. Half of the lava flows (n 5 13) are found at the base of the volcanogenic edifices
described by Schofield and Totterdell (2008), Magee et al. (2013), and Jackson et al. (2013) (e.g., Figure 5),

Geochemistry, Geophysics, Geosystems 10.1002/2017GC007178

REYNOLDS ET AL. 3D SEISMIC IMAGING OF ANCIENT SUBMARINE 3843



while the remaining half (n 5 13) are not associated with volcano-
genic edifices (Figure 3). The lava flows can be classified into either
tabular or dendritic types (Figures 6 and 7); these are described in the
following section. Both types display a positive correlation between
flow length and width (Figure 8).

The tabular flows are characterized by a continuous Top Extrusive
reflection (Figure 6). The regions of highest amplitude are found in
the centers of the flow, with amplitude gradually decreasing toward
the edge. Subtle decreases in amplitude occur at the flow margins,
these define convex-outward lobes that vary from 2 3 1 km and 4 3

2 km in size. The margins of the flows located proximal to the underly-
ing intrusions are irregular and scallop shaped and onlap onto forced
folds (Figure 6). The margins distal from the underlying intrusion have
smooth, convex-outward shapes. The tabular flows tend to be shorter,
narrower, smaller volume and have more circular outlines than the
dendritic flows (Table 1).

The dendritic flows are characterized by a discontinuous Top Extrusive
reflection which varies in seismic amplitude, defining a range of fea-
tures such as lobes and plateaus (Figure 7; see also following descrip-
tion). The flows pond within narrow topographic depressions created
by the forced folds (e.g., Figure 7). The dendritic flows tend to be lon-
ger, wider, larger volume, and are more elongate than the tabular-like
flows (Table 1).
4.2.1. Interpretation
The morphology of the tabular flows is similar to that of the ‘‘tabular
classic’’ flows of Jerram (2002). These flows are characterized by sheet-
like geometries. The continuous seismic amplitude of the tabular-like
flows suggests that there is little density variation laterally within the

interiors of the flows. We infer that the flow direction was toward the convex margins, distal from the intru-
sions and forced folds. The forced folds are interpreted to have played an important role in governing the
distribution of lava flows, as evidenced by the flows that pond within the paleo-topography created by the
forced folds. Many types of submarine lava flows have sheet-like geometries (e.g., Chadwick et al., 2013)
similar to the tabular flows in this study. Since we are unable to resolve the crustal features we are unable
to determine whether the flows represent ropey, pillowed or jumbled flows (e.g., Gregg & Fink, 1995).

The dendritic flows have a similar morphology to the anastomosing, compound-braided flow facies of Jer-
ram (2002). In the submarine marine environment, anastomosing lava distribution systems are produced
via lobe breakout and endogenous growth (e.g., Mitchell et al., 2008). We suggest a similar propagation
mechanism for the dendritic flows in this study. The variations between dendritic and tabular morphology
are not thought to arise from abrupt changes in slope (e.g., Gregg & Fink, 2000), since the lava flows were
erupted onto a shallowly dipping continental shelf and the variations in flow morphology do not coincide
with features such as fault scarps. In our study, the tabular flows tend to have lower volumes than the den-
dritic flows, suggesting that the volume of lava erupted may have been important in controlling the mor-
phology of individual flows. Additionally, in subaerial settings, tabular classic facies are produced as a result
of high effusion rate eruptions, while the compound-braided facies result from low effusion rate eruptions
(Jerram, 2002; Walker, 1971; Walker et al., 1973). Therefore, we also suggest that the effusion rate may influ-
ence the morphology of submarine lava flows.

4.3. Calculating the Volume of Magma Erupted During Emplacement of the Lava Flows
The observation that the lavas are represented by a single trough-peak couplet suggests that the thickness
of the lavas is between the detection limit and resolution limit of the data. Based on the dominant fre-
quency of the seismic data at the depths at which the lavas are found (25 Hz) and using a velocity of
4,000 m s21(Nelson et al., 2009) we calculate that the detection and resolution limits are 4 and 40 m, respec-
tively. Therefore in our calculations we assume a median thickness of 22 m for the lavas, although this

Figure 3. Map showing the distribution of the lava flows, volcanogenic edifices,
and intrusions within the Nerites 3-D survey. Arrows indicate lava flows imaged
in subsequent figures.
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estimate could be incorrect by �18 m. Based on these values, we calculate that the volumes of individual
lava flows range from 0.01 to 1.95 km3. We do not convert the volumes to their dense rock equivalent (DRE)
since the associated error would be less than that associated with the data resolution.

The volumes of the lava flows are comparable to that of monogenetic eruptions that typically range from 0.1 to
5 km3 (see Valentine & Connor, 2015). We therefore suggest that each lava flow and its internal features repre-
sent the genetically related products of one eruption. Although we cannot exclude the possibility that the larger
flows represent the superimposed products of numerous eruptions, a monogenetic origin for the lava flows is
consistent with the record of volcanism onshore along the southern Australian margin (Cas et al., 2016).

4.4. Emplacement-Related Features Within the Dendritic Lava Flows
Seismic attribute maps and opacity renders reveal a variety of morphological features within the dendritic
flows (Figure 9a). These include: (1) high seismic amplitude, irregular-shaped regions termed ‘‘plateaus’’; (2)

Figure 4. Three-dimensional visualization of the posteruption paleosurface. Normal faults on the Base Dugong surface
strike approximately east-west and are darker in color (see Figure 4b). The volcanogenic edifices and the lava flows are
distinguished based on their bathymetry—the edifices are cone shaped and have a high relief while the flows have low
relief and are planar features.
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branching, anastomosing high seismic amplitude anomalies termed ‘‘path-
ways’’ (e.g., Anderson et al., 2005); (3) high-amplitude ‘‘lobes’’; (4) anastomos-
ing, low seismic amplitude anomalies termed ‘‘trenches’’; and (5) elliptical
regions of low amplitude between high seismic amplitude areas termed
‘‘islands.’’ The plateaus, lobes and pathways are all �5 m thick, as evidenced
by the data detection limit (see section 4.3). The morphology of these fea-
tures is summarized in Table 2.

The plateaus vary in their width, length, and geometry, though have a median
width of �1,200 m. These features form irregular-shaped regions that have
variable seismic amplitudes (Figure 9b). The plateaus are distributed within
the interior of the flows. They are often connected to the pathways, dissected
by trenches and transition laterally into lobes (see following text). Time maps
(which illustrate depth) indicate that the plateaus form regions of uneven
topography (Figure 9c). In cross section, the plateaus are defined by a rough,
segmented Top Extrusive reflection proximal to the edifice (Figure 9d) and a
continuous Top Extrusive reflection distally to the edifice.

The pathways have a mean length and width of 1,800 and 75 m, respectively.
They originate from the plateaus and have curvilinear geometries—individual
pathways may bend, have switch-back morphologies and branch into other
pathways (Figures 9a, 9b, and 9e). They maintain a near constant thickness of
�75 m along their length. There is no systematic decrease in seismic amplitude
with distance from the volcanogenic edifices; regions of high seismic ampli-
tude are found at all distances within the lava flow. The high seismic amplitude
pathways sometimes have a blotchy appearance and are characterized by sud-
den decreases in seismic amplitude (Figure 9b). Changes in seismic amplitude
are abrupt across junctions between individual pathways. Time maps reveal
that the pathways often form regions of shallower depth (Figure 9f). In cross
section, the pathways appear as narrow, discontinuous reflections (Figure 9g).

The lobes have a mean length and width of 1,700 and 370 m respectively and occur at the margins of the
lava flows (Figures 9a and 9h). These features branch outward from the center of the flow (Figure 9a). They
have meandering shapes and high seismic amplitudes (Figure 9h). Time maps illustrate that the depth
increases toward their margins (Figure 9i) suggesting that the lobes form lobe-shaped topography which
thin distally. In seismic cross section, they are characterized by a subhorizontal, lobe-shaped Top Extrusive
reflection (Figure 9j). The lobes often have birds-foot delta-like geometries with pointed terminations (Fig-
ure 9k). They transition laterally into plateaus, or may be connected by pathways (Figure 9k).

The trenches have sinuous and switch-back morphologies and occur proximally and medially to the edifice
(Figure 9e). They are superimposed on the plateaus and are only found within lava flow 1. They have mean
lengths and widths of 980 and 45 m, respectively, thus are shorter and narrower than the pathways.
Although the amplitude of these regions remains relatively continuous along their length, they may termi-
nate abruptly (Figure 9e). Time maps indicate that they form narrow regions of greater depth than the sur-
rounding lava flow (Figure 9f). In cross section, the trenches are defined by notches in the Top Extrusive
reflection (Figure 9g). These notches are continuous with the adjacent reflections that form the plateaus.

The islands are common in all parts of the lava flows. They are defined by eye-shaped regions of consis-
tently low amplitude that are elongate in the same direction as the lava flow (Figure 9a). The islands tend to
be �500 m in width and their margins are defined by either the pathways or plateaus (Figure 9b). In cross
section, the islands are characterized by the Base Dugong reflection where the Top Extrusive reflection is
absent (Figure 9g).
4.4.1. Interpretation
The plateaus represent regions of locally stored lava such as lava shields, perched ponds or regions with
multiple amalgamated lobes, channels, or pillows (e.g., Figure 10). The lobes are interpreted as lava distribu-
tion systems such as tubes or channels. It is likely that the true extent of the lobes is greater than the fea-
tures we have imaged since the lobes have pointed terminations, unusual for submarine lava flows. Their

Figure 5. Three-dimensional visualization of lava flows sourced from
the base of a volcanogenic edifice. The edifices and paleosurface are
shown as time maps while the lava flows are shown as seismic ampli-
tude maps. See Figure 3 for location.
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delta-like geometries can be used to infer the direction of lava
emplacement. The pathways are also interpreted as lava distribution
systems and lava flow directions can be inferred from their branching
morphologies. The trenches are interpreted as low density sections of
lava distribution systems, such as portions of drained lava tubes (e.g.,
Figure 10; McClinton & White, 2015). High-amplitude regions within
the plateaus, lobes, and pathways may represent high-density sec-
tions of lava distribution systems, such as the cores of megapillows
(e.g., Figure 10; Goto & McPhie, 2004). The abrupt terminations of the
pathways and their sudden decreases in amplitude could result from
either collapse of hollow lava tubes (e.g., Figure 10; Carracedo
S�anchez et al., 2012) or highly vesicular lava flow pathways.

The islands are interpreted as regions of topographically higher paleo-
topography that have become surrounded by lava, similar to kipukas.
While it is likely that at least some of the islands are covered by lavas
beneath the resolution of the seismic data, the islands bear a striking
resemblance to kipukas observed in subaerial settings; they have simi-
lar sizes, are elongate in the direction of lava emplacement, and are
elliptical shaped (e.g., Figure 10).

5. Discussion

5.1. Three-Dimensional Seismic Visualization: A Novel Method for
Studying Submarine Lava Flows
Our study illustrates that 3-D seismic visualization provides insights
not commonly afforded by other data sets. For instance, many studies
of submarine basaltic lavas are based on ROV and AUV data and field
outcrops (White et al., 2002). These data sets are limited by their
inability to examine the extent and abundance of individual lava flows
within a volcanic province. Field studies are unable to determine the
extent and map-scale distribution of ancient submarine lava flows.
Both field studies and ROV or AUV-based studies may therefore make
inferences about eruptive styles, controls or the extent volcanism that
are not representative of the province as a whole. In contrast, we have
shown that seismic data can be used to determine the extent and
morphology of entire ancient submarine lava flows that are currently

buried beneath thick sedimentary sequences. This study therefore complements the work of Thomson
(2005) who used seismic data to study the morphology and emplacement processes of subaerial lava flows
on the North Atlantic continental margin.

While seismic data allow us to rapidly gather information on the distribution of a scale of tens of kilometers,
it does not provide the meter-scale vertical resolution that is required to determine lava crustal morphology
and the presence of features such as lava pillars and inflation clefts (e.g., Mitchell et al., 2008). At best, in
shallowly buried successions such as documented herein, the detection limit of the data is �5 m. This
means that seismic-based studies are unable to determine processes related to the temporal development
of the flow such as variations in effusion rate along source fissures (White et al., 2002), and variations in local
magma supply (McClinton & White, 2015). Nevertheless, our study illustrates that seismic data provide a
useful method for studying ancient lava flows that are otherwise inaccessible.

This study provides insights into the morphology, distribution and emplacement processes of an ancient
submarine volcanic province. Our data set is the first to show that amplitude variation in lava flows can be
used to infer the direction of lava emplacement. This serves as a particularly useful tool for determining the
source region for basaltic lavas, which are a ubiquitous component of volcanic rifted margins and many
other intraplate volcanic provinces. Lavas are ultimately sourced from erupting sills, plugs or dykes. Due to
their subvertical orientation and narrow widths (<several meters), dykes cannot typically be imaged from

Figure 6. Seismic attribute maps of a tabular lava flow. These are typified by a
sheet-like geometry. (a) The seismic amplitude of the lava flows decreases
toward the distal margin of the flow. (b) Time maps illustrate that the emplace-
ment depth of the flows increases toward their distal margins. (c) A seismic
cross section illustrates the relationship between the intrusion, forced fold, and
lava flow. (d) A 3-D visualization of the flows’ seismic amplitude superimposed
on a time map of the Base Dugong illustrate that the flows are erupted from
the margins of forced folds. Note the absence of a volcanogenic edifice.
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seismic data. Therefore, our study can therefore be used to inform on the distribution of dykes in other seis-
mic data sets. Additionally, our study is also the first to describe features such as kipukas from seismic data,
which may help to determine the distribution of sedimentary systems which develop above basaltic
sequences (e.g., Schofield & Jolley, 2013).

Previous studies that use seismic data to understand the development
of subaerial lava flows have been from volcanic rifted margins (Planke
et al., 2017; Schofield & Jolley, 2013; Thomson, 2005). While some Sea-
ward Dipping Reflector (SDR) and Inner Flows sequences along these
margins are partially constructed in the submarine environment (e.g.,
Berndt et al., 2001; Planke et al., 2017), seismic imaging is typically
poor within the thick basaltic sequences, hampering detailed analysis
and interpretation. This contrasts with our study, whereby the lava
flows do not form thick packages, allowing more detailed visualiza-
tion. Additionally, volcanic rifted margins are typified by flood basalt
provinces (i.e., landward flows) which are dominantly constructed dur-
ing continental rifting in subaerial settings (Planke et al., 2000). This
differs to our study, in which volcanism postdated the commence-
ment of continental rifting by some 100 3 106 years, and postrift ther-
mal subsidence of the basinal setting resulted in the lavas being
erupted below sea level. Our study is therefore the first to use seismic

Figure 7. Example of a dendritic lava flow. (a) Seismic amplitude maps illustrate these features are composed of numer-
ous anastomosing lava distribution systems. (b) Time maps illustrate that the emplacement depth of the flow increases
toward their margins. (c) Cross sections and 3-D visualizations of the flows’ seismic amplitude superimposed on a time
map of the (d) Base Dugong illustrate that the flows pond within segments of the forced folds.

Figure 8. Graphs showing the positive relation between flow length and width.
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reflection data to document in detail the morphology and emplace-
ment processes of ancient submarine lava flows.

5.2. Comparison With Other Submarine Lava Flows
The dendritic flows contain a range of features related to lava emplace-
ment. The pathways found within the dendritic flows are of similar
lengths, thicknesses and widths to the ‘‘sheet lavas’’ described by Goto
and McPhie (2004). These pathways act as feeder systems for pillows,
which propagate and bud from the flow. While the morphology of
these sheets lavas in map view is not documented by Goto and McPhie
(2004), analogous features observed by Fornari (1986) extend for simi-
lar lengths to the pathways we observe. The similar size and extent of
these features supports our interpretation that the pathways were lava
feeder systems to down-flow sections of the flows. Interestingly, the
sheet lavas studies by Goto and McPhie (2004) were also emplaced in
shallow water depths (<500 m). Whether sheet lavas represent a diag-
nostic feature of shallow water depth lava flows awaits further
investigation.

The dendritic flows also contain pathways that are fed from plateaus.
The plateaus have similar dimensions and morphologies to the infla-
tion plateaus imaged by Deschamps et al. (2014) and Mitchell et al.
(2008), supporting our interpretation that the plateaus represent fea-
tures related to lava emplacement. Additionally, the plateaus described
by Mitchell et al. (2008) feed dendritic, smaller-scale lobes which are
interpreted to form as a result of breakout and inflation, similar to sub-
aerial p�ahoehoe. This further supports our interpretation that the den-
dritic flows represent inflated, compound lava flows.

In our study, the pathways feed down-flow plateaus (Figure 9). This is
unlike the dendritic lobes observed by Mitchell et al. (2008) which are
fed from up-flow plateaus and terminate abruptly. One mechanism
that could account for the pathway-plateau relationship we observe is
the cyclical growth of a series of lava shields, fed by outflow channels
from up-flow rootless shields. Rootless shields tend to form on local-
ized regions of flatter topography, and their growth can be initiated by
height differences of as little as 30 m (Skelton et al., 2016). Similar
bathymetric relationships could exist in our study if we assume a
regional slope of 18 and a distance of 1,700 m (equal to the length of
the pathways) between shields. Although a process analogous to this
is observed on Kilauea (Patrick & Orr, 2012) to our knowledge this is

the first example of these features forming in the submarine environment. The formation of these features
highlights the diversity of lava flow morphologies in the submarine environment, and indicates that there
are many similarities between subaerial and submarine lava flow emplacement.

Another feature we document from the dendritic flows is kipukas. These features have previously received
little attention in the submarine realm. Fundis et al. (2010) indicate that submarine kipukas vary in size from
1 to 6 m in diameter and are found in greater abundance toward the lava flow boundary. However, their
shape is not well described. Our data indicate that submarine kipuka have similar sizes and shapes to sub-
aerial examples and occur throughout the dendritic flows. The insights we have provided may help recon-
struct pre-eruption topography and determine lava flow volumes in other settings.

5.3. Implications for Contemporary Eruptions
Several of the lava flows we describe occur at the steep margins of forced folds. While similar relationships
are documented from subaerial settings (Magee et al., 2017), no such examples have previously been docu-
mented from the submarine realm. Laboratory experiments have indicated that the growth of forced folds

Table 1
Measurements of Lava Flow Field Dimensions

Flow
numbera

Flow type
(D 5 dendritic;

T 5 tabular)
Length

(km)
Width
(km)

Volume
(km3)b

Aspect
ratioc

1 D 34.1 6.7 3.71 4.5
2 D 1.6 1.1 0.39 9.0
3 D 3.2 0.8 0.04 2.8
4 D 0.4 1.4 0.01 3.1
5 D 0.8 0.7 0.01 1.7
6 D 11.1 4.7 0.96 2.3
7 D 7.5 3.0 0.39 2.6
8 D 10.9 4.1 0.89 1.9
9 D 3.8 2.0 0.18 1.7
10 D 5.2 2.7 0.24 3.8
11 D 10.5 6.6 1.23 1.9
12 D 7.2 2.9 0.32 4.6
13 D 2.2 1.8 0.08 1.6
14 D 5.9 5.9 0.60 1.6
15 D 4.9 2.9 0.18 2.1
16 D 18.7 9.1 3.15 1.8
17 D 16.6 15.5 2.61 1.7
18 D 9.3 2.7 0.38 4.2
19 D 0.9 1.2 0.01 1.1

Mean 8.2 3.8 0.75 2.9
St. dev 8.0 3.7 0.98 1.8
Max 34.1 15.5 2.44 9.0
Min 0.4 0.7 0.01 1.1

20 T 2.3 2.3 0.10 1.0
21 T 2.2 1.5 0.07 1.3
22 T 11.5 3.5 0.80 2.6
23 T 3.0 1.5 0.06 2.7
24 T 1.4 0.9 0.02 1.3
25 T 2.9 1.1 0.07 2.9
26 T 4.4 1.4 0.13 3.0

Mean 3.9 1.7 0.19 2.1
St. dev 3.4 0.9 0.29 0.8
Max 11.5 3.5 0.80 3.0
Min 1.4 0.9 0.01 0.8

aSee supporting information Figure S1 for a seismic amplitude map of all
lava flows.

bAssuming thickness of 22 m, as constrained from seismic data.
cCalculated by approximating the lava flows to ellipses and dividing their

longest axis by the shortest.
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is associated with eruptions from the steepest edge of the fold, and thus can be used to predict the location
of eruption (Galland, 2012). Our data support these hypotheses and provides evidence for fold growth con-
trolling the eruption site and morphology and distribution of lava flows. This may help with predicting the
location of contemporary eruptions based on observations of ground deformation.

Figure 9. Seismic attribute maps of features observed within the dendritic lava flows. (a) A (top left) spectral decomposition image and (bottom right) seismic
amplitude map of lava flow 1. The inset figures show the plateaus, lobes, pathways, trenches, and islands that are defined by variation in seismic amplitude and
their morphology. The morphology of these features can be used to infer the direction of lava flow. For further spectral decomposition images of lava flow 1, see
supporting information Figure S2.

Table 2
Summary Measurements of Features Identified Within the Compound Flow Fields

Feature na

Length (m)b Width (m)b

Seismic
amplitude ShapeMin. Max. Mean r Min. Max. Mean r

Plateau 20 617 12,113 2,315 2,560 265 7,619 1,243 1,593 Low-high Irregular
Lobe 20 270 7,794 1,728 1,229 26 4,097 370 807 Moderate-high Lobate
Pathway 20 600 3,200 1,830 620 50 106 75 14 Moderate-high Sinuous
Groove 20 270 4,498 979 907 25 210 46 61 Low Sinuous
Island 20 255 3,800 1,343 1,007 123 3,800 497 379 Low Elliptical

aMeasured from the most representative examples.
bLength are width are determined by approximating the features to ellipses and measuring their longest and

shortest axes, respectively.
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6. Conclusion

This study has used 3-D seismic reflection data from the Ceduna subbasin, offshore southern Australia, to
image 26 middle Eocene-aged submarine lava flows and associated edifices. These were emplaced in
<300 m water depth. Our key findings are as follows:

1. The flows are typified by tabular and dendritic forms which vary from 0.5 to 34 km in length and 1 to
15 km in width. We interpret these flows to represent facies similar to the tabular classic and compound
facies.

2. The dendritic flows contain number of features never-before documented from the submarine realm,
including complex lava distribution systems such as plateaus, lobes, pathways, and kipukas. We provide
quantitative data into the distribution and size of these features.

3. The intrusion-induced forced folds played an important role in controlling the distribution and morphol-
ogy of the lava flows, suggesting that the distribution and extent of lava flows in other volcanic provin-
ces may similarly be controlled by the geometry of magmatic intrusions.

4. This study highlights the usefulness of seismic data as a tool for exploring ancient volcanic provinces.
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