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1. Foreword

• This chapter presents the work of seismic interpretation carried on a 11,008 km2 

3D seismic survey located in the Exmouth and Barrow Sub-basins (e.g., southern 

North West Shelf), in the vicinity of the outcrops described in the Chapters 2, 3 

and 4.

• Interpreting 3D seismic data over a large area allowed for the observation of: (1) 

the evolution of the platform morphology through time; and (2) identification of 

seismic geomorphologies that developed during the different phases of platform 

growth.

• The results of this chapter confirm that a distally steepened ramp with limited 

proximal carbonate production (cf. Chapter 3) was present from the late Oligocene 

to the Early Miocene in the study area.

• Results also show that the proximal part of the Middle Miocene platform was 

eroded (cf. Chapter 4). The development of turbiditic slope channels and of 

carbonate barriers may, however, reflect a significant increase in shallow water 

carbonate production during the Middle Miocene (cf. Chapter 4).

2. Abstract

One third of the Australian North West Shelf (NWS) is covered by high resolu-

tion 3D seismic datasets, with a large portion of these datasets publicly available. 

Over the last 30 years, a significant number of studies were published on the Oligo-

cene-Miocene carbonate platforms of the NWS. However, while these platforms are 

only cropping out around the Exmouth and Barrow Sub-basins (e.g., southernmost 

NWS), descriptions of the Oligocene-Miocene interval are only based on 2D seismic 

data in this area.

This chapter combines three-dimensional (3D) seismic interpretation with off-

shore-well-cutting lithological descriptions to reconstruct the evolution of the car-

bonate platforms present in the Exmouth and Barrow Sub-basins from the Late Oli-

gocene to Late Miocene. Age calibration is based on Strontium isotope analysis, and 
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on foraminiferal biostratigraphy. Results confirm that: (1) carbonate sedimentation 

occurred along a distally steepened carbonate ramp from the Late Oligocene to the 

Early Miocene; and (2) that the proximal part of the Middle Miocene platform was 

eroded, possibly due to subaerial exposure. Seismic interpretation also shows that 

an extensive turbiditic system was developed during the Middle Miocene, simul-

taneously to lagoon formation in the Cape Range area. Finally, while intermittent 

siliciclastic influx started during the late Middle Miocene, sedimentation remained 

carbonate-dominated during the Late Miocene, and extensive curvi-linear features, 

interpreted as barriers, were formed. Siliciclastic influx drastically increased at the 

end of the Late Miocene, possibly reflecting a renew activity of the paleo-Ashburton 

River, and then making a break in the carbonate-dominated sedimentation.

3. Introduction

Three-dimensional seismic interpretation is a powerful method to analyse plat-

form architecture and to visualise geological features (Cartwright and Huuse, 2005; 

Posamentier et al., 2007). The North West Shelf (NWS) of Australia is covered by 

one of the largest 3D seismic dataset in the world, as around one third of its surface 

(~325,000 km2) is surveyed by 3D seismic data (Paumard et al., 2019b). Moreover, 

a large portion of these data are publicly available, in particular in the form of ex-

tensive (e.g., 10.000’s km2) and high-quality “megasurveys”. Analysis of these “me-

gasurveys” with software capable of performing full-volume semi-automated hori-

zon tracking allow high-resolution interpretation of sedimentary systems and the 

controls on their development at different timescales (e.g., Paumard et al., 2019a, 

2019b).

The Oligocene-Miocene margin of the ~2,400 km long NWS constitutes a good 

opportunity to study evolution of carbonate platform geometries through time, as 

the area is covered by extensive publicly available 3D seismic surveys calibrated by 

abundant petroleum exploration wells, and as the Oligocene-Miocene strata crop-

out in several locations. Numerous studies, dominantly building on seismic inter-
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pretation but sometimes associated with offshore-well-cutting descriptions, have 

been published on these strata over the last thirsty years (Apthorpe, 1988; Romine 

and Durrant, 1996; Romine et al., 1997; Young. et al., 2001; Young, 2001; Gorter et 

al., 2002; Cathro et al., 2003; Wallace et al., 2003; Moss et al., 2004; Power, 2008; 

Ryan et al., 2009; Liu et al., 2011; Rosleff-Soerensen et al., 2012, 2016; Saqab and 

Bourget, 2016; Belde et al., 2017; Rankey, 2017; Van Tuyl et al., 2018a, 2018b; Anell 

and Wallace, 2020; Van Tuyl et al., 2019; Mccaffrey et al., 2020). However, studies in-

corporating datasets from the Exmouth-Barrow Sub-basin area (e.g., southernmost 

part of the Australian NWS) are scarce, and are exclusively based on 2D seismic data 

(cf. Apthorpe, 1988; Romine and Durrant, 1996; Romine et al., 1997; Young, 2001; 

Young. et al., 2001; Anell and Wallace, 2020; Mccaffrey et al., 2020; e.g., with the 

exception of Riera et al., 2019b, which is part of this work, cf. Chapter 6), while Oli-

gocene-Miocene strata only crop-out in this area of the NWS (Fig. 5.1, Chapters 2, 3 

and 4). High resolution seismic datasets are, however, publicly available in this area. 

There is then a need to realise 3D seismic interpretation in the Exmouth-Barrow 

Sub-basin area in order to describe the evolution of platform morphology there, and 

to compare it with surrounding outcrops.

This study builds on a combination of 3D seismic interpretation, offshore-well-cut-

tings description, and integration of recent field campaigns to investigate the evo-

lution in morphology of the carbonate platform located in the Exmouth-Barrow 

Sub-basins (Fig. 5.1). First, regional seismic reflectors corresponding to key regional 

seismic unconformities were identified and mapped. Subsequently, their ages were 

constrained with foraminiferal biostratigraphic data and Strontium isotope analysis. 

Then, stratal geometries of each seismic sequence was investigated. Seismic geo-

morphological analysis was finally conducted using seismic attributes within each 

sequences. Finally, the different stages of the platform evolution were summarized, 

and they were compared with field data presented in the Chapters 2, 3 and 4, and in 

Appendix VI-1 and VI-2.
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4. Geological setting

4.1 Tectono-stratigraphic setting

The North West Shelf (NWS) is a ~2,400 km long geographic area spanning ~10° of 

latitude and comprising offshore and marginal sedimentary basins located along the 

north-western continental margin of Australia (Apthorpe, 1988; I’Anson et al., 2019, 

Fig. 5.1). This continental margin, which has a complex tectonic history comprising 

several aborted phases of rifting, was dominantly formed during the fragmentation 

Figure 5.1: Location map of the study area and physiography of the southern part of 
the North West Shelf (NWS). Structures are after Anson (2019) and Tindale (1998). Lo-
cation and morphology of rivers is after Masini (1983). Location of Miocene outcrops is 
after van de Graaff et al. (1980, 1982) and Hickman and Strong (2003).
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Figure 5.2: Cretaceous to recent tectono-stratigraphic chart of the southern North 
West Shelf, with the location of the main Meoszoic depocenters used here as geograph-
ic	areas.	Stratigraphic	units	are	after	Romine	(1997).	Tectonic	events	are	after	Pau-
mard et al. (2018).
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of Pangaea through Late Carboniferous to Early Cretaceous (Yeates, 1987, Keep et 

al., 2007). During this fragmentation, margin-parallel basins were formed along the 

NWS (Longley et al., 2012), including - from south to north - the Northern Carnarvon 

Basin, the Roebuck Basin, the Browse Basin and the Bonaparte Basin (I’Anson et al., 

2019). Phases of aborted intra-cratonic rifting created elongated Sub-basins in the 

southern part of the NWS (i.e., Exmouth, Barrow and Dampier Sub-basins, Fig. 5.1), 

which where major depocenters during different periods of the Mesozoic and which 

old important oil and gas reserves (I’Anson et al., 2019). The final break-up between 

Australia and Greater India occurred during the Lower Cretaceous at around 135 Ma 

(Müller et al., 1998; Gibbons et al., 2012; Paumard et al., 2017). After this event, the 

NWS became a passive margin, with accommodation dominantly controlled by the 

thermal subsidence of the margin (Fig. 5.2). Those passive margin conditions were 

Figure 5.3: Schematic	cross	section	of	the	Exmouth	sub-basin	in	dip	(A)	and	strike	(B)	
directions	(Tindale	et	al.,	1998,	modified).
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episodically interrupted by tectonic events that locally inverted rift-inherited faults 

and formed anticlines (Romine et al., 1997; Driscoll and Karner, 1998; Tindale et al., 

1998, Fig. 5.2).  The main inversion events dominantly took place (1) during the late 

Cretaceous, coincident with the breakup between Australia and Antarctica (Cathro 

and Karner, 2006; Direen et al., 2007); and (2) after ~25 My with an apex during the 

Middle to Late Miocene (Tindale et al., 1998), coincident with the onset of collision 

between the Australian Plate and the Pacific Plate (Malcolm et al., 1991; Cathro et al., 

2003; Keep et al., 2007; Saqab et al., 2017, Fig. 5.2). The exact timing of the onset of 

inversion in the southern part of the NWS is still debated, with some studies placing 

it during the Eocene to Oligocene (Hocking et al., 1987) while other place it during 

the mid-Oligocene (Stagg et al., 1999), Miocene (Pryer et al., 2002; Ryan et al., 2009), 

early to  Middle Miocene (Cathro et al., 2003; Cathro and Karner, 2006), early Mid-

dle Miocene (Rosleff-Soerensen et al., 2016) or during the Late Miocene (Parry and 

Smith, 1988; Malcolm et al., 1991; Lech, 2013). 

4.2 Cenozoic offshore stratigraphy in the southern part of the NWS

Post-rift strata of the NWS are usually grouped in the Cretaceous-Tertiary (C-T) 

megasequence (sensu Romine et al., 1997; Fig. 5.2), which is bounded by two ma-

jor regional unconformities created by the early Cretaceous final break-up between 

Australia and Greater India (basal unconformity) and by the Late Miocene uncon-

formity created by the collision between Australia and Southeast Asia  (Romine et 

al., 1997). The C-T megasequence is divisible in four supersequences (sensu Romine 

et al., 1997), which are each bounded by a basal regional unconformity overlaid by 

regional downlap surfaces (Romine et al., 1997), and which are of: (1) Intra-Val-

anginian to Mid-Aptian age; (2) Mid-Aptian to Early Campanian age; (3) Early Cam-

panian to Mid-Oligocene age; and (4) Mid-Oligocene to Late Miocene age (Romine 

Figure 5.4: Generalised stratigraphic column of the study area, compared to abso-
lute	ages,	N-zones,	Australasian	“letter-stages”,	outcrops,	seismic	reflectors,	seismic	se-
quences,	latitude	of	the	Cape	Range	Anticline,	global	climate,	Eustasy,	Australian	con-
tinental climate, activity of the proto-Leeuwin current and regional siliciclastic pulse.
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et al., 1997, Fig. 5.2). These supersequences are themselves divisible in 3rd-order 

sequences (Romine et al., 1997).

The Mid-Oligocene to Late Miocene supersequence is the one of interest for this 

study. This supersequence overlies the Early Campanian to Mid-Oligocene superse-

quence, which is composed of an alternation of prograding siliciclastic wedges and 

transgressive marls and which becomes richer and richer in carbonate content up-

ward (Romine et al., 1997, Fig. 5.2). The younger part of this sequence is represented 

by carbonate strata designated as Giralia Calcarenite (Romine et al., 1997). However, 

late Cretaceous to early Oligocene strata are scarce in the Exmouth and southern 

Barrow Sub-basins areas. Indeed, those basins were located in a relatively distal po-

sition relative to the late Cretaceous to mid-Oligocene paleoshorelines during a pe-

riod of high relative sea level, resulting in only thin strata of distal chalk and marls 

accumulated in the study area (Tindale et al., 1998). The Mid-Oligocene Superse-

quence Boundary (e.g., base “Unnamed Oligocene”, Fig. 5.2), which marks the base of 

the Mid-Oligocene to Late Miocene sequence, is a truncated erosional unconformity 

formed during a phase of major eustatic fall, possibly caused by the rapid build-up 

of a continental ice sheet in Antarctica following the separation of Australia and Ant-

arctica and the subsequent development of the Circum-Antarctic Current (Romine 

et al., 1997, Fig. 5.2). Most of the Early Oligocene strata were eroded in the southern 

part of the NWS during this event (Romine et al., 1997,  cf. Exmouth Sub-basin and 

Barrow Sub-basin in Fig. 5.2). 

The Late Oligocene to Miocene prograding carbonate platforms, often designat-

ed as “Mandu and Trealla formations” (Tindale et al., 1998, p. 457, Fig. 5.2), reach 

their maximum thickness in the northern part of the Barrow Sub-basin, whereas 

they formed thin basinal deposits (chalks and marls) in the Exmouth Sub-basin (Tin-

dale et al., 1998, Figs. 5.1, 5.2). Conversely, the younger strata (e.g., Late Miocene to 

Recent Delambre Formation) reach their maximum thickness in the northern part 

of the Exmouth Sub-basins (Figs. 5.1, 5.3). In the southern NWS, the Late Oligocene 

to Miocene prograding carbonate platforms can be divided in: (1) Late Oligocene to 
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Early Miocene distally steepened ramp; and (2) Middle Miocene rimmed platform 

(Jones, 1973; Bradshaw et al., 1988; Romine et al., 1997; Young. et al., 2001; Collins, 

2002; Gorter et al., 2002; Cathro et al., 2003; Power, 2008; Ryan et al., 2009; Liu et 

al., 2011; Rosleff-Soerensen et al., 2012, 2016; Saqab and Bourget, 2016; Belde et al., 

2017; Rankey, 2017; Van Tuyl et al., 2018a, 2018b; Anell and Wallace, 2020; Van Tuyl 

et al., 2019; Mccaffrey et al., 2020).

From the Oligocene to the Early Miocene, the shelf breaks of the distally steep-

ened ramp migrated 48 km basinward in the Exmouth Sub-basin area, and up to 

780 m of sediments were accumulated (Young. et al., 2001). The shelf break was 

then permanently submerged in water depth around 100 m (Cathro et al., 2003). 

There is conflicting information regarding the composition of the Late Oligocene to 

Early Miocene ramp. Seismic- and offshore-well-focused studies present the ramp 

as dominantly built by cool to sub-tropical heterozoan carbonates independent from 

the location of the photic zone (Cathro et al., 2003; Moss et al., 2004; Anell and Wal-

lace, 2020). Field-based studies, on the other hand, present the ramp as dominantly 

composed of large benthic foraminifera, with a carbonate production very much de-

pendant on photozoan organisms (Condon et al., 1955; Crespin, 1955; Chaproniere, 

1975; Collins et al., 2006). Results from the Chapter 3 suggest that the ramp is dom-

inantly composed of micropackstones, with large benthic foraminifera present in 

the more proximal part of the ramp (cf. Chapter 3). The ramp was accumulated in 

warm waters, but carbonate accumulation was limited in the more proximal part of 

the platform, possibly because of periodic environmental disruptions, high energy 

in the water column and absence of hard substrate suitable for shallow water car-

bonate biota colonisation (Chapter 3, Fig. 5.4).

The proximal part of the ramp became temporarily emerged at the Early to Middle 

Miocene transition (Cathro et al., 2003; Collins et al., 2006), and sabkha accumulated 

under semi-arid conditions were formed in the Cape Range area (Collins et al., 2006, 

Fig. 5.4, Appendix VI-1). Following this emersion event, geomorphological barriers 

(e.g., observed on 2D seismic reflection profiles) possibly superimposed on coevally 
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inverted faults (Romine and Durrant, 1996; Young. et al., 2001; Cathro et al., 2003; 

Ryan et al., 2007). Outcrops time equivalent to these barriers (Chapter 2, Chapter 4, 

Appendix VI-2, Fig. 5.4) contain micritic limestones with corals similar to those of 

modern tropical lagoons. However, the exact composition of these barriers remains 

unknown in the Exmouth-Barrow Sub-basins (Condon et al., 1955; Chaproniere, 

1975; Apthorpe, 1988; Young. et al., 2001; Collins et al., 2006). The recent discovery 

of outcropping Middle Miocene micritic limestones with a diverse coral assemblage 

in the Cape Range Anticline (Chapter 2, Chapter 4, Fig. 5.4) suggests that there was 

an important tropical shallow water carbonate production during the Middle Mio-

cene. These outcrops with corals are time equivalent to the barriers observed along 

the NWS and interpreted as a 2,000 km long coral reef complex (Mccaffrey et al., 

2020). Barrier reefs potentially composed of coral and algae also developed in the 

Great Australian Bight, in the southernmost part of Western Australia, during the 

Middle Miocene (Feary and James, 1995; O’Connell et al., 2012). 

4.3 Oligocene-Miocene structural elements in the Exmouth-Barrow Sub-

basins

The Exmouth, Barrow and other Mesozoic Sub-basins of the NWS were filled by 

thick sedimentary successions by the end of the Mesozoic; and Cenozoic sedimen-

tation along the NWS was then independent from rift-basin locations (Apthorpe, 

1988,  Fig. 5.3). The location of Mesozoic Sub-basins is, however, pervasively used as 

scheme for naming geographic areas in studies focusing on Cenozoic strata (Apthor-

pe, 1988; Elders and Bernecker, 2019, Fig. 5.1). The Oligocene-Miocene paleo-sea-

floor was dominantly shaped by the Cretaceous and Oligocene-Miocene phases of 

compressional tectonic associated with structural inversions. The late Cretaceous 

compressional tectonic phase caused the folding of the Novara Arch, which could 

have been uplifting until the Oligocene (Driscoll and Karner, 1998; Tindale et al., 

1998; Cathro and Karner, 2006, Figs. 5.1, 5.3, 5.5). The formation of the Resolution 

Arch, which was also a topographic high during the Oligocene-Miocene (Figs. 5.1, 

5.5), also started during the Late Cretaceous, but the bulk of its uplift could have oc-
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curred during the Late Miocene (Tindale et al., 1998). The Kangaroo Syncline, which 

is a NE-SW oriented depression located to the northwest of the Resolution Arch, was 

created in response to the uplift of the Resolution Arch (Tindale et al., 1998, Fig. 5.1). 

Barrow Island (Fig. 5.1), which is the emerged part of an anticline which started its 

formation during the late Jurassic, was also uplifted during the Cretaceous, and then 

during the Cenozoic (Keep et al., 2007, Campbell et al., 1984). The Cape Range Anti-

cline and other coastal anticlines (Fig. 5.1) were formed by fault inversions during 

the Miocene or in younger times (van de Graaff et al., 1976; Hocking et al., 1987; 

Malcolm et al., 1991; Cathro and Karner, 2006; Hillis et al., 2008). Additionally, the 

Exmouth and southern Barrow Sub-basins areas was tilted toward the south-west 

during the “mid- to late Tertiary” (Tindale et al., 1998, p. 457). In addition, the Aus-

Figure 5.5: A.	Topography	(z-value)	of	the	reflector	R1,	located	at	the	base	of	the	stud-
ied interval, note that the Novara Arch is dividing the study area, which contains two 
main	depocenters:	(1)	a	Northern	depocenter	with	a	relatively	horizontal	 initial	 to-
pography;	and	(2)	a	Southern	depocenter,	with	a	tilted	substratum	dipping	toward	the	
southwest	and	a	well-defined	topographic	depression	(in	purple).	B. Isochore	map	of	
the	studied	interval	(between	R1	and	R9).	C. Strike	oriented	2D	line	showing	the	inter-
nal morphology of the Novara Arch, stratigraphic elements are after Tindale (1998). 
P1:	offshore	well	Pyrenees	1,	M1:	offshore	well	Macedon	1,	M3:	offshore	well	Macedon	
3,	R1:	offshore	well	Ramillies	1.	Data	courtesy	of	PGS.
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tralian plate could also have tilted following an axis oriented NW-SE since the Middle 

Miocene (~15 Ma, Sandiford, 2007 Fig. 5.1). The north-eastern portion of Australia, 

including most of the NWS, would have subsided, whereas its south-western por-

tion, including the Exmouth-Dampier Sub-basins areas, would have uplifted (Sandi-

ford, 2007, Fig. 5.1). Finally, a regional Neogene subsidence episode driven by man-

tle convection (Czarnota et al., 2013) may have affected the NWS. Subsidence could 

have had an amplitude of around ~150m between 25 and 10 Ma in the Dampier 

Sub-basin (Czarnota et al., 2013).

4.4 Miocene paleo-climate and paleo-oceanography

The Miocene starts with a strong glaciation which is followed by several Early to 

Middle Miocene glaciation intervals (Bicchi et al., 2003; Mudelsee et al., 2014). Apart 

from these events, the Early Miocene is a time of global warming (Mudelsee et al., 

2014, Fig. 5.4). The Antarctic Ice Sheet was not permanently presents during the 

Early Miocene, and it could have almost totally melted several times (Zachos et al., 

2001; Miller et al., 2011).  The global Miocene warming reaches its peak between 

17 and 15 Ma during the event designated as the Miocene Climatic Optimum (MCO, 

Zachos et al., 2001; Shevenell et al., 2004; Mudelsee et al., 2014; Sangiorgi et al., 

2018, Fig. 5.4). The MCO is followed by the mid-Miocene Climatic Transition (MCT, 

~15/14-13 Ma), a time of global cooling and reestablishment of a major ice sheet 

in Antarctica (Flower and Kennett, 1993; Zachos et al., 2001; Shevenell et al., 2004; 

Mudelsee et al., 2014; Sangiorgi et al., 2018). There is still controversies on the tim-

ing and magnitude of Miocene eustatic changes (John et al., 2011, Fig. 5.3).

Regional events could also have impacted the carbonate production along the 

western margin of Australia. Indeed, the northward drift of Australia had an impor-

tant impact on the sedimentation along the NWS as, during the Cenozoic, the NWS 

migrated from sub-polar to tropical latitudes (Veevers and Cotterill, 1978; Apthor-

pe, 1988; Young. et al., 2001, Fig. 5.4). The Australian plate has been quickly mov-

ing northward through the Oligocene-Miocene: 27 Ma ago, the southern part of the 

study area was in latitude of around ~36°S, passed the 30°S at ~16.5 Ma, and by 



141

Seismic stratigraphy 
5 Ma it was at ~24°S (Seton et al., 2012, Fig. 5.4). Moreover, from the Late Eocene 

to present, Australia has underwent episodic strong southward flow of warm and 

low salinity tropical waters along its Western coast (i.e., proto-Leeuwin current, Mc-

Gowran et al., 1997; Wyrwoll et al., 2009). This warm southward flowing currents 

could have be especially strong during the Middle Miocene (McGowran et al., 1997; 

Wyrwoll et al., 2009; O’Connell et al., 2012), and it could have had a major impact on 

past biogenic assemblages. Along the modern Western Australian, the warm Leeu-

win current allows the growth of monospecific branching coral colonies at latitudes 

as south as 32°S (James et al., 1999). It has previously been postulated that a strong 

Middle Miocene proto-Leeuwin current could have permitted the development of 

hermatypic corals at latitude as South as ~40°S (McGowran et al., 1997; O’Connell 

et al., 2012).

5. Data and methods

5.1 Seismic datasets

Regional seismic interpretation was conducted on a seismic volume extracted 

from the PGS Carnarvon MegaSurvey (Fig. 5.1). The PGS Carnarvon MegaSurvey was 

compiled in 2010, and covers an area of 49.700 km2 extending across the southeast 

of the Northern Carnarvon basin (Fig. 5.1). It partially overlaps with the Exmouth 

and Barrow Sub-basins, and reaches 10 s TWT deep. The version of the PGS Car-

narvon MegaSurvey used for this study has a lateral resolution of 50 m × 50 m, and a 

vertical resolution of 4 ms. As no regional velocity model was available for this study, 

depth conversion was not possible and the seismic interpretation was performed on 

seismic data in time (TWT). Seismic interpretation was done on a volume extracted 

from the PGS Carnarvon MegaSurvey, which covers an area of 11.008 km2 (Fig. 5.1). 

The extraction area was defined in order to: (1) be as close as possible from the Cape 

Range Anticline (Chapters 2, 3, 4); (2) cover both the proximal and distal parts of the 

Late Oligocene to Middle Miocene carbonates platforms; (3) overlap drilled areas in 

which Oligocene-Miocene cuttings were collected. The seismic interpretation was 
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done on the PaleoScanTM software following the workflow developed by Paumard et 

al. (2019). First, a relative geological time volume was created, and then a horizon 

stack was built to extract 100 seismic horizons inferred to represent chronostrati-

graphic surfaces. Stratigraphic surfaces were identified based on stratal termina-

tions (Mitchum et al., 1977).

5.2 Offshore wells

Offshore exploration wells with cuttings of the Oligocene-Miocene strata were 

identified on the National Offshore Petroleum Information Management System 

(NOPIMS) website. Four offshore exploration wells (e.g., Macedon 1, Macedon 3, 

Ramillies 1, Pyrenees 1) were identified as valuable for this study (Fig. 5.5). Cut-

tings from the Oligocene-Miocene strata were described at the Perth core library, 69 

thin sections of offshore-well-cuttings were done and microfacies were described. 

Biostratigraphic data published in well completion reports (Rexilius and Powell, 

1994a, 1994b) were included to the study (Table 5.1). In the Oligocene-Miocene 

interval of the NWS, biostratigraphic data mainly build on the N-zones classifica-

tion (Blow, 1969) which is based on the first and last occurrence of key species of 

planktonic foraminifera. Equivalence between N-zones and absolute ages is based 

on Wade et al. (2011). Stratigraphic control was further constrained by strontium 

(Sr) isotopic age dating (Table 5.1). Method used for Sr isotopic age dating is pre-

sented Chapter 3.

6. Results

6.1 Structural elements

At the onset of the Late Oligocene, the study area was shaped by two main struc-

Table 5.1:	Stratigraphic	markers	in	the	offshore	wells	Ramillies	1,	Macedon	1	and	Pyr-
enees	1.	Information	is	either	coming	from	well	completion	reports	(i.e.,	Rexilius	and	
Powell,	1994a,	1994b),	from	Strontium	Isotope	analysis	(see	methodology	in	Chapter	
3,	Appendix	V),	or	from	new	identifications	of	foraminifera	(this	study).	Foraminiferal	
bioevents are based on Blow (1969) and Wade et al. (2011).
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tural elements: (1) the Novara Arch; and (2) the Resolution Arch (Fig. 5.5). For clar-

ity purpose, the study area has been divided in two main geographic areas: (1) the 

Northern depocenter; and (2) the Southern depocenter. These two areas are sepa-

rated by the Novara Arch, which was a prominent feature during the Late Oligocene 

to late Middle Miocene, as shown by the limited sediment accumulation (Fig. 5.5). 

An unnamed topographic depression is located in the south-west of the study area, 

in the continuation of the Resolution Arch (Fig. 5.5A). Finally, the western part of the 

Northern depocenter was likely a topographic high during the Late Oligocene to late 

Middle Miocene, as shown by the limited sediment accumulation over the structure 

(Fig. 5.5). It is also important to note the presence of an unnamed topographic de-

pression in the south-western part of the Southern depocenter (Fig. 5.5A).

6.2. Age calibration

Four wells were used to calibrate the age of the different seismic sequences and 

seismic reflectors. The four wells are: (1) Macedon 1 and Macedon 3, which are lo-

cated in the proximal part of the southern depocenter; (2) Pyrenees 1, located in the 

distal part of the southern depocenter; and (3) Ramillies 1, located in the proximal 

part of the northern depocenter (Figs. 5.5, 5.7, 5.8).

Two type of information were used to calibrate the ages: (1) micropaleontological 

analysis from well completion reports from Macedon 1 and Pyrenees 1 (Rexilius and 

Powell, 1994b, 1994a), which dominantly build on the identification of species of 

planktonic foraminifera and their assignation to foraminiferal zones (Blow, 1969); 

(2) Strontium isotope dating, which were done on well-cuttings from Macedon 1, 

Ramillies 1 and Pyrenees 1. Key seismic sequences and their bounding seismic un-

conformities were picked based on seismic stratigraphic principles (Mitchum et al., 

1977). The consistency of the ages of these horizons was then checked. What result-

Table 5.2:	Description	of	the	eight	major	sequences,	with	information	on	the	age	range	
of	the	basal	reflectors,	platform	morphology,	observed	geomorphologies	and	composi-
tion of the platforms.
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ed from this quality check is that: (1) the ages given by foraminiferal biostratigraphy 

and by Sr isotopes are consistent in the well Macedon 1 (the only well having both 

data); (2) the ages of the Sr isotopes of Macedon 1 and Ramillies 1 were consistent 

with each other; (3) the ages given by foraminiferal biostratigraphy in the well Pyr-

enees 1 – for the interval between 643 and 750 m - were not consistent with the 

ages given by both Sr isotopes and foraminiferal biostratigraphy in Macedon 1 and 

Pyrenees 1. Indeed, according to the well completion report (Rexilius and Powell, 

1994b), the base of this interval falls into the foraminiferal zones N9-N10, where-

as its upper part would fall into the zone N11-N14 (i.e., 15.12 Ma for its base and 

13.74-11.55 Ma for its upper part). However, when seismic reflector are followed, 

the time-equivalent strata  in other wells have an age comprised between 18.4 and  

14.8 Ma (Sr) and belongs to the foraminiferal zone N8 (see Macedon 1 –415 and 445 

m, Fig. 5.8, Table 5.2).

The well completion report from Pyrenees 1 shows that the planktonic foraminif-

era characterizing the bases of the foraminiferal zones N10 to N14 have not been 

observed (respectively Fohsella peripheroacuta, Fohsella “praefoshi”, Fohsella foshi, 

Sphaeroidinellopsis subdehiscens and Globoturborotalita nepenthes, Fig. 5.4). Moreo-

ver, age assignation was dominantly based on the observation of Orbulina universa in 

the lower part of the interval, and on the observation of Globorotalia praemenardii 

without Globorotalia peripheronda in the upper part. Globigerinoides sicanus has 

been observed in the lowermost part of the interval.

Re-examination of thin sections of cuttings from this interval reveal that 

Praeorbulina glomerosa - which are recognisable at their thick and coarsely cancel-

late wall, final chamber well enveloping the earlier chambers and apertures con-

fined to the suture (Fig. 5.6) – are present between 637 and 740 m in Pyrenees 1. 

Orbulina were not observed in thin sections of cuttings collected deeper than 643 m. 

Orbulina suturalis is present in the cuttings 637 and 643m. P. glomerosa appeared at 

16.29 Ma (Wade 2011), whereas its last appearance is within the N9 zone (BouDagh-

er-Fadel, 2018). O. suturalis appears at 15.12 Ma (Wade et al., 2011), Fig. 5.4). This 
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Figure 5.6: Photomicrographs of planktonic foraminifera used to re-calibrate the ages 
of the cuttings from the well Pyrenees 1. A-C:	Praeorbulina	glomerosa	(cutting	Pyre-
nees 1 637), D. Orbulina	suturalis	(cutting	Pyrenees	1	637);	E. Praeorbulina glomerosa 
(cutting	Pyrenees	1	643);	F. Praeorbulina glomerosa (cutting Pyrenees 1 740).
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suggests that the interval between 689 and 740 m in Pyrenees 1 falls within the 

foraminiferal zone N8, whereas the interval between 637 and 643 m falls within the 

zone N9 (Table 5.1). These corrected ages are used for this study.

6.3 Regional seismic reflectors

6.3.1  Seismic reflector R1

The regional reflector R1, which marks the base of the Late Oligocene to late Mid-

dle Miocene cycle of sedimentation in the study area (Figs. 5.4, 5.7, 5.8), is a surface 

of non-deposition (e.g., hiatus) overlying the Paleocene to lower Eocene strata in the 

western part of the Northern depocenter. The hiatus is not total, and there is locally 

a thin layer (i.e., 8m thick) of Middle Eocene and lower(?) Oligocene age in the South-

ern depocenter (cf. Pyrenees 1 897.5 in Table 5.1, Fig. 5.8). R1 is overlaid by distal 

downlaps of Late Oligocene strata in the western part of the Northern depocenter 

(Fig. 5.7). In the eastern part of the Northern depocenter and in the Southern dep-

ocenter, the reflector R1 is a high amplitude continuous seismic reflector overlaid 

by other sub-parallel high amplitude seismic reflectors of Middle Miocene to older 

age. Analysis of offshore-well-cuttings show that the reflector R1 was formed be-

tween the base of the planktonic foraminiferal zone N3 and the top of the zone N4 

(Macedon 1-785 / 775; Pyrennes1-892.5). This age range is supported by strontium 

isotope analysis which suggests that the reflector was formed around 26 to 26.5 Ma 

(Macedon 1-787.5; Ramillies 1-1525, Table 5.2).

6.3.2  Seismic reflector R2

The regional reflector R2 is marked by the presence of onlaps of the seismic se-

quence S2 on the seismic sequence S1 (Fig. 5.7). These onlaps are only observable 

Figure 5.7: Un-interpreted (A) and interpreted (B)	dip-oriented	2D	seismic	line	in	the	
Northern	depocenter	cross-cutting	the	well	Ramillies	1.	Note	the	stratal	termination	of	
the	reflectors	and	the	location	of	the	well-cutting	samples	used	for	dating.	Location	of	
the	2D	line	is	shown	in	red	in	the	white	panel	in	the	top	left	corner.	SD:	southern	dep-
ocenter,	ND:	northern	depocenter.	Data	courtesy	of	PGS.
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in the nortwestern part of the Northern depocenter. As the sequences 1 and 2 are 

absent from the western part of the Northern depocenter and from the southern de-

pocenter, R2 is superimposed on R1 in these areas. Well-cuttings do not provide any 

precise information on the age of the reflector 2, and it can only be said that its age 

is comprised between the age of R1 and the age of R3 (e.g., earliest Early Miocene, 

Table 5.2).

6.3.3 Seismic reflector R3

The regional reflector R3 is a regional high amplitude seismic reflector which 

marks the top of the seismic sequences S2. This reflector is marked by the presence 

of both onlaps and downlaps of the seismic sequence S3 on the underlying seismic 

sequence S2 in the Northern depocenter (Fig. 5.7). In the Southern depocenter (Fig. 

5.8), in which the sequences S3 is very thin, the reflector R3 is represented by a high 

amplitude seismic reflector overlying the seismic reflector R2. Analysis of well-cut-

tings show that the seismic reflector R3 was accumulated during the foraminiferal 

zone N4 (Pyrenees 1-822.5-880, Macedon 1 655-775). This age range is confirmed 

by Strontium isotopes analysis which indicate a formation between 20 and 26 Ma 

(Macedon 1-675 and Macedon 1-787.5; Ramillies 1-1525 and Ramillies 1-1250). 

The age of the reflector R3 is then considered as of 24 ± 2.5 Ma (Table 5.2).

6.3.4  Seismic reflector R4

The regional reflector R4 marks the top of the seismic sequence S3. This reflector 

is marked by the presence of both onlaps and downlaps of the seismic sequence S4 

on the underlying seismic sequence S3 in the Northern depocenter (Fig. 5.7) and in 

Figure 5.8: Dip-oriented	2D	seismic	line	cross-cutting	the	well	Macedon	3,	Macedon	1	
and	Pyrenees	1.	The	figure	also	shows	the	location	of	the	regional	reflectors	R1	to	R9	
and the seismic sequences in the Southern depocenter, the location of the samples used 
for thin sections and Sr isotope analysis, and the microfacies based on cutting observa-
tions	and	on	thin	section	descriptions.	Data	courtesy	of	PGS.
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the western part of the southern depocenter. Sr-isotope analysis of cuttings from 

Macedon 1 and Ramillies 1 show that the surface R4 has an age respectively older 

than 20 Ma and younger than 20.8 Ma (Table 5.2).

6.3.5 Seismic reflector R5

The regional reflector R5 marks the top of the seismic sequence S4. R5 is marked 

by both onlaps and downlaps of the seismic sequence S5 on the underlying seismic 

sequence S4 in the more proximal parts of the Northern and Southern depocenters 

(Fig. 5.7). Strontium isotope analysis from the cuttings of Macedon 1 show that the 

surface R5 has an age of 18.5 ± 1 Ma. These ages are consistent with well completion 

reports from Macedon 1 and Pyrenees 1 which gives it an age comprised between 

the foraminiferal zones N4 and N7 (Table 5.2).

6.3.6 Seismic reflector R6

The seismic reflector R6 is a regional surface which marks the top of the seismic 

sequence S5. This regional surface is represented by a distal - and locally proximal - 

erosional truncation in the Northern depocenter, which is characterised by the pres-

ence of truncated reflectors from the seismic sequence S5 overlaid by either onlap-

ping or downlapping reflectors of the sequence S6 (Fig. 5.7). Truncations are absent 

in the southern depocenter (Fig. 5.8), and the reflector R6 is there only recognisable 

at the presence of onlaps from the sequence S6 on the sequence S5 in the western 

part of the southern depocenter. The resolution of the seismic data in the proximal 

part of the platform do not allow the recognition of the type of reflector termina-

tion in the proximal part, but it seems that the sequence S6 is locally onlapping on 

Figure 5.9: Isochore	maps	showing	the	variation	in	thickness	of	the	different	seismic	
sequences, with the red areas representing the locations of maximum sediment ac-
cumulation. Note the change in the style of the sediment accumulation between the 
sequences S1-S4 (i.e., maximum accumulation is on prograding clinoform forasets) 
and the sequences S5-S8 (maximum accumulation on retrograding topsets and on bot-
tomsets).	P1:	offshore	well	Pyrenees	1,	M1:	offshore	well	Macedon	1,	M3:	offshore	well	
Macedon	3,	R1:	offshore	well	Ramillies	1.
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Figure 5.10: Strike	and	dip	oriented	2D	seismic	lines	extracted	from	the	PGS	MegaS-
urvey and showing the along-strike variability in thickness in each seismic sequence. 
Data	courtesy	of	PGS.
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the sequence S5 in the eastern part of the Novara Arch area. Sr-isotope analysis of 

well-cuttings from Ramillies 1 indicate that the age of the reflector R6 falls between 

20.8 ± 1 Ma (cf. Ramillies 1-1250, Table 5.1) and 17.2 ± 1 Ma (cf. Ramillies 1-1025, 

Table 5.1). This age range is supported by biostratigraphy and Sr isotopes in Mace-

don 1, which gives and age range between 18.4± 1 Ma (Macedon 1-507, Table 5.1) 

and 17.4 ± 1 Ma (Macedon 1-465, Table 5.1), or between the foraminiferal zones N6 

and N8 (Macedon 1 545-445, Table 5.1). The presence of Praeorbulina glomerosa in 

strata below and above R6 in the well Pyrenees 1 (Fig. 5.8, Table 5.1) indicates that 

the reflector falls within the N8 zones, and that it is no older than 16.29 Ma (Wade 

et al., 2011). This and the Sr isotope analysis suggest that the reflector was formed 

around ~16.3 Ma (e.g., in the upper range of Sr isotope ages; Table 5.2).

6.3.7  Seismic reflector R7

The regional reflector R7 is a regional surface which marks the top of the seis-

mic sequence S6. The surface is particularly well defined in the western part of the 

Northern depocenter, where R7 overlies truncated strata from the sequence S6, and 

where it is overlaid by downlapping reflectors from the sequence S7. In the southern 

depocenter, the truncations are absent, but R7 is still overlaid by low angle down-

lapping reflectors from the sequence S7 (Fig. 5.7). Foraminiferal biostratigraphy in 

Macedon 1 suggests that the reflector R7 was formed in the N8 zone (Macedon 1 

445-465, Table 5.1), and the presence of Praeorbulina indicates that it cannot be 

younger that the top of the N9 zone (Figs. 5.4, 5.8, Table 5.1). This age range is sup-

ported by Sr isotopes in both Macedon 1 and Ramillies 1, which respectively indicate 

an age between 14.8± 1 Ma (Macedon 1-445, Table 5.1) and 17.3± 1 Ma (Macedon 

1-465, Table 5.1), and between 11.5± 1 Ma (Ramillies 1-810, Table 5.1) and 17.2± 

1 Ma (Ramillies 1-1025, Table 5.1). The presence of Praeorbulina glomerosa and of 

Orbulina suturalis in strata just below R7 in the well Pyrenees 1 (interval 637-643, 

Fig. 5.6, Table 5.1) suggests that R7 is younger that the base of the zone N9. The age 

of R7 is then considered between 15.12 and 14.23 Ma (Table 5.2).
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6.3.8  Seismic reflector R8

The seismic reflector R8 is a regional erosional surface located above truncated 

strata from the sequence S7, particularly well imaged in the Northern depocenter 

(Fig. 5.7) and in the Novara Arch area. Cuttings from the upper part of the sequence 

S7 and younger strata are not available in Pyrenees 1 (Fig. 5.8), but it is possible to 

deduce from underlying cuttings that the interval is younger than the base of the 

foraminiferal zone N9 (i.e., 15.12 Ma, Pyrenees 1-637, Table 5.1, Fig. 5.8). Strontium 

isotope analysis of the sample Ramillies 1-810, which is located on the reflector R8, 

gives it an age of 11.5 Ma (Table 5.1). However, age of S8 and younger strata obtained 

with Strontium analysis in Ramillies 1 tend to give ages too young, as they possibly 

dated younger diagenetic alteration of the strata (see Ramillies 1 786, 580, 450, Ta-

ble 5.1). Strontium isotopes analysis are also giving ages apparently too young in 

the proximal part of the sequences S7, S8 and in younger strata from Macedon 1, 

possibly because of the locally dolomitized matrix (i.e., see Macedon 1-415, -425 and 

-435; with the last sample giving a Sr age of 9.8 Ma whereas foraminifera biostra-

tigraphy of the same sample gives an age in N8-N9 zones / 16.40-14.23 Ma, Table 

5.1). Biostratigraphy in Macedon 1 show that the reflector R8 was formed between 

the foraminiferal zones N9 and N17/N18 (i.e., 15.12-5.48 Ma, Macedon 1-385 and 

-425, Table 5.1). The presence of Lepidocyclina (Nephrolepidina) above the reflector 

R8 in Macedon 3 (Macedon 3-397, Table 5.1) supports an accumulation during the 

Miocene, even if Lepidocyclina (Nephrolepidina) could still be locally extant during 

the lower Pliocene (BouDagher-Fadel, 2018). Thus, the age range determined for 

this reflector is ~11.5 ± 1 Ma (Table 5.2).

6.3.9  Seismic reflector R9

The seismic reflector R9, which marks the base of a regional siliciclastic pulse, 

is a high amplitude seismic reflector marked by the presence of a new truncation 

surface, particularly well imaged in the Northern depocenter (Fig. 5.7) and in the 

Novara Arch area. In the western part of the Northern depocenter, the reflector R9 

is represented by a high amplitude seismic reflector which is overlaid by chaotic 
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reflectors locally donwlapping (Fig. 5.7). The surface is represented by truncated to-

plaps in the western part of the Northern depocenter. The reflector R9 has not been 

precisely dated (i.e., no Sr-isotopes, no planktonic foraminifera), except in Macedon 

1, where the reflector falls within a zone dated N18 (i.e., 5.51-5.48 Ma, Macedon 1 

310-375, Table 5.1). The accuracy of this age dating remains, however, uncertain, as 

it relies only on well completion reports (Rexilius and Powell, 1994a, Table 5.1).

6.4 Seismic sequences

6.4.1  Sequence S1 (26.5 Ma ± 1 Ma to 24.5 ±  3 Ma)

The sequence S1 is composed of linear prograding clinoforms without a clearly 

identified rollover, which are prograding toward the northwest on Paleogene and 

Eocene strata (Figs. 5.7, 5.10). The sequence S1 (Figs. 5.4, 5.7, 5.11, Table 5.2) is 

only observed in the eastern part of the Northern depocenter, and is absent from the 

Southern depocenter (Figs. 5.8, 5.9). Cuttings from offshore well Ramillies 1 show 

that the bottomsets and overlying foresets are formed by marly micropackstone, 

with scarce quartz grains, scarce planktonic foraminifera, scarce small hyaline fo-

raminifera and biogenic debris (Fig. 5.11A). The matrix is made of micrite and mi-

cropackstone. There is no observed variation of sedimentary facies along the depo-

sitional profile, however, strata are locally dolomitized or recrystallized. No pattern 

in recrystallization was observed. No geomorphologies were observed in this se-

quence, with the exception of linear and closely spaced headless gullies on clinoform 

foresets in northern depocenter (Fig 5.12). Thus, strata from the sequence S1 are 

interpreted as accumulate along a ramp profile, with the part of the ramp observed 

on the seismic data accumulated in the aphotic zone, likely at water depth greater 

than 100 m (cf. Chapter 3).

6.4.2  Sequence S2 (24.5 ±  3 Ma to 24 ± 2.5 Ma)

The sequence S2 (Figs. 5.4, 5.7, 5.8, 5.9, 5.10, Table 5.2) is composed of linear clin-

oforms prograding on the sequence S1. As the sequence S1, the sequence S2 (Figs. 
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Figure 5.11: Photomicrographs	of	 the	microfacies	 from	 the	 sequences	 S1	 to	 S5:	A. 
Marly micropackstone with scarce quartz grains (Qtz), hyaline foraminifera (HyF) 
and planktonic foraminifera (PlF) observed in clinoform foresets from the sequence 
S1	(Ramillies1-1525);	B. Partially recrystallised marly micropackstone in the topsets 
of	 the	sequence	S3	(Macedon	1-695);	C. Marly mudstone with scarce quartz grains, 
scarce glauconitic grains (Gl), rare hyaline foraminifera and debris of carcitic organ-
isms	(Br)	 from	the	 foreset	of	 the	sequence	S3	(Macedon	1-715);	D. Marly mudstone 
with	rare	broken	 flattened	Operculina	 (Op),	 rare	planktonic	 foraminifera	 (PlF)	and	
rare	dolomite	rhombs	(Do)	from	the	“proximal”	topsets	of	the	sequence	S4	(Ramillies	
1-1250);	E. Marly mudstone with rare quartz grains, rare planktonic foraminifera and 
a gypsium rosette cross-cutting the sediment, the cutting is coming from the bottomset 
of the sequence S4 (Pyrenees 1-822.5).
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5.4, 5.7, 5.9, Table 5.2) is observed in the eastern part of the Northern depocenter, 

where is it thicker and best developed. The sequence S2 is also locally present in the 

eastern part of the Novara Arch area and southern depocenter, where it is represent-

ed by thin clinoform bottomsets (Figs. 5.8, 5.9). Cuttings from offshore well Macedon 

1 show that clinoform foresets are composed of marly mudstones made of micrite 

and micropackstone. Cuttings from Ramillies 1 indicate that the clinoform topsets 

are organised in a shallowing upward sequence, with marly mudstones in the older 

topsets and with marly mudstones with reworked Cycloclypeus and debris of uni-

dentified foraminifera in the upper– and shallower – part of the topsets. Strata are 

locally dolomitized or recrystallized, but no pattern was observed, as for sequence 

S1. Strata from the sequence S2 are interpreted as accumulate along a ramp profile, 

with the part of the ramp observed on the seismic data accumulated in the aphotic 

zone, likely at water depth greater than 100 m (cf. Chapter 3).

6.4.3  Sequence S3 (24 ± 2.5 Ma to 20 Ma  ± 1 Ma)

The sequence S3 (Figs. 5.4, 5.7, 5.8, 5.9, 5.10, Table 5.2) is composed of sigmoidal 

to linear clinoforms prograding toward the northwest. The sequence S3 is overlying 

the sequence S2 in the eastern – and more proximal - part of the depocenters, while it 

downlaps on Paleogene to Eocene strata in areas where the sequences S1 and S2 are 

Figure 5.12: Horizon-slice view with an envelope attribute showing the linear closely 
spaced	headless	gullies	located	on	the	foresets	of	the	sequence	S1.	Data	courtesy	of	PGS.
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absent. The sequence S3 reaches its maximum thickness in the Northern depocenter 

(Figs. 5.7, 5.9, 5.10), but is also present in the Novara Arch area and in the Southern 

depocenter (Fig. 5.9). Cuttings from offshore well Macedon 1 and Macedon 3 show 

that clinoform foresets are composed of marly mudstone made of micropackstone 

and micrite (Macedon 1-695 and -715, Fig. 5.11B, 5.11C). Cuttings from Ramillies 

1 indicate that the proximal part of the clinoform topsets are composed of marly 

micropackstones with reworked Cycloclypeus and debris of unidentified foraminif-

era. Strata are locally dolomitized or recrystallized. No pattern in recrystallization 

was observed. No seismic geomorphologies where observed in the sequence. Strata 

from the sequence S3 are interpreted as accumulate along a distally steepened ramp 

profile, with the most proximal part of the ramp accumulated in the photic zone (i.e., 

only foraminifera characteristic of the oligophotic zone were observed), and the rest 

of the ramp accumulated in the aphotic zone (see Chapter 3).

6.4.4  Sequence S4 (20 Ma  ± 1 Ma to 18.5 Ma  ± 1 Ma)

The sequence S4 (Figs. 5.4, 5.7, 5.8, 5.9, 5.10, Table 5.2) is composed of sigmoidal 

clinoforms prograding above the sequence S3. As the underlying sequences (i.e., S1, 

S2 and S3), the sequence S4 reaches its maximum thickness in the Northern dep-

ocenter. Cuttings from offshore well Ramillies 1 indicate that the more proximal part 

of the topsets are composed of micropackstones with Cycloclypeus and Lepidocyclina 

(Nephrolepidina), indicating an accumulation in the mesophotic to oligophotic 

zones (sensu Pomar, 2001;  Ramillies 1 1250, Fig. 5.11D). Cuttings from offshore 

well Pyrenees 1 indicate that the clinoform bottomsets are composed of marly mi-

cropackstones (Pyrenees 1-822.5, Fig. 5.11E). The only geomorphology observed is 

a time-transgressive honeycomb structure of inferred diagenetic origin, which is lo-

cally present at the clinoform topset to foreset transition. The feature, which is par-

ticularly well imaged in the Norther depocenter, is described in detail in Chapter 6, 

and it will not be further described here. Strata from the sequence S4 are interpreted 

as accumulated along a distally steepened ramp profile, with the most proximal part 

of  the ramp accumulated in the photic zone (e.g., foraminifera characteristic of the 
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mesophotic to oligophotic zone were observed), and the rest of the ramp accumulat-

ed in the aphotic zone (see Chapter 3).

6.4.5  Sequence S5 (18.5 Ma  ± 1 Ma to ~ 16.3 Ma)

The sequence S5 (Figs. 5.4, 5.7, 5.8, 5.9, 5.10, Table 5.2) is composed of clinoforms 

with sigmoidal morphology and with a roughly equivalent sediment accumulation 

in topsets and foresets (e.g., ~100 ms, Fig. 5.9). The sequence is present in the proxi-

mal parts of both the Northern and Southern depocenters (Figs. 5.10, 5.12). Cuttings 

from offshore well Ramillies 1 and Macedon 3 indicate that the older topsets are 

composed of micropackstone with Cycloclypeus and Lepidocyclina (Nephrolepidina) 

(Macedon 3-480, Fig. 5.13A), indicating an accumulation at a similar water depth 

than the topsets of the sequence S4. Younger topsets, located directly above the old-

er topsets, are dolomitized. Cuttings from offshore well Pyrenees 1 indicate that the 

bottomsets are composed of marly micropackstones, which suggest an accumulation 

in the aphotic zone (Pyrenees 1-750, Fig. 5.13B). Small linear and closely spaced gul-

lies are present on the foresets of the clinoforms in the lower part of the sequence. 

The gullies have a runoff distance between 1.5 and 3 km, a distance between two 

gullies between 300 and 500 m, and individual gullies width is around 80 m (e.g., 

close to the seismic lateral resolution of 50 m; Fig. 5.12). A very large mass transport 

complexes (MTCs) with a headwall scarp of at least 24 km and a runoff distance of 

at least 40 km (e.g., the rest of this MTCs is outside of the study area) is present in 

the upper part of the sequence in the Northern depocenter (Fig. 5.14). This MTCs re-

works underlying bottomsets of the sequences S1, S2, S3, S4 and of the lower part of 

S5. The MTCs headwall scarp is superimposed on a fault which itself cross-cuts Cre-

taceous to Early Miocene strata (Fig. 5.14). Small MTCs are also present in the upper 

part of the sequence in the eastern part of the Novara Arch. A slope system with a 

well-developed channels (average runoff distance between 10 and 20 km, maximum 

runoff distance of 36 km, individual channels spaced of 800 m to 3.5 km) is present 

in the depression in the Southern depocenter (Fig. 5.15). Strata from the sequence 

S5 are interpreted as accumulated along a distally a steepened ramp profile, based 
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Figure 5.13: Photomicrographs of the microfacies from the sequences S5 and S6. A. 
Marly micropackstone with rare Cycloclypeus (Cy), rare quartz grains (Qtz), rare hya-
line	foraminifera	(HyF),	rare	echinoderm	debris	(Ech)	and	rare	dolomite	rhombs	(Do)	
from	the	topset	of	the	seismic	sequence	S5	(Macedon	3-480);	B. Marly micropackstone 
with	debris	of	calcitic	organisms	(Deb),	high	micrite	content	and	rare	quartz	grains	
from	the	bottomset	of	the	seismic	sequence	S5	(Pyrenees	1-750);	C.	Dolomitized	marly	
mudstone with calcitic debris and planktonic foraminifera from the topset of the seis-
mic	sequence	S6	(Macedon	1-465);	D. Dolomitized	marly	mudstone	with	rare	Lepido-
cyclina (Nephrolepidina) ferreroi (Lepi), rare hyaline foraminifera and rare echino-
derm	debris	(Ech)	 from	the	topset	of	 the	seismic	sequence	S6	(Ramillies	1-1025);	E. 
Microcrystalline	dolomite	 from	the	 topset	of	 the	 sequence	S6	 (Macedon	3-429.5);	F. 
Dolomitized	foraminiferal	wackestone	with	Amphistegina	(Am)	and	echinoderm	de-
bris	from	the	topset	of	the	sequence	S6	(Ramillies	1	988).
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Figure 5.14: Un-interpreted (A) and interpreted (B)	horizon	slice	with	an	Envelope	at-
tribute showing the mass transport complexes (MTCs) cutting through the lower part 
of	the	sequence	S5	and	older	strata.	C.	Dip-oriented	section	of	the	carbonate	platform	
showing	the	relationship	between	the	MTCs	and	the	seismic	sequences.	Data	courtesy	
of PGS.
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Figure 5.15: A. Interpreted	horizon	slice	with	an	Envelope	attribute	of	the	base	of	the	
sequence	S6	showing	mass	transport	complexes	(MTCs)	and	slope	channels;	B. 3D	view	
of	the	MTCs	and	slope	channels.	Data	courtesy	of	PGS.

on the non-eroded morphologies in the southern depocenter (Fig. 5.8).

6.4.6  Sequence S6 (~16.3 Ma to 15.12-14.23 Ma)

The sequence S6 (Figs. 5.4, 5.7, 5.8, 5.9, 5.10, Table 5.2) is composed of clinoforms 

with sigmoidal morphology, and with thick foresets in the Northern depocenter, 

and thick bottomsets in the Southern depocenter (Fig. 5.9). The sequence is present 

all over the study area, in both the eastern and western parts of the Northern and 

Southern depocenters (Figs. 5.9, 5.10). Cuttings from offshore well Ramillies 1 and 

Macedon 1 indicate that the topsets are composed of partially to fully dolomitized 

foraminiferal packstones (e.g., with Lepidocyclina and Amphistegina) to mudstones 
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(Macedon 1-465 Fig. 5.13C, Ramillies 1-1025, Fig. 5.13D, Ramillies 1-988, Fig. 5.13F) 

whereas the bottomsets are composed of micropackstone with echinoderm debris, 

planktonic foraminifera and dolomite rhombs, and without quartz grains (Pyrenees 

1-637, Fig. 5.16D). Small channels are also present on the clinoform topsets (Fig.

5.15), but are not intersected by wells. Clinoform bottomsets are locally reworked 

by widespread MTCs, particularly in the western part of the Novara Arch area (Fig. 

5.15). Due to widespread alteration of the proximal part of the clinoforms forming 

this sequence, it is difficult to reconstruct the depositional profile during sequence 

formation (Figs. 5.9, 5.15).

6.4.7  Sequence S7 (15.12-14.23 Ma to ~11.5 ± 1 Ma)

The sequence S7 (Figs. 5.4, 5.7, 5.8, 5.9, 5.10, Table 5.2) has been largely eroded, 

and is poorly preserved (Figs. 5.7, 5.9). However, the sequence seems to be formed by 

clinoforms with an originally sigmoidal morphology. Clinoforms from the sequence 

S7 have very thick bottomsets, up to 200 ms thick (Fig. 5.9), dominantly accumulat-

ed in the depression in the distal part of the Southern depocenter (Figs. 5.9, 5.17). 

Cuttings from offshore well Ramillies 1 indicate that topsets are composed of dolo-

mitized foraminiferal pack-grainstones (Macedon 1 435, Fig. 5.16B). Cuttings from 

offshore well Pyrenees 1 indicate that bottomsets are composed of marly mudstones 

made of mudstone and micropackstones. There is a high density of sinuous and ver-

tically stacked subparallel slope channels, interpreted as turbiditic channels, in the 

depression in the distal part of the Southern depocenter (Fig. 5.17). The channels 

are ~150–500 m wide and regularly spaced (from 800 to 2500 m). They have a run-

out distances between 30 and 70 km, and they do not appear to feed terminal lobes. 

In the western part of the Northern depocenter, bottomsets have been truncated by 

MTCs. The regular spacing of the channels suggests the presence of multiple sedi-

ment sources along the carbonate margin.
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Figure 5. 16: Photomicrographs of the microfacies from the sequences S7 and S8. 
A. Peloid grainstone, with abundant small miliolid foraminifera (Mi), common cibi-
doids	(cib)	and	rare	coralline	algae	(CoA)	from	the	topset	of	the	sequence	S8	(Ramil-
lies	1-810);	B. Dolomitized	and	 leached	wacke-packstone	with	hyaline	 foraminifera	
(HyF),	echinoderm	debris	(Ech),	planktonic	foraminifera	(PlF)	and	abundant	dolomite	
rhombs	(Do),	note	the	presence	of	widespred	gypsium	cements	(Gy)	in	the	leached	po-
rosity,	the	cutting	is	coming	from	the	(thin)	topset	of	the	sequence	S7	(Macedon	1-435);	
C. Wackestone with Lepidocyclina (Lepi), broken Cycloclypeus, echinoderm debris, 
planktonic foraminifera and rare dolomite rhombs  from the topset of the sequence S8 
(Macedon	3-410);	D. Micropackstone with echinoderm debris, planktonic foraminifera 
and dolomite rhombs from the bottomset of the sequence S6 (Pyrenees 1-637).
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6.4.8  Sequence S8 (13.74 - ~11.5 ± 1 Ma to 5.51-5.48 Ma)

The sequence S8 (Figs. 5.4, 5.7, 5.8, 5.9, 5.10, Table 5.2) is composed of clinoforms 

with a sigmoidal morphology. The sequence is dominantly developed in the more 

proximal part of the northern depocenter and Novara Arch area, whereas it is almost 

absent from the Southern depocenter (Fig. 5.9). In the Southern depocenter, the se-

quence S8 has been almost totally eroded, whereas it reaches a thickness of 200 ms 

TWT in the Northern depocenter. Cuttings from the wells Ramillies 1 and Macedon 

3 show that the proximal part of the sequence S8 is dominantly composed of par-

tially dolomitized packstones with Lepidocyclina (Macedon 3-397; Macedon 3-410, 

Figure 5.17: Un-interpreted (A) and interpreted (B)	horizon	slice	with	an	Envelope	
attribute from the sequence S7 showing the slope system with parallel, wide and highly 
sinuous	channels.	Data	courtesy	of	PGS.
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Fig. 5.16C), of miliolid and small hyaline foraminifera grainstones (Ramillies 1-810, 

Fig. 5.16A) and of coralline algae wackestones with some rare coarse quartz grains 

(Ramillies 1 786). There are no cuttings from the distal part of the system. Other-

wise, observations of whole cuttings through binocular microscope reveals that the 

sequence is dominantly composed of limestone, however interbedded with beds of 

coarse quartz sandstone (Fig. 5.7). Four vertically stacked curvi-linear features up 

to 110 km long, interpreted as barriers, are present on the clinoform topsets (Fig. 

5.18). No channels were observed in the sequence S8, and distal sedimentation is 

mainly represented by sub-horizontal strata interpreted as pelagic sediments (Figs. 

5.8, 5.9). These distal strata have locally been reworked as extensive MTCs. The 

sequence S8 is interpreted as a rimmed carbonate to mixed carbonate-siliciclastic 

platform dominantly formed in the euphotic to mesopotic zones.

Figure 5.18: Un-interpreted (A) and interpreted (B)	horizon	slice	with	an	Envelope	
attribute from the sequence S8 showing the four stacked curvi-linear barriers from the 
sequence S8. C. Dip-oriented	section	of	the	barriers.	The	different	colour	dots	indicate	
the	location	of	the	different	barriers	observed	on	figures	A	and	B.	Data	courtesy	of	PGS.
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Figure 5.19: Photomicrographs of the microfacies from the strata directly overlying 
the	 reflector	 R9.	 	A.	 Dolomitized	 foraminiferal	 wack-packstone	 with	 Lepidocyclina	
(Lepi),	echinoderm	debris	(Ech),	bryozoan	(Bry),	small	hyaline	foraminifera	(HyF)	and	
abundant	dolomite	 rhombs	 (Do)	 from	 the	 topset	of	 the	 sequence	S8,	 just	below	 the	
reflector	R9	(Macedon	3-397); B. Coralline algae (CoA) wackestone with rare coarse 
quartz	grains	(Qtz)	and	a	dolomitic	matrix	(μDo)	from	the	topset	of	the	sequence	S8	
(Ramillies	1-786); C.	Angular	quartz	(Qtz)	sandstone	with	porosity	infilled	by	gypsum	
cements (Gy), also note the presence of rare echinoderm debris and of common dolo-
mite	rhombs,	the	cutting	is	coming	from	the	strata	directly	overlying	the	reflector	R9	
(Macedon	1-405);	D. Coarse quartz sandstone with a dolomitic matrix from the strata 
forming	the	reflector	R9	(Ramillies	1-580).
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6.4.9  Strata above the reflector R9 (5.51-5.48 Ma and younger)

The strata directly above the seismic reflector R9 (Table 5.2, Fig. 5.20) are com-

posed of deep-water siliciclastic channels. Study of well-cuttings show that the 

proximal part of the sequence is exclusively composed of coarse and well-rounded 

quartz grains in a dolomitized carbonate matrix (Figs. 5.19C, 5.19D, 5.7, 5.8). Very 

rare stained amphisteginids and debris of echinoderms are locally present. Vertical-

ly stacked channel complexes are located in the Novara Arch area, were they seem to 

follow a ~10 km wide sediment fairway (Fig. 5.20). Non-stacked channels are also 

present in the Northern depocenter, where they are up to 2km wide, and have a low 

sinuosity. At the transition between the Novara Arch and the Southern depocenter, 

there is a ~4 km wide and ~7 km long terminal lobe. The confinement of the channel 

complex suggests that they were fed by a main point source.

Figure 5.20: Un-interpreted (A) and interpreted (B) horizon-slice showing the mor-
phology	of	the	siliciclastic	deposits	located	just	above	the	reflector	R9,	note	that	the	
siliciclastics	are	dominantly	located	on	the	Novara	Arch.	Data	courtesy	of	PGS.
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7. Discussion: evolution of the carbonate platforms 
through time

7.1 Late Oligocene to Early Miocene distally steepened carbonate ramp 

(sequences S1-S5)

The distally steepened ramp observed in the sequences S3, S4 and S5 is time equiv-

alent to the outcrops described in the Chapter 3 (Fig. 5.4). Well data confirm that 

the distally steepened ramp was dominantly formed by micropackstones accumulat-

ed in the aphotic zone, while their thin proximal part was bearing large benthic fo-

raminifera (cf. Chapter 3). The absence of slope channels other than the small gullies 

suggest that sediment transfer from the proximal part of the platform to the basin 

were low. This observation, combined with the relatively thin clinoform topsets and 

foresets, suggest that carbonate production was limited in the proximal part of the 

distally steepened ramp. As no karst nor subaerial unconformities were observed 

in seismic data, it can be inferred that the part of the ramp observed in seismic data 

were deeply submerged, with shelf break (e.g., clinoform rollovers) never emerged, 

consistent with the previous observations of Cathro et al. (2003) and Moss et al. 

(2004) in the Dampier Sub-basin. Petrographic analysis of cuttings is supporting an 

accumulation in relatively deep water, as the clinoforms foresets and bottomsets are 

composed of micropackstones indicating an accumulation in the aphotic zone.  The 

more distal part of the clinoform topsets is also composed of these micropackstones 

(cf. sequence S2 in Fig. 5.7, and sequence S3 in Fig. 5.8), while the proximal part of 

the clinoform topsets contains foraminifera characteristic of the mesophotic and oli-

gophiotic zone (cf. sequences S3, S4 and S5 in Fig. 5.7, sequences S4 and S5 in Fig. 5.8, 

Chapter 3). There is no change in platform morphology associated with the change 

in facies along the clinoform topsets. This then confirms that the distally steepened 

carbonate ramp was similar to the system described by Cathro et al. (2003) in the 

Dampier Sub-basin area (e.g., ~100 km north of the area investigated in this chap-

ter, cf. Fig 5.1), and that the ramp morphology may have been greatly controlled by 

storms and internal waves. This influence is supported by the presence of ~5% of 
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fine angular quartz grains in the foresets and bottomsets of sequences S1 to S5 (cf. 

Pyrenees 1 822.5, Pyrenees 1 775). These fine quartz grains could have been trans-

ported in suspension from the land during major storms. The influence of storms 

and internal waves on the morphologies of these platforms is even more plausible as 

indirect influence of storms and internal waves was retrieved from outcrop descrip-

tions (cf. facies “chaotic Eulepidina rudstone Ch-Eu”, Chapter 3). Finally, platforms 

are consistently prograding from 26.5 to ~16.3 Ma (e.g., base sequence S1 to upper 

part sequence S5), and no major erosional surfaces or changes in platform mor-

phology was observed. The MTCs present in the uppermost part of the sequence S5 

mark a change in the dynamic of deposition, with the onset of a pronounced tectonic 

activity in the study area – indicated by the faults in line with the head of the MTCs 

(Fig. 5.14) and by the linear faults cross cutting the clinoform topsets (Table 5.2).

7.2 Early to Middle Miocene partially dolomitized platform (sequence 

S6)

The sequence S6 – which is overlying the sequence S5 - covers the Early to Middle 

Miocene transition, and is time-equivalent to the Miocene Climatic Optimum (Fig. 

5.4). This sequence differs from the distally steepened ramp as: (1) slope channels 

are present; (2) clinoform topsets are dolomitized; and (3) clinoform bottomsets are 

composed of micropackstones without fine angular quartz grains. Abundant MTCs 

are also present (Fig. 5.15), suggesting more frequent slope failures and instability 

possibly linked to a sustained tectonic activity or strong eustatic variations during 

the formation of this sequence. Extensive MTCs are notably present on the Novara 

Arch, suggesting that the Novara Arch was tectonically active during deposition of 

sediment within the sequence S6 (Fig. 5.15). These observations indicate a substan-

tial change in the style of carbonate production and/or accumulation when com-

Figure 5.21: Map summarizing the evolution of depocenter location through time 
(based on isochore maps, cf. Fig. 5.13), and sedimentary facies and main geomorphol-
ogies present in each seismic sequence.
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pared to the sequences S1, S2, S3, S4 and S5. Quartz has notably not been observed 

in the clinoforms forming the sequence S6, not even in the clinoform bottomsets, 

which are there composed of micropackstone with echinoderm debris, planktonic 

foraminifera and dolomite rhombs (Pyrenees 1-637, Fig. 5.16D). This change in bot-

tomset composition between the sequences S1-S5 and S6 supports a change in the 

style of carbonate production, with: (1) the cessation of quartz influx, which could 

indicate a decrease in river discharge; and (2) the presence of debris of large fo-

raminifera in the bottomsets of the sequences S6 and S7, which may indicate that 

there was an active proximal to distal transport of sediment.

The dolomitization event affecting the proximal part of the sequence S6 seem to be 

regional, as outcrops of dolomitized tidal-flat and/or sabkha were observed at the 

Early to Middle Miocene transition in the Cape Range Anticline (e.g., foraminiferal 

zone N8, cf. Collins et al., 2006, Chapter 2, Appendix VI-1). This regional dolomiti-

zation event seem to be correlated with: (1) a major decrease in relative sea level 

(e.g., partial platform emersion, cf. Cathro et al., 2003; Collins et al., 2006, Appen-

dix VI-1); and (2) a climate aridification inducing the formation of sabkha and/or 

semi-arid playa lake (cf. Collins et al., 2006, Appendix VI-1), which may have cause 

hyper-saline brine reflux (Wallace et al., 2003). The decrease in relative sea level is 

supported by the fact that the proximal part of the sequence S6 is eroded, possibly 

due to subaerial emersion (Fig. 5.7). The decrease in relative sea level in the proxi-

mal part of the platform may either have been caused by: (1) the uplift of the proxi-

mal part of the platform (Fig. 5.7); (2) normal regression (e.g., progradation driven 

by sediment supply); and/or (3) eustatic variations (Fig. 5.4). Climate aridification 

and emersion of the proximal part of the platform may have promoted an increase 

in shallow water carbonate production, reflected by the presence of thick topsets in 

the Northern depocenter (e.g., topsets of S6 are up to 200 ms thick, whereas topsets 

from sequences S1 to S5 are never thicker than 100 ms, and are dominantly thinner 

than 50 ms, see Fig. 5.9). Increase in shallow water carbonate production may have 

been enabled by: (1) decline of river influx (cf. Chapter 3, Appendix VI-1); and (2) 

reduction of hydrodynamism in the proximal part of the system, possibly following 
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to the creation of an uneven topography due to partial platform emersion and/or 

faulting. The turbiditic slope channels may have been formed as a result of increased 

shallow water carbonate production in the proximal part of the system, and subse-

quent increase in basinward export to the slope and basin.

7.3 Middle Miocene platform (sequence S7)

The sequence S7, which is time equivalent to the outcrops interpreted as accumu-

lated in a warm lagoon (cf. Chapters 2 and 3, Appendix VI-2), is characterized by the 

appearance of well-developed turbiditic channels in the southern depocenter (Fig. 

5.9). The proximal part of the sequence S7 has been widely eroded by the sequence 

S8, and no seismic morphologies were observable. The presence of a thick (e.g., up 

to ~150 ms) accumulation of slope channels is however interpreted as an indication 

of a very high carbonate production along the clinoform topsets. These turbiditic 

channels may indeed have been fed by the shallow water carbonate grains described 

in the Chapter 4 and in Appendix VI-2. However, as these is no wells crossing these 

channels, their composition can only be speculated. Finally, the total absence of 

quartz in the cuttings suggests a total shutdown of river activity during the Middle 

Miocene, which supports a continental aridification during the Middle Miocene (cf. 

Groeneveld et al., 2017).

7.4 late Middle Miocene to Late Miocene platform (sequence S8)

The seismic sequence S8 is marked by the appearance of curvi-linear features in 

the proximal part of the Northern depocenter, which are here interpreted as barri-

ers. Well-cuttings show that these features were formed in shallow and warm wa-

ters, as they contains small miliolids (Fig. 5.16A). Cutting analysis also show that 

there is some siliciclastic influx during the formation of the sequence S8, suggesting 

the initiation of a periodic activity of paleo-rivers, and possible of the paleo-Ashbur-

ton River (Fig. 5.21). These periodic siliciclastic influx were, however, not preventing 

shallow water carbonate production, as shown by the high carbonate content of this 

interval in wells (Fig. 5.7). The age of the base of this sequence is not well defined, 
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and the sequence may well be time-equivalent to the Trealla Limestone with quartz 

and/or Pilgramunna Formation (Fig. 5.4, Chapter 2, Appendix VI-2, VI-3), which is a 

mixed deposit with both limestones and siliciclastic sandstones (Condon et al., 1955; 

Collins et al., 2006). Finally, in the sequence S8, sediment accumulation is dominant-

ly occurring in the more proximal part of the system (Fig. 5.9), and slope channels 

are absent. This may indicate either: (1) that carbonate production was occurring in 

an area too proximal, then preventing the transport of sediment along pre-existing 

sloped surfaces, such as the depression in the distal part of the Southern depocenter 

(Figs. 5.5, 5.9); or (2) a decrease in carbonate production when compared to the 

sequence S7.

7.5 late Late Miocene (strata above reflector R9)

The end of the Late Miocene is marked by abundant influx of siliciclastic sediments, 

which are accumulated on the Novara Arch (e.g., a topographic high), independently 

from pre-existing depocenters (Fig. 5.20). This suggests that the location of these 

siliciclastic sediments was not influence by pre-existing topography, but by the lo-

cation of their source. Because the siliciclastic deposits are located in front of the 

modern Ashburton River (Fig. 5.21), they could have been carried to the ocean by 

the paleo-Ashburton river. 

8. Conclusion

The carbonate margin located in the Exmouth and Barrow Sub-basins (e.g., south-

ern NWS) can be divided in four intervals. From the Late Oligocene to the Early Mi-

ocene, carbonate sedimentation occurred along a distally steepened ramp, which 

was dominantly composed of micropackstones. The distally steepened carbonate 

ramp was dominantly accumulated in the aphotic zone, and its shelf breaks (e.g., 

distal break in slope) was never emerged. The morphology of this ramp was likely 

dominantly controlled by processes leading to sediment resuspension at great water 

depth, possibly related to storms and internal waves.
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The transition from the Early to Middle Miocene is marked by: (1) a renewal of tec-

tonic activity in the southern NWS, which is marked by the widespread development 

of mass transport complexes and the appearance of faults cross-cutting the Early 

Miocene strata; and (2) a regional dolomitization of the proximal part of the margin, 

possibly caused by continental climate aridification associated with decrease in rel-

ative sea level. The proximal part of the platform formed during the Middle Miocene 

is extensively eroded and has been dolomitized, thus marking the observation of 

proximal, shallow water, geomorphologies difficult. However, there is a widespread 

development turbiditic channels during the Middle Miocene, possibly indicative of a 

significant increase in shallow water carbonate production.

The Late Miocene is marked by the onset of periodic and limited siliciclastic influx, 

which does not seem to disrupt carbonate production. Indeed, a curvi-linear feature 

interpreted as a barrier, and composed of wackestones to grainstones with small 

miliolids, coralline algal and Lepidocyclina, is present during this epoch. Amount of 

siliciclastic influx drastically increased at the end of the Late Miocene, then marking 

a break in the carbonate-dominated sedimentation.



178

This page is intentionally left blank



179

Chapter 

6
Discovery of a 400 km2

honeycomb structure mimicking 
a regional unconformity on three-

dimensional seismic data

Rosine Riera1, Julien Bourget1, Victorien Paumard1, Moyra E.J. 
Wilson1, Jeffrey Shragge2, Annette D. George1, Jean Borgomano3 and 

Thomas Wilson4

1 Centre for Energy Geoscience, School of Earth Sciences, The University of Western Australia, 35 
Stirling Highway, Perth, WA 6009, Australia

2 Geophysics Department, Colorado School of Mines, 1500 Illinois Street, Golden, Colorado 80401, 
USA

3 Centre de Recherche et d’Enseignement de Géosciences de l’Environnement (CEREGE) (UM 34), 
Université Aix-Marseille (AMU), CNRS (UMR7330), IRD (UMR 161), College de France, and Institut 
National de la Recherche Agronomique (INRA), Case 67, 3 Place Victor Hugo, 13331 Marseille Cedex 
3, France

4 Eliis Pty Ltd. Australia/Pacific, 191 St. Georges Terrace, Perth, WA 6000, Australia



180

Chapter 6 
1. Foreword

• This chapter is focused on a seismic geobody observed in the micropackstones of 

the Early Miocene distally steepened ramp (Sequence S4, Chapter 5).

• The feature is a time-transgressive honeycomb structure of inferred diagenetic 

origin. In dip-oriented sections, the feature looks like a seismic unconformity.

• Similar features could be present elsewhere,  and mislead seismic interpreters.

• The text and images below are published in: Riera,	 R.,	 Bourget,	 J.,	 Paumard,	 V.,	

Wilson,	M.E.J.,	Shragge,	J.,	George,	A.D.,	Borgomano,	J.,	and	Wilson,	T.,	2019,	Discovery	

of a 400 km2 honeycomb structure mimicking a regional unconformity on three-

dimensional	seismic	data:	Geology,	v.	47,	p.	1181–1184,	doi:10.1130/G46484.1

• Supplemental published material is presented in Appendix VII

2. Abstract

Recognition of seismic unconformities is crucial for interpreting basin history from 

seismic reflection data sets in both siliciclastic and carbonate settings. While it is 

well established that non-erosional changes in sedimentary facies can create seismic 

reflections that mimic seismic unconformities (i.e., pseudo-unconformities), these 

features are generally considered to be localized and uncommon, and, therefore, 

are largely overlooked during interpretation. Diagenetic alteration of strata can also 

affect the morphology of seismic reflectors and mislead seismic interpreters. This 

study is based on a three-dimensional (3D) seismic data set and documents a 400 

km2 honeycomb structure (HS) masquerading as a regional erosional unconformity 

in the Oligocene–Miocene carbonate strata of Australia’s North West Shelf. This HS 

is located at the transition between the topsets and the foresets of clinoforms of car-

bonate to marly composition. The HS expression in 3D seismic data cross sections is 

irregular, giving the HS the appearance of a truncated surface that could erroneously 

be interpreted as a regional seismic unconformity. Closer examination reveals that 

the HS crosscuts chronostratigraphic clinoform reflectors, and frequency extraction 

processing shows that the HS dominantly falls within a lower-frequency band than 
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the clinoform reflectors. The morphology of the HS (i.e., continuous with densely 

packed cells) and its time-transgressive nature suggest that it has a burial diagenetic 

origin. This suggests that creation of pseudo-unconformities at basin scale by buri-

al diagenesis may lead to surface misidentification, with negative consequences for 

paleoenvironmental studies and petroleum exploration activities.

3. Introduction

Since its introduction in the 1970s, seismic stratigraphy has been widely recog-

nized as the most practical approach for extracting geological information from seis-

mic reflection data (Payton, 1977). This method relies on identifying key seismic 

unconformities that bound seismic sequences (i.e., packages of genetically related 

strata), assumed to represent paleodepositional (i.e., chronostratigraphic) surfaces 

(Mitchum et al., 1977b; Vail et al., 1977).

Reflection terminations are the main criteria for identifying seismic unconformi-

ties on seismic reflection cross sections (Mitchum et al., 1977a). Erosional trunca-

tions along clinoform topsets are typically interpreted as erosional unconformities 

(sensu Vail et al., 1977) formed during relative sea-level falls (Posamentier et al., 

1988; Catuneanu et al., 2009). Their identification is then critical for building a se-

quence stratigraphic framework of the subsurface and for accurately reconstructing 

paleo–sea-level changes.

A possible pitfall in the seismic stratigraphic approach is where changes in sedi-

mentary facies at clinoform topset-to-foreset transitions create a seismic reflection 

that crosscuts chronostratigraphic surfaces (i.e., time-transgressive reflector; sensu 

Zeng and Kerans, 2003) and mimics a seismic unconformity. Such reflections are re-

ferred to as pseudo-unconformities (sensu Stafleu and Schlager, 1995). Pseudo-un-

conformities have been observed in both siliciclastic and carbonate systems (Vail et 

al., 1977; Schlager, 1996; Bracco Gartner and Schlager, 1999). Notwithstanding the 

importance of recognizing and accounting for pseudo-unconformities during seis-
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mic stratigraphic analysis, these features are poorly documented in the literature, 

and uncertainties remain over their origins and recognition criteria (Stafleu and 

Schlager, 1995; Schlager, 1996).

Formation of time-transgressive seismic reflectors by diagenetic alteration has 

been documented in carbonate sedimentary rocks and marls, at both reservoir and 

basin scales (Davies and Cartwright, 2002, 2007; Fournier and Borgomano, 2007; 

Morley et al., 2017; Smit et al., 2018). This study reports a recently discovered re-

gional-scale (400 km2) honeycomb structure (HS) located at the successive rollovers 

of prograding Oligocene–Miocene carbonate clinoforms on Australia’s North West 

Shelf (NWS, offshore Western Australia; Fig. 6.1). In cross sections, this feature mis-

leadingly appears as a prominent erosional surface. The goals of this study are to 

describe this feature, to discuss its origin, and to provide guidance in differentiating 

diagenetic pseudo-unconformities from real erosional surfaces, indicative of strati-

graphic hiatus, elsewhere.

4. Geological Setting and Data

The NWS of Australia is a ∼2,400-km-long continental margin dominated by car-

bonate sedimentation since the Paleocene (Apthorpe, 1988). Its southern end, which 

is the focus of this study, is considered to have been a passive margin in the Paleo-

gene and Neogene, with only localized tectonic inversion events affecting the margin 

since the late Oligocene (Apthorpe, 1988; Keep et al., 2007). Late Oligocene to Early 

Miocene strata form a 400-m-thick carbonate shelf dominantly composed of car-

bonate mudstones and marls containing 15% to 40% clay (Cathro et al., 2003; Wal-

lace et al., 2003; Appendix VII). The shelf is composed of deeply submerged, stacked 

prograding clinoforms, with clinoform rollovers at paleo–water depths greater than 

100 m that reportedly never emerged (Cathro et al., 2003). After mudstone dep-

osition, shelfal deposits were affected by widespread burial diagenetic processes, 

including burial calcite cementation, extensive dolomitization, anhydrite and gyp-

sum formation, and physical compaction (Appendices VII-4 and VII-5; Wallace et al., 
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2003).

For this study, seismic interpretation was conducted on five 3D seismic surveys 

(prestack time-migration [PSTM] imaging results) and on two 2D lines (Fig. 6.1). 

The 3D seismic data were interpreted using full-volume interpretation software 

Figure 6.1: Horizon envelope attribute slice showing the lateral extent of the 
honeycomb structure (HS) in areas marked by white dotted lines. Horizon slice is 
intentionally time-transgressive in area with the HS to show the full extent of the 
feature.	Note:	s136_136_02	and	s136_136_04	are	regional	two-dimensional	(2D)	lines	
used in this study to observe the proximal part of platform and to correlate offshore 
wells	with	three-dimensional	(3D)	seismic	surveys.	Beg1—offshore	well	Beg	1;	Py1—
offshore	well	Pyrenees	1,	M1—	offshore	well	Macedon	1,	Ra	1—offshore	well	Ramillies	
1,	Yo1—offshore	well	York	1.
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(PaleoScan™, http://www.eliis.fr) that extracted 15 key horizons across all surveys 

within the interval of interest. Paumard et al. (2019) presented details on the inter-

pretation workflow. Ages were constrained using biostratigraphic data from avail-

able well-completion reports from offshore exploration wells (Fig. 6.1; Appendix 

VII-1; Rexilius, 1991). Appendix VII-7 presents characteristics of the interpreted 3D 

seismic data.

5. Results                  

5.1 Honeycomb Structure

The HS is formed by densely packed subcircular depressed cells having diameters 

ranging between 60 m and 500 m, with an average diameter around 150 m. The 

thickness of the depressions ranges from 5 ms to 17 ms two-way traveltime (TWT). 

The cells, which are particularly well imaged in time slices of envelope seismic at-

tribute data (i.e., instantaneous amplitude independent of the phase of the seismic 

trace), appear to have no preferential orientation and are separated by well-defined 

ridges (Fig. 6.2C). Regional mapping of the HS (Fig. 6.1) shows that it extends over 

∼400 km2 and occurs along the rollovers of the Oligocene–Miocene clinoforms (Figs. 

Figure 6.2: (A) Un-interpreted and (B) interpreted dip-oriented seismic line showing 
the	location	of	the	pseudo-unconformity	in	the	Carnarvon	3D	seismic	survey.	Envelope	
attribute map (C) shows the honeycomb structure (HS), which is formed by cells and 
ridges.



185

Diagenetic Honeycomb Structure

6.1 and 6.2). The HS reaches its maximum width of 8 km in the dip direction within 

the centre of the study area, where the HS clearly intersects shelf-margin clinoforms 

(Fig. 6.2C). The area covered by the HS gradually becomes less laterally extensive to 

the north, in the Gorgon 3D seismic survey. The HS disappears in the southern part 

of the West Gorgon 3D seismic survey, but it is observed again in the Vincent 3D sur-

vey area in the vicinity of the exploration wells Pyrenees-1 and Macedon-1 (Fig. 6.1). 

In seismic cross section, the HS is represented by an irregular and high-amplitude 

seismic reflector; the alternation of depressed cells and ridges gives it an undulat-

ing appearance, as if formed by topographic variations along a pre-existing surface 

(Fig. 6.2A). It is not possible to ascertain the compositional variability across the HS 

because it is not intersected by wells. However, cuttings from time-equivalent strata 

located in wells surrounding the HS are composed of marls with gypsum and dolo-

mite rhombs of likely burial origin (Appendices VII-4 and VII-5). Fine quartz grains 

are present, but biogenic silica and silica cements have not been observed.

5.2 Seismic Stratigraphy

In dip-oriented section, the HS forms an undulating high-amplitude seismic re-

flector that looks like a regional erosional unconformity truncating underlying to-

plap reflection terminations (Fig. 6.2B). This reflector either dips gently basinward 

Figure 6.3: Conceptual model showing the relationship between the honeycomb 
structure (HS) and the clinoform set. Black arrows indicate locations of apparent 
toplap	reflection	terminations.
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or is subhorizontal, and it is strictly located along the successive rollovers of the 

prograding clinoforms. The stratal architecture is best recognized on the Carnarvon 

3D seismic survey, which has the greatest vertical resolution (Appendix VII-7). The 

HS in this data volume is located in clinothems that consist of three seismic facies: 

(1) low-amplitude topsets; (2) high-amplitude foresets; and (3) low-amplitude bot-

tomsets (Figs. 6.2A, 6.2B, and 6.3). Clinoform reflectors can locally be tracked from 

topset to bottomsets, indicating that the clinoforms were not erosionally truncated 

(Figs. 6.2B and 6.3). Since the HS unambiguously crosscuts chronostratigraphic clin-

oform reflectors (Figs. 6.2A, 6.2B, and 6.3), it can be considered a time-transgressive 

feature.

Frequency Filtering

Frequency filtering is an efficient tool for separating geological features with differ-

ent characteristic thicknesses (Zeng and Kerans, 2003). Here, three seismic volumes 

of varying frequency content were analysed to further characterize the HS (Fig. 6.4). 

Relevant frequency ranges were identified with the “Spectral Decomposition” tool in 

the PaleoScan™ software package to either filter out the stratigraphic bedding and 

highlight the HS (low frequency [LF] volume; Figs. 6.4B and 6.4B′), or filter out the 

HS and better image the stratigraphic bedding (high frequency [HF] volume; Figs. 

6.4C and 6.4C′). The LF volume image analysis shows that the spatial organization 

of the HS is independent of clinoform geometry (Fig. 6.4B). It also reveals that the 

polygonal morphology of the depressed cells and associated ridges (Fig. 6.4B′; Ap-

pendix VII-6) is created by one single continuous and undulating seismic reflector 

of consistent seismic amplitude (Fig. 6.4B). The vertical undulations of this reflector 

are not within the estimated vertical resolution threshold for the LF volume (Fig. 

6.4B), estimated here as one quarter of the dominant wavelength of the seismic vol-

ume (Widess, 1973; Zeng and Kerans, 2003; Morley et al., 2017). This suggests that 

the undulations could have been created by localized velocity push-downs or pull-

ups, possibly indicative of lateral changes in rock properties in the sediment. The 

undulating reflector is not observed in the HF volume image, though non-depressed 
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cells crosscut by the clinoform reflectors are still distinguishable in time slices (Figs. 

6.4C and 6.4C′). These non-depressed cells locally coincide with low-amplitude ar-

eas, supporting the idea that the HS morphology could have been created by lateral 

changes in rock properties. The unfiltered seismic volume (FF) shows a composite 

image including elements from both the FF and LF volumes (Figs. 6.4A and 6.4A′).

Figure 6.4:	Dip-oriented	section	(Inline	20609)	and	a	time	slice	(at	1143	ms	two-way	
traveltime	 [TWT];	 see	 location	 on	 Fig.	 6.1)	 from	 the	 Carnarvon	 3D	 seismic	 volume	
displayed	with	different	 frequency	 filters	 but	with	 same	amplitude	 scale.	A and A′:	
seismic	 response	 with	 complete	 amplitude	 spectra	 (FF—full	 frequency);	B and B′:	
same	seismic	volume	filtered	so	only	low	frequencies	(LF)	are	displayed	(fast	Fourier	
transform	[FFT]	Hann	filter	with	low-cut	14	Hz,	low-pass	26	Hz,	highpass	29	Hz,	and	
high-cut	44	Hz);	C and C′:	same	seismic	volume	filtered	so	only	high	frequencies	(HF)	
are	displayed	(FFT	Hann	filter	with	low-cut	54	Hz,	low-pass	66	Hz,	high-pass	69	Hz,	
and high-cut 84 Hz). White and red arrows indicate, respectively, the same cell and the 
same ridge on all images. Because the vertical resolution threshold of a seismic volume 
is	inversely	proportional	to	its	dominant	frequency	(Widess,	1973;	Zeng	and	Kerans,	
2003), different volumes have different vertical resolution thresholds, indicated by 
vertical scales.
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6. Discussion

6.1 Formation of the HS

The feature described in this study has a unique character because it is simultane-

ously a pseudo-unconformity and an HS. Formation of seismic pseudo-unconformi-

ties is usually explained by the existence of strong impedance contrasts induced by 

abrupt sedimentary facies changes at clinoform topset-to-foreset transitions (Staf-

leu and Schlager, 1995; Zeng and Kerans, 2003). It is thus tempting to deduce that 

the HS described in this study has a depositional origin because it forms a pseu-

do-unconformity in cross section. However, it is difficult to explain how sediments 

could be arranged in a HS during deposition, as there is no known sedimentary pro-

cess that forms sedimentary HS features (Morley et al., 2017). An HS can be created 

by surficial processes subsequent to sediment accumulation, including polygonal 

karstification and submarine erosion (e.g., Michaud et al., 2018; Williams, 1972). 

However, because these processes take place at the rock-water or rock-air interface 

without crosscutting existing strata, they cannot form time-transgressive reflectors. 

Pockmarks can also create clusters of cells, but these cells are usually neither regular 

nor densely packed over large areas (Morley et al., 2017). Moreover, the presence 

of feeders below the HS would be expected (Morley et al., 2017). Polygonal faulting 

can form regular and densely spaced patterns over large areas; however, polygonal 

faults were not observed around the HS described in this study (Figs. 6.2A and 6.4). 

Additionally, polygonal faulting alone (i.e., not associated with diagenetic processes) 

cannot create subhorizontal seismic reflectors. Uniform and extensive HS features, 

similar in horizon slice to that described herein, can be formed during shelf burial 

either through diagenetic alteration inducing lateral changes in rock mineralogy or 

porosity, or by the combined action of polygonal faulting and vertical fluid circu-

lation (Davies and Cartwright, 2007; Wang and Budd, 2016; Morley et al., 2017). 

Extensive time-transgressive diagenetic HS features with large cells (i.e., diameter 

ranging from 150 m to 400 m), which are possibly formed by lateral changes in seis-

mic velocity, have notably been described in marls (Morley et al., 2017). Other re-



189

Diagenetic Honeycomb Structure
searchers have described elsewhere HS features formed through the dissolution and 

reprecipitation of biogenic silica during burial (Davies and Cartwright, 2007) or by 

periodic lateral porosity differentiation in a dolomite undergoing compaction stress 

(Wang and Budd, 2016). No biogenic or diagenetic silica was observed in the wells 

surrounding the HS here, whereas dolomite rhombs of likely burial origin are lo-

cally abundant (Appendices VII-4 and VII-5), suggesting that the HS described here 

could have been formed in dolomitized mudstone. If an origin related to dolomite 

self-organization during burial is proven, the HS described in this study would then 

be the first kilometre-scale example of an HS formed through diagenetic alteration 

associated with dolomitization. However, in the absence of wells intersecting the HS 

described in this study, its origin remains speculative.

6.2 Recognition of Diagenetic Pseudo-Unconformities

Pseudo-unconformities of sedimentary origin can be distinguished from real seis-

mic unconformities through frequency filtering, even where only 2D seismic lines 

are available (Stafleu and Schlager, 1995). This study shows that this method is also 

valid for pseudo-unconformities of diagenetic origin, because the HS that forms the 

pseudo-unconformity described in this study falls dominantly within low-frequency 

bands, whereas the stratigraphic bedding falls dominantly within high-frequency 

bands. Indeed, the diagenetic alteration of the strata may have created gradational 

changes in rock properties that could refract—instead of reflect—the higher-fre-

quency components of the downgoing seismic wavefield. In contrast, the lower-fre-

quency components may have been reflected upward by the gradational changes in 

rock properties created by diagenetic alteration (i.e., the HS). This further suggests 

that frequency filtering may be a powerful tool with which to investigate and char-

acterize diagenetic geobodies using seismic data.
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1. Introduction

The Miocene carbonate platforms of  the Australian North West Shelf (NWS) are 

exceptional geological entities to study because: (1) they form one of the largest car-

bonate provinces in the world; (2) they record the formation and demise of one of 

the largest ancient reef complex discovered yet; and (3) their formation in response 

to the environmental conditions of the north-western Australian margin is unique 

and  hence differs in some elements from well-studied carbonate provinces else-

where such as the Bahamas and the Persian Gulf.

The aim of this study was to reconstruct the stratigraphic evolution of these Mio-

cene platforms in the Exmouth and Barrow Sub-basins (i.e., southern part of Aus-

tralia’s North West Shelf) through the integration of field, core, well-cutting and 3D 

seismic data. To fulfil this aim, six objectives were defined: (1) sampling and describ-

ing outcrops of these platforms during field campaigns; (2) evaluating the validity of 

existing depositional age information, and updating dating where necessary; (3) de-

scribing variations in exhumed carbonate facies, and in cores and well-cuttings; (4) 

interpreting paleoenvironments using these data; (5) documenting the evolution of 

platform morphology through 3D seismic interpretation and log correlation; and (6) 

constructing depositional models utilising new sedimentological, stratigraphic and 

biostratigraphic data.

2. Results and scientific contributions

2.1 Platform evolution

This study allowed the identification of four main phases of carbonate platform 

development during the Miocene (Fig. 1.1). From the late Oligocene to the Early Mi-

ocene (e.g., ~26.7-16.40 Ma, Chapter 2), strata accumulated along a distally steep-

ened ramp profile with large benthic foraminifera and minor coralline algae in its 

proximal part, and with micropackstones in its distal part (Chapter 3). Seismic geo-

morphologies observed along the ramp are restricted to short running linear gullies 
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(Chapter 5) and features created by burial diagenetic processes (Chapter 6). The 

proximal part of the system was emerged and dolomitized at the transition between 

the Early and Middle Miocene (i.e., ~16.40-15.10 Ma, Chapters 2, 5), and sabkha  

were developed (Chapter 5, Appendix VI-1). Large mass transport complexes were 

simultaneously developed in the distal part of the platform, possibly indicative of 

a revival of tectonic activity in the Exmouth-Barrow Sub-basins (Chapter 5). Dur-

ing the early Middle Miocene (i.e., ~15.10-13.34 Ma, Chapter 2), the platform was 

rimmed, and lagoons, sand shoals, inter-reefal and reef-front deposits were accu-

mulated in warm and oligotrophic waters (Chapter 4). Most of the proximal part of 

the platform was, however, eroded (Chapter 5), possibly due to repeated subaerial 

exposure (Chapter 4). Extensive turbidite slope channels were formed in the dis-

tal part of the platform during the early Middle Miocene, suggesting high rates of 

carbonate production (Chapter 5). Intermittent siliciclastic influx started during the 

late Middle Miocene and continued during the Late Miocene (e.g., ~13.34-5.5 Ma, 

Chapters 2, 5). During this phase, sedimentation was, however, still carbonate-dom-

inated, and the platform was still rimmed. Corals, Halimeda and large foraminifera 

were still present in the Cape Range area, suggesting that the environment was still 

warm (Chapter 2, Appendix VI-2). A major siliciclastic pulse at the end of the Late 

Miocene, possibly indicating a revival of the activity of the paleo-Ashburton River, 

ended the otherwise carbonate-dominated sedimentation (Chapter 5).

2.2 Summary of the results presented in each chapter

The second chapter presents the petrographic descriptions of Miocene field and 

core samples whose precise age was unknown at the start of this study. In this work, 

the systematic observation of planktonic foraminifera with large benthic foraminif-

era was used to revise the age of these field and core samples, and to discuss the 

stratigraphic ranges of Sorites, Amphisorus and Marginopora in Western Australia. 

Biofacies descriptions were also used to establish the environmental range of Aus-

tralian Cycloclypeus, which showed similarity with Asian Cycloclypeus. This work 

demonstrated that the exhumed carbonate facies with maximum coral diversity are 
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Middle Miocene in age (15.10 to ~12.5 Ma).

The third chapter presented outcrop and petrographic descriptions of the Early 

Miocene strata, which accumulated along a distally steepened ramp profile (Fig. 7.1 

A). This work showed that the ramp is dominantly composed of large benthic fo-

raminifera with minor coralline algae in its proximal part, accumulated in the photic 

zone, and micropackstones in its distal part, accumulated in the aphotic zone. The 

identification of taxa with warm-oligotrophic-water affinity, such as giant flattened 

forms of Lepidocyclina	(Eulepidina) and Cycloclypeus, suggests that the ramp formed 

in a warm oligotrophic ocean. Intermittent terrestrial influx of silty freshwater po-

tentially affected the water quality.

Figure 7.1: Schematic diagrams showing the evolution of Miocene carbonate plat-
forms	in	the	Exmouth-Barrow	Sub-basins	(southern	end	of	the	North	West	Shelf,	Aus-
tralia).	A.	Early	Miocene	distally	steepened	ramp.	B.	Platform	emersion	at	the	Early	
to	Middle	Miocene	transition.	C.	Rimmed	platform	in	a	carbonate	setting.	D.	Rimmed	
platform in a mixed carbonate-siliciclastic setting.
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The fourth chapter documented the discovery of Middle Miocene carbonate facies 

characteristic of modern tropical oligotrophic lagoons (Fig. 7.1 B). Facies are domi-

nantly composed of peloidal packstones and micritic limestones with grains charac-

teristic of modern tropical oligotrophic lagoons, such as Austrotrillina, Flosculinella, 

Sorites, Operculina, Halimeda and scleractinian corals. Coral morphologies are di-

verse, and branching coral colonies were observed. These Middle Miocene deposits 

are interpreted as protected lagoon, sand shoal, inter-reef, and reef-front deposits. 

Evidence for paleokarst was identified in outcrops at multiple stratigraphic levels 

suggesting repeated Middle Miocene emersions, which have been linked to Middle 

Miocene eustatic fluctuations in this study.

The fifth chapter presented a full volume interpretation of a 11,008 km2 3D seis-

mic volume located in the Exmouth and Barrow Sub-basins, and on which Late Ol-

igocene to Late Miocene carbonate platform morphology is well imaged. Integra-

tion of seismic interpretation, lithological data from well cuttings and depositional 

ages based on strontium isotope analysis and foraminiferal biostratigraphy, led to 

interpretation of the Early Miocene platform as a distally steepened ramp (Fig. 7.1A) 

consistent with field observations (Chapter 3).  The proximal parts of Middle Mio-

cene platforms are dolomitised and partially eroded, supporting repeated Middle 

Miocene emersions (cf. Chapter 4). This study has also highlighted extensive Middle 

Miocene turbidite slope channels (Figs. 7.1B, C). Although there was intermittent si-

liciclastic influx after the late Middle Miocene, the system was still dominated by car-

bonate sedimentation, and curvi-linear features, interpreted as barriers, had formed 

(Fig. 7.1D).

The sixth chapter focused on the description of a seismic geobody observed 

in the micropackstones of the Early Miocene distally steepened ramp (Fig. 7.1 A). 

This geobody, which has a honeycomb structure morphology, appears to be an ero-

sional unconformity on dip-oriented sections. However, frequencies analysis cou-

pled with descriptions through petrographic and scanning electron microscopes of 

time-equivalent cuttings tend to show that the feature has a diagenetic origin, and 
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may then be a diagenetic pseudo-unconformity. This distinctive feature may provide 

an analogue for the interpretation of other surfaces created by diagenetic processes 

in carbonate platforms elsewhere.

3. Recommendations for future work

This thesis focused on the southernmost part of the NWS to investigate exhumed 

Miocene carbonate platforms in the Cape Range Anticline that are well known in the 

subsurface offshore from extensive petroleum exploration.  Future fieldwork could 

focus on locations with additional Miocene exposures not investigated during this 

study, such as Barrow Island, where Middle Miocene sand shoals have previously 

been described, to extend and test the depositional models presented here. More-

over, the most proximal part of the Early Miocene distally steepened ramp was not 

observed in the study area. Field work in the Giralia Range Anticline to the east, and 

theoretically in the more proximal part of the ramp, may provide field data to better 

constrain type of carbonate production in the euphotic zone during the Early Mio-

cene. Additional fieldwork could also be done in the southern Carnarvon Basin, to 

investigate if corals were present there during the Middle Miocene.

Revising the Miocene to Recent stratigraphy in Western Australian basins should 

be considered, as the outcrop age determination depends predominantly on large 

benthic foraminiferal biostratigraphy whereas dating of offshore strata (i.e., through 

well cuttings and side wall cores) depends predominantly on planktonic foraminif-

eral biostratigraphy and/or isotopic dating. Moreover, stratigraphic studies of the 

NWS have mainly been undertaken to characterize late Palaeozoic and Mesozoic 

strata that form petroleum source rocks and host significant oil and gas reservoirs. 

Different formation names have then been used for time-equivalent strata accumu-

lated in similar styles along the NWS, because these strata are overlying different 

deeply buried late Palaeozoic and Mesozoic basins. As an example, the Miocene stra-

ta are termed the Oliver Formation in the Browse Basin, are unnamed in the Bona-

parte Basin and in the offshore Canning Basin, and are designated as Mandu Forma-



197

Conclusion
tion, Tulki Formation, Trealla Formation and/or Cape Range Group in the Carnarvon 

Basin.

A more detailed study of the micropackstones could improve understanding 

of their mode of formation (e.g., in situ production versus reworking). These mi-

cropackstones are part of the overburden strata on the NWS and can undergo in-

tense diagenetic alteration. Unexplained changes in the petrophysical properties of 

the overburden have been reported multiple times by petroleum companies and, re-

gionally, Cenozoic strata are typically considered as a potential drilling hazard due to 

the variable and unpredictable changes in carbonate rock properties affecting drill-

ing progression and possible loss of drilling mud. Better constraints on the character 

and the mode of formation of the micropackstones and response to compaction and 

tectonic processes could aid prediction of their physical properties.

The extensive Middle Miocene calciturbiditic slope system highlighted in this study 

could also be the focus of further work. Additional seismic interpretations could be 

conducted to better characterise the Miocene carbonate slope morphology, such as: 

(1) quantitative measurement of the evolution of the platform slope; and (2) sys-

tematic measurement of channels dimensions and curvature. This would provide 

an opportunity to compare the stratal architecture of the calciturbiditic slope to the 

much studied slope systems of the Bahamas and the Great Barrier Reef, for exam-

ple, especially in view of the differing morphology and formation of the carbonate 

platforms on the NWS (e.g. barrier in a mid-platform setting during the rimmed plat-

form stage). In addition, the processes leading to the formation of carbonate slope 

channels may be valuable to better understand and predict carbonate slope channel 

formation elsewhere.

Study of the regional distribution of the Middle Miocene reef complex, including 

testing the interpretation of the “Little Barrier Reef” in the Bight Basin (southern 

Western Australia), and possible relationship to the NWS would be scientifically 

useful. Indeed, the simultaneous appearance of the NWS “Great Barrier Reef” and of 

the “Little Barrier Reef” could, in theory, suggest that a 5,000 km long reef tract was 
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present all along the western and southern Australian margin during the Middle Mi-

ocene. Seismic interpretation could be carried in the offshore parts of the southern 

Carnarvon Basin and of the Perth Basin to look for traces of such a Middle Miocene 

reef complex. Field investigations could also be carried in the Nullarbor Plain to col-

lect samples of the Nullarbor Limestone in order to compare them with the Middle 

Miocene lagoonal facies discovered in the Cape Range Anticline.
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Appendix

I
Measured sections

Note: Measured sections are presented as described during field missions, and are based 
on outcrop observations and measurements, and on rock sample descriptions with a 
hand lens.
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Appendix

II
Well-cuttings description

-
Analysis carried with a Binocular Stereo Microscope

Note: Analysis were carried at the Perth Core Library. The aim of this descriptive work 
was to identify the main rock types present offshore.
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Appendix

III
Thin sections & acetape peels

description charts
-

Analysis carried with an optical microscope

Note: Thin sections and acetate peels from offshore well cuttings  and onshore cores are 
archived at  the Department of Mines, Industry Regulation and Safety, Western Aus-
tralia (approval numbers N00380 and P929 respectively). Field samples, thin sections 
from field samples and acetate peels from field samples are archived at the Edward de 
Courcy Clarke Earth Science Museum, University of Western Australia (UWA180000-
UWA180418).
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Appendix III

Note: Grain abundance is semi-quantitative, with: a: abundant, c: comment, r: rare, ?: 
uncertain identification. 
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Appendix

IV
Foraminiferal biostratigraphy

-
Supplemental material for Chapter 2
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Appendix

V
Strontium isotope analysis

-
Analysis done by Dr. Tony Allan, CSIRO
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Appendix

VI
Additional outcrop descriptions

Note: the outcrops presented here are respectively from: (1) the section H from the 
Shothole Canyon (appendix I-5); (2) the section A from the northern part of the Water 
Corporation Land (appendix I-9); and (3) the sections from the Mandu Mandu Gorge 
(appendix I-10) plus sections from the Pilgonaman Gorge and Yardie Creek.
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Appendix VI-1: Outcrop of a fossilized late Early Miocene sabkha(?) at the en-

trance of the Shothole Canyon (Cape Range Anticline). This outcrop, which was first 

described by Collins et al. (2006) is overlying strata with Globigerinoides sicanus (Ri-

era et al., 2019) and is interpreted as accumulated in the uppermost part of the Ear-

ly Miocene. A. Macroscopic view of  gastropods (Ga) in mudstone; B. Macroscopic 

view of a coquina rudstone with abundant bivalves (Biv) and rare gastropods (Ga); 

C. Macroscopic view of silicified finely laminated deposits interpreted as microbi-

al laminites (SiMi) overlaid by mudstones with fossil desiccation cracks (mu); D. 

Macroscopic view of the banded deposit interpreted as fossil microbial laminites, 

note the alternation of beige and white layers (indicated by white arrows); E. Do-

mal structures of either microbial or diagenetic origin; F. Mudstone with polygonal 

cracks interpreted as fossil desiccation cracks (De); G. Red sediments interpreted as 

a paleosoil (Pa) overlying mudstones (mu), note the presence of clasts of laminated 

deposit interpreted as microbial laminites into the paleosoil (MLCl); H. Bioclastic 

dolomite with a flattened clypeasteroid echinoderm.

Description: The outcrop contains an alternation of partially dolomitized and silici-

fied facies organised in sub-horizontal beds, including: (1) outlier patches (~50 cm 

high, ~50 cm large) of very well cemented white to pink mudstones with abundant 

gastropods and rare broken branching corals only present in the uppermost part 

of the outcrops; (2) well cemented grey coquina rudstone (i.e., bivalve rudstone) 

with abundant centimetre-scale moulds of bivalves with valves not joinded together 

and without preferential orientation, with rare gastropod moulds and with very rare 

small (i.e., diameter ~3 cm) clypeasteroid echinoderms; (3) finely banded dolomitic 

mudstone locally silicified, with bands continuous over outcrop (i.e., 10 m) formed 

by an alternation of horizontal centimetre thick beige and white structures, which 

are locally crinkled and/or form laminated domal and pustular structures; (4) mud-

stones with polygonal cracks. This last facies is only present in the upper part of the 

outcrops and is locally intersected by channels with erosional base which are filled 

with red sediments interpreted as paleosoils, and clasts of banded deposits.
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Interpretation: These strata could have been formed in a peritidal environment, 

possibly similar to the modern sabkha of the Persian Gulf. Their presence suggests 

that the environment was arid during the late Early Miocene. Indeed, facies with a 

dominant molluscan fauna and abundant lime mud can be deposited in very shal-

low and protected (i.e., lagoon) waters (Heckel, 1972). The presence of abundant 

gastropods with low-diversity in the uppermost part of the outcrop could indicate 

an accumulation in a highly stressed environment, like a pond (James and Bones, 

2016). The presence of coquina rudstones support an accumulation in a restricted, 

hypersaline environment, possibly similar to modern Shark Bay (Court, 2017). The 

presence of very rare echinoderm indicates occasional connections with marine wa-

ter with normal salinities (Heckel, 1972). This is supported by the organisation of 

the valves of the bivalves (i.e., not joined and without preferential orientation) which 

could indicate a transport of bivalve before their accumulation (Reineck and Singh, 

1980). The morphology of the horizontal centimetre-thick beige and white layers 

is similar in shape and size to the morphology of modern microbial mats formed 

in intertidal zones, in which layers of clean sediment alternates with layers of sedi-

ments bounded by microbial mat (Riding, 2011; Jahnert and Collins, 2013; Vascon-

celos et al., 2014). The absence of sedimentary structures (e.g., flaser bedding, wavy 

bedding, lenticular bedding) and the regularity of the layer thickness may indicate 

that the bedding do not have a mechanical origin (Reineck and Singh, 1980). The 

local crinkled, laminated domal and pustular structures are similar in shape and size 

to columnar non-branching stromatolites (Riding, 2011; Jahnert and Collins, 2013; 

Vasconcelos et al., 2014). Finally, silicification has been frequently reported in fossil 

microbial induced deposits (Riding, 2011). These points suggest that the bedded 

deposits could have a microbial origin, even if additional analysis will be necessary 

to prove that it is not a diagenetic overprint. In the mudstone with polygonal cracks, 

the absence of macroscopic bioclasts suggests a deposition in a stressed environ-

ment, like a tidal pond environment (e.g., supratidal, calm and hypersaline; Davaud, 

1997). The clasts present in the facies interpreted as paleosoils could have been bro-

ken during storms and reworked by tidal ponds. This would support a deposition in 

tidal pond environment (Davaud, 1997) undergoing rare but violent storm.
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Appendix VI-2: Field photographs and thin-section images of Middle Miocene 

outcrops from the northern part of the Water Corporation Land. These outcrops are 

composed of an alternation of coralline algae boundstones, of coral-rich peloidal 

packstones and of cross-bedded quartz sandstones. The outcrops were mapped as 

Trealla Limestone and Pilgramunna Formation (Condon et al., 1955; van de Graaff et 

al., 1982) and were dated as Serravallian (late Middle Miocene; Riera et al., 2019). A. 

Field photograph of a fossil dome-shaped hard coral colonies, possibly of the family 

Diploastreidae; B. Field photograph of a massive coralline algae boundstone; C. Close 

view photograph of a limestone with abundant medium angular quartz grains (Qtz); 

D. Close view photograph of a coralline algae boundstone, note the abundance of 

quartz grains (Qtz) around the algae (CoA); E. Microphotograph of the sample EC7-

2, which contains a mix of quartz grains (Qtz), peloids (Pe), coralline algae (CoA) 

and small miliolids (sMi); F. Microphotograph of the sample EC6, which is a coral-

line algae boundstone (CoA) with its internal porosity filled by a quartz sandstone 

(Qtz) with peloids, coralline algae and small miliolids in a micritic matrix (Mi); G. 

Cross-bedded and burrowed (Bu) quartz sandstone (Qtz) overlaid by dolomite (Do); 

H. Peloidal grainstone to wackestone with quartz grains (Li) overlaid by a quartz 

sandstone (Qtz).

Description: Outcrops of limestone containing coarse quartz grains, dome-shaped 

corals and coralline algae are widespread in the northern part of the Water Corpo-

ration Land. These outcrops, which were described for the first time by Riera et al. 

(2019), were never placed in a large scale depositional model. These Miocene lime-

stones differ from other Miocene limestones from the Cape Range Anticline area 

as they contain common to abundant medium to coarse sub-angular to very well 

rounded quartz grains, which are visible with naked eye. They also contain com-

mon coralline algae boundstones and very rare meter-scale globose corals, and are 

interlayed with cross-bedded coarse quartz sandstones. Observations though opti-

cal microscope show that the limestones are composed of peloidal grainstones to 

wackestones with common peloids, common miliolids, absent to common Sorites, 

rare dasycladal green algae, rare acervulinids, very rare to common planktonic fo-
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raminifera and common to abundant quartz grains. However, the facies is highly var-

iable, and Sorites are only present in the intervals with rare quartz, whereas plank-

tonic foraminifera are most common in finer intervals. The matrix is made of micrite. 

The coralline algae boundstones are mainly composed of encrusting algae which 

have occasionally incorporated quartz grains in their internal structure.

Interpretation: The presence of Sorites suggests a deposition in the upper phot-

ic zone (Hottinger, 1997), in a marine environment with sea surface temperature 

warmer than 14 °C (Langer and Hottinger, 2000) and with marine vegetation (Mur-

ray, 1991). The presence of Miogypsina supports a deposition in shallow and well 

illuminated marine waters (Boudagher-Fadel et al., 2000; BouDagher-Fadel, 2018; 

Novak and Renema, 2018), which is also supported by the presence of Sorites, which 

favour clear waters (Novak and Renema, 2018). The presence of dasycladalean algae 

suggests that water temperature was warmer than 20 °C (Berger and Kaever, 1992; 

Aguirre and Riding, 2005). The presence of only globose corals suggests a strong hy-

drodynamic stress (Chappell, 1980). Planktonic Foraminifera may indicate normal 

marine salinity and a connection to the open ocean (Murray, 1991; Flügel, 2010). 

Moreover, the variation in quartz content between samples suggests that quartz was 

arriving in the system by pulse and that marine vegetation was flourishing in are-

as with reduced quartz influx. In conclusion, these outcrops are interpreted as ac-

cumulated in the upper euphotic zone, in clear to turbid warm waters undergoing 

occasional pulse of quartz grains. The presence of common to abundant medium 

to coarse sub-angular to very well rounded quartz grains indicates that river and/

or wind transport were actively transporting quartz from land. The rounded shape 

of the grains could also be explained by a prolonged time in beach environments 

and an increase in roundness by surf action (Kleesment, 2009) or by a long time of 

transport.

Appendix VI-3: Miocene outcrops along the western flank of the Cape Range An-

ticline (i.e., Yardie Creek, Mandu Mandu Gorge, Pilgonaman Gorge). While studied 

during several field trips carried out for this thesis, these outcrops were not in-
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cluded in the main text of the thesis as it was not possible to precisely date them 

(i.e., Strontium isotope dating was giving aberrant values and no key planktonic fo-

raminifera was observed). The lower part of the outcrops, composed of dolomite, 

had been dated as late Early Miocene to early Middle Miocene by previous workers, 

as they contain “forms very close to Praeorbulina glomerosa” (Chaproniere, 1977, 

p.21); while the upper part was assumed to be of Middle Miocene age, as they con-

tain Lepidocyclina. However, no planktonic foraminifera was identified (Chapro-

niere, 1977). A. Thick dolomitized layer at the entrance of the Pilgonaman Gorge, 

note the lateral variation of thickness and the bedding (arrows); B. Closer view on 

the entrance of the Pilgonaman Gorge; C. Field photograph of the bioclastic dolo-

mite in the Pilgonaman Gorge, note the presence of a flattened clypeasteroid echino-

derm (Cly); D. Dolomite with rhodoliths(?); E. Close view of a dolomite with moulds 

- interpreted here as dissolved Lepidocyclina – in the Pilgonaman Gorge; F. Petro-

graphic observation of a stained thin section of the sample Pi3, which is a coarsely 

dolomitized pack-wackestone with numerous moulds (Mo) locally interpreted as 

dissolved Lepidocyclina (Lepi?), with coralline algae (CoA) and with small miliolids 

(Mi), note the large size of the dolomite crystals (Do); G. Petrographic observation 

of the sample Pi4, which is a fine bedded dolomite with moulds (Mo) and coralline 

algae (CoA), the origin of the bedding could either be depositional, microbially-cre-

ated or diagenetic; H. Coarse cross-bedded sandstone in the uppermost part of the 

Pilgonaman Gorge; I. Karst filled by coarse quartz grains (Qtz) in the uppermost part 

of the section at the entrance of the Pilgonaman Gorge.

Description: These outcrops always contain parallel beds with variable thickness 

(i.e., 50 cm to 10 m thick), which are dipping of 2 to 5° toward the West. Beds have 

a long lateral extent (i.e., more than 1 km) and they are dominantly composed of bi-

oclastic dolomite with abundant biconvex moulds, rare clypeaseroid echinoderms, 

rare large bivalve valves, rare large gastropods, rare small rhodoliths and rare sol-

itary corals. Laminar crusts occasionally drape the sediment. Breccia horizon with 

~10 cm large angular fragment identical to the host rock, solution cave, cavity and 

fractures filled by red terra rosa without quartz are occasionally present. Observa-
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tions through microscope of the dolomite shows that most grains were dissolved 

and/or micritized, that the moulds were leached and then partially filled by dolomite 

cements, and that the original matrix was replaced by coarse crystals of dolomite. 

Grain content is highly variable, as the facies varies from mudstone to grainstone/

packstone, and contains very rare to abundant small miliolids, very rare to common 

moulds with a biconvex shape which could be Halimeda or Lepidocyclina, rare to 

common small rhodoliths, and rare to common echinoderm debris. Laminar crusts 

are composed of an alternation of very fine (i.e., ~10 to 40 μm) and larger (i.e., ~40 

to 150 μm) microdolospar layers. Quartz grains were not observed in this facies (i.e., 

quartz is only present in the uppermost, and younger, part of the sections).

Interpretation: The presence of clypeasteroid echinoderms suggest a deposition in 

shallow high energy environments (Nebelsick and Kroh, 2002), which is supported 

by the presence of bedding. Breccia horizon filled by terra rosa are interpreted as 

paleokarsts formed during short emersions. If it was not possible to date the brec-

chia, the absence of quartz grains in the terra rosa suggests that the emersion oc-

curred before the arrival of quartz in the Cape Range area during the Serravallian (cf. 

Riera et al., 2019). The convex shape of the strata, the presence of large beds, and the 

shallow water bioclastic assemblage suggest that these outcrops were accumulated 

as submerged shoals or sand banks, which were locally very close to sea level. The 

presence of early karstification could indicate an early cementation, but additional 

analyses will be necessary to further characterize the age and the processes which 

lead to the formation of these outcrops.
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Appendix VII-1: 2D line s136_136_04 (A) and horizon slice extracted from the 

Minden 3D seismic volume (B) showing the correlation between the well Ramillies 

1 and the time-transgressive HS forming a pseudo-unconformity along 2D seismic 

lines. Biostratigraphic zonation is after Rexilius (1991).

Appendix VII-2: Arbitrary 2D line and horizon slice extracted from the Vincent 

3D seismic volume showing the correlation between the well Pyrenees 1 and the 

HS. The location of the 2D line is shown in the small horizon slice extracted from the 

Vincent 3D seismic volume in the corner of the figure. The location of the cutting 

Pyrenees1-822.5, which is illustrated on the Fig. S-4A, is indicated by the black dot 

on the Pyrenees 1 well.

Appendix VII-3: Arbitrary 2D line (A) and horizon slice (B) extracted from the 

Minden 3D seismic volume showing the correlation between the well York 1 and 

the HS. The location of the cutting York1-1420, which is illustrated on the Fig. S-5, is 

indicated by the black dot on York 1.

Appendix VII-4: Thin sections of the clay-rich carbonate mudstones forming the 

deeply submerged prograding clinoforms. A. sample 822.5 mRT from Pyrenees 1, 

illustrating the composition of the clinoform bottomsets; B. sample 1250 mRT from 

Ramillies 1, showing the composition of the clinoform topsets. Gy: Gypsum, Qtz: 

quartz, PlF: planktonic foraminifera, HF: small hyaline foraminifera, Do: dolomite 

rhomb.

Appendix VII-5: Scanning electron microscope (SEM) image of a cutting from 

the offshore well York 1 (cutting 1420 mRT) from the clinoform topsets. Note the 

presence of dolomite rhombs (Do) and of a quartz grain (Qtz) in a carbonate matrix 

(Mtx). Image is of an uncoated sample taken on a Hitachi TM3030Plus benchtop 

SEM under low vacuum conditions at accelerating voltages of 15 kV.

Appendix VII-6: Time-slice of the LF seismic volume (see Figs. 6.4B, 6.4B’), which 

is filtered with a FFT Hann filter with low cut at 14 Hz, low pass at 26 Hz, high pass at 
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29 Hz and high cut at 44 Hz so only low frequencies are displayed. Note the variation 

of apparent amplitude in the cells and ridges: in the south-western and north-east-

ern part of the image the cells have an apparent positive amplitude and the ridges 

have an apparent negative amplitude; whereas in the central part of the image cells 

have an apparent negative amplitude and ridges have an apparent positive ampli-

tude. When the time-slice is shifted up or down, it cross-cuts the undulating reflec-

tor forming the HS in a different way in which cell and ridge apparent amplitudes 

can reverse.

Appendix VII-7: Characteristics of the seismic surveys. The estimated vertical res-

olution was calculated with the following formula: vertical resolution threshold in 

an interval = velocity / (dominant frequency in this interval x 4). The average veloc-

ity in the upper studied interval is 2000 m/s according to the time-depth relation-

ship in well Beg 1.
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Seismic survey Surface 
(km2)

In-line 
bin size 

(m)

Cross-line bin 
size

(m)

Sample rate

(ms)

Dominant 
frequency

(Hz)

Vertical 
resolution 

(m)

Carnarvon 3D 2844.44 28.1 12.5 3 65 7.7

Vincent 3D 1057.62 14.1  9.4 4 25 20

West Gorgon 3D 1087.06 14.1  9.4 4 40 12.5

Minden 3D 1215.62 18.7 18.7 4 30 16.7

Gorgon 3D 1385.84 20.0 25.0 4 15 33.3
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