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Abstract 

 

Taranaki Basin (New Zealand) contains a Late Cretaceous – Cenozoic sedimentary 

succession up to 9 kilometres thick. Neogene strata are volumetrically a significant part of the 

basin fill. During the late-Middle Miocene a new sediment source, arising from the onset of 

uplift and erosion of the Southern Alps mountain belt, supplied the basin with copious 

sediment, continuing to the Recent. This resulted in the development of a northwestward 

prograding shelf-slope wedge within the basin. The Moki and Mount Messenger formations 

accumulated as sandstone strata within mudstone (Manganui Formation) and display obvious 

sediment conduits (i.e. canyons, channels and gullies) in seismic reflection profiles. Past 

studies considered that these conduits pass through submarine fans, while in reality fans occur 

basinward of the mouths of the sediment conduits. This thesis study leverages seismic 

reflection data and applies seismic stratigraphy and seismic geomorphology, integrated with 

analysis of wireline logs, core, and outcrops, to better understand the occurrence of sediment 

conduits and fans within the Moki and Mount Messenger formations. Results show that in 

southern Taranaki Basin, increased sediment influx resulted in steepening of the continental 

slope, changing the morphometrics of sediment conduits. Critical analysis of data generated 

here forced the dismissal of all published fans associated with these sandstone formations. 

Rather, two new Late Miocene submarine fans have been mapped in deep-water western 

Taranaki Basin towards the head of the New Caledonia Basin. New paleogeographic maps for 

the Middle and Late Miocene have been drawn that display the sediment conduits and new 

fans.  
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Chapter 1 

Introduction 

 

1.1 Background 

 

Taranaki Basin is a Cretaceous to Cenozoic depocenter situated offshore of the west coast 

of North Island, New Zealand, as well as onshore beneath Taranaki Peninsula (Figure 1.1). The 

basin spans an area of approximately 100,000 km2 and has a stratal thickness of up to 9 km, 

with over half of this thickness representing deposition during the Middle Miocene to 

Pleistocene (King & Thrasher, 1996). A large proportion of these Middle Miocene to 

Pleistocene sedimentary successions are manifest as large-scale clinothems evident on seismic 

reflection profiles, which record north and northwestward progradation of a shelf-slope system 

in response to increasing sediment influx to the basin during uplift and erosion of the Southern 

Alps (Kamp et al., 1989; Tippett & Kamp, 1993; Ring et al., 2019). These sedimentary layers 

have been well studied because they are well-known examples of source-to-sink marine 

depositional systems responding to complex interactions at a plate boundary (Hikurangi 

Subduction Zone) (Inset Map; Figure 1.1). In addition, Taranaki Basin is endowed with 

abundant petroleum resources (King & Thrasher, 1996; NZP&M, 2018). Whereas the Pliocene 

to Pleistocene interval (Giant Foresets Formation) is relatively well understood in terms of 

environments of deposition, stratigraphic architecture, and paleogeography (Hansen & Kamp, 

2002; Kamp, 2006), the Middle to Late Miocene strata (including the Moki and Mount 

Messenger formations) are less well-constrained.  
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Figure 1.1: Overview map of Taranaki Basin, which shows the broad stratal thickness 

distribution. The map emphasizes the distinction between the northern and southern basin 

regions, both situated in shallow water, contrasted against the western region which occurs in 

deep water. Other highlighted features include Northern and Central Taranaki grabens, 

Taranaki and Cape Egmont Fault Zones, Miocene-age volcanic intrusions, and selected drill 

holes of particular interest to this study. GIS data sourced from NZP&M (2018). 
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Previous researchers sought to understand the regional context for these intervals and 

how outcrops on land, particularly of the Mount Messenger Formation in North Taranaki, link 

with the subsurface in terms of their sedimentary deposition (King et al., 1993; Browne & Slatt, 

2002). One major limitation of these studies of the Moki and Mount Messenger formations has 

been the spatial disconnect between observations from seismic reflection profiles, borehole, 

and outcrop datasets. In the last decade, new seismic reflection data have become available and 

conceptual advances have been made in methods of interpreting these data (i.e. seismic 

geomorphology as per Posamentier et al., 2022). Moreover, new technology such as uncrewed 

aerial vehicle (UAV) drones provides the potential to observe and analyse previously 

inaccessible or poorly accessible outcrops (Laperchia, 2021). 

 

Capitalizing on the opportunity afforded by these new data, technology, and improved 

interpretation techniques, this thesis has investigated the Moki and Mount Messenger 

formations to reveal new insights about their deep-water sedimentary systems and how they 

are expressed in Taranaki Basin paleogeography. The accumulation of these formations spans 

the start of uplift and erosion of the Southern Alps mountain belt, considered to have started at 

about 15 Ma (Ring et al. 2019), but became more pronounced at about 8 Ma (Tippett & Kamp 

1993). The Moki Formation of Middle Miocene age (16 – 13 Ma) was not derived from the 

Torlesse Composite Terrane, which underlies the Southern Alps based on zircon 

geochronology, although the Mount Messenger Formation was derived from this terrane (pers. 

comm. P.J.J Kamp). The uplift of the source area is a direct result of the Pacific plate colliding 

obliquely with the Australian plate in South Island. Sediment from the Southern Alps was 

routed to Taranaki Basin via the Moutere Basin south of Nelson and via longshore drift along 

the Westland coastline.  
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The overarching aim of this study is to better understand the slope to deep-water 

sediment delivery systems during the Middle to Late Miocene in Taranaki Basin. In particular 

an aim is to test the reality of otherwise of the large Moki and Mount Messenger formation 

submarine fans as illustrated in paleogeographic maps by Strogen et al. (2011, 2022) and 

Kroeger et al. (2019). The resolution of seismic reflection data in Taranaki Basin both 2D and 

3D are sufficient to identify the stratal patterns associated with submarine fans but not 

necessarily smaller scale features such as individual lobes. This resolution of these seismic data 

has also determined the fan model adopted in this study, which is based on Walker (1978). This 

study is a regional mapping and paleogeography study rather than a detailed mapping of fan 

elements of limited spatial extent. In the reassessment of the lower Mount Messenger 

Formation in the North Taranaki coastal section, we also rely on seismic mapping of a 3D 

seismic data survey area located immediately offshore, rather than undertaking a detailed facies 

analysis of the formation to determine its depositional environments. 

 

In this study I have integrated seismic stratigraphy and seismic geomorphology of 2D 

and 3D seismic reflection datasets with well logs and borehole data, as well as with 3D digital 

outcrop models to: 1) quantitatively parameterize channelforms on the Middle and Late 

Miocene continental slope in south and central Taranaki Basin; 2) map and revise the basin 

paleogeography at 14 Ma, 12 Ma, and 6 Ma; and 3), re-evaluate outcrop interpretations for the 

world-known North Taranaki coastal section. 

 

The thesis comprises 6 chapters, primarily written in paper format. This chapter, 

(Chapter 1) is the introduction to the thesis. Chapter 2 is a quantitative analysis of channelforms 

on the continental slope. Chapter 3 is a seismic geomorphology-driven evaluation and revision 

of basin paleogeography. Chapter 4 constitutes an offshore-seismic to outcrop linked study of 
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the coastal section in North Taranaki Basin. Chapter 5 is a description of 3D computer models 

of outcrops constructed using UAV drone imagery. Finally, Chapter 6 is the thesis conclusion 

chapter. The following sections are a brief synopsis of Chapters 2 to 5, which collectively 

advance  understanding of the Middle to Late Miocene Moki and Mount Messenger formations. 

 

1.2 Summary of Chapter 2: Quantitative seismic geomorphology of 

sediment conduits on an evolving Miocene slope in Taranaki Basin 

(New Zealand): The influence of increasing slope gradient through time 

 

Submarine canyons, channels, and gullies are important sediment pathways that link 

sedimentary systems from source to sink (Allen, 2017). In the foreland of Taranaki Basin, 

situated in the hinterland of the Australia-Pacific plate boundary (Hikurangi subduction zone), 

prior research (e.g. Strogen et al., 2011; Kroeger et al., 2019; Bull et al., 2019) identified a 

Miocene progradational slope margin and documented sediment conduits along part of the 

paleo-shelf and slope. However, a quantitative analysis of these submarine canyons and 

channels, along with their morphometric relationship with the prograding slope remains 

unknown. 

 

This study leveraged the techniques of seismic geomorphology to quantitatively 

characterize morphometric attributes of submarine canyons, channels, and gullies in southern 

and central Taranaki Basin. The morphometrics included cross-sectional features such as 

width, depth, and cross-sectional area, as well as planform characteristics such as sinuosity, 

meander length, and meander amplitude (Peakall et al., 2000; Deptuck et al., 2007; Gamboa et 

al., 2012; Qin et al., 2016; Harishidayat et al., 2018). Such quantitative insights about the 

evolution of sediment conduits and the factors influencing their physical attributes are a major 
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knowledge gap, especially in ancient/buried systems. This research was published in the 

journal Marine and Petroleum Geology (Kamaruzaman et al., 2023). 

 

 

1.3 Summary of Chapter 3: Critical re-assessment of Middle and Late 

Miocene submarine fans in offshore southern and western Taranaki 

Basin, New Zealand, to update the paleogeography 

 

Petroleum exploration and sedimentary basin research geoscientists globally have had 

a vested interest in understanding ancient deep-water sedimentary systems for several decades. 

However, recently this interest has been reinvigorated due to the growing availability of 3D 

seismic reflection datasets and advanced seismic reflection mapping methods and tools. 

Moreover, advancements in the field of marine geomorphology, derived from the study of 

Recent distributary sedimentary systems such as channel networks, submarine fans, and 

continental slopes, have provided new insights with potentially impactful applications to the 

ancient record (Stow & Mayall, 2000; Shanmugam, 2013; Mayall & Kneller, 2021; Mitchell 

et al., 2023). One such method, seismic amplitude extraction, is routinely used for mapping 

ancient depositional systems such as fans, and is a technique that is sometimes used without 

proper due care and attention. For example, if the data are not detuned in the target interval 

before amplitude signatures are mapped and interpreted, inaccurate geological interpretations 

might result due to thin-bed tuning effects (Bunt, 2015; Ab Fatah et al., 2016; Francis, 2016; 

Márquez et al., 2021). 

 

In Chapter 3, I raised concern over the Miocene submarine fans mapped by prior 

researchers in southern Taranaki Basin (i.e., Grain, 2008; Baur et al., 2010; Kroeger et al., 

2019) because of the observation that they do not adhere to established stratal seismic criteria 
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commonly used to identify ancient fans (Posamentier & Erskine, 1991). Therefore, this study 

has aimed to re-evaluate the Middle and Late Miocene deep-water sedimentary system in 

southern, central, and western offshore Taranaki Basin. The approach involved objective 

deconstruction of the currently accepted interpretation of submarine fans, followed by building 

a case for two newly described fans in distal deep-water parts of offshore western Taranaki 

Basin. A version of this study was published in the journal Marine and Petroleum Geology 

(Kamaruzaman et al., 2024a). 

 

1.4 Summary of Chapter 4: Interpreting Environments of Deposition from 

Facies Analysis of Outcrop Versus Seismic Reflection Data: A 

Cautionary Tale from the Mount Messenger Formation, Taranaki 

Basin (New Zealand) 

 

The North Taranaki coastal section (North Island, New Zealand) features well-exposed 

outcrops of the Late Miocene Mount Messenger Formation (King et al., 1993). Previous studies 

of these outcrop strata concluded that they are of basin floor (i.e. submarine) fan origin (King 

et al., 1993; Hansen, 1996; Browne & Slatt, 2002; Maier et al., 2010; Strogen et al., 2011; 

Sharman et al., 2015). Even the most recent study by Masalimova et al. (2016) viewed these 

outcrops of the lower Mount Messenger Formation as representing a basin floor fan (i.e. single 

fan with multiple lobes). Yet, despite this model permeating the literature and forming the basis 

for field training of petroleum geoscientists and students about deep-water sedimentary 

processes and submarine fan reservoir architecture (e.g., Jordan et al., 1994; Browne & Slatt, 

2002; Staff, 2002; Childs et al., 2007), the basin floor fan depositional model for the lower 

Mount Messenger Formation has never undergone critical examination. 
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An opportunity to revisit and scrutinize the depositional models for the North Taranaki 

Basin coastal section has arisen with the 2018 release of a 3D seismic reflection dataset 

(Mercury-Mokau 3D seismic survey) by the New Zealand Government (NZP&M, 2018), that 

covers an area offshore and immediately adjacent to the outcrops. This was matched with the 

fact that no one has developed 3D models of the outcrops using UAV drones. The hypothesis 

driving the study was that if exhumed basin floor fans are indeed present in the coastal section, 

they should be detectable in the seismic volume just offshore and down-dip of the exposed 

succession in sea cliffs. 

 

1.5 Summary of Chapter 5: Dataset of 3D computer models of Late 

Miocene Mount Messenger Formation outcrops in New Zealand, built 

with UAV drones 

 

This paper was in support of Chapter 4, having the objective of building 3D computer 

models of the lower Mount Messenger Formation outcrops to aid in their analysis. The Late 

Miocene-aged sedimentary strata, prominently exposed along the North Taranaki coast, have 

previously been regarded as exemplary instances of deep-water sandstone and siltstone 

sediments. They have been encountered in offshore drill hole materials and seismic reflection 

data imagery immediately adjacent to the coast. However, past investigations of these outcrops 

predominantly relied on observations and measurements made in the field of outcrops of the 

lower Mount Messenger Formation (e.g., Hansen, 1996; Masalimova et al., 2016). This study 

of outcrop strata has distinguished itself from these past studies of outcrop strata by integrating 

UAV drone imagery to build 3D computer models and capture the sedimentary characteristics 

of the outcrops. The utilization of UAV drones has significantly expanded the scope of 

coverage, encompassing areas previously inaccessible on foot. Consequently, the geological 
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analysis of these deep-water sedimentary systems is markedly enhanced, particularly when 

examined through the prism of a 3D perspective. This analytical approach fosters a more 

comprehensive understanding of the ancient sedimentary system in the region, surpassing the 

insights offered by earlier studies. The acquired drone images underwent meticulous 

processing in Pix4Dmapper version 4.4.12, ensuring precise geolocation for the generation of 

highly detailed 3D computer models. Subsequent qualitative and quantitative stratigraphic 

analyses of the outcrops were meticulously conducted using ArcGIS Pro version 3.0.3 

(Marques et al., 2020). A version of this study was published in the journal Data In Brief 

(Kamaruzaman et al., 2024b). 
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Chapter 2 

Quantitative seismic geomorphology of sediment conduits on an 

evolving Miocene slope in Taranaki Basin (New Zealand): The 

influence of increasing slope gradient through time1 

 

2.1 Introduction 

 

Submarine canyons, channels and gullies are integral sediment conduits as parts of larger 

source-to-sink sedimentary systems (Allen, 2017). These systems are globally significant 

features at continental margins through which sediment, organic carbon, nutrients and 

pollutants are transported from shallow water to deep-sea environments (Field et al., 1999; 

Weimer & Slatt, 2004; Covault, 2011; Hughes et al., 2015; Kane et al., 2020). In the foreland 

Taranaki Basin, located inboard of the Australia-Pacific plate boundary (the Hikurangi 

subduction zone) (Figure 2.1), prior studies have documented a Miocene progradational slope 

margin (Bull et al., 2019) and sediment conduits across part of the paleo-shelf and in particular 

the related slope (Strogen et al., 2011; Kroeger et al., 2019). These submarine canyons and 

channels have not hitherto been quantitatively parameterised and their morphometric 

relationship with the prograding slope is yet to be established. The availability of high-

resolution 3D seismic reflection data for the part of the basin where many of these conduits 

occur, enables such a study to be undertaken, in particular determination of the relationship 

between submarine canyon and channel geomorphology in relation to increasing slope gradient 

through time. 

 

1A version of this chapter has been published in Marine and Petroleum Geology: Kamaruzaman, E. H., La Croix, 

A. D., & Kamp, P. J. J. (2023). Quantitative seismic geomorphology of sediment conduits on an evolving Miocene 

slope in Taranaki Basin (New Zealand): The influence of increasing slope gradient through time. Marine and 

Petroleum Geology, 152, 106233. https://doi.org/https://doi.org/10.1016/j.marpetgeo.2023.106233. The 

published version is included in Appendix A-i. 

https://doi.org/https:/doi.org/10.1016/j.marpetgeo.2023.106233
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Figure 2.1: Map of Taranaki Basin located west of North Island, New Zealand, showing its 

main structural features. Inset Map 1 shows the outlines of the 3D seismic volumes and 

boreholes used in this study. The study area is marked by the red polygon bounded by the Cape 

Egmont Fault Zone on the eastern side. Inset Map 2 shows the boundary between the Pacific 

and Australia plates (Alpine Fault and Hikurangi Margin). GIS data from NZP&M (2018). 

 

High-resolution 3D seismic reflection data allows morphometric attributes of 

submarine canyons, channels and gullies to be quantitatively characterised (i.e., using seismic 

geomorphology; Posamentier et al., 2022), including cross-sectional (width, depth and cross-

sectional area) and planform (sinuosity, meander length and meander amplitude) 

characteristics (Peakall et al., 2000; Deptuck et al., 2007; Gamboa et al., 2012; Qin et al., 2016; 
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Harishidayat et al., 2018). These types of quantitative insights lead to a better understanding of 

sedimentary processes within slope and deep-water systems, the evolution of sediment 

conduits, and factors that influence their physical characteristics. However, quantitative 

characterisation is not always straightforward and there are challenges to morphologic 

interpretations using 3D seismic reflection data. The challenges include resolution limits of 

seismic data and variations within submarine canyons, channels and gullies due to the effects 

of internal (e.g., erosion within channel complexes) and external (e.g., post-depositional 

faulting) factors (Gamboa et al., 2012; Qin et al., 2016; Posamentier et al., 2022). Nevertheless, 

it is possible to document variability in the geomorphology of canyons, channels and gullies, 

and to link the resulting geomorphology to sediment transport across the shelf-slope system 

and into the deep-sea realm.  

 

Most previous studies undertaking geomorphological analysis of submarine canyons, 

channels and gullies have investigated modern-day or Quaternary systems (Shumaker et al., 

2018; Palm et al., 2021; Bührig et al., 2022), and there are comparatively fewer studies 

documenting the morphometrics of pre-Quaternary systems. In order to fill this research gap 

on ancient deep-water canyons, channels and gullies, this study focuses on undertaking seismic 

geomorphological analysis of Miocene-age examples from Taranaki Basin, New Zealand. The 

aim of this research is to gain insights into the sediment pathways that filled Taranaki Basin by 

understanding the morphometrics, evolution and distribution of canyon, channel and gully 

networks on the prograding slope margin as it steepened through the Miocene. In addition to 

understanding ancient sedimentary processes, the outcomes of this study provide numerical 

data that can be used for exploration and modelling of large-scale petroleum reservoirs typical 

of deep-water systems (Hewlett et al., 1993; Weimer & Slatt, 2004; Mayall & Kneller, 2021) 



17 

 

or reservoirs for CO2 and H2 geostorage (Benson & Cook, 2005; Heinemann et al., 2018; Raza 

et al., 2018). 

 

Figure 2.2: (A) Classification of submarine channels, canyons and valleys used in this study 

after Lemay et al. (2020). (B) Three-level hierarchy of channel bodies applied herein and 

modified from Mayall and Kneller (2021). 

 

2.2 Classification of sediment conduits in the study area 

 

No standardized criteria currently exist to differentiate between submarine canyons, 

channels and gullies, although the names imply there are scale differences between the different 

sets of terminology (Deptuck et al., 2007; Wynn et al., 2007; Shanmugam, 2016). The choice 

of lexicon has depended on the context of past studies (e.g., stratigraphy, sedimentological 

processes, basin analysis or geomorphology), and has included a wide variety of terms such as 

“canyon” (Harris & Whiteway, 2011; Huvenne & Davies, 2014), “valley” (Shepard, 1965; 

Normark et al., 1993), “canyon-channel” (Covault, 2011), “master channel” (Baur et al., 2010) 

and “gullies” (Shumaker et al., 2017). These differences in terminology have hindered accurate 

and repeatable communication of results between studies. In this context, I simplify the 
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description of channel-form features in my study area into three main classes: 1) submarine 

canyons, 2) submarine channels and 3) submarine gullies. 

 

Submarine canyons are erosive features typically exhibiting a V-shape due to deep 

incision and they have limited development of external levees with heads located near the 

shoreline or on the shelf (Shepard, 1965; Normark et al., 1993; Wynn et al., 2007). By contrast, 

submarine channels are predominantly U-shape and can be either aggradational or erosional 

(Deptuck et al., 2007; Qin et al., 2016), and they display a wide range of flow behaviour 

(Peakall & Sumner, 2015). Herein I adopt the classification of canyons and channels used by 

Lemay et al. (2020). In this system, canyons do not have external levees whereas channels may 

or may not have levees (Figure 2.2A). Canyons can contain channels within their walls and 

most often, channels are smaller than canyons, although not exclusively (Lemay et al., 2020). 

In addition to differentiating channels from canyons, I adapt the channel body hierarchy system 

employed in Mayall and Kneller (2021) to describe the internal characteristics of stacked 

channels within canyons (Figure 2.2B). The hierarchical structure consists of channel systems 

(1-3 km wide and 100-250 m thick), channel complexes (0.5-1.5 km wide and 20-50 m thick) 

and channel elements (0.05-0.1 km wide and 5-20 m thick). Lastly, submarine gullies are 

straight, parallel, regularly spaced channelforms, commonly found on continental slopes with 

steep topography, especially on prograding or aggrading margins and they are an order of 

magnitude smaller than submarine canyons (Field et al., 1999; Amblas et al., 2018). The term 

Gully Complex refers to nested gullies (Shumaker et al., 2017). In terms of gully dimensions, 

the recorded average widths are in the 100s of m, while the average depths are in the 10s of m 

(Field et al., 1999; Lonergan et al., 2013) to 100s of m (Gales et al., 2013; Shumaker et al., 

2017; Harishidayat et al., 2018).  
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2.3 Geological setting 

 

Taranaki Basin is a Late Cretaceous to Cenozoic sedimentary basin situated mainly 

offshore in central-western North Island, New Zealand (Figure 2.1). It contains a sedimentary 

succession that is up to 9 km thick and which is variably deformed, initially by crustal extension 

concurrent with seafloor spreading in the Tasman Sea, and subsequently by shortening driven 

from the Late Oligocene – present-day Hikurangi subduction. Shortening structures are mainly 

evident along the eastern margin of the basin involving the Taranaki Fault System (King & 

Thrasher, 1996; Bull et al., 2015). During the Late Eocene to the Early Oligocene, the basin 

underwent a regional subsidence phase resulting in a bathymetric deepening of the basin in the 

northwestward direction (King & Thrasher, 1996; Strogen et al., 2011). Marine inundation of 

central and southern Taranaki Basin occurred during the late-Early Oligocene (29 Ma), peaking 

during the latest Oligocene when the central and southern parts of the basin became a foredeep 

due to loading by basement across the Taranaki Fault System (King & Thrasher, 1996). Marine 

regression began during the late-Early Miocene from southern Taranaki Basin due to an 

increasing supply of sediment initially from the fold-thrust belt along the eastern margin, 

followed during latest Middle Miocene by uplift and erosion of the Southern Alps in South 

Island southeast of the Alpine Fault  (Kamp et al., 1989; Tippett & Kamp, 1993; Higgs & King, 

2018). Bull et al. (2019) generated a series of basin models to demonstrate the increase of 

sediment supply into Taranaki Basin beginning in the Early Miocene (Figure 2.3A shows the 

8 Ma example). King and Thrasher (1996) calculated a similar Early Miocene increase of 

sediment supply rate in wells using the parameters of Hayward and Wood (1989) (Figure 2.3B). 
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Figure 2.3: (A) The Late Cretaceous to Late Miocene (8 Ma) stratigraphy of southern Taranaki 

Basin shown as age intervals in a south to north section, simplified from Bull et al. (2019): See 

Figure 2.1 for the section location. (B) Sedimentation rate data from three boreholes from King 

and Thrasher (1996) based on geohistory data in Hayward and Wood (1989). See Figure 2.1 

for the borehole locations. (C) Generalised Miocene stratigraphy of Taranaki Basin in a 

chronostratigraphic chart with the New Zealand stages shown against international stages, 

epochs and timescale in the chart on the right-hand side. The Moki Formation was deposited 

during the Early to Middle Miocene and the Mount Messenger Formation was deposited during 

the Middle to Late Miocene. The Manganui Formation is the background mudstone facies. 

Modified after Bull et al. (2019). 

 

The Early to Middle Miocene Moki Formation represents the initial development of 

submarine channel networks in a defined regressive shelf-slope system that prograded across 

the foreland basin towards the "forebulge" area; however, the forebulge never became fully 

developed. Late Cretaceous – Paleocene and Late Eocene – Early Oligocene normal faults in 

southern Taranaki Basin were reactivated as reverse faults from 12–10 Ma, forming 

pronounced antiforms from the crustal shortening that migrated into the foreland basin from its 
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eastern margin (Kamp & Green, 1990; Crowhurst et al., 2002). The start of this phase of 

deformation coincided with the start of deposition of the Mount Messenger Formation (ca. 12 

Ma). The majority of this sediment was sourced from the Southern Alps and a portion was 

sourced from erosion of the antiforms rising in the Southern Inversion Zone of southern 

Taranaki Basin. 

 

North of the Maui Field, submarine canyon and channel networks developed within the 

lower part of the Mount Messenger Formation. Their character differs from the upper Moki 

Formation channel complexes, and I document these differences in this study. The phase of 

structural shortening of the southern Taranaki Basin ended around 6.5 Ma. The structure in 

which the Maui oil and gas field occurs is the most northern structure on the western side of 

the basin. At 6.5 Ma, the whole of southern Taranaki Basin was emergent (i.e., above sea level). 

During the Pliocene and Pleistocene, southern Taranaki Basin subsided again and it currently 

lies at shelf depths while the shelf-slope break is displaced well to the west, where the Giant 

Foresets Formation shelf-slope system has been prograding for the last 5 million years (Hansen 

& Kamp, 2002). 

 

2.4 Study area and interval of interest 

 

The focus of this study is the west-central portion of Taranaki Basin (Figure 2.1, Inset 

map 1), through which the Moki and Mount Messenger formations, which comprise 

interbedded sandstone and mudstone (Figure 2.3C), were routed via numerous submarine 

canyon and channel networks to the deep part of the basin (Strogen et al., 2011; Kroeger et al., 

2019). The Manganui Formation is a time equivalent mud-prone unit that envelopes the Moki 

and Mount Messenger formations, and is commoly considered to comprise the “background” 
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sediments on the slope and in deep water (King & Thrasher, 1996). The distinction between 

the sand-prone Moki and Mount Messenger formations and the mud-prone Manganui 

Formation is based on wireline response in wells that intersect the formations (King & 

Thrasher, 1996; Roncaglia et al., 2013; Kroeger et al., 2019). 

 

 

Figure 2.4: Seismic section showing clinoforms of the Moki and Mount Messenger formations 

dipping to the north and northwest. The regional horizons are Top Basement, Top Taimana 

Formation, Base Mount Messenger Formation and Top Mount Messenger Formation. The 

location of the transect is shown in Figure 2.1 within Inset Map 1. 

 

The study area is broadly situated atop the Maui Field, encompassing the Maui 

Structure that marks the northwestern extent of the Southern Inversion Zone. The Whitiki Fault 

marks the western side of the study area and the eastern extent is broadly parallel to the Cape 

Egmont Fault Zone (Bryant et al., 1994; Bussell, 1994; Bryant & Greenstr, 1995) (Figure 2.1). 
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The regional orientation of prograding sediment accumulation is northwestward, as indicated 

by the seaward dipping clinoforms visible in seismic data (Figure 2.4).  

 

For my analysis I subdivide the Moki and Mount Messenger formations into three 

intervals: (i) Upper Moki Formation (Lillburnian Stage (Sl), 16 – 13 Ma); (ii) Lower Mount 

Messenger Formation (Waiauan (SW) to Early Tongaporutuan, (Tt) stages, 13 – 9 Ma); and 

(iii) Upper Mount Messenger Formation (Middle to Late Tongaporutuan Stage, 9 – 7.2 Ma) 

(Figure 2.3C). The New Zealand stages, as defined by Cooper et al. (2004), are defined 

biostratigraphically by foraminiferal content. Stage boundaries are recorded on drill-hole well 

logs (Roncaglia et al., 2013) for the area of interest in this study. Selected stage boundaries 

have been mapped within the 3D seismic volume used in this study. 

 

2.5 Dataset and methods 

 

2.5.1 Seismic data 

 

This study utilises ca. 1800 km2 of an open-source, industry-acquired, post-stack time 

migrated (PSTM) 3D seismic reflection dataset, as well as wireline logs from 14 exploration 

drill holes accessed through the New Zealand Petroleum & Minerals database 

(https://data.nzpam.govt.nz). Seismic volumes have 19 m × 12.5 m bin spacing, record lengths 

of 4.5 to 6 s two-way travel time (TWT), vertical sampling rates of 4 ms (TWT) and a 20 to 50 

Hz dominant frequency within the intervals of interest (seismic TWT: 1250-2200 ms-1). 

Seismic volumes were merged, and amplitude was balanced in the merged volume before 

interpretation. A velocity model was derived for time-depth conversion using check shot data, 

with the average velocity for the Moki and Mount Messenger formation intervals ranging from 

https://data.nzpam.govt.nz/
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1800 ms-1 to 2500 ms-1. In addition, well logs were used to aid seismic interpretation by helping 

identify lithological changes corresponding to seismic reflections.  

 

Coloured Inversion (CI) was performed on the merged 3D volume to derive relative 

band-limited acoustic impedance, which boosts the low-frequency seismic response, and 

therefore increases the resolution of the data (Lancaster & Whitcombe, 2000; Maurya & Singh, 

2017; Assis et al., 2018). First, synthetic logs were matched to the seismic data and used to 

determine the major reflection horizons while considering existing biostratigraphic data from 

Roncaglia et al. (2013). 

 

Seismic attributes, including Amplitude Accentuating Attributes (e.g., Root Mean 

Square Amplitude; RMSA and Sweetness), Geometric Attributes (e.g., Semblance and Dip 

Curvature), and Spectral Decomposition, were extracted along and within the interpreted 

horizons to visualise the geomorphology of the submarine canyon and channel networks. These 

attributes were especially useful for distinguishing between sandstone beds within and along 

the margins of canyons and channels from the background mudstone succession (Taner, 2001; 

Brown, 2011; Othman et al., 2019). Importantly, attribute extraction was undertaken using 

horizon-parallel and/or proportional slices to reduce structural effects that might obscure 

images of the canyons and channels and to ensure slices were broadly time-equivalent 

snapshots (Zeng et al., 1998; Zeng et al., 2001; Miall, 2002; Zeng, 2013).  

 

2.5.2 Quantitative seismic geomorphology 

 

The seismic geomorphology of submarine canyon, channel and gully networks were 

quantified by using both cross-sectional and plan views of the 3D seismic volume. However, 

to understand the limit of seismic resolution and any potential effects of thin-bed tuning of the 
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data, I generated wedge models. To do so, I calculated both Rayleigh (Kallweit & Wood, 1982) 

and Widess (Widess, 1973; Chopra et al., 2006) (vertical) resolution limits in terms of bed 

thickness. The Rayleigh limit of resolution is one-quarter the wavelength of the seismic data 

(i.e., ƛ/4; where ƛ=wavelength), and the Widess limit of resolution is one-eighth of the 

wavelength (i.e., ƛ/8). The Widess thin-bed tuning effect (ƛ/4) and the onset of thin-bed tuning 

effect (ƛ/2) were also calculated. 

 

Initial seismic horizon interpretation and surface generation of the sediment conduits 

were accomplished in Petrel, and the subsequent spatial analysis was done in both Petrel and 

ArcGIS. Morphometrics that primarily rely on cross-sectional views of the data include width, 

depth, cross-sectional area and canyon wall steepness. These were measured every 500 to 700 

meters perpendicular to the orientation of sediment conduit axes, down-canyon, down-channel 

or down-gully (Figure 2.5). For cross-sectional morphometrics: (i) width refers to the 

measurement at the overspill points perpendicular to their flow directions; (ii), the depth 

measurements refer to the average height from the two-separate overspill points, due to 

asymmetrical walls; (iii) the cross-sectional area is calculated based on the digitised points 

within the canyons (at the base and walls) (Lemay et al., 2020); and (iv) canyon wall steepness 

refers to the gradient between canyon top and base at the thalweg (Bührig et al., 2022). Due to 

sediment compaction, the depth of the sediment conduits in this study are considered as 

minimum depth, and the estimation of compacted sediment cannot be calculated with high 

confidence due to limited well data within the varying gradient prograding slope strata.   

 

For planform metrics of the canyons, channels and gullies: (i) sinuosity index is the 

ratio between the length of the lowest point of the thalweg and the overall down-system 

distance for a given section (a single bend wavelength) (Wynn et al., 2007); (ii) meander length 
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and amplitude were measured through the same stretch of canyons, channels and gullies where 

sinuosity index was measured; and (iii) canyon length measurements were taken along-canyon 

following the thalweg. In addition to cross-sectional and planform parameterisation of canyons 

and channels, the slope gradient, orientation and steepness (in percent rise) were also calculated 

at the thalweg and smoothed over a 1-2 km sliding window. In some cases, the sediment conduit 

incisions did not occur exactly on the mapped regional or sub-regional seismic surfaces (i.e., 

especially on variably steep surfaces) and in these cases, the incisions were projected onto the 

nearest surfaces (Shumaker et al., 2017). Finally, the width-to-depth ratio of the sediment 

conduits was also calculated.  

 

Because the base and top horizons of the canyons, channels and gullies are offset by 

the Whitiki Fault and the Cape Egmont Fault System, the original depositional surfaces were 

corrected to pre- and post-faulting positions using horizon flattening and structural restoration. 

The base of the middle fill of canyons is measured at the base of the aggradational channel 

systems (Deptuck et al., 2007). Morphometric parameters were analysed using Pearson’s 

correlation coefficient (r). 

 

The morphometric parameters of sediment conduits in this study are based on 

stratigraphic surfaces. As pointed out by Strong and Paola (2008), and investigated by Sylvester 

et al. (2011), valleys/canyons in the rock record are not necessarily the result of Earth-surface 

topography at the time of deposition, they may also be a manifestation of stratigraphic 

processes. At the present time, no concrete criteria exist to differentiate between stratigraphic 

valleys and topographic valleys and I cannot be completely certain that I am not comingling 

the two. However, deposits observed in sediment cores and outcrop from the Moki and Mount 
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Messenger formations suggest that sediment was delivered to the basin via large-scale sediment 

conduits.  

 

 

Figure 2.5: (A) The main seismic geomorphological parameters calculated in this study and 

their definitions, including width, depth, cross-sectional area, wall steepness, meander 

amplitude, meander length and sinuosity. (B) Explanation of canyon length, slope gradient and 

steepness parameters at thalweg. 
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2.6 Results 

 

2.6.1 Resolution of seismic data 

 

Calculation of the Widess and Rayleigh seismic resolution limits yielded a vertical 

resolution of 6 to 20 m within the intervals of interest (Figure 2.6; Table 2.1). Thus, the 

morphology of canyons, channel systems and channel complexes are resolvable on seismic 

data (Figure 2.2B). By contrast, the morphology of channel elements cannot be quantified with 

high confidence in the interval of interest because their overall dimensions fall below seismic 

resolution. 

 

 

Figure 2.6: An example seismic wedge model used to determine the onset of the thin-bed tuning 

effect. In this case the onset of the tuning effect occurs at a bed thickness of 24 m. The tuning 

effect is greatest with a bed-thickness of 12 m. Finally, the limit of resolution due to the tuning 

effect is when bed-thickness reaches 6 m. These calculations are based on Widess (1973). 
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Table 2.1: Seismic data and seismic resolution parameters. The vertical seismic resolution of 

ƛ/4 is based on Rayleigh’s Limit of Resolution, and ƛ/8 is based on Widess (1973). 

 

 

 

2.6.2 Seismic geomorphology 

 

The upper Moki Formation interval consists of sinuous channel complexes that 

meander from south to north with a mean sinuosity, width and depth of 2.4, 1.1 km and 67 m, 

respectively. The lower Mount Messenger Formation interval comprises canyon networks of 

highly variable dimensions with a maximum width and depth of 9 km and 350 m, respectively. 

These canyon networks consist of numerous medium to large U-shape channel systems (and/or 

channel complexes) developed within canyon walls ranging from 50 to 200 m deep. Finally, 

the upper Mount Messenger Formation interval is characterised by linear gully complexes 

oriented from southeast to northwest, with a mean sinuosity, width and depth of 1.0, 1.1 km 

and 116 m, respectively. Below I describe the seismic geomorphological parameters, 

stratigraphic interval by interval. 

 

2.6.2.1 Upper Moki Formation 

 

The morphology and morphometrics of the upper Moki Formation channel complexes 

are shown in Figures 2.7 and 2.8. The channel complex networks developed on the lower slope 

margin in the study area, roughly 80 km from the shelf edge and 100 km from the shoreline 

(Figure 2.7C) (Strogen et al., 2011). Seismic reflectors have a gentle basinward slope (i.e., the 

mean slope gradient is 0.2o). Channel complexes have a nearly symmetrical U-shape cross-

Range of velocity 

within Miocene  

Range of dominant 

frequency within Miocene 

Rayleigh’s 

limit of 

resolution ƛ/4 

Widess’ (1973) 

limit of 

resolution, ƛ/8 

1800 ms-1 to 2500 ms-1 40 to 50 Hz 12 to 20 m 6 to 10 m 
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section, with mean width, depth, and cross-sectional area of 1.1 km, 67 m and 0.06 km2, 

respectively (Figures 2.7D, E and 2.8A). Overall, the channel complexes show a significant 

variation in the width and depth metrics ranging from 0.5-1.80 km and 32-85 m, respectively, 

with such scatter in values that the correlation coefficient is small (i.e., R2 = 0.07; Figure 2.8A). 

Planform views show that these channel complexes have a high range of sinuosity (1.3–4.34), 

with the range of meander amplitudes and lengths being 1.7–3.7 km and 1.4–5.5 km, 

respectively (Figure 2.8B, C and D). There is a lack of evidence for lateral stacking and 

abandoned meanders, but abrupt lateral shifts in thalweg position are observed along some 

channel complex margins (Figure 2.7B and E). These channel complexes also do not show 

levee wedge development. In seismic plan view, overbank splays and crevasse splays are not 

observed.  
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Figure 2.7: (A) Map showing the cyan-magenta-yellow (cyan: 20 Hz, magenta: 30 Hz and 

yellow: 40 Hz) blend of the General Spectral Decomposition (GSD) seismic attribute, which 

is used to highlight the geomorphology of upper Moki Formation channel complexes. The red 

polygon outlines the study area. (B) Close-up view of the sinuous channel complexes. (C) 

Paleogeographic map (modified from Strogen et al., 2011) showing the location of the upper 

Moki Formation channel complexes on the lower slope during the Middle Miocene (14 Ma). 

(D) and (E) are uninterpreted and interpreted cross-sections of the upper Moki Formation 

channel complexes illustrating the seismic facies of channel-infill and channel lateral shift 

patterns. 
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Figure 2.8: Seismic geomorphological metrics of the upper Moki Formation channel 

complexes. (A) Plot of the channel complexes depth versus width showing a poor correlation 

(R2 = 0.07). (B) Kernel density plot of the channel complexes sinuosity. Plots of the channel 

complexes (C) meander length and (D) meander amplitude. n is the number of samples. 

 

2.6.2.2 Lower Mount Messenger Formation 

 

Figures 2.9 to 2.17 and Table 2.2 contain information about the morphology and 

morphometrics of the lower Mount Messenger Formation canyon networks. In total, ten 

canyons were identified within the interval. The canyons occur in two networks based on their 

geographic position and connectivity in seismic data: Group 1 (Canyons A, B, C, D, E, F, G to 

H) and Group 2 (Canyons I and J) (Figure 2.9A and B), and their morphometrics are 

summarized in Table 2.2. These canyons are the extension of larger canyon networks that 

originated from southern Taranaki Basin (Strogen et al., 2011) (Figure 2.9C). The canyons 

occur roughly 75 km from the shoreline and 50 km from the shelf-break and are situated on the 

lower slope margin (Figure 2.9C). In the study area, the canyons occur within the bottomsets 

of Manganui Formation clinoforms on a slope gradient ranging from 0.4 to 1.0o (Figure 2.10). 

The planform morphology of canyons is straight with a mean sinuosity, meander length and 

meander amplitude of 1.1, 3.3 km and 0.5 km, respectively (Figure 2.11B, C and D). 
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Figure 2.9: (A) Map showing the cyan-magenta-yellow (cyan: 20 Hz, magenta: 30 Hz and 

yellow: 40 Hz) blend of the General Spectral Decomposition (GSD) seismic attribute, 

highlighting the geomorphology of the lower Mount Messenger Formation canyons and 

channel systems. The canyons are labelled from A to J. (B) The grouping of canyons. (C) 

Palaeogeography map showing the location of the lower Mount Messenger Formation canyon 

networks in the Middle Miocene (12 Ma) in relation to the basin physiography (modified from 

Strogen et al., 2011), and blue outlines show the canyon networks mapped in this study. (D) 

Uninterpreted and interpreted cross-section of Canyon A demonstrating the predominantly 

sandy infill of the canyon. 

 

2.6.2.2.1 Group 1 canyon network 

 

The total length of the Group 1 canyon network is 78 km, with Canyon B having the 

longest component (36 km) and Canyon H the shortest (6 km) (Figure 2.11A). The subsurface 

elevation of the Group 1 canyon network ranges from -1620 m to -2980 m, the depositional 
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slope ranges from 0.4–1.0o and the depositional orientation is predominantly to the northwest 

(Figure 2.10A and B).  

 

 

Figure 2.10: Regional maps depicting: (A) Changes in slope gradient, (B) Slope orientation 

and (C) slope steepness of the lower Mount Messenger Formation canyons. The canyons are 

labelled from A to J and the clinoform toe line is marked by the yellow line, which subdivides 

the steep and flat parts of the slope. 

 

Canyon A incises the deepest of all of the canyons into the background strata of the 

Manganui Formation, roughly 80 ms (TWT) from its top incision surface. However, although 

Canyon A is the oldest it is difficult to decipher the order of incision for the younger constituent 

canyons because their top incision surfaces occur at or near the same stratigraphic horizon. 

Nonetheless, Canyons A, B and E coalesce at the base of the clinoform slope at coalescing 

point 1 (CP1), forming Canyon F. The base of the clinoform slope, refer in this study to the 

clinoform toe line (i.e. equivalent to the clinoform toe point), marking the position where the 

clinoform bottomsets become horizontal with the underlying surface (Pirmez et al., 1998; 

Patruno et al., 2015). It occurs broadly along the 0.5o slope gradient line, and it is at or below 

this point that all canyons coalesce (Figures 2.9 and 2.10). Canyon F coalesces with Canyon G 



35 

 

(originating from the south) at coalescing point 2 (CP2) to form the much larger Canyon H 

(Figures 2.9 and 2.10).  

 

 
 

Figure 2.11: (A) Bar chart comparing the length of the lower Mount Messenger Formation 

canyons. (B) Kernel density plot comparing the canyons sinuosity (colour codes same as in A). 

Comparison of the individual canyon (C) meander length and (D) meander amplitude 

measurements (colour codes same as in A). n is the number of samples. 

 

2.6.2.2.2 Morphometrics of Group 1 canyons 

 

Calculation of the morphometrics of Group 1 canyons reveals two distinct canyon 

populations: (i) canyons above the clinoform toe line (Canyons A, B, C, D, E, I and J), and (ii), 

canyons below the clinoform toe line (Canyons F, G and H) (Figure 2.9B). Accordingly, I 

analysed and described them separately in the following text.  

In summary, the cross-sectional morphometrics of the canyons below the clinoform toe 

line increase by factors of depth (1.8), width (2.4) and cross-sectional area (4.7) in comparison 

to the canyons above the clinoform toe line (Figure 2.12B, C and D). The mean width, depth 
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and cross-sectional area of the canyons above the clinoform toe line are 2.69 km, 142 m and 

0.22 km2 respectively, while the mean width, depth and cross-sectional area of the canyons 

below the clinoform toe line are 6.6 km, 252 m and 1.04 km2, respectively. Correlation analyses 

of measured morphometric variables using Pearson’s correlation are summarized in Figure 

2.12G, H and I. Overall the slope gradient (at the canyon thalweg) and the canyon elevation 

have a strong correlation (r=0.92–0.98). The slope gradient also strongly correlates with the 

canyon width, depth and cross-sectional area (r=-0.71–-0.86). However, the slope steepness 

only displays a moderate correlation to the canyon width, depth and cross-sectional area (r=-

0.28–-0.56). Lastly, canyon elevation and canyon width, depth and cross-sectional area 

correlate strongly with canyon wall steepness (r=-0.52–-0.77). 

 

2.6.2.2.2.1 Group 1 canyons above the clinoform toe line 

 

Planform morphometrics reveals that canyons above the clinoform toe line (Canyons 

A, B, C, D and E) are primarily straight with an average sinuosity index, meander length and 

amplitude of 1.1, 3.9 km, and 0.6 km, respectively (Figure 2.11). Canyon A is the straightest 

with a sinuosity index and maximum meander length of 1.05 and 7.9 km, respectively. In 

comparison, Canyon D is the most sinuous with a sinuosity index and maximum meander 

length of 1.2 and 2.8 km, respectively. The principal drainage axes of canyons is towards the 

northwest, corresponding to the dominant depositional slope orientation (Figure 2.10B) and 

the spacing between canyons ranges from 1 to 7 km (Figure 2.9A).  

 

Analysis of canyon cross-sections reveals that most canyons are characterized by 

asymmetrical sharp V-shape incisions with a narrow base. However, in some cases parts of the 

canyons display U-shape incisions with a wide base. The cross-sectional elements of the 

canyons are shown in Figure 2.13 and mainly consist of canyon bases, walls and flanks. The 
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canyons have steep walls with average wall steepness of 12.5o and deep indentation of the 

thalweg. Throughout the canyon course, the thalweg only shifts laterally by slight amounts. 

 

2.6.2.2.2.2 Group 1 canyons below the clinoform toe line 

 

Similar to canyons above the clinoform toe line, canyons below the clinoform toe line 

(Canyons F, G and H) are straight with a mean sinuosity index of 1.1 and meander length and 

amplitude of 2.6 km and 0.4 km, respectively (Figure 2.11). The regional slope into which 

Canyons F and H incise dips to the east (Figure 2.10B), which impacts canyon trajectory 

(toward the northeast) at the edge of the study area.  

 

The cross-section of canyons in this region shows asymmetrical V-shape indentation 

with greater depth than the canyons above the clinoform toe line (Figure 2.14), and the average 

canyon wall steepness is 9o. In general, the width and depth of the canyon measured above 5 

km and 200 m, respectively. The width of the canyons increased dramatically after the canyons 

merged at CP2, from roughly 6 km to 8.5 km (Figure 2.12B). However, the cross-sectional 

metrics of Canyon G, which originated from the south, are not correlated with Canyon F and 

H (Figure 2.12). The canyon cross-sections also reveal that the right wall of the canyons 

displays more significant terrace development than the left wall due to the progressive channel 

incisions toward the east (Figure 2.14 C-C’). 
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Figure 2.12: Cross-sectional morphometrics of the lower Mount Messenger Formation 

canyons. (A) Canyon elevation versus down-canyon distance, (B) canyon width versus down-

canyon distance, (C) canyon depth versus down-canyon distance, (D) canyon cross-sectional 

area versus down-canyon distance, (E) canyon width-to-depth ratio versus down-canyon 

distance and (F) canyon elevation and base middle fill elevation versus down-canyon distance. 

Matrix of Pearson’s correlation coefficient between the major morphometric parameters for 

(G) Canyons A, F and H. (H) Canyons B, F and H. (I) Canyons E, F and H. n is the number of 

samples. 
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Figure 2.13: Cross-sectional views of the lower Mount Messenger Formation canyons above 

the clinoform toe line. (A) Canyon A, (B) Canyon B and (C) Canyon E. The main elements of 

the canyons are also highlighted. 
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Figure 2.14: Cross-sectional views of the lower Mount Messenger Formation canyons below 

the clinoform toe line for Canyons F, G, and H. The main elements of the canyons are also 

highlighted. 

 

2.6.2.2.3 Group 2 canyon network 

 

The canyons in Group 2 consist of Canyons I and J, which developed on the 

northeastern side of the study area (Figure 2.9A). The course of the canyons cannot be fully 

mapped due to the limitation of the 3D seismic data coverage, however the length of each 

canyon within the study area is roughly 20 km (Figure 2.11A). The canyons developed on 

slopes ranging from 0.5 to 0.9o (Figure 2.10B). The range of elevation of the canyons is 

between -1800 m to -2400 m, with Canyon J formed roughly 100 m deeper than Canyon I near 

the beginning of the canyon course (Figure 2.15A). Based on this, I infer that Canyon J is older 

than Canyon I. Canyons in Group 2 merge at the clinoform toe line (at coalescing point 3; CP3) 

similar to canyons in Group 1 (Figure 2.9A).  
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Figure 2.15: Cross-sectional metrics of the lower Mount Messenger Formation canyons are 

described as: (A) canyon elevation versus down-canyon distance, (B) canyon width versus 

down-canyon distance, (C) canyon depth versus down-canyon distance, (D) canyon cross-

sectional area versus down-canyon distance, (E) canyon width-to-depth ratio versus down-

canyon distance and (F) canyon elevation and base middle fill elevation versus down-canyon 

distance. Matrix of Pearson’s correlation coefficient between the major morphometric 

parameters for (G) Canyon I and (H) Canyon J. n is the number of samples. 

 

2.6.2.2.3.1 Morphometrics of Group 2 canyons 

 

Both Canyon J and Canyon I are relatively straight, with an average sinuosity index of 

1.1 (Figure 2.11B). Canyon J has slightly wider meanders than Canyon I, with a mean meander 

amplitude of 387 m versus 337 m (Figure 2.11D). The cross-sectional morphometrics of the 

canyons do not show a clear down-canyon trend (Figure 2.15B, C, D and E), while the 

Pearson’s correlation coefficient shows mainly low to medium correlation (Figure 2.15G and 
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H). The cross-sectional shape of both canyons is a combination of moderate V-shape and U-

shape profiles and with mean wall steepness of 10o (Figure 2.16). 

 

 

Figure 2.16: Cross-sectional geometry of the Group 2 lower Mount Messenger Formation 

canyons (i.e., Canyons I and J). The main elements of the canyons are also highlighted. 

 

2.6.2.2.4 Lower canyon infill 

 

Overall, the erosive base of the canyons displays an irregular profile due to multiple 

channel incisions of different magnitudes along the canyon course (Figure 2.17). Multiple re-

incision surfaces were identified along the course of the canyons, but the surfaces cannot be 

mapped with high confidence due to the complex nature of the incisions. Below the clinoform 

toe line, the seismic profile of the canyons displays erosive surfaces formed through multiple 
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alternating canyon incision and infilling phases, which further complicates the attempt to map 

the incision surfaces.  

 

 

Figure 2.17: Plots showing the cross-sectional infill pattern of the lower Mount Messenger 

Formation canyons as well as the lower and upper infill characteristics of the canyons, based 

on mapping of seismic reflection surfaces. 
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2.6.2.2.5  Middle and upper canyon infill 

 

The base of the middle canyon infill is marked by the onset of a mainly aggradational 

channel system (and/or channel complexes) formed within the canyon walls (Deptuck et al., 

2007). Within lower Mount Messenger Formation canyons, numerous medium to large U-

shape channels formed within the canyon walls were observed at depths ranging from 50 to 

200 m (Figure 2.17). In some areas, successive channel incisions partly or entirely erode 

channel walls. In plan view, the canyons are flanked by extensive overbank deposits, especially 

the ones below the clinoform toe line. Overall, the base of the middle canyon fill profile mimics 

the canyon (base) longitudinal profile (Figures 2.12F and 2.15F).  

 

2.6.2.3 Upper Mount Messenger Formation gully complex networks 

 

The morphology and morphometrics of the upper Mount Messenger Formation slope-

confined gully complexes are summarized in Figure 2.18 and Table 2.3. These complexes are 

enclosed in a thick prograding mudstone succession of Tongaporutuan age (~11-7.2 Ma). In 

the study area, the thickness of the prograding mudstone reaches roughly 700 m in Maui-3 and 

430 m in Tui-1 drill holes. Throughout the Tongaporutuan, the seafloor slope increased from 

about 4o at the base to about 11o at the top of the succession. The steep clinoform (of oblique 

progradational pattern) is attributed to the rapid progradation of the shelf-break and 

reorientation of the slope, in addition to the strata thickening into the foot-walls of the reverse 

Cape Egmont Fault (Bull et al., 2019). In the study area, I grouped the gully complexes that 

formed on the steep clinoform slope in the upper Mount Messenger Formation interval into 

four groups (i.e., Groups 1, 2, 3 and 4) based on the major clinoform surfaces that bound them 

(Figure 2.4). The exact age of the surfaces cannot be determined from the available 



45 

 

biostratigraphic data, however for simplicity, Group 1 gully complexes are the oldest and 

Group 4 gully complexes are the youngest.  

 

Gully complexes in Group 1 are bounded by the gentle slope of mainly bottomset 

surfaces (mean: 3.7o), and they are 0.67 – 2.62 km wide and 54 – 259 m deep. Groups 2 and 3 

gully complexes developed within the foreset and bottomset sigmoidal-oblique clinoform 

wedges. However, some gullies in Group 2 (mean width: 1.18 km, mean depth: 108 m) 

developed within aggradational successions and, therefore, developed a much steeper slope 

surface (mean: 5.6o). Group 3 gully complexes (mean width: 1.03 km, mean depth: 105 m) 

formed on progradational clinoforms with less steep slopes than Group 2 (mean: 5.1o). Lastly, 

Group 4 gully complexes formed on steep sigmoid-shaped clinoform slopes (mean: 4.3 o) and 

have a width and depth range of 0.40 – 1.52 km and 20 – 158 m, respectively.  

 

Gully networks within the upper Mount Messenger Formation are predominantly 

linear, sharp, symmetrical and V-shape, are oriented northwestward, and their down-slope 

length varies from 10 – 20 km. The sharp V-shape morphology is associated with the steep 

wall and flank of the gullies, and the average wall steepness angle is 20o. The spacing of the 

gullies ranges from 1.5 to 5 km, with most gullies spaced evenly and a few gullies exhibiting 

downslope convergence before transitioning to frontal splays or die out at the base of the 

clinoform slope.  

 

The longitudinal profile of the gullies displays an overall very subtle concave profile as 

the slope gradient decreases from the topset to the bottomset of the clinofom (Figure 2.18C and 

D). The width and depth of individual gully complexes significantly increase sharply in the 

first ~2.5 km of their course. Then, the gully widths exhibit an overall gradual increase, and 
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the gully depth displays a decreasing trend before terminating at the base of the slope (Figure 

2.18E and F).  

 

 In comparing the morphometrics of the gullies throughout the interval (from Group 1 

to 4), the average gully width, depth and meander amplitude exhibit a decreasing trend from 

Group 1 to Group 4 (Figure 2.18E, F,  H, I and Table 2.3). The correlation between the gully 

width and depth ranges from R2 = 0.06 – 0.43 (Figure 2.18L). In seismic data, the gullies do 

not show significant evidence of lateral and vertical migration; instead, they display deep 

incisions into the background prograding mudstone. In addition, the gullies commonly display 

nested complexes with multiple incisions.  
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Figure 2.18: (A) and (B) An example of upper Mount Messenger Formation gully complexes 

on a stratigraphic horizon. (C) gully complexes longitudinal profile versus down-gully 

distance, (D) slope gradient at gully complexes thalweg versus down-gully distance, (E) gully 

complexes depth versus down-gully distance, (F) gully complexes width versus down-gully 

distance, (G) kernel density plot of gully complexes sinuosity, (H) gully complexes meander 

amplitude, (I) gully complexes meander length, (J) gully complexes width versus slope 

gradient, (K) gully complexes depth versus slope gradient and (L) gully complexes width 

versus depth. n is the number of samples.
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Table 2.2: Morphometrics of lower Mount Messenger Formation canyons.  

 

Lower Mount 

Messenger Fm. 

canyons 

Width  

min-max, mean 

(km) 

Depth  

min-max,  

mean (m) 

Sinuosity  

min-max, 

mean 

Meander length 

min-max,  

mean (m) 

Meander amplitude 

min-max,  

mean (m) 

Gradient at 

thalweg min-max,  

mean (o) 

Group 1 canyons       

Canyon A 
1.42-3.35, 

2.08 

104-153,  

127 

1.0-1.1,  

1.1 

1926-7935,  

4970 

116-824,  

542 

0.5-1.0,  

0.8 

Canyon B 
1.70-4.38,  

3.15 

97-206,  

157 

1.0-1.3,  

1.1 

1915-5963,  

4206 

635-950,  

720 

0.5-1.0,  

0.8 

Canyon C 
2.53-4.17,  

3.39 

94-162,  

124 

1.0-1.2,  

1.1 

2487-5264,  

3486 

401-879,  

619 

0.9-1.0, 

0.9 

Canyon D 
1.35-2.98, 

 2.18 

109-217,  

177 
1.1-1.3, 1.2 

2149-2832,  

2370 

419-974,  

718 

0.45-0.60, 

0.5 

Canyon E 
1.90-3.37,  

2.67 

87-191,  

128 

1.0-1.1,  

1.1 

2597-8158,  

4373 

50-773,  

371 

0.5-0.8,  

0.7 

Canyon F 
4.70-7.75,  

5.87 

164-272,  

227 

1.1-1.4,  

1.2 

1260-4764,  

3113 

50-914,  

683 

0.4-0.5,  

0.5 

Canyon G 
4.84-6.73,  

5.83 

201-344,  

282 

1.0-1.1, 

1.0 

1679-2789,  

2280 

75-380,  

203 

0.4-0.4,  

0.4 

Canyon H 
7.19-8.92, 

 8.06 

232-288, 

249 

1.0-1.2,  

1.1 

1771-3005,  

2310 

45-470,  

314 

0.44-0.46,  

0.44 

Group 2 canyons       

Canyon I 
2.41-4.14,  

3.23 

115-183,  

147 

1.0-1.2,  

1.1 

1491-3026,  

2336 

169-604,  

337 

0.7-0.9,  

0.8 

Canyon J 2.32- 4.24, 3.38 
122-177,  

147 

1.0-1.3,  

1.1 

2065-4222,  

2908 

50-836,  

387 

0.6-0.8,  

0.8 
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Table 2.3: Morphometrics of upper Mount Messenger Formation gully complexes. 

 

Upper Mount Messenger Fm. 

gully complexes 

Width 

min-max, mean 

(km) 

Depth 

min-max, 

mean (m) 

Sinuosity  

min-max, 

mean 

Meander length 

min-max,  

mean (m) 

Meander amplitude 

min-max,  

mean (m) 

Gradient at thalweg 

min-max,  

mean (degree) 

Group 1 
0.67-2.62,  

1.30 
54-259, 144 1.0-1.2, 1.1 

445-3866,  

1501 

38-456,  

142 

1.1-6.0,  

3.7 

Group 2 0.54-2.19, 1.18 38-215, 108 1.0-1.2, 1.0 
428-2940,  

1459 

36-450,  

143 

0.7-9.0,  

5.6 

Group 3 0.43-1.95, 1.03 50-177, 105 1.0-1.4, 1.1 
368-3061,  

1241 

32-569,  

129 

2.2-9.1,  

5.1 

Group 4 0.40-1.52, 0.97 20-159, 86 1.0-1.2, 1.1 
917-3923,  

1919 

41-170,  

131 

1.6-7.4,  

4.3 
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2.7 Discussions 

 

2.7.1 Synthesis of the geomorphology and morphometrics of sediment conduits in 

Taranaki Basin 

 

My results show that the deposition of thick Miocene prograding wedges in Taranaki 

Basin is a function of high sediment supply beginning in the late-Early Miocene (Figure 2.3A 

and B), resulting in clinoforms with variable geometries and steepness (i.e., slope gradients). 

The upper Moki Formation and Mount Messenger Formation sediments both accumulated in 

various types of conduits, transporting the sediments to deep basin. In summary, the upper 

Moki Formation is dominated by small, sinuous, U-shape channel complexes in a very low-

relief slope setting, whereas the lower Mount Messenger Formation is characterised by very 

large canyon networks in low-relief slope settings. By contrast, the upper Mount Messenger 

Formation consists of numerous linear, V-shape gully complexes that developed within a high-

relief slope. 

 

The variation in morphometrics between canyons, channels and gullies presented in 

this study mainly highlight how morphology of sediment conduits responds to changes in 

depositional slope gradient. By the early-Middle Miocene, sinuous upper Moki Formation 

channel complex networks developed, which routed sediment from south to north in the basin 

(Figure 2.7). At this time, the cross-sectional area and shape of channel complexes did not 

change significantly across the system (i.e., mean width: 1.1 km, mean depth: 67 m). 

 

By the late-Middle Miocene, the slope began to prograde rapidly, and the dip of the 

regional slope reoriented to be northwest (Bull et al., 2019). During this time, the lower Mount 
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Messenger Formation canyon networks incised into the prograding slope surface, which had a 

gradient of 0.4-1.0o. At shallower slopes of less than 0.5o, canyon morphometrics are 1.8 to 4.7 

times bigger than on steeper slopes of greater than 0.5o (mean width of 2.7 km, mean depth of 

142 m and mean cross-sectional area of 0.22 km2 versus mean width of 6.6 km and mean depth 

of 253 m and mean cross-sectional area of 1.04 km2, respectively) (Figure 2.12B, C and Table 

2.2). This shift in morphometrics occurs abruptly across the clinoform toe line.  

 

Rapid slope progradation of the shelf break dominated much of the Late Miocene 

interval, resulting in the development of steep clinoform surfaces of up to 11o into which 

relatively straight upper Mount Messenger Formation gully complexes incised (Figure 2.18). 

The mean gully width and depth throughout the interval decreased from 1.30 to 0.97 km and 

143.81 to 86 m, respectively, as the slope became steeper. 

 

2.7.2 Slope gradient controls the morphometrics of sediment conduits 

 

The morphology of channels in the upper Moki Formation is typical of deep-water 

sinuous channels (Kolla et al., 2007; Wynn et al., 2007; Posamentier et al., 2022). In seismic 

plan view, overbank splays and crevasse splays are not observed, implying that the sediment 

was contained within the incised channels with little to no avulsion and associated overtopping 

of the channel margins. This is likely to be a result of sediments being transported through the 

channels on the relatively flat slope (mean: 0.2o) and with no breaks in slope on its lower 

margins (Posamentier & Kolla, 2003). For similar reasons, the geometry of channel complexes 

did not significantly change throughout the study area in comparison with the lower Mount 

Messenger and upper Mount Messenger formation intervals. 
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Figure 2.19: (A) Longitudinal profile of lower Mount Messenger Formation canyons showing 

their irregular incisions along their course. (B) Comparison between the lower Mount 

Messenger Formation canyons (blue) with the longitudinal profiles of other canyons globally. 

The lower Mount Messenger Formation canyons match the very concave profile of other 

canyons. The data source for the other canyons is from Covault et al. (2011). The depositional 

slope gradient relationship with the lower Mount Messenger Formation canyons (C) canyon 

width, (D) canyon depth, (E) canyon cross-sectional area and (F) canyon wall steepness. n is 

the number of samples. 

 

 

The development of lower Mount Messenger Formation canyons on higher and more 

variable slope gradients due to rapid shelf progradation and reorientation is best explained by 

a power law of slope to distance (Mitchell, 2005; Gerber et al., 2009). In essence, the 

longitudinal profile of lower Mount Messenger Formation canyons displays a comparatively 

steep slope in proximal areas (i.e., 0.5-1.0o), and they transition to relatively flat slopes in their 

distal reaches (i.e., 0.4-0.5o). Such concave longitudinal profiles are similar to several modern 

submarine canyon and channel systems globally, such as the Laurentian and Var canyon-

channel systems (Covault et al., 2011) (Figure 2.19A and B). These systems are highly 

erosional, with narrow shelves, steep slope gradients, and close proximity to sediment sources 



53 

 

with intense erosion from sediment-gravity flows (Covault et al., 2011). Very concave profiles 

are typical of underfilled basins. Taranaki Basin fits this definition during the Middle Miocene. 

 

In general, the cross-sectional morphometrics of canyons increase down-slope due to 

an increase in frequency and acceleration of sediment gravity flows transporting granular 

material down-slope (Shepard et al., 1974; Shepard, 1981). This study emphasizes that the 

clinoform toe line (i.e., slope gradient: 0.5o) is a significant feature for controlling: (i) the spatial 

arrangement of canyon networks, including where they coalesce, and (ii), the position where a 

significant shift in the canyon cross-sectional morphometrics occurs. The position of the 

clinoform toe line, which is a major part of the clinoform structure, in turn, heavily influenced 

pre-existing topography within the basin (Lofi et al., 2003; Clairmont et al., 2020), as well as 

sediment supply. In the case of Taranaki Basin, regional subsidence during the Late Eocene to 

Early Oligocene profoundly affected the basin morphology by establishing a seafloor 

topography template across the basin, based on the concept in Covault et al. (2011). With 

bathymetric deepening towards the northwest, this resulted in the creation of vast 

accommodation for later sediment deposition.  

 

The linear morphology of the upper Mount Messenger Formations gully networks is 

typical of gullies that form on a high gradient slope. Correspondingly, their morphometric 

parameters are in the range of the gullies measured by other workers e.g., Gales et al. (2013), 

Prélat et al. (2015), Shumaker et al. (2017) and Harishidayat et al. (2018). Morphometrics 

measured in this study shows that gullies form on steep slopes of over 5o, supporting the same 

findings of Micallef and Mountjoy (2011). The width and depth of gullies increase rapidly from 

their landward margins (~0-2.5 km). This is probably due to rapid incision of unconfined 
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sediment gravity flows accelerating down slope (Micallef & Mountjoy, 2011; Lintern et al., 

2016) or slumping on the slope (Ricketts & Evenchick, 1999). 

 

 

Figure 2.20: Comparison between the lower Mount Messenger Formation canyons and modern 

canyons globally. (A) Canyon depth versus width, (B) canyon width, (C) canyon depth, (D) 

slope gradient at canyon thalweg and (E) canyon wall steepness. The modern canyon 

morphometric measurements are from Bührig et al. (2022). n is the number of samples. 

 

 

 

Figure 2.21: Comparison between lower Mount Messenger Formation canyons and other 

ancient canyon systems. (A) Slope gradient versus canyon width, (B) slope gradient versus 

canyon depth, (C) canyon width versus down-canyon distance and (D) canyon depth versus 

down-canyon distance. The down-canyon distance reflects the area of respective data. The 

ancient canyon morphometric measurements are from Jobe et al. (2011), Qin et al. (2016) and 

Harishidayat et al. (2018). n is the number of samples. 
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Overall, gully complexes show a trend of decreasing cross-sectional dimensions (i.e., 

width, depth and cross-sectional area) from Group 1 (at the base of the interval) to Group 4 (at 

the top of the interval) due to a depleted supply of sand. This is reflected in the transition from 

the sand-dominated Mount Messenger Formation to the mud-dominated Manganui Formation 

at the end of the Miocene (Figure 2.3C).  

 

2.7.3 Comparison with other canyon systems globally 

 

Canyon systems of the lower Mount Messenger Formation fall within the natural width 

and depth ranges of modern canyons, but their metrics sit towards the smaller end of global 

data with shallower cross-sectional metrics (Figure 2.20). However, correlation between width 

and depth within the lower Mount Messenger Formation canyons is higher than for modern 

canyons on both passive and active margins, with R2 values of 0.74, compared with 0.57 

(passive) or 0.38 (active) (Bührig et al., 2022). The width and depth distributions of the lower 

Mount Messenger Formation canyons are narrow compared with modern canyons: the width 

range is 1.4 – 8.9 km (lower Mount Messenger Formation) versus 0.2 – 20 km (modern), and 

the depth range 87 – 344 m (lower Mount Messenger Formation) versus 35 – 2000 m (modern) 

(Figure 2.20B and C). This difference is attributed to: (i) Lower Mount Messenger Formation 

canyons being of Miocene age, and therefore on seismic data, sediment compaction has 

influenced the canyon morphometric measurements (Deptuck et al., 2007; Harishidayat et al., 

2018) (modern canyons are less affected by sediment compaction) and (ii), the morphometrics 

of the lower Mount Messenger Formation canyons are concentrated on the lower slope margin, 

in contrast to other canyons for which the morphometrics are based on mean values from 

various basin physiographic setting. Similarly, the canyon thalweg gradient and the canyon 

wall steepness ranges of the lower Mount Messenger canyons are also narrow compared with 
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modern canyons. This variation is predominantly due to the position of the canyons being 

located at the clinothems terminations, where the slope gradient range is relatively minor. 

 

In comparison to other ancient canyon systems, a significant portion of the 

morphometrics of the lower Mount Messenger Formation canyons are similar to the range of 

their counterparts (Figure 2.21). However, lower Mount Messenger Formation canyons have a 

higher width range and lower depth range than other ancient canyons. The range differences 

could be attributed to sediment properties such as grain size distribution (Hsu & Liu, 2010), 

flow patterns within canyons (Shepard et al., 1974), flow types within and around canyons 

(Talling, 2014), and flow volume (Qin et al., 2016), as well as other physical processes such as 

inner terrace architecture (Babonneau et al., 2004) and inner canyon erosion and mass failure 

(May et al., 1983; Qin et al., 2016). 

 

In Taranaki Basin during the Middle Miocene to Late Miocene, the occurrence of 

numerous lower Mount Messenger Formation canyons is in tandem with the increasing 

sediment supply into the basin. This is not consistent with the conclusion made by Fisher et al. 

(2021), which suggested that canyons are associated with low to negligible sediment supply. 

The Taranaki Basin example I describe here may therefore be an outlier.  

 

2.7.4 Source-to-sink environment significance 

 

From a palaeogeography perspective, during the Miocene, the absence of canyons and 

large channel systems within the upper Moki Formation interval implies that sediment transport 

to deep Taranaki Basin was ineffective. This is due to the limited sand supply available during 

the early-Middle Miocene, which hindered the development of large channel complexes 
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(Figure 2.3C). However significant time-equivalent mudstone (Manganui Formation) was 

being deposited outside the channel complexes. 

 

In contrast, the lower Mount Messenger Formation interval, having numerous canyons 

and channel networks, indicates the efficiency of sediment transfer to deep Taranaki Basin 

based on the concept in Stow and Mayall (2000) and in Posamentier and Kolla (2003). These 

sediments bypassed the study area as the canyons and channels routed voluminous sediment to 

the deeper basin towards the New Caledonia Trough (Bull et al., 2019). For the upper Mount 

Messenger Formation, the gully complexes died out at the base of the slope. Therefore, 

sediments during this interval were not delivered efficiently to the deeper parts of the basin, 

based on the concepts in Dalla Valle et al. (2013). 

 

2.7.5 Reservoir exploration significance 

 

The morphometrics of sediment conduits presented in this study have implications for 

understanding deep-water reservoir systems and especially the relationship between reservoir 

size and slope gradient. Previous reservoir exploration in the study area has focused mainly on 

Paleocene and Eocene strata of the Kapuni Group, which is the most significant commercial 

hydrocarbon reservoir system in Taranaki Basin (Bryant et al., 1994; Funnell et al., 2004), 

leaving the Middle Miocene interval relatively unexplored. The large cross-sectional areas of 

the lower Mount Messenger Formation canyon networks, including the thick interconnected 

aggradational channel infills show excellent reservoir characteristics, at least in terms of the 

size of the reservoirs (Clark & Pickering, 1996; Mayall & Kneller, 2021). Furthermore, oil and 

gas fields do occur in these reservoirs onshore in Taranaki Peninsula (i.e., Kaimiro, Cheal and 

Radnor fields). The thick prograding mudstone succession overtopping the canyons and 

channels acts as up-slope stratigraphic pinch-out traps for hydrocarbon accumulation in the up-



58 

 

dip slope direction (McCaffrey & Kneller, 2001; Amy, 2019). Moreover, the inversion 

structures around the Maui Field (e.g. Manaia Anticline and Cape Egmont Fault) could assist 

in the migration and trapping of hydrocarbons (Seebeck et al., 2020). In other jurisdictions, 

high-nutrient slope facies can be source rocks due to low oxygen content along such margins 

(Bjorlykke, 2010).  

 

The upper Moki and upper Mount Messenger Formation channel complexes are 

relatively small in comparison with the canyons and channel systems of the lower Mount 

Messenger Formation, and therefore their reservoir potential is limited by their smaller 

dimensions (Mayall & Kneller, 2021).  Even though the upper Mount Messenger Formation 

gully networks have large dimensions, their infill is dominated by muddy deposits and 

therefore have low reservoir potential. My analysis offers improved data to help assess the 

reservoir potential of sediment conduits in Taranaki Basin. 

 

2.8 Conclusions 

 

Detailed seismic geomorphologic analysis of 3D seismic reflection data for the Moki 

and Mount Messenger formations in Taranaki Basin has enabled me to parameterize submarine 

canyon, channel, and gully networks within them. The results of this study show that there are 

robust differences between their cross-sectional and planform geomorphology. The following 

captures the major conclusions of this work: 

 

1. The main sediment conduits are variable in their seismic geomorphology. The upper 

Moki Formation is dominated by sinuous channel complex networks. Canyon networks 

dominate the lower Mount Messenger Formation interval and they show numerous 
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aggradational channel formations. The upper Mount Messenger Formation is 

dominated by linear gully networks.  

 

2. The development of the lower Mount Messenger canyons was strongly influenced by 

depositional slope. The clinoform toe line marks a rapid change in the cross-sectional 

area and shape, as well as the spatial arrangement of the canyon networks.  

 

3. The development of the upper Moki Formation complex networks is typical of basin 

floor sinuous channels with high sinuosity and meander amplitude. In contrast, the 

development of the linear upper Mount Messenger Formation gully networks is heavily 

influenced by the steep prograding clinoform slope of the intervening mudstone strata.  
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Chapter 3 

Critical re-assessment of Middle and Late Miocene submarine 

fans in offshore southern and western Taranaki Basin, New 

Zealand, to update the paleogeography1 

 

3.1 Introduction 

 

There is continuing interest amongst the petroleum exploration sector and the research 

community in the characteristics and distribution of ancient deepwater sedimentary systems. 

The increasing coverage and availability of 3D seismic reflection datasets, coupled with the 

availability of sophisticated seismic reflection mapping methods (e.g., Posamentier et al., 

2022), have contributed to this interest. In parallel, there have been conceptual developments 

in the marine geomorphology of Recent distributary sedimentary systems, such as channel 

networks, submarine fans, and continental slope debris flows (e.g., Stow and Mayall, 2000; 

Shanmugam, 2013; Mayall and Kneller, 2021; Mitchell et al., 2023). One method in particular, 

seismic amplitude extraction, is widely used in mapping ancient depositional systems, such as 

fans. However it is now recognized that detuning of seismic reflection data within the interval 

of interest must be undertaken prior to amplitude extraction to avoid tuning-related effects that 

possibly result in erroneous geological interpretations, leading to inaccurate paleogeographical 

maps (Bunt, 2015; Francis, 2015; Ab Fatah et al., 2016; Francis, 2016; Márquez et al., 2021).  

 

 

 

1A version of this chapter has been published in Marine and Petroleum Geology: Kamaruzaman, E. H., La Croix, 

A. D., & Kamp, P. J. J. (2024). Critical re-assessment of Middle and Late Miocene submarine fans in offshore 

southern and western Taranaki Basin, New Zealand, to update the paleogeography. Marine and Petroleum 

Geology, 161, 106664. https://doi.org/https://doi.org/10.1016/j.marpetgeo.2023.106664. The published version is 

included in Appendix A-ii. 

 

https://doi.org/https:/doi.org/10.1016/j.marpetgeo.2023.106664
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In my work reported I consider this to have been the case with respect to the Miocene 

submarine fans mapped by prior researchers in southern Taranaki Basin (Figure 3.1) (Grain, 

2008; Baur et al., 2010; Kroeger et al., 2019). The Root Mean Square (RMS) seismic attribute 

interpretation presented in those studies did not account for thin-bed tuning-related effects in 

deeply buried ancient strata (Simm & Bacon, 2014; Francis, 2016). In addition, the mapped 

Miocene fans do not fulfil the established stratal criteria (Posamentier & Erskine, 1991) that 

are commonly adapted in the identification of ancient fans. This study aims to re-evaluate the 

Middle and Late Miocene deep-water sedimentary system in southern, central and western 

offshore Taranaki Basin. I achieve this by objectively deconstructing the basis for prior 

mapping of submarine fans, and then I build the case for two fans in distal deep-water parts of 

offshore western Taranaki Basin. My results are embodied in three updated Middle and Late 

Miocene paleogeographic maps for Taranaki Basin. The paleogeographic maps are relevance 

for reservoir exploration in the deep-water parts of the basin, of which largely unexplored.  

 

My work builds upon the results in a companion paper (Kamaruzaman et al., 2023) that 

fully analysed and parameterised the morphology of canyons, channels and gullies in the 

Middle and Late Miocene continental slope succession of offshore southern and central 

Taranaki Basin. That study established the importance of the increasing depositional slope 

angle through time upon the change in conduit type expressed within the slope succession, due 

to an increase in the rate of terrigenous sediment supply to the basin. I build upon that work by 

extending it to the deep-water occurrence and characteristics of two new submarine fans in 

offshore western Taranaki Basin. 
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Figure 3.1: Map of the study area in Taranaki Basin, New Zealand, showing the location of 2D 

and 3D seismic surveys and some drill holes relevant to this study. GIS data from NZP&M 

(2018). Refer Figures i and ii – Appendix B for more information. 
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3.2 Geological setting of Taranaki Basin 

 

Taranaki Basin is a long-lived (Late Cretaceous – Cenozoic) depocenter offshore of 

central-western North Island (Figure 3.1). This basin formed during three phases of crustal 

extension, followed by crustal shortening and then late extension (backarc to the modern 

Hikurangi margin subduction zone) (King & Thrasher, 1996; Strogen et al., 2022). The first 

phase of extension is considered to have occurred during c. 105–c. 83 Ma (Albanian – 

Campanian) (Strogen et al., 2017); the second occurred during 80–55 Ma (Campanian – 

Ypresian), concurrent with seafloor spreading in the Tasman Sea (King & Thrasher, 1996; 

Gaina et al., 1998; Strogen et al., 2017). The third phase of extension occurred during 38–28 

Ma (Bartonian – Rupelian) and only affected southern Taranaki Basin (King & Thrasher, 1996; 

Strogen et al., 2014). These early extension phases set forth the bathymetric deepening of 

Taranaki Basin towards New Caledonia Basin (Strogen et al., 2022), affecting later 

sedimentation in the basin (King & Thrasher, 1996). Crustal shortening started in North 

Taranaki Basin during the Late Eocene to Early Oligocene, affecting central and southern 

Taranaki Basin during the Late Oligocene and Neogene (King & Thrasher, 1996; Campbell et 

al., 2003; Bierbrauer et al., 2008; Stagpoole & Nicol, 2008; Strogen et al., 2014). This 

shortening was focussed within the Taranaki Fault System along the eastern margin of the 

basin. 

 

The structural development of Taranaki Basin is expressed in its stratigraphy (Figures 

3.2 and 3.3A), as detailed by King and Thrasher (1996), which remains the most complete 

description of the basin and its development. Figure 3.3B shows a simplified 

chronostratigraphy of the Miocene succession in Taranaki Basin. Important stratigraphic 

elements of the Miocene succession are the dominance of mudstone facies (Manganui 

Formation) and the occurrence of two sandstone intervals within it (Moki and Mount 
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Messenger formations). Inversion of southern Taranaki Basin started around 12 Ma 

(Serravallian) (Kamp & Green, 1990; Crowhurst et al., 2002), involving reversal of the sense 

of throw on prior normal faults (King & Thrasher, 1996). This inversion resulted in erosion of 

the late-Early and Middle Miocene succession that had accumulated in southernmost parts of 

the basin. It forced progradation of the shelf-slope system northward and westward through the 

basin, culminating in the Pliocene – Pleistocene accumulation of the Giant Foresets Formation 

in North Taranaki Basin (Hansen & Kamp, 2002; Kamp et al., 2004). Most of the pre-12 Ma 

sediment was probably sourced from the Oligocene and Miocene thrust belt along the eastern 

margin of the basin and from basement along its southern margin. From 12 Ma onwards, the 

sediment supplied to the basin was mostly sourced from crustal shortening, uplift and erosion 

of basement in the Southern Alps, South Island (Kamp et al., 1989; Tippett & Kamp, 1993). 

Hence the Moki Formation (~16–13 Ma, Late Altonian to Early Lillburnian stages) had a 

different provenance to that of the Mount Messenger Formation, which started accumulating 

at about 12 Ma (latest Middle Miocene, ~12 Ma, Waiauan Stage) concurrent with the start of 

intra-basin inversion. 

  

In this study I have analysed the upper Moki Formation (age duration ~14–13 Ma, 

Lillburnian Stage; Cooper et al., 2004) and the Mount Messenger Formation (age duration ~12–

6 Ma, Waiauan, Tongaporutuan and Kapitean stages) (Figure 3.3B) in southern, central and 

western Taranaki Basin. Stage boundaries have been located on biostratigraphic criteria in drill 

hole sections (Roncaglia et al., 2013) and I have tied them to seismic reflection data in the 

study area. In this study I have adopted the spatial positions of morphological boundaries 

(shelf-slope break; upper, middle and lower slope) determined for the basin during its Miocene 

development by previous paleoecological work on drill hole samples in combination with 

seismic reflection mapping, as shown on the paleogeographic maps in Strogen et al. (2011) 

(see Table i – Appendix B). Both the Moki and Mount Messenger formations accumulated on 
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the continental slope at the time and in deeper water parts of the basin plain towards the New 

Caledonia Basin. The Miocene section thins westward towards the basin plain from a thickness 

of 1700 m in the vicinity of the Maui Oil Field (Maui-3 drill hole; upper slope position) to 700 

m in deep Taranaki Basin (Romney-1 drill-hole) (Figure 3.2). 

 

 

Figure 3.2: Interpreted regional composite seismic line showing the main reflectors that mark 

the base and top of the Miocene succession. See Figure 3.1 for the section location. The 

approximate location for interpreted fans by Kroeger et al (2019) are upper Moki Formation 

Fan (UMKF) and lower Mount Messenger Formation Fan (LMMF) in the southern Taranaki 

Basin region (Miocene slope). This study interpreted deep-water fans as Mount Messenger 

Deep Water Fan 1 (DWF1) and Deep Water Fan 2 (DWF2), located in the western Taranaki 

Basin region (Miocene lower slope and basin plain regions). 

 

 

 

 

 

 

 

 

 

 

 

 

 



73 

 

 

Figure 3.3: (A) South to north cross section showing the generalised Late Cretaceous to Late 

Miocene stratigraphy of southern Taranaki Basin at ~8 Ma, based on basin modelling 

(simplified from Bull et al., 2019); See Figure 3.1 for the section location. (B) 

Chronostratigraphic diagram and sea level curve for Taranaki Basin showing that the Moki 

Formation was deposited during the Early to Middle Miocene and the Mount Messenger 

Formation during the Late Miocene. Manganui Formation is the mudstone that encloses the 

Moki and Mount Messenger formations (chronostratigraphy simplified from Bull et al., 2019; 

sea level curve from Miller et al., 2020). 

 

 

3.3 Context for my re-assessment of Miocene fans in Taranaki Basin 

 

In my analysis I have critically re-assessed the occurrence of Miocene submarine fans in 

southern and central Taranaki Basin, as reported most recently by Kroeger et al. (2019) for the 

upper Moki Formation and for the lower Mount Messenger Formation (Figure 3.4). I do not 

address the lower Moki Formation fans reported by Kroeger et al. (2019) because there are no 

stratal patterns defining their extent and internal depositional fabric. Hence I cannot map them 

to demonstrate that they do not show the accepted stratal patterns of submarine fans. 
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Nevertheless, their study was the first to apply amplitude extraction to map the extent of 

Miocene submarine fans in Taranaki Basin, which was an advance upon the mapping of their 

extent based upon wireline log interpretations alone (e.g., Strogen et al., 2011).  

 

The work on Miocene submarine fan occurrence in Taranaki Basin was originally 

undertaken by petroleum company geologists (e.g., de Bock, 1994; Bussell, 1994). The first 

research-based investigation of the Moki and Mount Messenger formations was undertaken by 

King and Thrasher (1996). They reported that these two sandstone formations were 

characterised by high amplitude signals in seismic reflection profiles, and based on this feature 

and wireline log interpretations, mapped the distribution of channels and fans. King and 

Thrasher’s (1996) interpretations were strongly informed by down-hole tabular or blocky 

(spontaneous potential) SP and gamma-ray log motifs (e.g., in Maui-4 and Te Whatu-2 

records). Their extensive Moki and Mount Messenger fan interpretations were reported in a 

series of paleogeographic maps. A second generation of paleogeographic maps showing the 

extent of canyons, channels and fans in the Moki and Mount Messenger formations was 

reported by (Strogen et al., 2011). Seven paleogeographic maps cover the interval from 16.5 to 

7.2 Ma. These maps draw heavily upon the fan extents shown in King and Thrasher (1996), 

although they were modified to be consistent with new paleobathymetric data. Attribute 

mapping in selected areas and seismic facies mapping are claimed to have assisted in the 

remapping of these submarine fans (Strogen et al., 2011), although no details were given. The 

mapping of submarine fans and channels by Kroeger et al. (2019) is the most recent 

contribution and the first to have used amplitude extraction to map these depositional elements. 

Hence I refer to that work in relation to demonstrating the importance of detuning seismic 

reflection data within the intervals ahead of amplitude extraction and mapping. The outcome 

is that I dismiss all of the lobes and fans in their upper Moki and Mount Messenger formation 

palaeogeographic maps (Figure 3.4). Separately, I have mapped the occurrence and character 
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of two new distal deep-water fans in offshore western Taranaki Basin, which I attribute to lying 

within the lower and uppermost Mount Messenger Formation. Strogen et al. (2011) also 

reported the distribution of submarine fans beneath on land Taranaki Peninsula and in offshore 

North Taranaki Basin. They were not considered in the Kroeger et al. (2019) study. Neither 

have I re-assessed those “fans” here, although my investigations in eastern parts of offshore 

North Taranaki Basin and the well-known coastal outcrop section so far do not support their 

occurrence in those areas; rather, I regard the sandstone beds as slope deposits, including as 

channels and gully fills. 

 

 

Figure 3.4: Paleogeography maps of Kroeger et al. (2019) showing the location and distribution 

of: (A) upper Moki Formation channels and fans (Lillburnian Stage (Sl), ~14 Ma); and (B) 

lower Mount Messenger Formation channels and fans (Waiauan (Sw) to Early Tongaporutuan 

(Tt) stages, ~13–12 Ma) in southern and central Taranaki Basin. The approximate location of 

the upper Moki Formation Fan (UMKF) and lower Mount Messenger Formation Fan (LMMF) 

are shown in Figure 3.2. 
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3.4 Data and methods 

 

This study utilises 6550 km2 of 3D and 24,000 km of 2D seismic reflection data as well 

as petrophysical well log data for 14 drill holes (see Table ii – Appendix B) accessed through 

the New Zealand Petroleum and Minerals database (https://www.data.nzpam.govt.nz) (Figure 

3.1). The quality of the 2D and 3D seismic data (see Table iii – Appendix B) is good to 

excellent. These data were examined using integrated methodologies that leverage several key 

disciplines, including seismic interpretation, seismic stratigraphy, seismic attributes analysis, 

well log interpretation and seismic geomorphology.  

 

Coloured inversion was implemented to the 3D seismic volumes to boost the low-

frequency seismic response, thereby increasing the resolution of the seismic data in the 

intervals of interest (Lancaster & Whitcombe, 2000; Maurya & Singh, 2017; Assis et al., 2018). 

Synthetic seismographs were then aligned with the seismic data to guide the mapping of 

regional horizons, while incorporating biostratigraphy markers from Roncaglia et al. (2013). 

For time-depth conversion, a regional velocity model was constructed using drill hole 

checkshot data. The average seismic velocity of the Miocene interval ranged from 1200 to 3000 

ms-1, with a mean value of 2200 ms-1.  
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Figure 3.5: Example wedge models for (A) 2D seismic data and (B) 3D seismic data from 

Taranaki Basin. Each example model uses a different velocity and frequency. The models show 

the thickness at the onset of the tuning effect (24 ms in A and 50 ms in B), the tuning thickness 

(12 ms in A and 25 ms in B), and the limit of resolution (6 ms in A and 12.5 ms in B). 

Calculations are based on Widess (1973). 

 

 

The effects of thin-bed tuning on seismic data due to constructive and destructive 

interference (Simm & Bacon, 2014), were assessed using wedge models analysed in the Cegal 

Blueback plugin for Petrel (https://www.cegal.com/en/software) (Figure 3.5). A process of 

seismic amplitude detuning was carried out to leave only meaningful seismic amplitudes in the 

data (Brown et al., 1986; Bunt, 2015; Francis, 2015; Guo et al., 2015; Ab Fatah et al., 2016). 
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Mapping geomorphological elements began with identifying and mapping major canyon 

and channel networks because they are the sediment conduits necessary to build submarine 

fans. Their mouths are where fans are expected to develop (Posamentier & Erskine, 1991; 

Covault et al., 2012; Deptuck & Sylvester, 2018; Fildani et al., 2021). Next, I compared the 

seismic reflection patterns in the interval of interest against specific seismic stratal pattern 

criteria developed by previous workers for identifying submarine fans (e.g., Sarg and Skjold, 

1982; Mitchum et al., 1985; Posamentier and Erskine, 1991) (Table 3.1). These criteria include: 

(i) pinch out of reflectors against high paleo-seafloor topography, (ii) continuous high-

amplitude reflectors that onlap basin margins, (iii) the occurrence of bidirectional downlapping 

reflectors within fans or lobes, and (iv), subtle low-relief external mounding of any upper 

bounding surface/reflector of a fan. During this comparison I considered both Widess’ (1/4 λ; 

Chopra et al., 2006) and Rayleigh’s (1/2 λ; Kallweit and Wood, 1982) vertical seismic 

resolution limits to determine the range of geobody thickness that would be resolvable in my 

data. This is because seismic stratal pattern recognition depends upon vertical seismic 

resolution as a function of velocity, frequency, and wavelength (Widess, 1973; Kallweit and 

Wood, 1982; Posamentier et al., 2022). 

 

In addition to mapping seismic reflector geometry, I also applied seismic 

geomorphological concepts to seismic attributes extracted from the interpreted horizons using 

the Root Mean Square (RMS) amplitude and variance (e.g., coherence and curvature) attributes 

(Miller & Stuart, 1992; Sømme et al., 2013; Bunt, 2015). These attributes are important for 

distinguishing Moki and Mount Messenger formation sandstone beds from the background 

mudstone of the Manganui Formation. Detuned seismic attribute analysis was based on the 

concepts of Connolly (2007) and Simm (2009). During analysis of seismic amplitude attribute 

maps, I picked base and top horizons for each interval as well as additional horizons within the 

interval to sub-divided my analysis. Extra horizons were inspected to constrain amplitude 
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analysis using relatively small time-windows (i.e., ~30 ms for the upper Moki Formation and 

~40 ms for the lower Mount Messenger Formation). To constrain the amplitude in the upper 

Moki Formation I used two sub-intervals (i.e., UMK 1 and UMK 2) and in the lower Mount 

Messenger I used three sub-intervals (i.e., LMM 1, LMM 2 and LMM 3). Finally, horizons 

were flattened and structural balancing was applied to the 3D seismic data to measure the 

gradient of the slope. Slope gradient was smoothed using a window of roughly 10–50 km2 to 

remove the effects of seafloor irregularities. 

 

Table 3.1: List of stratal patterns used to identify fans in seismic data, as outlined by 

Posamentier and Erskine (1991) 

 

 

 

 

3.5  Terminology 

 

3.5.1 Submarine-fan subdivision 

 

There are numerous models of submarine fans in the literature (Bouma, 1962; Walker, 

1978; Mitchum et al., 1985; Vail, 1987). These models generally subdivide fans into feeder 

canyon-channels, upper fan, middle fan, and lower fan components (Figure 3.6A), based on 

the following criteria: (i) geometry, morphology and organisation of channel complexes within 

a fan, (ii) longitudinal (i.e., down dip) seismic facies variations, (iii) channel depth and fan 

thickness, and (iv), seafloor slope gradient where a fan may have developed (Mutti & Ricci-

Lucchi, 1972; Walker, 1978; Droz & Bellaiche, 1991; Weimer & Link, 1991; Escutia et al., 

2000; Curray et al., 2002). However, due to limitations in the interpretation of fan elements in 

1. Reflectors pinch out against high seafloor topography. 

2. Continuous high-amplitude reflectors onlap basin margin. 

3. Bidirectional downlap reflectors within the fans or lobes. 

4. External mounding on the fan top bounding surface. 
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2D seismic data, I describe Taranaki Basin Miocene fans using a simplified tripartite scheme 

consisting of (i) feeder canyon and distributary channels, (ii) upper fan segment, and (iii), lower 

fan segment.  

 

With regard to the findings of previous studies, submarine fan divisions can be 

distinguished by their key characteristics, and in parts, I use these key characteristics to guide 

my fan system interpretation. On the continental slope at gradients of ~2–5o, feeder canyon-

channels are generally narrow with steep walls (Droz & Bellaiche, 1991; Cronin et al., 2005; 

Kamaruzaman et al., 2023). They widen significantly as they become less confined towards 

the basin plain, where depositional gradients decrease to the range ~0–2o. The upper fan 

segment typically shows low-relief external mounding on upper seismic reflectors compared 

with lower fan segments (Posamentier & Erskine, 1991; Lee et al., 1996). Seismic facies of the 

upper fan show medium to high-amplitude reflectors indicative of the presence of sand-prone 

strata (Walker, 1978; Weimer, 1990; McHargue, 1991; Deptuck et al., 2003). In contrast, the 

lower fan region typically displays mainly low-amplitude reflectors representing mud-prone 

deposits. The basal bounding surface of the upper fan exhibits prominent erosional effects, 

while the erosional basal bounding surface in the lower fan is hardly recognisable on seismic 

data. The upper fan is narrower than the lower fan as the fan widens towards the lower slope 

and basin plain (Figure 3.6A) (Walker, 1978). The number of distributary channels also differs 

between the upper fan and lower fan segments; there are more channels in upper versus lower 

parts of a fan (Normark & Gutmacher, 1983; Flood & Damuth, 1987). This study focuses on 

mapping the fan systems rather than describing their internal hierarchy and therefore I have 

chosen to refrain from applying any fan hierarchical models. 
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Figure 3.6: (A) Conceptual model of an ancient fan system used in this study that demonstrates 

the fan system comprises an upper fan segment, including feeder and distributary channels and 

a lower fan segment on a shallower slope gradient of the basin plain (modified from Walker, 

1978). This study adapted this fan model to map the Miocene fans’ divisions and the associate 

feeder canyons and/or channel networks on continental slope. (B) Conceptual model of sandy 

debris flows that develop on slope margins. Debris flows occur due to the down-slope evolution 

of a mass-slumping event, i.e., the 1929 Grand Banks earthquake (modified from Piper et al., 

1999). 

  

 

 

3.5.2 Sedimentary processes and deposits 

 

 A range of depositional mechanisms are inferred for continental slopes and on basin 

floors, resulting in a confusing lexicon in the literature (Talling, 2013; Shanmugam, 2016). To 

standardize my terminology, I have adopted the Gani (2004) model of gravity flow deposits 

(Figure 3.7). I have applied this model to the interpretation of wireline log records for drill 

holes investigated in the study area, following (Bernhardt et al., 2012; Shanmugam & Wang, 

2015; Fudol et al., 2019). This has involved focussing on differentiating blocky gamma-ray log 
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motifs with sharp upper and lower contacts (debris flow deposits) from bell-shaped (i.e., 

gamma-ray increasing upwards) log motifs (turbidity current deposits). A conceptual example 

is shown in Figure 3.7 exhibiting debrites, densites and turbidites. Densites in particular, 

represent hybrid deposits consisting commonly of a lower debrite and an upper turbidite 

without developing any bedding plane in between, originated by bipartite sediment gravity 

flows (Gani, 2004). These deposits originated by flow transformation, or simultaneous or 

retrogressive release of co-genetic debris flows and turbidity currents, and belong to the class 

of hybrid event beds (Davis et al., 2009; Haughton et al., 2009; Talling, 2013). I chose this 

model (Figure 3.7) in my study because I want to objectively distinguish the resultant sandstone 

bodies of sediment gravity flow processes. These processes can also produce mud-dominated 

deposits such as muddy debrites and turbidites (Amy & Talling, 2006; Shan et al., 2019; Patacci 

et al., 2020), however they are not the focus of this study. Where available, I have used drill 

cores to distinguish amongst gravity flow deposits.  

 

 While submarine fans can be constructed by a variety of sediment gravity flow deposit 

types, including debrites, densites and turbidites (Middleton & Hampton, 1973; Lowe, 1982; 

Shanmugam, 2000; Davis et al., 2009; Haughton et al., 2009), these deposits are not exclusive 

to fan systems. For example, sediment gravity flow deposits also occur in relation to submarine 

mass movement such as on the continental slope (Lee et al., 2007; Micallef et al., 2007; Parsons 

et al., 2007; Talling et al., 2007; Shanmugam, 2009; Fudol et al., 2019) (Figure 3.6B). This 

distinction is relevant to the arguments I set forth later in this paper. 
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Figure 3.7: Example facies characteristics of debrites, densites and turbidites, alongside typical 

gamma-ray lot motifs. Debrites are characterised by blocky sandstone bodies with abrupt lower 

and upper contacts, densites show a more subtly transitional upper contact, and turbidites have 

a very gradational profile from their base to top. Note the presence of mud clasts in debrites 

and their absence from turbidites (modified from Gani, 2004). 

 

 

 

3.6 Results 

 

3.6.1 Resolution of seismic data 

 

Calculation of the Widess and Rayleigh seismic resolution limits yielded a vertical 

resolution ranging from 6 to 16 ms within the stratigraphic intervals of interest on both 2D and 

3D seismic data, respectively, from the study area, depending on the dominant frequency range 

(Table 3.2). This calculation also gives the thin bed tuning thickness and the thickness at which 

the onset of tuning occurs. Calculation of seismic resolution limits of the data means that not 

all fan elements are detectable. For example, individual lobes and/or lobe complexes may not 

be resolvable. 
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Table 3.2: Seismic data parameters and their calculated resolution. Parameters are based on 

Widess (1973). 

 

 

 

3.6.2 Part I: Objective evaluation of previous interpretations of Moki and Mount 

Messenger formation submarine fans 

 

3.6.2.1 Upper Moki Formation 

 

Objective comparison of the parameters outlined in Table 3.1 against the Kroeger et al. 

(2019; that is, their Figure 6C) map for the upper Moki Formation demonstrates that (1) only 

one of the five Posamentier and Erskine (1991) seismic reflection criteria for submarine fans 

is met; specifically, the presence of continuous high amplitude reflectors throughout the 

interval. Seismic section Figure 3.8A, which crosses the Kroeger et al. (2019) upper Moki 

Formation fan, shows this point. (2) Further interrogation of the locations of high seismic 

amplitude locations on the map in Figure 3.9A and B shows that there are significant 

differences between the RMS amplitude attribute extraction and the detuned amplitude 

attribute extraction. The amplitude extraction maps of Kroeger et al. (2019) (their Figures 12A 

and B) used proportional slices. They did not specify if the maps show RMS or average 

amplitude, and therefore, I could not reproduce the maps exactly. As a result, in this study I 

take the maps as RMS amplitude and demonstrate the effect of seismic tuning on it. 

Comparison between their amplitude extraction and my detuned amplitude attribute extraction 

for one of the sub-intervals (Figure 3.10) shows a significant reduction in the area of high-

Seismic 

data type 

Dominant frequency 

within interval of 

interest (Hz) 

Thickness at 

onset of tuning 

effect ƛ/2 (ms) 

Tuning 

thickness ƛ/4 

(ms) 

Resolution limit 

ƛ/8 (ms) 

2D  20 to 35 50 to 64 25 to 32 12.5 to 16 

3D  40 to 50 24 to 40 12 to 20 6 to 10 
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amplitude (Figure 3.9A and B; see Figure iii – Appendix B). Furthermore, the distribution of 

high amplitude in the detuned map does not show a lobate morphology as would be expected 

of fans, but instead displays a patchy (isolated) pattern. (3) A third aspect of the Kroeger et al. 

(2019) submarine fan interpretation for the upper Moki Formation is the presence of low 

gamma-ray signatures in drill hole logs. The gamma-ray log motifs show blocky profiles with 

sharp basal and upper contacts (Figure 3.10B), which they interpreted as imaging turbidites. 

However, I note that such gamma-ray log motifs are equivocal and may also be interpreted as 

amalgamated sandy debris flow deposits (see examples in Bernhardt et al., 2012; Shanmugam 

and Wang, 2015; Fudol et al., 2019). (4) A final aspect that questions the interpretation made 

by Kroeger et al. (2019) for the fan-like character of the upper Moki Formation, is that they did 

not clearly define a fan morphology (i.e., the upper, middle and lower fan regions), which 

precludes objective seismic interrogation of their mapped fan systems. When taken together 

and in context, my results demonstrate that there is insufficient evidence to support the 

interpretation and occurrence of widespread submarine fan systems in the upper Moki 

Formation within southern Taranaki Basin. 

 

3.6.2.2 Lower Mount Messenger Formation 

 

As with the upper Moki Formation interval, I compared the parameters outlined in 

Table 3.1 against the lower Mount Messenger Formation fans mapped by Kroeger et al. (2019; 

that is, their Figure 6D). My results show that the only Posamentier and Erskine (1991) criteria 

possibly defining their inferred submarine fan system is the occurrence of continuous high 

amplitude reflectors throughout the lower Mount Messenger Formation interval (Figure 3.8B). 

Comparison between their RMS amplitude extraction versus my detuned amplitude extraction 

shows a significant reduction in the area of high amplitude (Figure 3.9C and D; see Figure iv 
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in Supplementary Data for complete sub-intervals). However, in the detuned amplitude map 

an area of high amplitude remains in the northern part of the map, which Kroeger et al. (2019) 

referred to as the “SW Sands”.  

 

Finally, gamma-ray log motifs of the sandstone bedsets in the lower Mount Messenger 

Formation display mainly blocky profiles with sharp basal and top contacts (Figure 3.10B), 

which, Kroeger et al. (2019) infer to be turbidite fans. However, the morphology of their 

mapped fans is not clearly defined in terms of upper, middle, and lower fan zones and their 

inferred fans (high amplitude areas) are located marginal to what I map as through-going 

channel margins (but which Kroeger et al. (2019) map as fans atop channels). Based on these 

observations, I simply do not find enough evidence to support the interpretation of fan systems 

occurring within the lower Mount Messenger Formation interval where they have been mapped 

by Kroeger et al. (2019). 
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Figure 3.8: Seismic cross-sections intersecting the interpreted “fans” of Kroeger et al. (2019) 

compared with the recognition parameters outlined in Posamentier and Erskine (1991) (Table 

3.1). (A) Upper Moki Formation showing continuous high amplitude reflectors but (i) without 

pinchout of reflectors against the paleo-sea floor, (ii) bidirectional downlap of reflectors within 

fans, or (iii), external mounding of reflectors at the top of the fan. (B) Lower Mount Messenger 

Formation that does show continuous high amplitude reflectors but does not show pinchout of 

reflectors against the paleo-sea floor, bidirectional downlap of reflectors within fans, or 

external mounding of reflectors at the top of the fan. Refer Figure 3.4 for transect lines location. 
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Figure 3.9: Root mean squared (RMS) amplitude and detuned amplitude maps for the Moki 

and Mount Messenger formations (A) upper Moki Formation RMS amplitude and B) upper 

Moki Formation detuned amplitude. (C) Lower Mount Messenger Formation RMS amplitude 

and (D) lower Mount Messenger Formation detuned amplitude. Note how much of the high 

amplitude area was reduced during the detuning process. Most of the remaining high amplitude 

areas are interpreted as sandy debris flow deposits, although there is uncertainty in interpreting 

high amplitude areas away from well control. The underlain contour maps are in TWT (ms). 

Refer to Figure iii and iv – Appendix B for complete set of maps for each sub-interval. 
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Figure 3.10: (A) Seismic cross-section and (B) well correlation panel showing the sub-intervals 

within the upper Moki Formation and lower Mount Messenger Formation used during the 

seismic detuning process. The upper Moki Formation is split into the UMK 1 and UMK 2 

intervals. The lower Mount Messenger Formation is divided into the LMM 1, LMM 2 and 

LMM 3 intervals). Refer to Figure 3.9A and C for the location of the cross-section and drill 

holes. 
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3.6.3 Revised mapping of Moki and Mount Messenger formations 

 

In this section I revisit the same dataset used by Kroeger et al. (2019) and more seismic 

data to the north and west of it, and propose an alternate interpretation for the deep-water 

sedimentary systems in the Moki and Mount Messenger formations in offshore southern 

Taranaki Basin. 

 

3.6.3.1 Upper Moki Formation 

 

3.6.3.1.1 Channel complex networks 

 

Mapping of the channel complex in the upper Moki Formation in southern Taranaki 

Basin demonstrates that it is oriented south to north (Figure 3.11A), crossing middle and lower 

slope regions, roughly 30 km north of the shelf edge and about 50 km north of the contemporary 

(Lillburnian, ~14 Ma) shoreline. Incised channel complexes drained northward normal to 

obliquely across a smooth slope with gradients ranging from 0.2 to 0.5o (Figure 3.11A). The 

channel complexes within the middle slope region (mean slope gradient: 0.4o) are mainly 

aggradational, straight to slightly sinuous (mean sinuosity index: 1.1), with a maximum width 

of 2.5 km. In contrast, on the lower slope region (mean slope gradient: 0.2o), individual 

channels within the prominent channel complex are highly sinuous (mean sinuosity index: 2.4) 

and their maximum width decreased to approximately 1.2 km (Kamaruzaman et al., 2023) 

(Figure 3.11A). 
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3.6.3.1.2 Gravity flow deposits on the slope 

 

As shown in the previous section, detuned seismic amplitude maps display high 

amplitudes mainly within the slope region and they have a patchy distribution (Figure 3.9B). 

The gamma-ray log response in the drill holes that intersect the high-amplitude area have 

blocky log motifs with sharp basal and upper contacts (Figures 3.10B and 3.12A). Furthermore, 

these low gamma-ray intervals (sandstone bedsets) are not readily correlated between 

neighbouring drill holes (i.e., distance between drill holes ranges from ~1 to 6 km). The thickest 

sandstone intervals are up to 40 m thick in the Maari- 2 drill hole located within the middle 

slope (Figure 3.12A). In the Tui-1 drill hole, situated within the lower slope region, sandstone 

intervals get as thick as 28 m (Figure 3.10B). Analysis of core data extracted from these 

intervals shows that they consist of massive (predominantly fine-grained) sandstone beds with 

mud clasts with long axes of up to 10 cm (Figure 3.12B–F).  

 

I interpret the patchy high (detuned) amplitude seismic distributions (Figure 3.9B) to 

represent localised slope sandstone deposits (i.e., not lobate fans), and this is supported by the 

fact that sandstone intervals cannot be correlated on wireline logs between neighbouring drill 

holes (Figures 3.9B and 3.12A). Nevertheless, due to the complexity of deep-water 

sedimentary systems (Shanmugam, 2000; Stow & Mayall, 2000), the localised sandstone 

deposits could also be reworked by contourite drifts (Kroeger et al., 2019). In addition, blocky 

gamma-ray log motifs, the massive internal nature of sandstone beds, including the presence 

of mud clasts (Figure 3.12B–F), suggests that these deposits were generated by gravity flows 

with high sediment concentrations, low Reynolds numbers (i.e., laminar), and a relatively 

strong matrix strength (Gani, 2004). Hence, the deposits of the upper Moki Formation on the 

depositional slope margin are interpreted here to be amalgamated sandy debrites following 
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Gani (2004) and other publications (e.g., Talling et al., 2007; Haughton et al., 2009; 

Shanmugam et al., 2009; Jin et al., 2021) (Figure 3.7). 

 

 

Figure 3.11: Slope gradient map of (A) upper Moki Formation and (B) lower Mount Messenger 

Formation in southern Taranaki Basin showing a trend of decreasing gradient to the north and 

northwest. Slope gradients range from <0.1 to <0.6◦ in the upper Moki Formation and from 0.3 

to 1.0◦ in the lower Mount Messenger Formation. The lower Mount Messenger slope gradient 

is adapted from Kamaruzaman et al. (2023). 
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Figure 3.12: (A) Gamma-ray log motifs for the upper Moki Formation interval in the upper 

slope region from selected drill holes. (B) to (D) core photographs from Maari- 2 through 

interpreted sandy debris flow deposits showing floating mudstone clasts. (E) Core photograph 

from Maari-1 showing sandstone within mudstone. (F) Core photograph from Maari-1 showing 

a mudstone clast within an ungraded sandstone. The sandy deposits are considered debrites. 

(G) Location of drill holes, refer Figure 3.11A for the location of the area. 

 

 

 

Figure 3.13: (A) Seismic cross-section showing a detachment surface at the base of sandy 

debris flow deposits in the lower Mount Messenger Formation. (B) A close-up view of the 

detachment surface. See Figure 3.9D for location. 
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3.6.3.2 Lower Mount Messenger Formation 

 

3.6.3.2.1 Channel complex networks 

 

The lower Mount Messenger Formation canyon-channel networks originated from, and 

lie within, southern Taranaki Basin, roughly 16–22 km from the contemporary (Waiauan, ~12 

Ma) shoreline (Figure 3.11B). The canyons reached 9 km wide on the lower slope (Figure 3.9C 

and D). The canyon-channels directed sediment in a SE-NW direction, incising into the lower 

slope margin in the vicinity of the Maui Field (Figure 3.1).  

 

Numerous lower Mount Messenger Formation canyon-channels are observed incised 

into thick sandy strata forming a network. The canyon-channels developed on a smooth slope 

gradient of 0.4◦ to 1◦ (Figure 3.11B) along the bottomset of sigmoidal clinoforms 

(Kamaruzaman et al., 2023). Seismic profiles reveal that asymmetrical V- and U-shape 

incisions, which are narrow at their base, are the dominant type of canyon incision (Figure 

3.10A). Internal seismic configuration within the canyons shows high amplitude discordant 

seismic reflectors at the base. The canyons are filled with vertical and lateral stacked U-shape 

channel complexes of 50–200 m thickness (Kamaruzaman et al., 2023). These channel 

complexes are manifest as a combination of parallel to sub-parallel and divergent low to 

medium amplitude seismic reflectors, dipping at low angles toward channel thalwegs. 
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3.6.3.2.2 Gravity flow deposits on the slope 

 

The detuned seismic amplitude map for the lower Mount Messenger Formation shows 

high amplitude patches on the lower slope (Figure 3.9C and D; “SW Sands”). Further 

investigation of the seismic facies occurring within these patches show sudden changes from 

continuous, parallel and high amplitude reflectors to discontinuous, discordant and mixed low 

to medium amplitude reflectors at the base of the interval (Figure 3.13A and B). Notably, no 

feeder channels are observed at the stratigraphic interval where these seismic facies change as 

described above. Furthermore, extraction of the curvature seismic attribute along the base 

horizon (i.e., detachment surface) displays a rugose pattern within the area where the “SW 

Sands” occur as opposed to a smooth surface in other areas on the map (Figure 3.14).  

 

Wireline log cross-sections show a general basinward thickening of sandstone bedsets 

represented by overall blocky and narrow-spiky gamma-ray log motifs (Figure 3.9B). The 

sandstone beds are poorly consolidated and comprised of very fine to fine sand (New Zealand 

Overseas Petroleum Ltd, 2004). The thickest sandstone interval is ~50 m, recorded in the 

Pateke-2 drill hole. However, these sandstone intervals cannot be individually correlated down 

dip.  
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Figure 3.14: Curvature seismic attribute extraction from the base of an interval (+10 ms) 

characterised by sandy debris flows in the lower Mount Messenger Formation. The surface is 

characterised by rugose topography, and is interpreted as a debris flow detachment surface. 

 

 

Based on the distribution of high-amplitude regions in detuned amplitude maps, the 

lack of feeder channel mouths and the blocky gamma-ray log characteristics with poor lateral 

and down-dip continuity, I interpret the Mount Messenger Formation interval in the area, as 

analysed by Kroeger et al. (2019), to be dominated by amalgamated sandy debris flow beds 

separated by mudstone. These debrites would have been deposited on the lower slope by flows 

with high sediment concentration, a low Reynolds number (i.e., laminar flow), and a relatively 

high matrix strength (Figure 3.7). This interpretation is further supported by seismic reflection 

profiles that show down-dip (towards the NW, parallel to slope orientation) changes in their 

coherence, amplitude and vertical stacking, which I take to represent a detachment surface at 

the base of a sandy debris flow interval (Figure 3.13). The rough surface identified at the base 
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of the lower Mount Messenger Formation (Figure 3.14) is attributed to the scouring of debris 

flows into the underlying mudstone strata ahead of the actual deposition from the debris flow 

(Figure 3.13). The analogue to this interpretation (debris flows) is presented in publications 

(e.g., Piper et al., 1985; Sohn, 2000; Pareschi et al., 2000). 

 

3.6.4 Part II: New insights into the Taranaki Basin deep-water fan systems 

 

I further investigated here the Mount Messenger Formation fan systems in deep-water 

Taranaki Basin beyond the contemporary depositional slope. This mapping and interpretation 

were carried out using the fan criteria of Posamentier and Erskine (1991), as outlined in Table 

3.1. The results show that in offshore western Taranaki Basin there are two main deep-water 

fan systems: (i) a Middle Miocene Deep Water Fan System 1 (~13–12 Ma; Waiauan Stage), 

and (ii) a Late Miocene Deep Water Fan System 2 (~7–6 Ma; Kapitean Stage), both of which 

are characterised by a terminal submarine fan (Figure 3.15). The pathway for the older of the 

two fan systems originated from the southeast part of the basin and propagated through the 

Maui Field area, routing sediment in a southeast to northwest direction to deep Taranaki Basin. 

The younger sediment pathway (Late Miocene Deep Water Fan System) originated in the south 

and flowed directly northward to the deep-water basin plain. Here, i describe both deepwater 

fan systems appealing to a simplified tripartite scheme consisting of (i) feeder canyon-channel 

networks, (ii) upper fan segment, and (iii) lower fan segment. 
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Figure 3.15: Revised paleogeography maps of: (A) upper Moki Formation (~14 Ma), Mount 

Messenger Formation (B) Deep Water Fan System 1 (labelled DWF1 in Figure 3.2) and (C) 

Deep Water Fan System 2 (labelled DWF2 in Figure 3.2). Note that I remove fans from the 

paleogeography maps in southern and central Taranaki Basin entirely in all intervals, but 

depict new fans in deep Taranaki Basin in the western part of the basin (i.e., in B and C). 

The paleobathymetry, active faults and volcanoes are adapted from Strogen et al. (2011) 
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3.6.4.1 Deep water fan system 1 (Middle Miocene) 

 

3.6.4.1.1 Feeder canyon-channel networks 

 

The Mid-Miocene feeder canyon-channel is located on the lower slope and can be 

divided into upper and lower parts, which together form a network. The upper part of the feeder 

canyon-channel displays prominent convex-upward bulges with highly asymmetry canyon 

walls (Figure 3.16A). The canyons contain dense multi-storey (stacked) lateral channel 

complexes. The canyons have an average width of 8 km and an average depth of 215 m. The 

confined channel complexes have lesser widths and depths that range from 0.5 to 2 km and 20 

to 120 m, respectively (Kamaruzaman et al., 2023). In map view, these internal channels are 

linear to sinuous. The slope gradient in the region ranges from 0.3 to 0.5o.  

 

The lower part of this canyon-channel network passes basinward into the main feeder 

channel where it becomes less confined and has nearly symmetric walls (Figure 3.16B). Wall 

steepness decreases significantly as the main channel broadens across the lower slope with a 

gradient less than 0.2o. A convex-up surface at the top of the channel complex is observed 

throughout the region, even though the convex-up surface is less conspicuous than in the upper 

feeder canyon-channel region. The width of the main channel increases from ~12.5 to ~15 km 

basinward. As with the upper feeder canyon-channel (Figure 3.16A), the lower feeder channel 

(Figure 3.16B) is also composed of numerous superimposed channels within the complex with 

average widths between 1.0 and 2.5 km and average depths between 40 and 80 m. In contrast 

to the densely stacked channel complex in the upper feeder canyon-channel region, the channel 

complex of the lower feeder channel region displays less multi-storey stacking and has a more 

lateral (adjacent) offlapping arrangement. Channel networks in this region are sinuous to 

meandering. 
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Figure 3.16: Uninterpreted and interpreted (A) upper (inline 1080, Kokako 3D) and (B) lower 

(2D seismic line BO_81 nm-204–1018) parts of feeder canyon-channels in the Mount 

Messenger Formation Deep Water Fan System 1 (~12 Ma). Refer to Figure 3.15B for cross-

section location. 

 

 

3.6.4.1.2 Upper fan segment 

 

An upper fan segment can be observed immediately basinward of the mouth of the 

primary feeder channel, and it extends outward across a slope of approximately 0.4o, with a 

width ranging from 32.5 to 50 km (Figure 3.17). The upper surface of the fan exhibits subtle 

low-relief mounding, characterized by a convex-up morphology and high-amplitude reflections 

along its upper bounding surface. Above this top surface, the fan is overlain by an interval of 

chaotic and low-amplitude reflectors.  

 

Within the upper fan, a combination of stratified and discontinuous medium to high-

amplitude reflections can be distinguished from the low-amplitude reflections in underlying 

strata (Figure 3.17D). Subtle bidirectional pinch-out of reflectors and multiple channel 

incisions with concave-upward infill patterns are also observed. The maximum width of 

channel systems within the region is approximately 2.5 km. The basal bounding surface of the 

fan is identified by truncation of reflectors against the underlying strata, and the surface is 

depressed at the centre of the fan and rises towards the flanks before pinching out beneath 

overlying strata (Figure 3.17B). Gamma-ray log responses from the appropriate Wainui-1 drill 
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hole level reveals that the fan is approximately 100 m thick with the gamma-ray log showing 

an alternate increasing and decreasing signal upward through the fan succession (Figure 

3.17C).  

 

I interpret the presence of a subtle low-relief mounding surface at the top of the fan to 

indicate rapid sedimentation and associated fan build up within the vicinity of the mouth of 

feeder channels, generally in the centre of the fan (Figure 3.17A). This feature is subtle in cross-

sectional images. However, well completion reports for the Wainui-1 drill hole indicate that 

the fan strata are overlain by Mohakatino Formation strata (Shell BP Todd Oil Services Ltd, 

1982) (Figure 3.17C), which I interpret as a 250–350 m thick mass transport deposit (MTD) 

because of its chaotic and low amplitude reflectors. The occurrence of bidirectional reflector 

pinch-out and concave-upward channel incision suggests lateral migration of channels and 

switching of lobe complexes (Figure 3.17B). Bidirectional downlapping reflectors at the edge 

of the fan are not clearly observed, as the late-Middle Miocene seafloor slope in the region was 

very low, with a mean gradient of only 0.4o. Depression at the base and centre of the fan 

complex is attributed to compaction subsidence of the fan into the underlying Manganui 

Formation mudstone (Figure 3.17B). The gamma-ray log motif corresponds to alternating 

coarsening (very fine sand) upward and fining (mud) upward successions indicating switching 

of lobe complexes as the fan built upward (Figure 3.17C). 
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Figure 3.17: Uninterpreted and interpreted seismic sections of upper fan segment in the Mount 

Messenger Formation Deep Water Fan System 1 (~12 Ma): 2D seismic (A) line BO_ar90-445-

110-1628, (B) line BO_ar89-446-106-1475 and (D) line ar89-446-108-1475. Refer to Figure 

3.15B for cross-sections location. (C) Gamma-ray motifs and associated lithology from 

Wainui-1 drill hole. 
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Figure 3.18: Uninterpreted and interpreted lower fan segment in the Mount Messenger 

Formation Deep Water Fan System 1 (~12 Ma), 2D seismic line BO_DTB01-26- 2847. Refer 

to Figure 3.15B for cross-section location. 

 

3.6.4.1.3 Lower fan segment 

 

The lower fan segment is situated on the basin floor where the slope is ~0.2o. This 

portion of the fan extends for approximately 75 km laterally (Figure 3.18). While high 

amplitude continuous reflectors mark its upper bounding surface, stratal truncation along the 

basal bounding surface is not observed. Fan strata primarily onlap the high sloping margins of 

the basin floor along its southwestern side, which demarcates the southwestern boundary of the 

fan. There is no channel incision into the lower fan segment originating from the southeast. 

The lower fan blanketed the prior flat seafloor profile with sheet-like deposits. There may be a 

volcanic ash component within the upper part of the fan as Mohakatino volcanic edifices occur 

nearby to the northwest (Figure 3.15B). The base of the fan is identified by a contrast in seismic 

facies with low amplitude reflectors of Manganui Formation mudstone, contrasting with 

medium amplitude reflectors of the lowermost fan facies. Stratal onlap of sloping portions of 
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the basin floor implies that pre-existing seafloor topography influenced the distribution of the 

fan and its depositional trajectory towards the head of the New Caledonia Basin (also known 

as the Aotea Basin). A northern boundary of the fan has not been identified. A channel system 

that incises this fan segment from the west is associated with a younger sediment routing 

system. 

 

 

3.6.4.2 Deep water fan system 2 (Late Miocene) 

 

3.6.4.2.1 Feeder canyon-channel networks 

 

The sediment pathway system at ~7–6 Ma includes a feeder canyon-channel network 

that supplied sediment to a fan in lower bathyal water depths (Figure 3.15C). The canyon 

network originated from the south, with the main branch having a width of 4.2 km and 

symmetrical walls and the other branch being 8 km wide with asymmetrical walls (Figure 

3.19). The average depth of both channels was about 260 m. Both channels were directed 

basinward across a slope with an average gradient of ~1.5o. The infill of the channels is a 

combination of stratified and discordant low to medium-amplitude reflectors and they display 

a predominantly concave-upward pattern. The internal organisation of the channel systems is 

one of predominantly multi-storey (i.e., stacked) sediment accumulation. 

 

3.6.4.2.2 Upper fan segment 

 

The upper fan occurs immediately basinward of the feeder canyon-channel network, on 

a slope gradient of ~1o (Figures 3.15C and 3.20). The upper fan is approximately 40 km wide 

in the immediate vicinity of the feeder canyon-channel mouth and 70 km wide where it 
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transitions into the lower fan segment. The base of the fan is recognized by the contrast between 

low amplitude reflectors of Manganui Formation mudstone and higher amplitude reflectors of 

the overlying fan (Figure 3.20B). The top of the fan is demarcated by high-amplitude reflectors. 

The lateral boundaries of the fan are identified by stratal onlap onto the underlying topography 

(Figure 3.20A). A channel system across the upper fan segment has an average width of 3.5 

km and an average depth of 100 m. 

 

The upper fan developed outside and west of the canyon-channel network due to it 

being less confined on the lower slope and basin plan region. Bidirectional pinch-out of 

reflectors and concave-upward channel incisions have been identified (Figure 3.20), indicative 

of lateral migration of the channel and switching of the lobe complex across the fan. However, 

evidence for bidirectional downlapping of fan reflectors against the seafloor is difficult to 

identify because the seafloor was so flat (~0.1o). One challenge to clearly identifying the upper 

bounding surface of the fan was to differentiate its continuous high-amplitude reflectors from 

similar reflectors of the overlying Ariki Formation marl, which has similar characteristics. 
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Figure 3.19: Uninterpreted and interpreted canyon-channel networks in the Mount Messenger 

Formation Deep Water Fan System 2 (~6 Ma), 2D seismic line BO_HZT82C_AWE_1_106. 

Refer to Figure 3.15C for cross-section location. 

 

3.6.4.2.3 Lower fan segment 

 

The lower fan segment is marked by stratified medium to high-amplitude reflectors that 

onlap the underlying topography (Figure 3.21). Away from these margins, and in the middle 

of the lower fan segment, reflectors are more or less continuous and have low amplitude. 

 

The underlying topography expressed as structural highs in the region extends into the 

New Caledonia Basin. These highs controlled the initial morphology of the fan and its 

depositional trajectory. However, in the lower fan segment it is challenging to differentiate the 

fan from background Manganui Formation mudstone strata due to both being expressed as 

amplitude reflectors, possibly signifying that the lower fan is mud-prone. Incising into the top 

of the fan are younger canyon-channels heading towards New Caledonia Basin. 
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Figure 3.20: (A) 2D seismic line BO_DTB01-21-2847, (B) 2D seismic line BO_DTB01-19-

2847 and (C) Inline 2150, Romney 3D, uninterpreted and interpreted upper fan segment in the 

Mount Messenger Formation Deep Water Fan System 2 (~6 Ma). Refer to Figure 3.15C for 

cross-section location. 
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Figure 3.21: Uninterpreted and interpreted lower fan segment in the Mount Messenger 

Formation Deep Water Fan System 2 (~6 Ma), 2D seismic line BO_DTB01-08- 2847. Refer 

to Figure 3.15C for cross-section location. 
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3.7 Discussion 

 

3.7.1 Dismissal of middle Miocene fan systems in southern and central Taranaki 

Basin 

 

Submarine channels in southern and central Taranaki Basin have been described in 

several papers (e.g., King and Thrasher, 1996; Baur et al., 2010; Strogen et al., 2011; Kroeger 

et al., 2019), but in none of them provided explicit documentation of where the mouth of a 

feeder channel has transitioned into a fan. For example, in the paleogeographic maps in 

Kroeger et al. (2019) (see Figure 3.4) most of the submarine channels cross fans along their 

whole down-slope length; that is, the mouths of feeder channels do not transition into fans, but 

rather pass through them. I think that this highly atypical stratal arrangement is incorrect and 

arises from two incorrect interpretations. (1) The high amplitude slope strata adjacent to 

channels have been interpreted to represent turbidite beds or bedsets and hence are considered 

to have accumulated as submarine fans. (2) High amplitude continuous reflectors on the flanks 

of channels define submarine fan geometry. My detuning of the southern and central Taranaki 

Basin seismic reflection within the interval of interest ahead of amplitude extraction, has 

resulted in removal of the high amplitude signal in most areas where fans have previously been 

defined (Figure 3.9), including adjacent to channels, meaning that the inferred fan geometry is 

an artifact of bed thickness; that is, those fans do not exist in reality. In the one area where 

high-amplitude remained after detuning, which was named the ”SW Sands” by Kroeger et al. 

(2019) (Figure 3.9C and D), curvature seismic attribute extraction shows a rugose surface at 

its base (Figure 3.14), which resulted from seafloor scouring typical of the base of debris flows 

(Costard et al., 2001; Micallef et al., 2007; Nomikou et al., 2009; Posamentier et al., 2011). 

Hence, the patchy amplitude distribution in the area of “SW Sands” better fits a model of patchy 

base of slope deposition of thick isolated and discontinuous sandy debris flows amongst muddy 
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strata (Zampetti et al., 2004; Bernhardt et al., 2012; Liu et al., 2023), rather than the deposition 

of lowstand turbidite fans as in Kroeger et al. (2019). Accordingly, I have interpreted the upper 

Moki and lower Mount Messenger formation strata showing high amplitude reflections 

adjacent to channels as representing upper to middle slope debris flow deposits (debrites). In 

addition, the fans inferred by Kroeger et al. (2019) and others do not meet the criteria for fan 

systems as outlined in Tables 3.1 and 3.3, which are widely applied to (fully or partially) 

recognise fan systems in deep water settings using seismic reflection data (Mitchum et al., 

1985; Posamentier & Erskine, 1991; Jager et al., 1993; Radovich et al., 2002; Pickering & 

Corregidor, 2005; Saller et al., 2008; Covault & Romans, 2009; Vesely, 2016; Park et al., 

2021). In seismic reflection lines across the inferred Kroeger et al. (2019) fans, the only seismic 

criteria that could potentially support them is the presence of high amplitude reflectors (Figure 

3.8; Table 3.3). However, the continuous high amplitude reflectors adjacent to channels are 

repeated in sections with thicknesses of 20–40 ms, rather than being limited to the upper 

bounding surface. This contradicts observations of fan systems by other workers (e.g., 

McHargue, 1991; Flood et al., 1991; Gong et al., 2022; Maier et al., 2020). Hence, I have 

dismissed interpretations about the occurrence of submarine fans in the Moki and Mount 

Messenger formations in southern and central Taranaki Basin as reported in King and Thrasher 

(1996), Grain (2008), Baur et al. (2010), Strogen et al. (2011) and Kroeger et al. (2019). 

 

3.7.2 New deep water fan systems in the Mount Messenger Formation 

 

Mapping of canyon and channel networks in offshore western Taranaki Basin reveals 

two major Mount Messenger Formation fan systems (i.e., a Middle Miocene Deep Water Fan 

System 1: DWF1 and a Late Miocene Deep Water Fan System 2: DWF2 in Figure 3.2) and 

associated sediment routing pathways (Figure 3.15B and C). I have included both of these fan 

systems in the Mount Messenger Formation, even though the older one is of Waiauan age 
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(about 13–11 Ma) and about 1–2 million years older than the 11 Ma age of the base of this 

formation as defined in the coastal North Taranaki outcrop section (King et al., 1993). The 

Middle Miocene Deep Water Fan System 1 fan has previously been attributed to the 

Mohakatino Formation in the well completion report for Wainui-1 (Shell BP Todd Oil Services 

Ltd, 1982). While some volcanic ash is recorded in the fan interval, this fan is best included in 

the Mount Messenger Formation as it represents diachronous outbuilding of sediment sourced 

from the south, as for other parts of this formation. These two newly identified fan systems 

were identified from analysis of seismic reflection data using the stratal patterns summarised 

in Table 3.1. They also fulfil most of the submarine fan criteria presented in Table 3.3. Both of 

these submarine fans occur at the terminus of channel mouths and lie on the outer parts of the 

lower slope and basin plain. This contrasts with the King and Thrasher (1996), Strogen et al. 

(2011) and Kroeger et al. (2019) fan locations higher up on the continental slope. New 

paleogeographic maps including the two new fans are shown in Figure 3.15B and C. 
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Table 3.3: Assessment of recognition criteria for fans in southern and central Taranaki Basin 

versus western Taranaki Basin for the upper Moki and lower Mount Messenger formations 

based on seismic and well log data. Criteria after Posamentier and Erskine (1991) but expanded 

upon. 
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3.7.2.1 Factors controlling fan development 

 

A revised southern Taranaki paleogeographic map for the 14 Ma interval (Figure 

3.15A) shows the main channel of the Moki Formation does not connect with a submarine fan. 

This arises because there was insufficient terrigenous sediment supply to form a fan. Sandstone 

is markedly subordinate to mudstone in the Early and Middle Miocene succession of Taranaki 

Basin. Sandstone became more common during the Late Miocene when uplift and erosion of 

the basement underlying the Southern Alps started along the continent-continent plate 

boundary in South Island (Kamp et al., 1989; Tippett and Kamp, 1993; Ring et al., 2019). 

Zircon U-Pb ages for two samples from the Moki Formation in Kea-1 (southern Taranaki 

Basin) have age distributions suggesting a source from Cretaceous basement in northwest 

Nelson immediately south of Taranaki Basin (unpublished data, 2023). The zircon ages are not 

similar to the distinctive age distribution of the Permian and Triassic age peaks in Torlesse 

Complex sandstone and schist that underlies the Southern Alps. Insufficient sand was supplied 

to the Moki channels to build a submarine fan beyond the sand that accumulated within the 

channels. A revised paleogeography is shown in Figure 3.15A.  

 

The rate of terrigenous sediment supply to Taranaki Basin increased rapidly from about 

12 Ma and particularly from 11 Ma (Tongaporutuan Stage), as expressed in the voluminous 

accumulation (e.g., 510 m thick in Tuhua-1; Figure 3.1) of the Mount Messenger Formation, 

both in Taranaki Basin and across the King Country Basin to the east of Taranaki Basin (Kamp 

et al., 2004), which markedly prograded the shelf-slope margin to the northwest within the 

Taranaki foreland basin (Bull et al., 2019). This coincides with the age of early uplift of the 

Southern Alps (Kamp et al., 1989; Tippett and Kamp, 1993; Ring et al., 2019), and with the 

start of inversion in southern Taranaki Basin (Kamp and Green, 1990; Crowhurst et al., 2002), 

which enhanced progradation of the shelf-slope margin to the north into the Taranaki Peninsula 
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area and northwest into deeper parts of the basin. These factors help explain why there is no 

submarine fan associated with the Moki channels, yet fans accumulated in deep water to the 

west and north in the Mount Messenger Formation. The Middle Miocene Deep Water Fan 

System 1 (~13–12 Ma) coincides with the timing of a global drop in sea level (sea-level curve 

of Miller et al., 2020, Figure 3.3B). While sea level change is considered to influence deep 

water sedimentation processes (e.g., Posamentier and Erskine, 1991; Xiong et al., 2004; Saller 

et al., 2004) the mechanism by which this occurs in the case of channel and fan development 

in Taranaki Basin is difficult to substantiate. The Late Miocene Deep Water Fan System 2 (~7–

6 Ma) in deep water Taranaki Basin shows little correlation with a fall in sea level (less than 

10 m) on the Miller et al. (2020) sea-level curve (Figure 3.3B). Many workers (e.g., Covault 

and Graham, 2010; Dixon et al., 2012; Harris et al., 2018) have argued that deep water 

sedimentation can occur at any phase of a sea level cycle where submarine sediment routing 

systems remain connected to their sediment source areas, which may also have been the case 

for Taranaki Basin (Maier et al., 2013). 

 

Research efforts to date have shown that the Moki Formation channels were relatively 

stable in their locations. From the late-Middle Miocene (Waiauan Stage) onwards, the shelf-

slope margin in Taranaki Basin became increasingly rich in gullies as the depositional slope 

became steeper (Kamaruzaman et al., 2023). In the Mount Messenger Formation, the gullies 

were captured by feeder canyon-channels, which in turn fed sediment to two fans of different 

age (~13–12 Ma and ~7–6 Ma). However the rate of sediment supply to the depositional slope 

during the Late Miocene also resulted in the retention of a proportion of the material in the 

gully network, with frequent burial of gullies and formation of new ones as the slope rapidly 

prograded to the north and west (Kamaruzaman et al., 2023). The retention of material on the 

slope can partly explain the enigma that although there was copious supply of sediment to the 
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basin during the Late Miocene, so far only two Mount Messenger Formation submarine fans 

have been documented outboard of the depositional slope (c.f., Fisher et al., 2021). 

 

3.7.2.2 Modern analogue 

 

As noted above, the newly mapped Middle and Late Miocene deep-water fans in 

western Taranaki Basin are mudstone-dominated. Despite the Wainui-1 drill hole containing 

intervals of sandstone in the upper fan part of the ~13–12 Ma fan (Figure 3.17C), the maximum 

width (10 km) of the main feeder canyon-channels and the distance of the fans from the 

contemporary shelf-slope break (~150 km) support this notion. The principal source rock area 

(Torlesse Complex in the Southern Alps) for the two fans is comprised of greywacke and schist, 

which breaks down by weathering and attrition to fine sand and mud. The closest analogue to 

the conditions that led to the Late Miocene fan accumulations in Taranaki Basin is the fan that 

has formed at the mouth of the Hikurangi Channel east of North Island (Figure 3.22) (Grahame, 

2015). Sediment entering the Hikurangi Channel is fed by the very steep Kaikoura Canyon 

offshore of the northern end of the Southern Alps and by canyons at the eastern end of Cook 

Strait (Figure 3.22). The sediment routed via the Cook Strait canyons followed a pathway from 

the western face of the Southern Alps via longshore drift to the northwestern tip of South Island 

(Farewell Spit) and hence into Cook Strait. The Hikurangi Channel mostly lies at 3000–5000 

m water depth east of the Hikurangi subduction zone. It traverses the Hikurangi Plateau 

(thickened oceanic crust) northward before turning sharply east and then north upon reaching 

the Southwest Pacific Abyssal Plain, where sediment transport and the depositional trajectory 

are strongly controlled by the Ocean Conveyor Current (Hikurangi Fan-drift; Lewis, 1994; 

Carter et al., 2004). At the terminus of the channel the sediment has accumulated in a mud-

dominated basin floor fan called the Hikurangi Fan, which started accumulating during the late 
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Neogene (Figure 3.22) (Lewis et al., 2013; Mountjoy et al., 2018). Common features of the 

Hikurangi Fan and the Late Miocene fans in the Mount Messenger Formation are, (i) that their 

sediments derived from the same source area, (ii) they lie at the mouths of prominent channels, 

(iii) the sediments comprising the fans are mudstone, and (iv), they have similar plan shapes. 

In addition, the respective fans are small in size and volume compared with the volumes of 

material eroded from the Southern Alps during the late Neogene. 
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Figure 3.22: Comparison between the newly interpreted (A) the Mount Messenger Formation 

Deep Water Fan System 1: DWF1 (~12 Ma) and (B) the Mount Messenger Formation Deep 

Water Fan System 2: DWF2 (~6 Ma) with the late Neogene fan (Hikurangi Fan) at the terminus 

of the Hikurangi Channel. Subdivision between the paleo-coastline, shelf-break (at 200 m 

water depth) and deep lower bathyal (>1500 m water depth) for ~12 Ma and ~6 Ma are also 

shown. The modern Hikurangi Channel and fan outlines are adapted from (Lewis et al., 2013), 

and modern seafloor bathymetry data (water depth in meter) are from NZP&M (2018). 
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3.7.2.3 Significance of newly mapped deep water Mount Messenger formation fan 

systems for resource exploration 

 

The significance of Moki Formation channels for petroleum exploration and production 

has been well described by Engbers et al. (2000) and Engbers (2002). The two newly mapped 

Mount Messenger submarine fans occur on the Western Stable Platform, a structural province 

built upon Palaeozoic basement, overlain in places by Late Cretaceous-Paleocene sediments, 

sometimes in half-grabens. The province is onlapped by Eocene-Recent strata disrupted by few 

faults (King and Thrasher, 1996). The Top Eocene surface forms a monocline dipping east, in 

part arising from flexure associated with Oligocene-Miocene foreland basin subsidence to the 

east (Holt & Stern, 1994). Oligocene and Miocene sediments onlap the monocline, including 

the two new fans described here. This structural and stratigraphic setting differs from that in 

the Taranaki oil and gas fields, which arises from structural traps. These either formed through 

shortening within the Taranaki Fault System or shortening in the southern Taranaki Inversion 

Zone, where antiforms formed from the inversion on pre-existing normal faults. The antiforms 

represent migration of shortening from the Taranaki Fault System into the foreland basin during 

the Late Miocene. Hence the two fans lie in frontier parts of Taranaki Basin and should oil 

and/or gas occur there, it is likely to be in stratigraphic traps. The presence of high-amplitude 

reflectors within the proximal upper fan segments, probably images continuous sheet sandstone 

beds (Shanmugam & Moiola, 1988; Nagatomo & Archer, 2015; Mayall & Kneller, 2021). This 

differs from the distal lower fan segments, which appear to be muddier, as shown by lower 

seismic amplitude (Reading & Richards, 1994; Bouma & Stone, 2000; Fildani et al., 2021). 

The mud-rich sediment calibre of the two fans and the inclusion of volcanic ash in the younger 

one will likely be challenges for reservoir quality. Seal may not be an issue. Given that only 

one drill hole (Wainui-1) has been located over one of the fans means that source rock 

distribution and composition are poorly known. Maturation of organic matter in either of the 
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two fans will be an issue (VR of 0.58% in the coal measure beds in Wainui-1) to charge 

stratigraphic traps within the fans. Hence migration pathways from deeper organic horizons 

will need to be considered in any exploration proposal. To further access the petroleum 

potential of the fans, high-resolution 3D seismic volumes and seep analysis will likely be 

required ahead of drilling to gain some confidence about the presence or otherwise of mobile 

thermogenic hydrocarbons in the Mount Messenger Formation within the vicinity of the 

documented fans. 

 

3.8 Conclusions 

 

1. Submarine channels in the Middle Miocene Moki Formation are standalone features on 

the continental slope in southern Taranaki Basin and do not transition down-slope into 

submarine fans. Detuning of 3D seismic data coverage has removed the RMS high 

amplitude extracted attribute signal from which the previously published Moki 

Formation fans have been inferred. Published late-Middle Miocene submarine fans 

located on the continental slope in the lower Mount Messenger Formation (southern 

and central Taranaki Basin) have also been dismissed on the same basis as well as not 

displaying well-established stratal criteria for the identification of fan systems (Table 

3.3).  

 

2. Two new submarine fan systems in the Mount Messenger Formation do, however, 

occur in deeper parts of western Taranaki Basin, one of late-Middle Miocene age and 

the other of Late Miocene age. They have been mapped and verified on established 

submarine fan stratal criteria. 
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3. A marked increase in terrigenous sediment supply at about 12 Ma, sourced from uplift 

and erosion of the Southern Alps, resulted in rapid progradation of the Late Middle to 

Late Miocene continental slope in Taranaki Basin. Most sediment rapidly accumulated 

on the slope. Consequently, its angle increased and gullies became prolific, incising, 

infilling, re-incising and being buried. A few channels are mapped on the lower slope 

passing into a fan on the basin plain. A second fan with similar attributes and 7–6 Ma 

age accumulated above the first, extending farther out towards the New Caledonia 

Basin. Both fans are mud-dominated. Their volume is minor compared with the volume 

of sediment delivered to the basin during the Late Miocene and hence submarine fans 

are much less volumetrically significant than the slope as depositional surfaces. The 

Hikurangi Fan outboard of the Hikurangi subduction zone is a modern analogue for the 

two new fans documented here for western Taranaki Basin. 
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Chapter 4 

Interpreting Environments of Deposition from Facies Analysis 

of Outcrop Versus Seismic Reflection Data: A Cautionary Tale 

from the Mount Messenger Formation, Taranaki Basin (New 

Zealand) 

 

4.1 Introduction 

 

There are a myriad of techniques for interpreting depositional environments from 

ancient strata, which fall into two broad categories: 1) those focussing on the physical 

characteristics of the strata (e.g. lithology, physical and biogenic sedimentary structures, fossil 

and trace fossil content) and 2), those that rely on the geophysical response of the strata (e.g. 

wireline log signature, seismic reflection response). From these two categories, two leading 

methods have emerged which are widely applied to obtain accurate and repeatable 

characterization: facies analysis and seismic geomorphology.  

 

Facies analysis has proven to be an exceptional tool for interpreting the genesis of 

ancient strata, both in outcrop and in the subsurface (Middleton 1973; Walker 1976; Walker 

1992; Posamentier & Walker 2006; Strachan & Alsop 2006; James & Dalrymple 2010). It 

relies on the concept of Walther’s Law–that sediments deposited adjacent to one another in 

space are represented as strata stacked atop each other through time (Walther 1893-1894) – 

and focuses on subdividing sedimentary successions into fundamental building blocks (facies) 

to interpret the depositional environments in which sediments accumulated. Facies analysis 

relies on facies models developed through observation and distillation of the pertinent aspects 

of similar sedimentary successions of all geological ages and with a global distribution 
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(Dalrymple 2010). The strength of facies analysis is its ability to synthesize data acquired from 

various parts of a sedimentary environment and use these to reconstruct the broader context of 

the deposits. However, facies analysis is limited when 3D views of the strata are unavailable, 

and it therefore, requires inference of the geometry of geobodies using a time-for-space 

substitution to establish the distribution of depositional elements. 

 

Seismic geomorphology is a more recent advancement, which builds on the success of 

seismic stratigraphy in accomplishing paleoenvironmental interpretation of strata by 

organizing depositional successions into sequences based on their seismic reflection 

geometries and stratal architectures (Mitchum et al. 1977a;  Mitchum et al. 1977b). The seismic 

geomorphological approach relies on the extraction of seismic attributes from 3D seismic 

reflection datasets and uses these to obtain meaningful geological and geomorphological 

insights from section and plan views (Bischoff et al. 2021; Posamentier et al. 2022). The 

advantage of seismic geomorphology is the 3D perspectives seismic reflection datasets provide 

and the high level of detail that can be obtained about the geometry of depositional elements 

and hence the depositional setting.  

 

Whether interpretations of sedimentary environments are based on 2D facies analysis 

or 3D seismic geomorphology, careful observation of stratal relationships (e.g., onlap, offlap, 

truncation, pinch out) is essential to arrive at accurate and precise inferences that can build 

robust paleogeographic conceptualizations. In our research, we have found this not always to 

be the case, such as in the recent example of Masalimova et al. (2016), who used facies analysis 

of 2D outcrops to interpret the depositional setting of the Miocene Mount Messenger Formation 

in North Taranaki Basin, New Zealand, as representing deposition in a basin floor submarine 

fan. Their study built on three decades of research along this 25 km of exposed outcrop that 
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also concluded that it accumulated as a succession of basin floor fans (King et al. 1993;  King 

et al. 1994; Browne & Slatt 2002;  Maier et al. 2010;  Strogen et al. 2011). Outcrops of the 

Mount Messenger Formation along the North Taranaki coast were considered to be among the 

best analogue examples of fine-grained submarine fan systems, along with the Brushy Canyon 

Formation of West Texas, and the Tanqua Fan Complex in South Africa (Masalimova et al. 

2016). 

 

The interpretation of basin floor fan deposits in the lower part of the Mount Messenger 

Formation has, however, never been critically examined. The opportunity for critical re-

examination has arisen from the 2018 release of the Mercury-Mokau 3D seismic survey for an 

area immediately offshore of the North Taranaki coastal section (Figure 4.1). The main aim of 

the Masalimova et al. (2016) study was to “provide a concrete link between flow mechanics 

and processes of sedimentation and the development of the larger-scale architectural elements”, 

which had not previously been established. We argue that if the coastal outcrop exposure 

represents exhumed large basin floor fans, they ought to be present and imaged in the seismic 

volume immediately offshore and down-dip of the succession. This paper, therefore, focuses 

on undertaking seismic geomorphology of this offshore seismic volume and compares those 

interpretations with newly gathered information about channels in the Mount Messenger 

Formation strata exposed in the coastal section acquired using UAV drones. 

 

This paper is the third in a triplet, two of which have been published in Marine and 

Petroleum Geology on the nature of sediment conduits on the paleo continental slope in 

southern and western Taranaki Basin (Mount Messenger Formation) and their spatial 

relationship to submarine fans (Kamaruzaman et al. 2023;  Kamaruzaman et al. 2024a). In the 

second paper we demonstrated that submarine fans considered to exist on the paleo continental 
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slope within lower Mount Messenger Formation in southern Taranaki Basin do not exist. 

Rather, we have shown that basin floor fans do occur within this formation at lower bathyal 

depths in western Taranaki Basin, beyond the continental slope and some 130 km distant from 

the contemporary shelf edge (Figure 4.2) (Kamaruzaman et al. 2024a). The focus of this paper 

is to critically re-assess interpretations of the depositional environment for the lower Mount 

Messenger Formation based on facies analysis of outcrop, primarily using 3D seismic 

stratigraphy and seismic geomorphology. In doing so, we reveal that the outcrop strata did not 

accumulate as basin floor fans, but rather as deposits on the slope. The broader implications of 

this study are the need to re-evaluate palaeogeographic conceptualisations of Taranaki Basin 

for the Miocene, such as those published by Strogen et al. (2011, 2022). 
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Figure 4.1: Map of the North Taranaki Basin area, showing the study area, including the four 

UAV drone survey locations from which outcrop models were built, the Mercury-Mokau 3D 

seismic reflection survey, and other relevant 2D seismic reflection lines, and drill holes in the 

offshore area. GIS data from NZP&M (2018).  
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4.2 Geological setting 

 

4.2.1 Tectonic context 

 

Taranaki Basin is a long-lived basin that accumulated Late Cretaceous and Cenozoic 

sediments (Figure 4.3) (King & Thrasher 1996). At present, most of the basin succession 

remains below sea level. Middle and Late Miocene marine sediments are exposed in a narrow 

coastal strip along the eastern margin of the basin in North Taranaki (Edbrooke 2005). These 

Miocene sediments young from north to south and were exhumed during the Late Pliocene and 

Pleistocene by doming of central-western North Island preceding the outbreak of Pleistocene 

volcanism within the Taupo Volcanic Zone (Figure 4.4) (Kamp et al. 2004).  

  

King and Thrasher (1996) remains the most comprehensive basin-wide reference for 

the stratigraphy and structure of Taranaki Basin. The context for the Late Miocene Mount 

Messenger Formation is the extensive Neogene succession in the basin (e.g. Figure 4.3). This 

succession mostly comprises basin wide siltstone (Manganui Formation). Sandstone facies that 

interfinger with Manganui Formation include the Middle Miocene Moki Formation and the 

Late Miocene Mount Messenger Formation (King & Thrasher 1996). Overall, the Manganui 

Formation and the two main sandstone units constitute a 25 million-year-long regressive shelf-

slope wedge about 2 km thick, representing infilling of a foredeep. Flexural subsidence of the 

basin resulted from westward overthrusting of basement (Murihiku Supergroup) across the 

Taranaki Fault Zone along the eastern margin of the basin, which started during the Late 

Oligocene (King & Thrasher 1996). This overthrusting switched-off from north to south along 

the Taranaki Fault Zone (Stagpoole & Nicol 2008). Along the North Taranaki Basin section of 

the Taranaki Fault Zone, the basement thrusting ended during the Early Miocene at about 20 
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Ma. By 19 Ma the thrust belt (the structural high known as the Herangi High) had started to 

subside below sea level, which resulted in marine onlap of coastal and inner shelf deposits 

(Bexley Sandstone) upon the former thrust belt and beyond to the east within the King Country 

Basin (Kamp et al. 2004;  Edbrooke 2005) (Figure 4). The Bexley Sandstone is conformably 

overlain by a regressive coal measure succession (Maryville Coal Measures), its most western 

occurrence being about 6 km east of the present-day coastline. Manganui Formation 

accumulated conformably above the Bexley Sandstone between the thrust front of the Taranaki 

Fault Zone and about 6 km inland of the modern coastline, followed by rapid deepening to 

upper bathyal depths with a thickness of approximately 150 m (Kamp et al. 2004) (Figure 4.3). 
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Figure 4.2: (A) Paleogeographic map of Taranaki Basin at ~12 Ma with the study area shown in blue box, and (B) close-up of the study area. (C) 

Paleogeographic map of Taranaki Basin at ~6 Ma. Both A and C are modified from Kamaruzaman et al. (2024a).
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Figure 4.3: Stratigraphic context of the study area. (A) 2D seismic line (BO_hzt82b-124-

geosphere) passing west-east through Mokau-1 drillhole. Note the formation boundaries, 

including the Mount Messenger Formation, and the gamma ray log for this hole. Adapted from 

Hansen (2005) (B) Chronostratigraphic panel for the Middle and Late Miocene strata in North 

Taranaki, both offshore and on land (present-day coastline marked by arrow), simplified from 

Kamp et al. (2004). The location of A shown in Figure 4.1. 
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Figure 4.4: Map showing the magnitude of erosion across the central-western North Island due 

to Pliocene-Pleistocene doming (redrawn from Kamp et al., 2004 with volcanic products shown 

in red). The extent of the study area is shown in the blue box. 
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Figure 4.5: Composite stratigraphic column for the coastal exposure of the lower Mount 

Messenger Formation from the Awakino River to the Tongaporutu River (Refer to Figure 4.1 

for these locations). Simplified from Hansen (1996). The maps B,C,D and E relate station 

locations to facies in the column. The outcrop site locations examined in this study are labelled 

as S1, S2, S3 and S4 in light green boxes in B,C and D. 
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4.2.2 Stratigraphic context 

 

The Middle Miocene stratigraphy east of the modern coastline is different north and 

south of the Mokau River Valley (Figure 4.1). To the south in the Mohakatino River Valley, 

Manganui Formation is conformably overlain by Moki Formation of lower Lillburnian age (15 

– 14 Ma), which comprises a succession of more than 70 m of fine-grained (very fine sandstone 

and siltstone) turbidites that probably accumulated on levees adjacent to channels (Kamp et al. 

2004). Moki Formation is unconformably overlain by Mangarara Formation, comprising 

Lillburnian, 2 to 5 m-thick channelised calcareous sandstone and limestone (Puga‐Bernabéu et 

al. 2009). In the Tongaporutu River Valley (Figure 4.1), Moki Formation consists of a more 

than 50 m thick turbidite succession. Its contact with the underlying Manganui Formation is 

not exposed as it lies in the subsurface due to the SW regional dip direction. In the Awakino 

and Mokau river valleys (Figure 4.1), Moki Formation does not occur in the stratigraphy. 

Rather, Manganui Formation is unconformably overlain by Mangarara Formation, where it is 

also channelised, as in the Mohakatino and Mokau river valleys (Puga‐Bernabéu et al. 2009). 

The unconformity between Manganui and Mangarara formations lies between upper Altonian 

(17 – 16 Ma) and lower Lillburnian (15 – 14 Ma), implying an interval of significant submarine 

erosion (King et al. 1993). 

 

During the early Middle Miocene (Clifdenian – lower Lillburnian; 16 – 14 Ma), the 

shelf was only about 10 km wide, as inner shelf sandstone facies (Tangarakau Formation), 

which conformably overlies Maryville Coal Measures (Figure 4.3B), are age equivalent to the 

upper part of the Manganui Formation, the Moki Formation and the Mangarara Formation 

(Kamp et al. 2004;  Edbrooke 2005). This suggests that the upper part of the Manganui, the 

Moki and the Mangarara formations likely accumulated in upper bathyal depths upon the upper 

continental slope. The narrow shelf only some 6 km east of Moki Formation outcrops in the 
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Tongaporutu River Valley, is not consistent with Moki Formation having accumulated at the 

base of the continental slope. 

 

The Otunui Formation of late-Middle Miocene age (upper Lillburnian and Waiauan 

stages; 14 – c.11 Ma)  is a calcareous siltstone about 200 m thick, which is widespread in the 

King Country Basin east of North Taranaki Basin and within Taranaki Basin (Kamp et al. 2004;  

Edbrooke 2005;  Townsend et al. 2008). The unit crops out in the upper reaches of the 

Mohakatino Valley and within the Tongaporutu Valley (Figure 4.1), but not quite as far west 

as the modern coastline due to the regional dip taking it into the subsurface. The Otunui 

Formation is part of a progradational succession that accumulated at neritic to upper bathyal 

depths in King Country (Kamp et al. 2004). In the Tongaporutu River Valley, Otunui 

Formation downlaps onto the Moki Formation as sandy siltstone and silty fine sandstone beds 

with diffuse boundaries due to pervasive bioturbation (Kamp 2019). It probably accumulated 

at upper bathyal depths on the upper slope. In North Taranaki well completion reports, Otunui 

Formation is not differentiated from the Mohakatino Formation or the Manganui Formation.  

 

The Mohakatino Formation of latest Middle Miocene age comprises mass-emplaced 

volcaniclastic sandstone beds, which are best exposed and 100 m-thick north of Awakino, 

whereas they are only 15 m-thick along the coastal section between the mouths of the Awakino 

and Mokau rivers (Figure 4.1). These sediments were sourced from contemporary andesitic 

volcanoes in North Taranaki Basin and dispersed by dense flows outwards from the volcanoes, 

including toward the east and southeast (i.e. the modern coastline) (Nodder et al. 1990) (Figure 

4.2). The modern distribution of the marine Mohakatino Formation on land is limited to a strip 

5 to 7 km wide within and east of the present-day coastline (Edbrooke 2005). As this formation 

mostly comprises mass-emplaced sediments (Nodder et al. 1990; Sharman et al. 2015), its 
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limited distribution to the east reflects the runout of mass flows part-way up the contemporary 

continental slope that had formed initially during the accumulation of the Manganui to Otunui 

formations (Kamp et al. 2004). 

 

The Mount Messenger Formation conformably overlies Otunui Formation in both the 

King Country Basin and within North Taranaki Basin (Figure 4.3B). In both basins, the rate of 

sediment accumulation increased markedly from the Otunui Formation into the Mount 

Messenger Formation (Bull et al. 2019). This resulted from the development of a new sediment 

source area – the Southern Alps, which is a mountain belt located in South Island (New 

Zealand), immediately southeast of the Alpine Fault. Exhumation within the Southern Alps 

started at about 15 Ma due to oblique continent-continent convergence across the Alpine Fault, 

which is part of the Australia-Pacific plate boundary zone through New Zealand (Ring et al. 

2019). Fission track thermochronology data for numerous sites within the Southern Alps 

indicate that exhumation of basement and its erosion became marked during the Late Miocene 

(Kamp et al. 1989;  Tippett & Kamp 1993), probably following the development of 

considerable topography. The Mount Messenger Formation started to accumulate during the 

latest Middle Miocene at ~12 Ma (Waiauan Stage) in southern Taranaki Basin and slightly later 

at ~11 Ma (lower part of the Tongaporutuan Stage) in the King Country and North Taranaki 

basins, which are farther from the sediment source. The net result of the appearance of a new 

sediment source area along the plate boundary and accumulation of this material in Taranaki 

and King Country basins was the start of marked northwestward progradation of a shelf-slope 

wedge within the southern and northern parts of  these basins (King & Thrasher 1996;  Bull et 

al. 2019). A difference between these two parts of Taranaki Basin is that the King Country 

Basin trapped some of the Late Miocene sediment from passing through it into North Taranaki 
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Basin, which is reflected in a less substantial wedge of slope sediments there compared with 

southern Taranaki Basin. 

 

The part of the Mount Messenger Formation exposed along the North Taranaki coastal 

section between the Tongaporutu and Awakino rivers (Figure 4.1), is comprised of its lower 

part; the upper part of the formation occurs south of the Tongaporutu River to Pukearuhe (King 

et al. 1993; King et al. 1994). The lower part of the formation has an aggregated thickness of 

approximately 750 m (Hansen 1996) (Figure 4.5), although this is an aggregated estimate from 

the thickness of beds exposed along the coastal section and is probably an overestimate (King 

et al. 2007). The lower Mount Messenger Formation comprises sandstone beds up to 30 m 

thick, interstratified siltstone and four discrete intervals of slumped beds. 

 

4.2.3 Paleogeographic context 

 

The paleogeography of Taranaki Basin during the accumulation of the late-Middle 

Miocene (Waiauan Stage; 12.7 – 10.92 Ma) and Late Miocene (Tongaporutuan Stage; 10.92 – 

6.5 Ma) Mount Messenger Formation provides important context for re-assessment of the 

basin-floor fan model, as applied to the North Taranaki coastal section (King et al. 1994). The 

initial understanding of the basin-wide paleogeography for this Neogene interval was reported 

by King and Thrasher (1996) and more recently by Strogen et al. (2011, 2022). The basin floor 

fans depicted on their Late Miocene map in the vicinity of the present-day coastal section, are 

some 30 to 50 km northwest of the contemporary shelf edge, within mid-bathyal water depths 

of about 400 – 600 m; that is, on the middle continental slope. Kamaruzaman et al. (2024a) 

recently published new early-Middle and Late Miocene paleogeographic maps for Taranaki 

Basin, based on new seismic reflection mapping and wireline log interpretation (Figure 4.2). 



144 

 

That work showed that prominent canyons and channel complexes within continental slope 

sediments (Mount Messenger Formation) in southern Taranaki Basin supplied sediment 

successively to each of two deep water basin floor fans in western Taranaki Basin, some 130 

km from the contemporary shelf edge (Figure 4.2). The Kamaruzaman et al. (2024a) study 

hence disproved the existence of previously interpreted submarine fans in the Mount 

Messenger Formation in southern Taranaki Basin (c.f., Strogen et al. 2011;  Kroeger et al. 

2019). Our revised paleogeographic maps did not include the extensive Mount Messenger 

Formation submarine fans depicted by Strogen et al. (2011, 2022) on the parts of their 

paleogeographic maps across the middle slope in the Taranaki Peninsula and North Taranaki 

parts of the basin. These submarine fans were excluded in the maps shown in Figure 4.2 as it 

was already evident during our mapping of the Mercury-Mokau 3D seismic survey area in 

North Taranaki Basin that the Strogen et al. (2011, 2022) submarine fans did not exist there 

(North Taranaki Basin).  

 

In a relatively recent detailed facies analysis study, Masalimova et al. (2016) interpreted 

the Mount Messenger Formation as a basin floor fan with three lobes oriented south to north 

(Figure 4.6). As a whole, the fan interpreted in Masalimova et al. (2016) is of considerable size 

(width: ~30 km, length: ~50 km and unspecified thickness). Because the description and 

interpretation of facies were made exclusively from strata exposed in the coastal section, 

necessarily, the study required a time-for-space substitution to place the facies associations into 

the spatial context of a submarine fan system. In this contribution, we map the 3D seismic 

reflection dataset that covers much of the area inferred as a basin floor fan by Masalimova et 

al. (2016) (Figure 4.6), and use this new mapping to test the validity of the time-for-space 

substitution used in their facies analysis. Our approach directly targets the shortcomings of 
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facies analysis in the absence of 3D views of the strata by applying 3D spatial analysis of the 

Mount Messenger Formation using seismic reflection data and outcrop photogrammetry. 

 

 

Figure 4.6: (A) Late Miocene (~10 Ma) paleogeographic map simplified from Strogen et al. 

(2011). The Masalimova et al. (2016) “fan” interpretation (shown in bright yellow) is overlain 

onto the Mercury-Mokau 3D seismic survey area, the extent of which is shown with a green 

rectangle. The four outcrop sites are shown in black dots adjacent to the seismic. (B) Close-up 

view of the 3D survey, showing seismic lines interpreted here in Figure 4.12A-C. The “fans” 

mapped by Strogen et al. (2011) are in white. 

 

 

4.3 Nomenclature 

 

Although their dimensions and architectures vary widely, all submarine channel 

systems comprise a range of sub-environments and associated deposits, including channel 

complexes, channel elements, thick sandstone channel fills with intervening siltstone layers, 

and mass-transport deposits (MTDs) (Figure 4.7) (Mayall et al. 2006). We use the channelform 
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models presented in Figure 4.7 to communicate our results and interpretations of both outcrop 

and seismic reflection data. The term “channel system” refers to very large features (i.e. widths 

of 1000 - 3000 m and thicknesses of 100 - 250 m) usually resolvable in seismic reflection data. 

In contrast, “channel elements” occur within channel systems and are much smaller in their 

dimensions (i.e. width < 250 m and thickness < 25 m) (Figure 4.7B). Correspondingly, channel 

elements may or may not be resolvable on seismic reflection data but they are generally 

mappable within outcrop strata (Hubbard et al. 2014;  Stright 2014). Overall, channel elements 

are partitioned into margin and axis regions (Figure 4.7B). 

 

 

 

Figure 4.7: Submarine channelform models used in this paper to clarify terminology. (A) 

Definition of channel system, channel complex, and channel element showing their nested 

characteristic. The scale range of channel system varies from 1000-3000 m wide and from 100-

250 m thick. They are, therefore, typically resolvable in seismic data (Modified from Mayall 

et al., 2006). (B) Definition of a channel element, which has a width less than 250 m and a 

thickness less than 25 m. The scale of channel elements means that they are observable in 

outcrop but seldom resolved in seismic data. Modified from Fildani et al. (2013). 
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4.4 Data and Methods 

 

This study primarily used two main methods and datasets: 1) seismic stratigraphy and 

seismic geomorphology of the Mercury-Mokau 3D seismic volume and 2), photogrammetric 

analysis of outcrops. The seismic stratigraphy and seismic geomorphology were broad-scale 

tools used to determine the 3D distribution and architecture of reflection packages, while the 

photogrammetric analysis of outcrops was used to link the offshore seismic data to the on-land 

distribution of strata exposed along the coast. To remain objective with our analysis and 

interpretation of the seismic reflection data we use the criteria of Posamentier and Erskine 

(1991) for the recognition and mapping of submarine fans (Table 4.1). Our outcrop analysis 

focused on establishing whether or not sediment conduits of the type mapped in southern 

Taranaki Basin by Kamaruzaman et al. (2023) occur, and if so, to measure their geometry and 

the stratal characteristics of their infill. The analysis of strata in outcrop can be made at the 

scale of beds and even laminae, which is a much finer scale than possible in the mapping of 

elements in a seismic reflection dataset. Therefore in this study, we do not undertake a 

comprehensive facies analysis of strata exposed in the coastal section at the bed and laminae-

scale as this information has already been published (i.e., King et al. 1993; Hansen 1996; King 

et al. 2007;  Masalimova et al. 2016). 
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Figure 4.8: Wedge model for the Mount Messenger Formation interval in the Mercury-Mokau 

3D seismic survey showing the limit of resolution, tuning thickness and onset of the tuning 

effect. Calculations are based on Widess (1973). 

 

4.4.1 Seismic Stratigraphy 

 

This study utilized the Mercury-Mokau 3D seismic volume, which covers an area of 

239 km2, together with 500 line-km of 2D seismic reflection data in the same area acquired 

during earlier petroleum exploration (Figure 4.1). In the Mercury-Mokau 3D seismic volume, 

the Mount Messenger Formation occurs between -100 to -800 ms TWT. The quality of the 3D 

seismic data in the Mount Messenger Formation interval varies from poor to good. This partly 

reflects the fact that the data was acquired to image and characterize an interval much lower in 

the stratigraphy, and hence the seismic processing was not optimized in the Mount Messenger 

interval. The presence of gas chimneys also compromises the quality of seismic images (Loyz 

NZ Ventures Ltd, 2014), and this poses challenges in mapping strata and sediment conduits in 

some areas (Figures i - iv – Appendix C).  

 



149 

 

Coloured inversion was performed on the 3D seismic volumes to boost the low-

frequency seismic response, hence increasing the resolution of the data in the Mount Messenger 

Formation interval (Lancaster & Whitcombe 2000). One limitation of the analysis was the fact 

that no detuning process could be carried out on the interval of interest (lower Mount 

Messenger Formation) because there are no continuous bright-amplitude reflectors within this 

interval and there are few wireline log datasets available. However, wedge models were 

constructed to understand the vertical resolution of seismic reflections in the Mount Messenger 

Formation interval while considering the tuning effect using the Widess (Widess 1973) and 

Rayleigh methods (Kallweit & Wood 1982) (Figure 4.8). With this information, regional 

horizons described in well-completion reports (e.g., Pluto-1: Shell Todd Oil Services Ltd, 

1991) were picked, followed by mapping sediment conduits and searching for stratal patterns 

indicative of submarine fans. Borehole checkshots were used for time-depth conversion. The 

average seismic velocity of the Mount Messenger Formation interval is 1300 ms-1. 

 

4.4.2 Outcrop Photogrammetry 

 

Three thousand UAV drone images were captured from four outcrop locations using a 

DJI Phantom 4 drone connected to a real-time kinetic (RTK) global positioning system (GPS) 

for accurate geolocation. Drone surveying of the four sites used pre-programmed flight paths 

using the WGS 84 UTM 60S coordinate reference system, and EGM 96 geoid (Figure 4.9). 

The focal length of the drone camera is 24 mm with a 20-megapixel resolution, which captures 

outcrop images at an average of 3-8 cm Ground Sampling Distance (GSD). Survey images 

were overlapped by 80%. Drone images were processed using Pix4Dmapper software to 

generate dense 3D point clouds, digital surface models (DSMs), digital terrain models (DTMs), 

triangle meshes, and orthomosaic images of the outcrops (i.e., 3D models). Once 3D models 

of outcrop were constructed, they were imported into ArcGIS Pro as scene layer packages. 
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We used the outcrop images chiefly to map the occurrence of discontinuities in the 

lower Mount Messenger Formation at each site, in particular, possible channel features and 

evidence for stratal terminations that might be consistent with the characteristics of submarine 

fans (Posamentier & Erskine 1991). We also mapped outcrops at the bedset scale for which the 

3D outcrop models had the optimal resolution (20 cm to 1 m). This resulted in ~200 bedset 

“horizons” across the four sites. From each of these bedsets, the thickness, dip and dip direction 

were calculated, and lithologs of each site were drawn based on the models. Accuracy was 

ensured by using sample points of well-exposed rock, avoiding weathered and vegetated strata. 

Ground truth assessment of measurements verified the calculated parameters. The length of 

bedsets could not be quantified accurately because some areas along the outcrops are covered 

by vegetation or obscured by Late Pleistocene deposits. However, the estimated length of 

bedsets is presented in the results section. The drone models are described in more detail in  

Kamaruzaman et al. (2024b). In addition to UAV drone images, photographs were also taken 

to help describe sandstone beds. 
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Figure 4.9: Map showing the four locations for which outcrop models were built. Outcrops are 

outlined with cyan dashed lines. The yellow lines represent UAV drone flight paths, and the 

red arrows indicate the direction the UAV drone camera was facing. The location of the sites 

is shown in Figure 4.1. 

 

Table 4.1: List of stratal patterns used to identify fans in seismic data, as outlined by 

Posamentier and Erskine (1991). 

 

 

 

 

 

 

 

1. Reflectors pinch out against high seafloor topography. 

2. Continuous high-amplitude reflectors onlap basin margin. 

3. Bidirectional downlap reflectors within the fans or lobes. 

      4.  External mounding on the fan top bounding surface. 
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4.5 Results and Interpretation 

 

4.5.1 Seismic Resolution 

 

The wedge model shows that in the interval of interest, the vertical seismic resolution 

(ƛ/8) is 9.6 m, the tuning thickness (ƛ/4) is 19.2 m, and the onset of the tuning effect (ƛ/2) 

occurs at a thickness of 38.5 m (Figure 4.8), based on Widess (1973). Given this resolution 

limit, channel systems and channel complexes can be imaged in the seismic data, whereas 

individual channel elements approaching the scale of seismic resolution are not always 

visualized. In comparison, the outcrop models have a resolution of between 20 cm and 1 m 

(Section 4.4.2), and the outcrop models are generally of the channel element scale (Figure 4.7). 

 

4.5.2 Seismic Stratigraphy 

 

The continental slope in Taranaki Basin during the late-Middle and Late Miocene 

interval regionally trended southwest to northeast (Figure 4.2A). In northern Taranaki offshore 

from the coastal section the slope trended north to south. The two seismic reflection profiles in 

Figure 4.10 image the Mount Messenger Formation and enclosing formations in North 

Taranaki Basin (Figure 4.10A) and in southern Taranaki Basin (Figure 4.10B), both oriented 

down-dip. In both areas there are differences in the strata between the lower and upper Mount 

Messenger Formation (separated by light green coloured horizon). In southern Taranaki Basin 

(Figure 10B), the lower Mount Messenger Formation strata (below the light green horizon) are 

represented by parallel and moderately continuous reflectors, with some high amplitude areas, 

and low dip (~0.5o). The upper Mount Messenger Formation strata (above the light green 

horizon) shows clinoform reflectors that progressively steepen upward and are truncated, and 

are onlapped by Pliocene-Pleistocene strata (above the pink horizon). In North Taranaki Basin 
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(Figure 4.10A) there is a similar structure except that the image captures a more upslope 

section. The lower Mount Messenger Formation reflectors are parallel, although their 

continuity is disrupted, and they are overlain by clinoform reflectors that steepen upwards, 

followed by truncation and onlap of Pliocene-Pleistocene strata. These reflection profiles are 

representative of areas approximately 120 km apart on the continental slope (Figure 4.2A). 

 

The seismic reflection profiles (Figure 4.10) clearly show that the sediments 

accumulated on a continental slope. Clinothem progradation resulted from a late-Middle and 

Late Miocene increase in the rate of sediment supply to the margin from the uplifted and 

erosion of the Southern Alps. In both locations (Figure 4.10A and B), the strata imaged as 

reflectors have been steepened by post-Mount Messenger Formation tectonic tilting, the 

amount indicated by the dip of the overlying erosion surfaces. The lower Mount Messenger 

Formation had a slope of 0.5 - 1o (Figure 4.10B) and accumulated on the lower slope (Figure 

4.2), whereas in North Taranaki the slope for the corresponding part of the formation is 2 - 4o 

(Figure 4.10A) and the sediment accumulated on the middle slope region (Figure 4.2A). In 

neither region did the lower Mount Messenger Formation sediments accumulate on a basin 

floor. The partitioning of the slope into upper, middle and lower parts, as shown in Figure 4.2, 

has been adopted from Strogen et al. (2011, 2022). 
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Figure 4.10: Seismic reflection profiles showing the slope succession and major regional 

horizons for (A) North Taranaki Basin (study area) with slope dip ranging from 2 to 4o, and 

(B) southern Taranaki Basin with slope ranging from 0.5 to 1o. The succession immediately 

above the base of the Mount Messenger Formation horizon was used to determine slope angle. 

Light green horizon approximately separates the lower and upper parts of the Mount Messenger 

Formation. Refer to Figure 4.2A for the seismic line locations (A: 2D seismic line BO_hzt82b-

114 and B: arbitrary line from Maui – Kokako 3D merge seismic surveys). Refer to Figure v 

in Appendix C for channelform features interpretation on the seismic sections, and Figure vi in 

Appendix C for the uninterpreted seismic sections. 
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4.5.3 Structure Contour, Isopach Thickness and Dip Mapping 

 

Structure contour and isopach thickness maps of the base and top of the Mount 

Messenger Formation in North Taranaki Basin interpreted in Mercury-Mokau 3D seismic 

(Figure 4.11A-C), show that (truncated) thickness increases uniformly from 80 m to ~700 m 

orthogonally to the west-southwest away from the eastern edge of the 3D seismic survey area 

and the coastline, along the whole north-south length of the survey area. Dip and dip-direction 

maps of the contact separating the lower Mount Messenger Formation from the upper Mount 

Messenger Formation indicate a regional dip of ~3.6o and a dip direction of 259o 

(southwestward) (Figure 4.11D-E). These trends are consistent with the pattern observed in the 

isopach thickness map (Figure 4.11C). 

 

The very simple thickness pattern observed in the isopach maps is largely a function of 

the erosional truncation of sediments arising from Pliocene-Pleistocene uplift (Figure 4.4) and 

erosion of the basin succession preferentially along its eastern margin during doming of central-

western North Island (Kamp et al. 2004). The western margin of the erosion surface coincides 

with the western margin of the survey area. The trends observed in the regional dip maps are a 

function of the angle of the depositional surface at the time of deposition as well as post-

depositional tectonic tilt.  
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Figure 4.11: Maps the Mount Messenger Formation based on interpretation of 2D and 3D 

seismic data. (A) Structure contour map of the base of the Mount Messenger Formation. (B) 

Structure contour map of the top the Mount Messenger Formation (also referred to as the top 

of the Mohakatino Formation). (C) Thickness map of Mount Messenger Formation. (D) Dip 

direction and (E) Dip of a surface within the lower Mount Messenger Formation. The maps 

also show the distribution of the lower Mount Messenger Formation onshore (yellow). Overall, 

the onshore strata dip southwest with a mean angle of 3.6o. The division between the Late 

Miocene (~10 Ma) upper and middle slope is marked with a red dashed line. Refer to the legend 

in Figure 4.1 for more information. 
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4.5.4 Seismic Geomorphology 

 

The Mercury-Mokau 3D seismic survey was searched for the stratal patterns outlined 

by Posamentier and Erskine (1991) as indicative of buried submarine fans (Table 4.1). Figure 

4.12 shows annotated representative seismic reflection profiles showing where there is the 

presence of, or absence of, those stratal features. This is also summarized in Table 4.2. The 

analysis shows clearly how stratal pinch-out does not occur within the lower Mount Messenger 

Formation interval, a feature highly characteristic of submarine fans. Similarly, bidirectional 

pinch-out of strata that resemble outward build-up of lobes is not observed. There is no 

evidence in the seismic data for stratal mounding, which usually indicates the presence of 

vertical build-up on the top-middle region of fans. These features should be discernible in the 

dataset given the seismic resolution limit of 9.6 m (Figure 4.8). 

 

In the Mercury-Mokau 3D seismic volume there are high-amplitude reflectors within 

the Mount Messenger Formation interval, but their occurrence is primarily limited to the upper 

Mount Messenger Formation and areas of the data affected by gas chimneys, faults, or 

otherwise low-quality data. Moreover, these reflectors are not smooth and continuous but rather 

appear highly disrupted. This is similar to the patterns demonstrated for the continental slope 

in southern Taranaki Basin where channelforms incising into the slope caused reflector 

disruption (e.g. Kamaruzaman et al., 2023; 2024a). In the absence of other Posamentier and 

Erskine (1991) stratal criteria, it is highly unlikely that these high-amplitude reflectors 

represent submarine fan(s). It is more plausible that they represent sandstone beds that 

accumulated on the continental slope or within channel complexes incised into the slope. 
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Figure 4.12: (A), (B) and (C) are selected seismic reflection lines from the Mercury-Mokau 3D 

seismic survey area in offshore North Taranaki Basin, showing that the Posamentier and 

Erskine (1991) criteria  (Table 1) for the identification of submarine fans are not met in any of 

these lines (and other lines in the seismic dataset), meaning that the fan inferred by Masalimova 

et al. (2016) does not exist. Refer to Figures 4.6B and 4.21A for seismic line locations. Refer 

to  Figure vii – xi in Appendix C for more seismic sections. 
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Table 4.2: Assessment of the Posamentier and Erskine (1991) criteria for identifying submarine 

fans in seismic reflection in the Mercury-Mokau 3D seismic data shown in Figure 4.12. The 

criteria are expanded from those listed in (Table 4.1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Legend 
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Aspect Criteria  

Masalimova et 

al. (2016) 

inferred fan 

Physiography of 

fan systems 

The mouth of the 

feeder canyon-

channels can be 

located 

 

The segments of the 

fans (i.e., upper and 

lower) can be 

identified 

 

Seismic 

stratigraphic 

interpretation 

 

Continuous high-

amplitude reflectors 

(usually at top fans) 

onlap basin margin 

 

Bidirectional 

downlap reflectors 

within fan 

 

Stratal terminations 

show pinch out 
 

External mounding 

on the fan upper 

bounding surface 
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4.5.5 Sediment Channelforms Mapping 

 

Due to the quality of seismic data within the interval of interest, we have conservatively 

mapped the occurrence of channels on selective and representative seismic reflection images 

of the lower Mount Messenger Formation in the Mercury-Mokau 3D seismic survey area 

(Figures 4.13 - 4.14). Channels are objectively identified based on: (i) trough-like or U-shaped 

reflector geometry, (ii) prominent truncation of underlying reflectors, (iii) truncated reflectors 

within the interpreted channelforms and (iv), concave and/or convex-upward reflectors within 

the interpreted channelforms. 

 

The density of channels increases upwards within the formation and channels dominate 

the upper part. This is not unexpected, as channels are well-known structures in outcrop 

sections of the upper Mount Messenger Formation (Browne & Slatt 2002;  King et al. 2007;  

Rotzien et al. 2014). Figure 4.14 illustrates our mapped channels in the lower part of the Mount 

Messenger Formation. The occurrence of channel systems ~100 m high and ~1 km wide are 

recognized by their erosional bases. These channel systems consist of multiple channel 

complexes and channel elements, exhibiting diverse dimensions and architecture. Channel 

complexes, in particular, are characterised by an erosional down-cut surface, where seismic 

reflectors are truncated. The thickness and width of channel complexes are typically ~60 m and 

< 0.5 km, respectively. In contrast, channel elements are challenging to identify and map as 

they approach the limit of seismic resolution within the interval, as their typical dimensions are 

~20 m high and < 150 m wide.  
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Figure 4.13: An uninterpreted and interpreted seismic reflection profile showing channelform 

features, including channel systems, channel complexes and channel elements in the upper 

Mount Messenger Formation interval. Note the channel system width and thickness measured 

at 1 km and 150 m, respectively. Refer to Figures 4.2B and 4.21B for the location of the seismic 

line. 
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Figure 4.14: (A) and (B) are uninterpreted and interpreted seismic reflection lines from 

the Mercury-Mokau 3D seismic survey area showing channelform features, including channel 

systems, channel complexes and channel elements in the lower Mount Messenger Formation 

interval. The channel system is approximately 100 m thick and 1 km wide, while the channel 

complex is 60 m thick and less than 500 m wide. Channel elements approach the resolution of 

the seismic data, with a thickness of ~20 m and width of less than ~200 m. Refer to Figures 

4.2B and 4.21B for seismic line locations. 
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4.5.6 Outcrop Photogrammetry 

 

4.5.6.1 Site 1: Battleship Promontory Section 

 

The Battleship Promontory site includes what appears to be a conformable contact 

between the Mount Messenger Formation and the underlying Mohakatino Formation, and 

about 10 m of the lower Mount Messenger Formation (which itself accumulated on a slope) 

(Figure xii - Appendix C). The outcrop model for this site extends over ~900 m along the 

formation at elevations between 145 m and 210 m above sea level. It covers a ground area of 

approximately 0.20 km2, with the outcrop primarily facing north (Figure 4.9A). 

 

At this location, the lower Mount Messenger Formation shows parallel beds of massive 

to wavy laminated sandstone (Figure 4.15A-B). The beds have sharp and planar contacts with 

no evidence of erosion or pinch-out of strata as observed in outcrop drone model. Channel-

shaped margins are not evident in this section. The beds dip at 4.4o to the southwest (Figure 

4.15C-D). Within the measured sections, bedset thickness ranges from 0.3 to 5.2 m, with a 

mean of 1.2 m (Figure xiii - Appendix C). 
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Figure 4.15: (A) Interpreted outcrop image of lower Mount Messenger Formation bedsets at 

Site 1, Battleship Promontory. (B) Litholog of the area marked X-X’ in A. (C) Rose plot of dip 

direction of bedsets. (D) Range of dip for bedsets. Refer to Figure xii in Appendix C for the 

outcrop location, and Figure xiv in Appendix C for the uninterpreted version of the outcrop 

image. 
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4.5.6.2 Site 2: Ferry Sandstone Section 

 

The Ferry Sandstone section forms a steep outcrop on the south side of the Mokau River 

estuary. The base of the outcrop is within a few 10s of m of the base of the Mount Messenger 

Formation. The outcrop model for this site is ~250 m long and 80 m high (Figure 4.9B) and it 

faces north along State Highway 3. The lowermost part of this section comprises ~12 m of 

undeformed siltstone beds, overlain by a ~53 m-thick succession of massive to wavy-laminated 

sandstone beds, with bedset thickness ranging from 0.3 – 5.2 m, with a mean of 2.1 m (Figure 

xv - Appendix C). An erosion surface occurs in the middle portion of the section, recognized 

by notches (incisions) and beds that terminate against the surface  (Figure 4.16A-B). This 

erosion surface is interpreted to represent an irregular shaped channel margin, which slopes at 

10o towards the southwest. The channel truncates a ~4 m-thick sandstone bedset and is overlain 

by 20 m of sandstone beds with conformable contacts, which appear to onlap the channel 

margin. A ~9 m-thick siltstone beds overlie the channel fill (Figure 4.16A). The beds dip into 

the outcrop at 4.5o southwest (Figure 4.16C-D).  
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Figure 4.16: (A) Interpreted outcrop image of lower Mount Messenger Formation bedsets at 

Site 2, Ferry Sandstone. (B) Litholog of the outcrop. (C) Rose plot of dip direction of bedsets. 

(D) Range of dip for bedsets. Refer to Figure xvi in Appendix C for the uninterpreted version 

of the outcrop image. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



167 

 

4.5.6.3 Site 3: Jam Roll Section 

 

Site 3 lies 300 m above the base of the Mount Messenger Formation and a little below 

the middle of the lower Mount Messenger Formation (Figure 4.5). This is a structurally 

complicated section, particularly in the bay hosting the Jam Roll structure (Figures 4.17 and 

4.18). The outcrop model of the lower Mount Messenger Formation stretches over ~3 km in 

length, where the coastal cliffs are between sea level and 22 m above sea level. The site mainly 

faces west to the Tasman Sea (Figure 4.9C). Analysis of Site 3 focused on discontinuities 

between beds and the juxtaposition of blocks that have no stratigraphic relationships to each 

other. 

 

On the northern side of Site 3 (Figure 4.9C: Kawau Pa), the best exposures are the cliffs 

on the south side of the stream (Figure 4.17A) as well as the break in outcrop that trends north-

south at the end of the first north-facing cliff. Figure 4.17A displays a sharp, erosional and 

sloping surface separating a ~6 m-thick siltstone beds from overlying sandstone beds ~8 m 

thick that we interpret as the margin of a channel element. This surface is ~220 m long from 

north to south and slopes at 5o to the southwest. The same surface also continues to the west 

(seaward) of the break in outcrop for another 200 m and separates siltstone and sandstone units 

with 5 m of relief.  

 

Figure 4.18A is a view along the coastal section of Jam Roll Bay (Figure 4.9C), which 

is the central part of Site 3. The feature labelled C in Figure 4.18A is a 7 m-high and 3 m-wide 

body of sandstone. Its eastern (inland) margin is a deeply eroded contact into an 8 m-thick 

exposure of steeply dipping and bedded siltstone that dips west (seaward). The western side of 

the sandstone body is also eroded (by 7 m) into a massive siltstone that dips at 20o to the west. 

These siltstone units are not correlative with one another. The top of the sandstone body is 
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truncated by a wave-cut surface. We interpret the sandstone body as the fill of a narrow channel, 

but the deformation of the sandstone suggests that there was subsequent shortening within it, 

involving the siltstone units on either side. 

 

The feature labelled D in Figure 4.18 is a sandstone package 10 m thick comprising 12 

m conformable sandstone beds, some with thin (cm-scale) intervening siltstone, in places 

deformed into rip-up structures. A separate 0.7 m-thick massive sandstone bed lies within the 

underlying massive and bioturbated siltstone, and it is clear that the sandstone and underlying 

massive siltstone are part of the same original stratigraphic succession. The steep dip of this 

stratigraphic section, which is much greater than the regional dip, suggests that it was part of a 

synsedimentary slide. 

 

The block labelled E in Figure 4.18 comprises 6 m of bedded siltstone, which is very 

similar to the siltstone on the eastern side labelled D. It passes upward into a highly 

disharmonically deformed siltstone. Figure 4.18F shows a folded sandstone bed 9 m thick that 

is capped by siltstone. We interpret blocks D, E and F as representing deformation during 

synsedimentary slumping of partially consolidated sediments beneath the sea floor soon after 

their deposition. 

 

The Jam Roll structure in Figure 4.18G comprises recumbent folded strata, which is in 

situ relative to the underlying strata. Multiple water ejection or liquefaction structures involving 

mini sand “volcanoes” occur at the top of this block, suggesting that the sediments were folded 

when they were partly consolidated, but the sandstone beds were not completely dewatered. 

This implies that the failure of the seafloor involved deep-seated strata. The same style of 



169 

 

deformation is evident in the coastal cliff immediately east of the Jam Roll, indicating that it 

was part of a larger slide or slumps of relatively coherent sandstone beds. 

   

Another large channel margin erosional surface is evident at the southern part (Figure 

4.9C) of the Site 3 outcrop (Figure 4.17B). The erosional surface is 180 m long and it dips at 

4.5o to the southwest, separating a ~9.5 m-thick sandstone bed from the underlying ~7 m-thick 

siltstone bed. The upper part of the lower Mount Messenger Formation beds is truncated by the 

Late Pleistocene wave-planned surface. 

 

In summary, Site 3 shows a complex arrangement of channels incising into underlying 

bedding, beds with dips steeper than the regional dip, juxtaposition of blocks with contrasting 

lithology, disharmonic synsedimentary slump folded strata, and slides. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



170 

 

 
 

Figure 4.17: Lower Mount Messenger Formation outcrops at Site 3. (A) The area near the 

Kawau Pa and (B) the area to the south, showing channel erosion surface. (C) Close-up view 

of the erosion surface, of which the siltstone beds are truncated by the overlying sandstone 

beds. (D) Rose plot of dip direction of bedsets. (E) Range of dip for bedsets. (F) Lithologs for 

various parts of the lower Mount Messenger Formation outcrop a Site 3, emphasizing how the 

beds cannot be correlated. Refer to Figures xvii - xix in Appendix C for the uninterpreted 

version of the outcrop images. 
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Figure 4.18: (A) Overview of the area at Site 3, Jam Roll Bay, consisting of structurally 

complex sediment blocks. (B) Sandstone unit that shows erosion surface, that is disconnected 

from the other sediment blocks. (C) and (D) Sediment blocks of massive, sandstone that 

represent channel fill. (E) and (F) Sediment blocks of mainly deformed siltstone. (G) 

Recumbent fold known as the “Jam Roll” structure. 
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4.5.6.4 Site 4: Tongaporutu River Mouth Section 

 

The lower Mount Messenger Formation outcrop exposed on the southern side of the 

Tongaporutu River mouth (Site 4) is ~900 m in length, and trends west-east oblique to the SW 

regional dip direction. The height of the cliff section is 25 m above sea level, including 20 

metres of lower Mount Messenger Formation (Figure 4.9D). This site corresponds to the upper 

part of the lower Mount Messenger Formation. 

 

Photogrammetric mapping identified two erosional surfaces within an otherwise 

conformable succession of mainly sandstone beds (Figure 4.19A, E). The erosion surface at 

the eastern end of the section is mapped in Figure 4.19A as far as possible before it is obscured 

by vegetation cover. The surface has been mapped between sandstone beds with different bed 

thicknesses – medium bedded beneath the surface and very thick bedded above the surface, but 

variable in thickness, suggestive of onlap onto the surface at higher elevation towards its 

western (sea) end. At the eastern end (Figure 4.9D) of the outcrop, part of a slump-fold is 

exposed beneath an overlying thick sandstone bed. The second erosional surface has been 

mapped at the western end (Figure 4.9D) of the outcrop where it faces the open ocean (Figure 

4.19E). The erosion surface may be related to incision by channelized deposits of the Rapanui 

Formation. 

  

Overall, the beds at Site 4 dip at 5.2o to the southwest (Figure 4.20A-B). The thickness 

range of beds varies from 4 to 22 m (mean: 4.1 m), and the bedsets tend to thin upward. 
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Figure 4.19: ((A), (C) and (E) are interpreted outcrop sections of the lower Mount Messenger 

Formation outcrop at Site 4: Tongaporutu River Mouth. (B) A close-up view of slump deposits, 

and (D) a close-up view of the structureless sandstone and conglomerate beds. Refer to Figures 

xxi - xxiii in Appendix C for the uninterpreted version of the outcrop.
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Figure 4.20: Figure 20: Overall measurement of the bedsets at Site 4, Tongaporutu River 

Mouth. (A) Rose plot of dip direction of bedsets. (B) Range of measured dips of bedsets. (C) 

Lithologs of the outcrop emphasizing uncorrelated beds. Refer to Figure xiv in Appendix C for 

bedset thickness measurement. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



175 

 

 

 

4.6 Discussion 

 

 The results of the analysis of seismic stratigraphy, seismic geomorphology, and 

photogrammetry from UAV drone images furnish a new picture of the depositional setting for 

the Mount Messenger Formation along the North Taranaki coastal section. The following text 

outlines four main aspects of the data that strongly support the new interpretation that the 

outcrops represent exhumed upper slope deposits (and not submarine fans of any significant 

scale). These aspects include: 1) the stratigraphic context of the stratigraphy leading into the 

Mount Messenger Formation, 2) the observed stratal patterns as mapped in offshore seismic 

data, 3) the lack of objective criteria in seismic data indicating submarine fan sedimentary 

environments and 4), the dominance of channelforms in the Mount Messenger Formation 

strata. We complete the discussion by issuing a cautionary perspective on facies analysis in the 

absence of 3D views of the strata and summarize the implications of our new findings for 

reservoir exploration and production in offshore Taranaki Basin. 

 

4.6.1 Stratigraphic Context Supports Continental Slope Deposition for the Mount 

Messenger Formation 

 

The stratigraphy and associated depositional settings of the Early to Middle Miocene 

formations exposed on land immediately east of the North Taranaki coastal section provide 

important context for understanding the deposition of the Mount Messenger Formation (Figure 

4.3B). In particular, the Early Miocene (Otaian and Altonian) Manganui Formation was 

deposited on the upper continental slope (upper bathyal water depths), and is laterally 

equivalent in its lower part to the Bexley Sandstone shoreline facies, and in its upper part to 
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the terrestrial to nearshore Maryville Coal Measures (Kamp et al. 2004;  Edbrooke 2005). 

Above the Manganui Formation during the Middle Miocene (Clifdenian and lower 

Lillburnian), the Moki Formation was deposited by sediment gravity flows, and includes levee 

deposits, as well as channelised calcareous sandstone of the Mangarara Formation (Kamp et 

al. 2004;  Puga‐Bernabéu et al. 2009). We interpret these units as upper slope deposits, adjacent 

to a very narrow shelf represented by the Tangarakau Formation. Prograding across the Moki 

Formation, the Otunui Formation is inferred to have accumulated in upper bathyal conditions 

in an upper slope setting immediately inland of the North Taranaki Basin coastal section 

(Figure 4.3B) (Kamp et al. 2004). The Mohakatino Formation overlies the Otunui Formation 

(on the slope) with apparent conformity but the Mohakatino Formation only occurs for 5 – 7 

km inland of the modern coast. Finally, the Mount Messenger Formation conformably overlies 

the Otunui Formation in both King Country and Taranaki basins, showing bathymetric 

deepening concurrent with a new sediment source derived from the newly emergent Southern 

Alps (King & Thrasher 1996). However, wholesale subsidence of North Taranaki Basin and 

the area beneath the coastal section to lower bathyal base-of-continental slope depth (i.e. to 

basin floor depth and setting) is not envisaged. 

 

 

 

 

 

 



177 

 

 

 

4.6.2 Stratal Patterns Across Taranaki Basin Consistent with a Continental Slope 

Setting 

 

Our comparison of seismic profiles from southern Taranaki Basin and North Taranaki 

Basin (Figure 4.10), demonstrate that the same continental slope trend was present across large 

parts of Taranaki Basin during the Miocene (Strogen et al. 2011). In both regions, the upper 

Mount Messenger Formation steepens upward, reflecting progradation of the shelf-slope 

wedge. This steepening is more marked in southern compared with North Taranaki Basin, due 

to a higher contemporary flux of sediment resulting from some trapping of sediment from 

source to sink in King Country Basin. Kamaruzaman et al. (2024a) showed that the lower 

Mount Messenger Formation in southern Taranaki Basin accumulated on a continental slope 

and it is reasonable to infer that this was also the case for North Taranaki Basin, although the 

depositional slope angle is difficult to isolate from the post-Mount Messenger tectonic tilt. By 

contrast, it has been argued by others that the lower Mount Messenger Formation exposed in 

the North Taranaki coastal section accumulated on a basin floor, and that the progradation 

observed upwards through this formation reflected progradation of slope deposits across an 

initial basin floor fan succession (King et al. 1993, Hansen 1996;  Browne & Slatt 2002;  

Masalimova et al. 2016). We deny this claim and suggest that the stratigraphy underlying the 

Mount Messenger Formation (which therefore set the stage for its deposition), as well 

paleogeographic interpretations of Kamaruzaman et al. (2024a) prove that the lower Mount 

Messenger Formation accumulated on the continental slope. 
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4.6.3 Lack of Objective Criteria for Submarine Fans  

 

 If the lower Mount Messenger Formation within the North Taranaki coastal section 

accumulated as a succession of basin floor fans or as a submarine fan (e.g. King and Thrasher, 

1996; Strogen et al., 2011; Masalimova et. al., 2016), and as the 3D seismic survey area lies 

within the extent of the fan mapped by Masalimova et. al. (2016), then this should be evident 

in the stratal patterns imaged by seismic reflectors. The submarine fan hypothesis put forth by 

Masalimova et al. (2016) is of a large enough scale (Figures 4.6 and 4.21A) that it would be 

imaged in the seismic data. Our considered analysis of the Mercury-Mokau 3D seismic survey 

and adjacent 2D reflection profiles did not reveal any of the objective stratal patterns defined 

by Posamentier and Erskine (1991) as characteristic of submarine fans in seismic reflection 

data (Figure 4.12 and in Table 4.2) and therefore the interpretation of submarine fans is 

inconsistent with the data. 

 

4.6.4 Dominance of Channelforms in the Mount Messenger Formation Interval 

 

Kamaruzaman et al. (2024a) mapped canyons and channel complexes in the lower 

Mount Messenger Formation in 3D seismic reflection data for southern Taranaki Basin and 

demonstrated two fans of different ages in the deep-water area of western Taranaki Basin that 

each lies at the mouth of distinct channels (Figure 4.2). This linkage of fan to feeder channels 

or canyons is a basic characteristic of deep-water sedimentary systems (Normark 1978;  

Posamentier et al. 1991;  Shanmugam 2016). It follows that canyon and channel complexes lie 

upslope of submarine fans and that their occurrence is a strong indicator of a continental slope. 

Demonstration of abundant channelforms in the lower Mount Messenger Formation within the 
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Mercury-Mokau 3D seismic survey leads us to conclude that any submarine fans present in the 

Mount Messenger Formation must lie paleo-seaward of the North Taranaki coastal section, 

certainly beyond the extent of the lobe complex mapped by Masalimova et al. (2016) (Figures 

4.6 and 4.21), and most likely beyond the fans mapped by Strogen et al. (2011, 2022). As there 

was significant amounts of sediment supplied to North Taranaki Basin during the Late 

Miocene, submarine fans may lie farther offshore than the Mokau-Mercury 3D seismic survey 

area and in deeper-water parts of Taranaki Basin. Indeed, two Late Miocene fans have been 

mapped there (Kamaruzaman et al. 2024a) (Figure 4.2), although they are at the end of one or 

more of the channels mapped on the slope in southern Taranaki Basin. It is unlikely that 

channelforms in the North Taranaki Basin investigated here will connect to those fans. 

Channels become more common in the seismic reflection data for the upper part of  the Mount 

Messenger Formation in the Mokau-Mercury 3D seismic survey area, which is consistent with 

observations from the upper part of the Mount Messenger Formation in outcrop (e.g. King et 

al. 1993; Rotzien et al., 2014;  Masalimova et. al., 2016).  

 

Photogrammetric mapping of selected sites in the coastal section identified several 

channelforms within the lower Mount Messenger Formation. The scale of these channelforms 

corresponds to channel elements, which may be below resolution in the Mercury-Mokau 3D 

seismic survey (Figure 4.8). Site 3 is a ‘graveyard” of juxtaposed blocks of different internal 

lithology and structure that we interpret as a combination of slide blocks (e.g., coherent 

stratigraphy dipping much steeper than the post-depositional regional dip) and disharmonic 

slump blocks (e.g. the Jam Roll structure) (Figure 4.18). We envisage that these blocks 

accumulated within a slope channel, rather than being part of a much more extensive mass 

transport deposit at the base of a slope as interpreted by King et al. (2007). The scarcity of 
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obvious channels within exposures of the lower Mount Messenger Formation, compared with 

the offshore seismic data probably reflects a more upslope position of the coastal section 

relative to the offshore location of the seismic reflection survey area.  

 

When the stratigraphic context of underlying units, seismic stratigraphy, and seismic 

geomorphology in the offshore area, and photogrammetric mapping of outcrops are taken 

together, the most parsimonious interpretation for the lower Mount Messenger Formation in 

the North Taranaki coastal section is that it was deposited on the continental slope in a position 

directly comparable to the situation in southern Taranaki Basin (c.f., Kamaruzaman et al. 

2024a).  

 

While our results support a channelform dominated continental slope setting, we cannot 

completely discount the potential that the packets of sandstone bodies (10 – 20 m thick)  in the 

coastal section, which initially lead to the interpretation of basin floor fans (King et al. 1994), 

might also represent other sheet-like sandstone bodies of limited spatial extent that 

accumulated in subtle depressions on the continental slope. The dip of these strata and hence 

their lateral extent, precludes the mapping of these sandstone packets for more than 100 – 200 

m along the section, which make it’s difficult to distinguish their depositional setting between 

wide channels or other small-scale depressions on the slope. 
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Figure 4.21: (A) Paleogeographic map of Masalimova et al. (2016), where the inferred fan 

(shown in green) covers the coastal outcrops (sites 1-4) and 3D seismic data offshore. (B) 

Paleogeographic map of this study showcases channel system outlines of a southwestward 

trajectory towards deep Taranaki Basin in the western part of the Taranaki Basin. The on-land 

extent of the Mount Messenger Formation is shown in yellow (in B) and this formation also 

underlies the offshore area shown in blue. In both on land and offshore areas, this formation 

accumulated on a continental slope. Refer to legend in Figure 4.1 for more information. 
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4.6.5 A Cautionary Tale for Facies Analysis of Outcrop 

 

 Based in part on observations from outcrop examples, the diagnostic features of 

submarine fans have been summarised into a variety of facies models (Bouma 1962;  Walker 

1978;  Vail 1987). These models generally subdivide fan systems into feeder canyon-channels, 

as well as upper, middle and lower fan components based upon: (i) geometry, morphology and 

organization of channel complexes within fans, (ii) longitudinal facies variations, (iii) channel 

depth and fan thickness and (iv), seafloor slope gradient across which fans develop (Mutti & 

Ricci Lucchi 1978;  Walker 1978;  Droz & Bellaiche 1991;  Weimer & Link 1991;  Escutia et 

al. 2000;  Curray et al. 2002). Each of these components of submarine fan systems, therefore, 

comprises a specific set of architectural elements and facies stacking patterns preserved in their 

stratigraphic record, which can be observed in seismic, core, or outcrop (Mutti & Normark 

1987). However, owing to the similarity of processes, individual facies types may be present 

within more than one of the architectural elements of submarine fan systems. For example, 

massive sandstone facies may be formed from different flow types ranging from high-density 

turbidity currents (Lowe 1982) to sandy debris flows (Shanmugam 1996;  Shanmugam 2000; 

Wang et al., 2024), which may be observed operating in several submarine-fan components 

(see Shanmugam 2016). 

 

 Due to the non-unique nature of any particular facies type, facies analysis in the absence 

of extensive 3D perspectives of the strata is problematic, as is the case for the lower Mount 

Messenger Formation in the North Taranaki coastal section. Although Masalimova et al. (2016) 

described and interpreted five facies associations, which varied from lobes and lobe complexes 

to channels and splays, as well as mass transport deposits, these interpretations are equivocal. 
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To qualify as a submarine fan, and more specifically as a basin floor submarine fan, the outcrop 

strata and their adjacent equivalents must display at least some of the 3D characteristics of 

submarine fan systems (Table 4.1), which have been chiefly developed from seismic reflection 

observations (e.g., Sarg & Skjold 1982;  Mitchum 1985;  Posamentier & Erskine 1991). These 

criteria are as applicable in principle to facies analysis of strata in outcrop as for strata imaged 

in seismic reflection analysis.  

 

The facies analysis by Masalimova et al. (2016) gives little, if any, attention to stratal 

patterns to help interpret the lower Mount Messenger Formation exposed in the coastal section 

as having accumulated as a submarine fan. The lack of any geometrical or morphological 

control in their facies analysis means that it must invoke a time-for-space substitution in 

drawing the basin floor fan interpretation of the facies associations and complexes. This study 

has the advantage of access to both 2D seismic and 3D seismic reflection datasets that cover 

the area of the Mount Messenger fan inferred by Masalimova et al. (2016). That no fan 

depositional structure occurs within the seismic reflection survey area means that the time-for-

space substitution is invalid. The lower Mount Messenger Formation and indeed the upper part, 

as included in the interpretation by Masalimova et al. (2016), must be discounted. Additionally,  

Masalimova et al. (2016) posited the presence of significant local confinement on the slope, 

attributing it to the loading by volcanic sediments that altered the seafloor, thereby purportedly 

creating accommodation for fan deposition. However, our seismic mapping in the study area 

does not show a paleo seafloor influenced by a volcanic terrain or volcaniclastic fans (Figure 

4.10A and Figures i - xi in Appendix C). The only volcanic materials in the Mount Messenger 

Formation in the coastal section are volcanic ash beds  5 – 10 cm thick.  
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The Mount Messenger Formation accumulated on a continental slope dominated by 

channelforms. This paper is a cautionary tale about interpreting depositional environments, 

particularly submarine fans, based on outcrop exposures alone. 

 

4.6.6 Significance for Reservoir Exploration 

 

Our work has shown that Late Miocene basin floor fans are most unlikely to have been 

developed in the Mount Messenger Formation in the North Taranaki  coastal section and 

immediately west of the present day coastline. Deep water submarine fans within the Mount 

Messenger Formation have however been mapped in deep-water western parts of Taranaki 

Basin (Kamaruzaman et al. 2024a), but it is unlikley at this stage that the sediment conduits on 

the slope in this formation in North Taranaki Basin connected to those deep water fans. Seismic 

reflection mapping offshore in North Taranaki Basin is complicated by the latest Miocene 

formation of the North Taranaki Graben. 

 

Channel complexes are well known to be excellent hydrocarbon reservoirs (Clark & 

Pickering 1996;  Pringle et al. 2004;  Falivene et al. 2006;  Atlas et al. 2023). It follows that 

those identified here in the Mercury-Mokau 3D seismic survey area may also be potential 

hydrocarbon reservoirs (Figures 4.13 - 4.14 and 4.21B). Mapping of these complexes would 

be greatly enhanced by reprocessing the seismic reflection data to enhance the signal and thus 

provide better resolution in the Mount Messenger Formation interval. One potential issue 

impacting the exploration potential for the Mount Messenger Formation channel complexes is 

the lack of closure structures to host reservoirs, which is a significant consideration given that 

most hydrocarbon reservoirs in Taranaki Basin are hosted within structural traps (Shell Todd 
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Oil Services Ltd, 1991). However, there are oil and gas fields in the Taranaki Peninsula, some 

of which are producing from the Mount Messenger Formation interval, such as the Ngatoro 

and Kaimiro fields (NZPM, 2018). Deeper oil and gas accumulations are hosted in complex 

stratigraphic-structural traps (Reymond et al. 2001). 

 

The parameterization of sandstone beds within selected outcrops in this study provides 

a set of analogues useful for modelling submarine channel reservoirs (Pringle et al. 2004;  

Falivene et al. 2006;  Atlas et al. 2023). For example, the measured thickness and dip direction 

of the bedsets in the outcrops can be used to estimate reservoir net-to-gross volumes and paleo-

flow directions (e.g., Hubbard 2005;  Li et al. 2016;  Mayall & Kneller 2021). Secondly, the 

massive to wavy laminated sandstone units in the coastal section suggest that resulting 

reservoirs may exhibit medium to high lateral (i.e. updip and downdip) and vertical continuity 

(i.e. are well-connected) for porosity, permeability and fluid flow (Clark & Pickering 1996;  

Dam & Sønderholm 2021). Field (2005) used Miocene-aged sandstone outcrops in New 

Zealand to predict reservoir parameters and concluded that individual sandstone beds could 

have average porosity in the range of 14.5 %. Combined with the average net-to-gross of 74%, 

the resultant bulk porosity could be approximately 10% (Browne & Slatt 2002). 

 

Even though the coastal outcrops show some lateral and vertical continuity locally, their 

aerial extent is relatively small compared with the usual well spacing in producing hydrocarbon 

fields, and therefore reservoir heterogeneity is expected in large-scale reservoir modelling 

(Miall 1988;  Grammer et al. 2004). For example, the contacts between channel complexes 

(Figures 4.13 - 4.14) could impact reservoir connectivity (Larue & Hovadik 2006;  Stright 

2006).  
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4.7 Conclusions 

 

In this study, we have critically assessed the long-standing depositional model that the 

lower Mount Messenger Formation in the North Taranaki coastal section is part of a basin floor 

fan and found this not to be the case. Rather, the Mount Messenger Formation in the study area 

comprises channel complexes on a continental slope. This study is an extension of a 

comparable study of the Mount Messenger Formation in southern Taranaki Basin in which it 

was shown that submarine fans did not exist on the continental slope there either 

(Kamaruzaman et al. 2024a), despite multiple prior studies that had inferred the occurrence of 

submarine fan accumulations.  

 

This study differs in that the focus is on the lower Mount Messenger Formation strata 

exposed in coastal cliffs, from which the basin floor fan model was developed (King et al., 

1993; King & Thrasher, 1996). More recently, a detailed facies analysis of the Mount 

Messenger Formation, based exclusively on the strata exposed in the coastal section by 

Masalimova et al. (2016), reached the same conclusion as those earlier studies. Critically, and 

because facies analysis was focused on examinations of the outcrop in the absence of holistic 

3D views of the strata, a time-for-space substitution was used to derive the spatial extent and 

character of a basin floor fan. We refute this interpretation of the Mount Messenger Formation 

outcrops and put forth a cautionary tale for the use of facies analysis in the absence of spatial 

context. The main points that support our interpretations include: 
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1. Strata underlying the Late Miocene Mount Messenger Formation, including the 

underlying Early and Middle Miocene marine sediments accumulated on a continental 

slope sedimentary environment. 

2. Examination of seismic reflection profiles throughout the Mercury-Mokau 3D seismic 

reflection survey, which is located immediately offshore of the North Taranaki coastal 

section, showed no objective stratal patterns for the identification and definition of 

submarine fans. 

3. The 3D seismic dataset, however, reveals abundant channel complexes, which are well-

known features of continental slope settings. 

4. Photogrammetry using images from UAV drones of selected locations along the coastal 

section of the lower Mount Messenger Formation shows the occurrence of some 

channels, but they are of a lower density than those mapped in profiles of the Mercury-

Mokau 3D seismic survey. This suggests that the coastal section accumulated in a more 

upslope position on the continental slope. 

5. Abundant channels imaged in the offshore 3D seismic reflection dataset together with 

the absence of seismic stratal criteria for submarine fans, are internally consistent with 

each other. This is because channels merge into major sediment conduits, the mouth of 

which links to the apex of a submarine fan. If the slope wedge of the Mount Messenger 

Formation in North Taranaki Basin had sufficient sediment supply, a major sediment 

conduit might be expected to link to a submarine fan, but this would occur in deep water 

(lower bathyal) western Taranaki Basin, as demonstrated for sediment conduits in 

southern Taranaki Basin (Kamaruzaman et al. 2024a). 
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Chapter 5 

Dataset of 3D computer models of Late Miocene Mount 

Messenger Formation outcrops in New Zealand, built with UAV 

drones1 

 

5.1 Background 

 

The aim of constructing 3D computer models of geological outcrops of the lower Mount 

Messenger Formation was to better understand ancient deep-water sedimentary systems in 

Taranaki Basin. The Late Miocene-aged sedimentary strata that outcrop along the north 

Taranaki coast (Figures 5.1 and 5.2) are excellent examples of deep-water sandstone and 

siltstone layers that are also present in offshore drill hole materials are imaged in seismic 

reflection data (King et al., 1993; Browne & Slatt, 2002). While previous studies (Hansen, 

1996; Masalimova et al., 2016) of these outcrops mainly used photographs, this study is the 

first to introduce UAV drone imagery to capture their sedimentary characteristics. 

Incorporating drones in this study allowed a broader coverage of areas than previously possible, 

including areas inaccessible by foot. Therefore, geological analysis of these deep-water 

sedimentary systems is improved, especially when viewed from a 3D perspective. This analysis 

yields a more holistic understanding of the ancient sedimentary system in the region, surpassing 

the insights provided by earlier studies.  

 

1A version of this paper has been published in Data in Brief: Kamaruzaman, E. H., La Croix, A. D., & Kamp, P. 

J. J. (2024). Dataset of 3D computer models of Late Miocene Mount Messenger Formation outcrops in New 

Zealand, built with UAV drones. Data in Brief, 110035. 

https://doi.org/https://doi.org/10.1016/j.dib.2024.110035. The published version is included in Appendix A-iii. 

https://doi.org/https:/doi.org/10.1016/j.dib.2024.110035
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The drone images were processed in Pix4Dmapper version 4.4.12 with precise geolocation to 

generate the 3D computer models. Then, qualitative and quantitative stratigraphic analyses of 

the outcrops were carried out using ArcGIS Pro version 3.0.3 (Marques et al., 2020). 

 

 

Figure 5.1: Overview map of the drone survey areas. The inset map shows the locations along 

the North Taranaki Coast, North Island, New Zealand (red polygon). The coordinates of the 

sites are shown in Figure 5.2. 
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5.2 Dataset description 

 

The 3D computer models rock outcrops along the North Taranaki coast, New Zealand, 

were built using UAV drones to capture images of the sedimentary characteristics of the Late 

Miocene lower Mount Messenger Formation beds. Each 3D computer model allows the 

geometric analysis of sandstone and siltstone layers to be calculated, including bed thickness, 

bed orientation, as well as stratal stacking patterns (e.g., comfortable and erosional) and related 

structural deformation (e.g., faulting and folding). The present-day elevation, aerial extent, 

length and camera-facing direction of the outcrops are displayed in Table 5.1. The dataset are 

stored in a public research database: doi:10.7910/DVN/I0C6X3 (Kamaruzaman et al., 2023). 

 

 

Table 5.1: Outcrop site elevation ranges and estimated length and aerial extent. 

 

Site Elevation range (mean sea level) ~ Length ~ Aerial extent 

Site 1 145 – 210 m 900 m 0.20 km2 

Site 2 7 – 80 m 370 m 0.035 km2 

Site 3 0.5 and 22 m 800 m 0.092 km2 

Site 4 2 to 25 m 900 m 0.052 km2 
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Figure 5.2: Close-up of the study areas : (A) Site 1 Battleship Promontory, (B)  Site 2 Ferry 

Sandstone, (C) Site 3  Jam Roll and (D) Site 4 Tongaporutu River Mouth. The yellow lines are 

the drone flight paths, and the red arrow represents the drone camera facing direction. 

 

 

Seven 3D computer models of geological outcrops are stored in ArcGIS Scene Layer 

Package format (i.e., Site 1 Battleship Promontory.slpk, Site 2 Ferry Sandstone.slpk, Site 3 

Jam Roll Part 1.slpk, Site 3 Jam Roll Part 2.slpk, Site 4 Tongaporutu River Mouth Part 1.slpk 

and Site 4 Tongaporutu River Mouth Part 1.slpk). Scene layer package (.slpk) format was 

chosen to optimize the large file size of these 3D models. The corresponding ASCII files (.xyz 

format) of the computer models have the coordinates (horizontal) and elevation (vertical) 

information originating from the Digital Surface Model (DSM). The application of these ASCII 

files is extremely flexible and can be imported into many standard spatial-based software. The 
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resolution of the 3D models and the DSM are based on the density of the point cloud during 

their generation in Pix4Dmapper software, which ranged from 20 to 50 cm. 

 

The companion ArcGIS Pro project package (.ppkx format) contains all four 3D 

computer models. Scientists and students, primarily geologists, can import individual models 

(.slpk) into their own ArcGIS Pro project, or can directly use the companion ArcGIS Pro 

project. The summary of the dataset is presented in Tables 5.2 and 5.3. The drone models use 

the WGS 84 UTM 60S coordinate reference system. When opening the ArcGIS project, users 

must have sufficient high-end computer capacity to display the drone models and import the 

ASCII files for Digital Surface Model generation. 

  

The 3D computer models generated herein are extremely valuable as they enhance the 

analysis potential of large-scale geological layers, which offers more precise and detailed 

representations of strata compared to traditional 2D photographs and field observations. This 

will aid geologists, geophysicists, and engineers in gaining a better understanding of the 

stratigraphic and structural characteristics of formations deposited by ancient deep-water 

sedimentary systems. Furthermore, the data's utility extends to facilitating virtual fieldwork 

and field trips by researchers and students, which is advantageous for analyzing areas that are 

challenging to access due to high elevation, rugged terrain, or locations prone to periodic 

submersion during high tides. Particularly, these 3D models become invaluable in situations 

where travel restrictions, such as due to COVID-19, or physical constraints prevent traditional 

fieldwork from being undertaken. 
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In addition to the dataset's value for analysis and access, it is also especially important 

for the digital preservation of geological data and observations. The 3D computer models serve 

as enduring digital records of these globally significant geological outcrops, which is crucial 

for the Mount Messenger Formation along the west coast of the North Island of New Zealand, 

given their vulnerability to coastal erosion and substantial vegetation cover.  

 

Beyond the primary users, this dataset also proves beneficial for other scientists and 

students engaged in sedimentology, stratigraphy, and sediment basin analysis of paleo deep-

water sedimentary deposits. Researchers and industry practitioners may also find utility in this 

dataset for flow modeling of aquifers, petroleum reservoirs, and carbon capture and geostorage 

intervals. The 3D computer models function as analogs to similar reservoir systems globally, 

aiding in estimating flow properties such as porosity and permeability distributions. 

 

Finally, this dataset can be used to support coastal geological and geomorphological 

research, offering insights into the development of coastal erosion over time. For example, 

outcrops at specific sites along the coast experience constant erosion from marine processes, 

impacting the landscape between visits. Beyond coastal studies, the dataset is versatile, 

applying to environmental and geotechnical analyses. The outcrop models contribute to studies 

of landslides, exemplified by the outcrop at a specific site adjacent to State Highway 3, an area 

prone to landslides and rock falls with consequential environmental, safety, and road closure 

implications. 
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Table 5.2: Specification of the 3D computer dataset 

 

Item Description 

Subject Earth and Planetary Sciences / Geology 

Specific subject 

area 

Construction of 3D computer model dataset based on geolocated UAV drone 

images of Mount Messenger Formation outcrops on coastal sections of 

Taranaki Basin, North Island, New Zealand. 

Data format Raw  

Type of data .slpk files (Scene Layer Packages) 

.xyz files (ASCII data with X,Y and Z coordinates) 

.ppkx files (ArcGIS Pro Project Packages) 

Data collection             Approximately three thousand photographs were captured using 

UAV drones at four geological outcrop locations along the North Taranaki 

coast, North Island, New Zealand (Figures 5.1 and 5.2). Images were 

captured using a DJI Phantom 4 drone connected to a real-time kinetic (RTK) 

global positioning system (GPS) for accurate geolocation. In addition to the 

RTK GPS, I also used a Leica GPS system for precise ground geolocation. 

Drone surveys of the four sites used programmed flight paths operating on 

the WGS 84 coordinate reference system and EGM 96 Geoid. The focal 

length of the drone camera was 24 mm with a 20-megapixel resolution. The 

images captured outcrop at an average of 3-10 cm Ground Sampling 

Distance (GSD). Survey images were overlapped by 80-90%. 
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Once the surveys were completed, drone images were processed 

using Pix4Dmapper version 4.4.12 to generate dense 3D point clouds, digital 

surface models (DSMs), triangle meshes, and orthomosaic images of the 

outcrops (i.e., 3D models). Once 3D outcrop models were built, they were 

exported out of Pix4Dmapper in Scene Layer Package format, and then 

imported into ArcGIS Pro version 3.0.3. Drone surveys were conducted on 

relatively fair-weather days where cloud cover was minimal and with wind 

speeds below 32 kilometers per hour to ensure sufficient exposure on the 

outcrops for good quality photographs. Permission from the Department of 

Conservation (New Zealand Government) and a private landowner were 

obtained prior to conducting the surveys. Licensed drone operators were in 

charge of surveys, which were flown on the 16th- 17th of June, 12th of August, 

and 28th-29th of October 2023. 

Data source 

location 

The location of the sites where drone surveys were conducted are as follow: 

Site 1 - Latitude: 38°39'56.49"S, Longitude: 174°37'48.01"E 

Site 2 - Latitude: 38°42'27.39"S, Longitude: 174°37'1.52"E 

Site 3 - Latitude: 38°46'9.60"S, Longitude: 174°36'0.00"E 

Site 4 - Latitude: 38°49'0.24"S, Longitude: 174°35'9.04"E 

These locations are situated on the west coast of New Zealand’s North Island 

(Figures 5.1 and 5.2). 

Data accessibility Repository name: Harvard Dataverse 2023 

Data identification number: https://doi.org/10.7910/DVN/I0C6X3 



203 

 

 

 

Direct URL to data: 3D drone outcrop models of the Mount Messenger 

Formation, New Zealand - Harvard Dataverse 

Instructions for accessing these data: Log in to the database using your 

credentials and download the data. 

 

 

5.3 Value of the dataset 

 

(i) This dataset is valuable because it can be used to enhance visualization of large-scale 

geological layers. The 3D models provide a more precise and detailed representation 

of geological strata compared with photographs and hand-drawn sketches, which are 

historically how geological field observations have been recorded. This enhanced 

vizualisation helps geologists, geophysicists and engineers better understand the 

stratigraphic and structural characteristics of strata in outcrops that were deposited in 

ancient deep-water sedimentary environments.  

 

(ii) The value of the data also lies in its capacity to facilitate virtual fieldwork or field trips. 

The 3D models enable researchers and students to conduct digital field analysis of the 

geological layers. Many sections of the lower Mount Messenger Formation outcrop are 

inaccessible due to their location at high elevation above ground level, occurrence in 

rugged and steep terrane, as well as coastal areas that may be periodically submerged 

during high tides. Moreover, UAV drone surveys require permission from landowners, 

which may limit access to field locations. The 3D models of rock outcrops are of 

particular use for scientists and students conducting research when travel is not 

https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/I0C6X3
https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/I0C6X3
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permitted (e.g., during the COVID-19 lockdown), or if they are physically unable to 

undertake fieldwork. 

 

(iii) This dataset is valuable because it digitally preserves geological data and observations. 

The 3D computer models are digital records of the geological outcrops and preserve 

this for use indefinitely into the future. This is particularly important for the Mount 

Messenger Formation rock outcrops along the west coast of the North Island of New 

Zealand because they are prone to coastal erosion and significant vegetation cover. 

 

(iv) This dataset can be used by other scientists and students for research and education 

relating to sedimentology, stratigraphy, and sediment basin analysis of paleo deep-

water sedimentary deposits. 

 

(v) This dataset can be used by researchers and industry practitioners for flow modelling 

of aquifers, petroleum reservoirs, and carbon capture and geostorage intervals. The 3D 

computer models are analogues to other reservoir systems globally that were deposited 

by deep-water sedimentary systems and can be used to estimate flow properties such 

as porosity and permeability distributions. 

 

(vi) This dataset can be used for coastal geological and geomorphological research. The 

models will help me understand how coastal erosion develops over time. For instance, 

outcrops at Sites 3 and 4 are situated along the coast and are subject to constant erosion 

from marine processes (Figure 5.2C and D). Throughout my multiple visits to the sites 

to conduct drone surveys, I noticed parts of the outcrops had collapsed and eroded 
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between visits. Apart from coastal studies, this dataset can be used by other researchers 

for environmental and geotechnical analysis. The outcrop models can assist researchers 

in studies of landslides. For example, the outcrop at Site 2 (Figure 5.2B) is adjacent to 

State Highway 3 (i.e., Mokau Road). Landslides and rock falls are common in this area 

and cause serious environmental and safety issues and road closures. 
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Table 5.3: Description of the dataset 

 

 

 

 

 

Item Description 

3D computer models – scene layer packages  

 1. Site 1 Battleship Promontory Close up.slpk 3D computer model of Site 1 – close up view 

 2. Site 1 Battleship Promontory Overview.slpk 3D model of Site 1 - overview 

 3.Site 2 Ferry Sandstone.slpk 3D model of Site 2 

 4.Site 3 Jam Roll part 1.slpk 3D model of Site 3 - first part 

 5. Site 3 Jam Roll part 2.slpk 3D model of Site 3 - second part 

 6. Site 4 Tongaporutu River Mouth part 1.slpk 3D model of Site 4 - first part 

 7. Site 4 Tongaporutu River Mouth part 2.slpk 3D model of Site 4 - second part 

  

Digital Surface Model (DSM) – ASCII xyz  

 1. Site 1 Battleship Promontory Close up_i.xyz DSM for Site 1 - close up view part 1  

 2. Site 1 Battleship Promontory Close up_ii.xyz DSM for Site 1 - close up view part 2 

 3. Site 1 Battleship Promontory Overview.xyz   DSM for Site 1 - overview 

 4. Site 2 Ferry Sandstone.xyz DSM for Site 2 

 5. Site 3 Jam Roll part 1_i.xyz DSM for Site 3 - part 1 

 6. Site 3 Jam Roll part 1_ii.xyz DSM for Site 3 - part 1 continue 

 7. Site 3 Jam Roll part 2.xyz DSM for Site 3 - part 2 

 8. Site 4 Tongaporutu River Mouth part 1_i.xyz DSM for Site 4 – part 1  

 9. Site 4 Tongaporutu River Mouth part 1_ii.xyz DSM for Site 4 - part 1 continue 

10.Site 4 Tongaporutu River Mouth part 2.xyz DSM for Site 4 - part 2 

  

ArcGIS Pro (version 3.0.3) project packages  

1. Sites 1 and 2 3D computer models ArcGIS Pro project of the 3D computer model 

for Sites 1 and 2 

2. Sites 3 and 4 3D computer models ArcGIS Pro project of the 3D computer model 

for Sites 3 and 4 
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5.4 Experimental design, materials and methods 

 

The acquisition of the dataset was divided into three stages: 

 

(i) Planning:  

Planning the drone surveys involved a pre-survey reconnaissance trip to the 

outcrop sites to assess the feasibility of conducting drone survey operations at the 

proposed locations. The reconnaissance was carried out in April 2023. Once the drone 

survey operations were deemed feasible, the drone survey routes and specific locations 

were planned and necessary permissions from the Department of Conservation, the 

New Zealand Government, and a private landowner were sought. Once permissions 

were granted, drone operations were scheduled to account for weather, daylight, and 

tidal conditions at coastal locations (Sites 3 and 4; Figure 5.1).  

 

(ii) Drone survey: 

Drone surveys were conducted on the 16th and 17th of June, 12th of August, and 

28th and 29th of October 2023. Drone images were captured using programmed flight 

paths operating on the WGS 84 UTM coordinate reference system and EGM 96 Geoid. 

RTK and Leica GPS systems were linked to the drone for precise geolocation. The GPS 

accuracy ranged from 10 to 30 cm. The flight paths were planned to front-face the 

outcrops, and the distance from the outcrops at Sites 1, 3 and 4 was kept in the range of 

approximately 3-7 m. However, the drone distance from the outcrop at Site 2 (Figure 

5.2B) was kept at approximately 15-20 m due to proximity to the road. Due to access 

permissions, at Site 3, the drone was not allowed to fly over the outcrops, except along 
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the beach section (Figure 5.2C). The focal length of the drone camera is 24 mm and 

images have 20-megapixel resolution. Survey images overlap by 80-90%. Drone survey 

operations were conducted per the rules and regulations of the Aviation Security 

Service, New Zealand, and the University of Waikato.  

 

(iii) 3D outcrop model construction 

Approximately three thousand drone images (in jpeg format) were captured 

during drone surveys. Quality checks of the images ensured that they adequately 

captured the areas of interest. Minimum preprocessing of images was undertaken, such 

as colour correction and contrast enhancement. However, 95% of the drone images did 

not require preprocessing. 

 

The 3D outcrop drone models were constructed in Pix4Dmapper (version 

4.4.12) (Figure 5.3). At each outcrop site, the software was used to generate dense 3D 

point clouds, digital surface models (DSMs), digital terrain models (DTMs), triangle 

meshes, and orthomosaic images of the outcrops (i.e., 3D models). Constructing 

individual 3D models took roughly 3-5 hours to complete. Once the 3D outcrop models 

were constructed, they were exported out of Pix4Dmapper in ArcGIS Pro (version 

3.0.3) Scene Layer Package format (.slpk) and loaded into ArcGIS Pro for further 

geological analysis. An example of the 3D outcrop model is shown in Figure 5.4. 

Accordingly, the corresponding Digital Surface Models are exported to ASCII (.xyz 

format). 
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Figure 5.3: Outcrop 3D computer model generation in Pix4Dmapper. The geolocated UAV 

drone images are >80% overlapped to create dense point cloud to generate the outcrop model.  

 

 

 

Figure 5.4: An example of the 3D outcrop model for a part of Site 3: Jam Roll section.  
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5.5 Limitations 

 

Limitations of 3D computer models built using UAV drone imagery are primarily a 

function of drone image resolution and their associated models (which in this case ranges from 

20 to 50 cm), based on the density of point clouds at certain locations within the models. The 

GPS accuracy recorded in the field ranged from 10 to 30 cm.  

 

Weather conditions were another limiting factor, especially in terms of adequate sun 

exposure to capture clear imagery. For example, small parts of the outcrop were not illuminated 

by the sun to a satisfactory level. However, this did not hinder my objective to conduct 

geological analysis because the sandstone beds are relatively easy to identify, even under low 

lighting. Other limitations for drone images resulted from them being captured on different 

days and times of day, leaving sun-exposure intensity sometimes inconsistent.  
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Chapter 6 

Conclusions 

 

The studies compiled in this thesis reveal new insights into the Miocene deep-water 

sedimentary systems of Taranaki Basin that leveraged new seismic data, employed the most 

up-to-date tools and methods of analysis, and integrated these findings using state-of-the-art 

software. In particular, the research contained herein provided a quantitative parameterization 

of channelforms in the southern portion of the basin, put forth new paleogeographic 

conceptualizations of the south and western parts of Taranaki Basin, and integrated offshore 

seismic data with observations from outcrop to challenge current interpretations of the 

environments of deposition. Below, I briefly comment about each of these scientific 

contributions to highlight the novelty of the major outcomes. 

 

As indicated at the start of each main chapter, three out of the four chapters of the study 

have been published in peer-reviewed international journals. The corresponding publications 

are attached to this thesis and can be found in Appendices A. 

 

 

6.1 Quantification of submarine sediment conduits on an evolving Miocene 

slope 

 

Chapter 2 provided new understanding about the morphometric evolution of submarine 

sediment conduits (i.e., canyons, channels, and gully networks) on the Miocene continental 

slope in southern and central parts of Taranaki Basin. The study undertook a comprehensive 
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quantitative examination of the morphology of the main sediment conduits (i.e. canyon, 

channel, and gully networks) within the Moki and Mount Messenger formation intervals 

situated on the Miocene (continental) slope. 

 

The major outcome of this paper was demonstration how the development of complex 

sediment conduit networks in the upper Moki Formation (~16-13 Ma) are similar to the 

characteristics of basin floor sinuous channels, having high sinuosity and meander amplitude. 

As the Miocene slope prograded basinward (i.e. to the northwest), the occurrence of numerous 

canyon networks in the lower Mount Messenger Formation (~13-9 Ma) was clearly influenced 

by the depositional dynamics of the slope. Specifically, the clinoform toe line served as a key 

marker, indicating a rapid transformation in cross-sectional area, shape, and spatial 

arrangement of canyons. Later in time, during the upper Mount Messenger Formation (9-7.2 

Ma), linear gully networks developed within an otherwise mudstone-dominated interval, which 

were influenced by the steep prograding clinoform slope. 

 

 

6.2 Evaluation and revision of Taranaki Basin paleogeography during the 

Miocene 

 

Chapter 3 built upon the findings presented in Chapter 2, extending the understanding 

of sediment delivery systems in the Moki and Mount Messenger formations to deep Taranaki 

Basin. The study critically assessed the occurrence of previously published Miocene submarine 

fans in the southern and west-central parts of the basin, particularly those inferred to occur on 

the continental slope region. By employing the latest detuning methods on 3D seismic data and 
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applying seismic stratal criteria from the literature to search for and identify ancient submarine 

fans, previously inferred fans on the paleo-continental slope were dismissed.  

 

The second part of the study showed that two newly identified submarine fan systems 

in the Mount Messenger Formation occur in the deeper part of Taranaki Basin (i.e. western 

Taranaki Basin). One of these fans is of late-Middle Miocene age (~12 Ma) and the other is of 

Late Miocene age (~6 Ma). These fans in the deep basin are the manifestation of an increase 

in terrigenous sediment supply at ~12 Ma, sourced from uplift and erosion of the Southern 

Alps, resulting in rapid progradation of the Late Middle to Late Miocene continental slope in 

Taranaki Basin (Kamp et al., 1989; Tippett & Kamp, 1993; Ring et al., 2019). Most sediment 

rapidly accumulated on the slope. Consequently, its angle increased and gullies became 

prolific, incising, infilling, re-incising and being buried. A few coalesced channels are mapped 

on the lower slope passing into a fan on the basin plain. A second fan with similar attributes 

and ~7–6 Ma age accumulated above the first, extending farther towards the New Caledonia 

Basin. 

 

 

6.3 Assessment of the offshore-seismic to outcrop linkage study for the 

coastal section in north Taranaki Basin 

 

Chapter 4 challenges the widely accepted model of the occurrence of basin floor fans in 

lower Mount Messenger Formation, outcrops exposed in sea cliffs along the North Taranaki 

coast. The study involves building upon the findings in Chapter 3, which found that submarine 

fans were absent in the Mount Messenger Formation on the prograding continental slope in 
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southern Taranaki Basin (Kamaruzaman et al. 2024a). The methodology employed in Chapter 

4 diverged from previous approaches (e.g., King et al., 1993; Hansen, 1996; Browne & Slatt, 

2002), which primarily centred on facies analysis. In particular, we focussed upon a recent 

comprehensive facies analysis undertaken by Masalimova et al. (2016), which utilized the 

concept of space-for-time substitution to derive a basin floor fan model for the lower Mount 

Messenger Formation exposed in the North Taranaki coastal section. Instead, standard 

published stratal criteria for identifying ancient fan systems in seismic data were applied to the 

Mercury-Mokau 3D seismic volume, a dataset situated immediately offshore and down-dip 

from the coastal section. We applied the stratal criteria of Posamentier & Erskine (1991) in our 

assessment of the reality, or otherwise, of the occurrence of basin floor fans in the lower Mount 

Messenger Formation. In addition, UAV drone surveys were conducted to capture 3D 

visualizations of strata in outcrop to compare channel features with those expressed in the 

offshore seismic data. 

 

  Contrary to expectations, the seismic data did not show any evidence of the presence 

of submarine fans. Instead, the seismic reflections illustrated a prevalence of channel systems 

incising a slope succession, a pattern analogous to that observed in southern Taranaki Basin. 

These interpretations were supported by 3D computer models built using UAV drones that 

captured the juxtaposition of different facies and erosive channel bases in some outcrops. 

Ultimately, the new interpretations were captured in a new paleogeographic conceptualization 

of North Taranaki Basin. 
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6.4 3D computer models of outcrops 

 

Chapter 5 describes in detail the acquisition of UAV drone images and the construction 

of 3D computer models of the Late Miocene lower Mount Messenger Formation on the North 

Taranaki coast. Using the newest technology (i.e., DJI Phantom 4 with RTK GPS) large areas 

of the outcrops were studied. The 3D models were constructed using the latest industry and 

academic standard software (i.e.,  Pix4Dmapper v 4.4.12  and ArcGIS Pro v 3.0.3), which 

provided precise geoprocessing tools for visualisation and geometrical analysis. The dataset is 

stored in commonly used spatial formats (ArcGIS .slpk) and ASCII plain text (.xyz for Digital 

Surface Model generation), and uploaded into a public research database (i.e. Harvard 

Dataverse) for public access. The models give a 3D perspective of continental slope 

sedimentary successions, serving as a valuable resource for virtual fieldwork and teaching 

fundamental geological concepts, including sedimentology and stratigraphy. Additionally, the 

dataset is made available for use by other researchers with diverse interests ranging from 

reservoir analysis to coastal erosion and landslide modelling. 

 

 

6.5 Relevant Application and Direction of Future Research 

 

The papers contained within this thesis put forward new ideas about the depositional 

processes and paleogeography of the Miocene-age Moki and Mount Messenger formations in 

Taranaki Basin, New Zealand. These studies are the first to emphasise the distinction between 

proximal (continental) prograding slope and distal deep-water basin sedimentation in the 

Miocene of Taranaki Basin. Previously, fan systems were mapped on the Miocene continental 
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slope margin, but this mapping was primarily based on analysis of borehole data (e.g., Strogen 

et al., 2011). In contrast, this thesis reveals that Miocene fan systems developed much farther 

offshore in deep water (western part of Taranaki Basin), with sediment routing following the 

main axis of the basin at the time. While the continental slope is capable of trapping a 

significant volume of coarse sediments through processes such as debris flows and turbidity 

currents, this research highlights the complexity of sedimentary systems on the continental 

slope and underscores the importance of thorough integration and analysis of seismic and 

borehole data to obtain robust interpretations (Mayall & Kneller, 2021; Posamentier et al., 

2022).  

 

From an energy exploration perspective, the new paleogeographic maps in this thesis can 

be used to update and improve exploration prospecting and strategies. I suggest that future 

efforts should focus on better understanding deep Taranaki Basin in the west, which is largely 

unexplored with only one drill hole (i.e. Romney-1) compared to the ~700 drill holes situated 

in the shallow-water and onshore areas of Taranaki Basin (NZP&M, 2018). Submarine fan 

plays are well known to be prolific with more than 80 sedimentary basins worldwide producing 

from various structural, stratigraphic, or combined traps (Weimer & Link, 1991).  

 

This research highlights the fact that future research on Taranaki Basin should focus on 

better understanding the paleogeography of the Miocene interval, which could be enhanced by 

acquiring and/or analysing additional seismic and borehole data. For example, the 2013 

NMTC-SLB Multiclient seismic data in North Taranaki Basin has not yet been released to the 

public (Figure 1.1) (NZP&M, 2018). This seismic volume covers an area of 4151 km2  across 
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the Miocene slope region, and thus has significant potential benefit for the identification of 

large-scale deep-water sedimentary systems. 

 

Other future research efforts could focus on improving and expanding upon 3D outcrop 

model data for the Late Miocene lower Mount Messenger Formation along the North Taranaki 

coastal section for facies analysis of exposed slope strata. UAV drones equipped with high-

definition cameras are recommended for such work. Ideally, these cameras should be able to 

resolve small-scale features and bed thicknesses below 30 cm to increase the density of point 

clouds in 3D model generation. This enhancement would contribute to a more detailed facies 

analysis of slope strata and identification of the processes involved in their accumulation.  
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Quantitative seismic geomorphology of sediment conduits on an evolving 
Miocene slope in Taranaki Basin (New Zealand): The influence of 
increasing slope gradient through time 
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A B S T R A C T   

Submarine canyons, channels and gullies are conduits that transport sediments across shelf-slope margins to deep 
water. In South Taranaki Basin, an increase in sediment supply through the Miocene resulted in progradation and 
significant steepening of the slope system. Previous studies have identified numerous sediment conduits devel
oped within this system, however their morphology and morphometric relationships with the depositional slope 
have not been considered. Here we apply seismic geomorphology to establish the statistical relationships be
tween the metrics of sediment conduits at three stratigraphic intervals between which the slope gradient pro
gressively increased. In the early-Middle Miocene, sinuous upper Moki Formation channel complexes with an 
average width of 1.1 km developed on a slope with an average gradient of 0.2o, routing sediment from south to 
north. By the late-Middle Miocene, the slope began to prograde rapidly, concurrent with a regional reorientation 
of the slope to the northwest, on which the lower Mount Messenger Formation canyon networks developed with 
a slope gradient of 0.4–1.0o. At shallow slopes of less than 0.5o, canyon morphometrics (mean width 6.6 km) are 
1.8–4.7 times larger than on related upper slopes with gradients steeper than 0.5o (mean canyon width of 2.7 
km). This significant shift in morphometrics occurs abruptly across the clinoform toe line. Rapid Late Miocene 
slope progradation resulted in the development of steep clinoform slope surfaces up to 9o, into which linear 
upper Mount Messenger Formation gully complexes incised. The mean gully width throughout the Middle to Late 
Miocene interval decreased from 1.3 km to 1.0 km as the slope gradient became steeper. This study documents 
how the morphology and morphometrics of sediment conduits on the South Taranaki Basin slope system changed 
through time in relation to changes in depositional slope gradients.   

1. Introduction 

Submarine canyons, channels and gullies are integral sediment 
conduits as parts of larger source-to-sink sedimentary systems (Allen, 
2017). These systems are globally significant features at continental 
margins through which sediment, organic carbon, nutrients and pol
lutants are transported from shallow water to deep-sea environments 
(Field et al., 1999; Weimer and Slatt, 2004; Covault, 2011; Hughes et al., 
2015; Kane et al., 2020). In the foreland Taranaki Basin, located inboard 
of the Australia-Pacific plate boundary (the Hikurangi subduction zone) 
(Fig. 1), prior studies have documented a Miocene progradational slope 
margin (Bull et al., 2019) and sediment conduits across part of the 
paleo-shelf, and in particular the related slope (Strogen et al., 2011; 

Kroeger et al., 2019). These submarine canyons and channels have not 
hitherto been quantitatively parameterised and their morphometric 
relationship with the prograding slope is yet to be established. The 
availability of high-resolution 3D seismic reflection data for the part of 
the basin where many of these conduits occur, enables such a study to be 
undertaken, in particular determination of the relationship between 
submarine canyon and channel geomorphology in relation to increasing 
slope gradient through time. 

High-resolution 3D seismic reflection data allows morphometric at
tributes of submarine canyons, channels and gullies to be quantitatively 
characterised (i.e., using seismic geomorphology; Posamentier et al., 
2022), including cross-sectional (width, depth and cross-sectional area) 
and planform (sinuosity, meander length and meander amplitude) 
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characteristics (Peakall et al., 2000; Deptuck et al., 2007; Gamboa et al., 
2012; Qin et al., 2016; Harishidayat et al., 2018). These types of quan
titative insights lead to a better understanding of sedimentary processes 
within slope and deep-water systems, the evolution of sediment con
duits, and factors that influence their physical characteristics. However, 
quantitative characterization is not always straightforward and there are 
challenges to morphologic interpretations using 3D seismic reflection 
data. The challenges include resolution limits of seismic data and vari
ations within submarine canyons, channels and gullies due to the effects 
of internal (e.g., erosion within channel complexes) and external (e.g., 
post-depositional faulting) factors (Gamboa et al., 2012; Qin et al., 2016; 
Posamentier et al., 2022). Nevertheless, it is possible to document 
variability in the geomorphology of canyons, channels and gullies, and 
to link the resulting geomorphology to sediment transport across the 
shelf-slope system and into the deep-sea realm. 

Most previous studies undertaking geomorphological analysis of 
submarine canyons, channels and gullies have investigated modern-day 
or Quaternary systems (Shumaker et al., 2018; Palm et al., 2021; Bührig 
et al., 2022), and there are comparatively fewer studies documenting the 
morphometrics of pre-Quaternary systems. In order to fill this research 

gap on ancient deep-water canyons, channels and gullies, this study 
focuses on undertaking seismic geomorphological analysis of 
Miocene-age examples from Taranaki Basin, New Zealand. The aim of 
this research is to gain insights into the sediment pathways that filled 
Taranaki Basin by understanding the morphometrics, evolution and 
distribution of canyon, channel and gully networks on the prograding 
slope margin as it steepened through the Miocene. In addition to un
derstanding ancient sedimentary processes, the outcomes of this study 
provide numerical data that can be used for exploration and modelling 
of large-scale petroleum reservoirs typical of deep-water systems 
(Hewlett et al., 1993; Weimer and Slatt, 2004; Mayall and Kneller, 2021) 
or reservoirs for CO2 and H2 geostorage (Benson and Cook, 2005; Hei
nemann et al., 2018; Raza et al., 2018). 

1.1. Classification of sediment conduits in the study area 

No standardized criteria currently exist to differentiate between 
submarine canyons, channels and gullies, although the names imply 
there are scale differences between the different sets of terminology 
(Deptuck et al., 2007; Wynn et al., 2007; Shanmugam, 2016). The choice 

Fig. 1. Map of Taranaki Basin located west of North Island, New Zealand, showing its main structural features. Inset Map 1 shows the outlines of the seismic 3D 
volumes and boreholes used in this study. The study area is marked by the red polygon bounded by the Cape Egmont Fault Zone on the eastern side. Inset Map 2 
shows the boundary between the Pacific and Australia plates (Alpine Fault and Hikurangi Margin). GIS data from NZP&M (2018). 
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of lexicon has depended on the context of past studies (e.g., stratigraphy, 
sedimentological processes, basin analysis or geomorphology), and has 
included a wide variety of terms such as “canyon” (Harris and White
way, 2011; Huvenne and Davies, 2014), “valley” (Shepard, 1965; Nor
mark et al., 1993), “canyon-channel” (Covault, 2011), “master channel” 
(Baur et al., 2010) and “gullies” (Shumaker et al., 2017). These differ
ences in terminology have hindered accurate and repeatable commu
nication of results between studies. In this context, we simplify the 
description of channel-form features in our study area into three main 
classes: 1) submarine canyons, 2) submarine channels and 3) submarine 
gullies. 

Submarine canyons are erosive features typically exhibiting a V- 
shape due to deep incision and they have limited development of 
external levees with heads located near the shoreline or on the shelf 
(Shepard, 1965; Normark et al., 1993; Wynn et al., 2007). By contrast, 
submarine channels are predominantly U-shape and can be either ag
gradational or erosional (Deptuck et al., 2007; Qin et al., 2016), and they 
display a wide range of flow behaviour (Peakall and Sumner, 2015). 
Herein we adopt the classification of canyons and channels used by 
Lemay et al. (2020). In this system, canyons do not have external levees 
whereas channels may or may not have levees (Fig. 2A). Canyons can 
contain channels within their walls and most often, channels are smaller 
than canyons, although not exclusively (Lemay et al., 2020). In addition 
to differentiating channels from canyons, we adapt the channel body 
hierarchy system employed in Mayall and Kneller (2021) to describe the 
internal characteristics of stacked channels within canyons (Fig. 2B). 
The hierarchical structure consists of channel systems (1–3 km wide and 
100–250 m thick), channel complexes (0.5–1.5 km wide and 20–50 m 
thick) and channel elements (0.05–0.1 km wide and 5–20 m thick). 
Lastly, submarine gullies are straight, parallel, regularly spaced 
channel-forms, commonly found on continental slopes with steep 
topography, especially on prograding or aggrading margins and they are 
an order of magnitude smaller than submarine canyons (Field et al., 
1999; Amblas et al., 2018). The term Gully Complex refers to nested 

gullies (Shumaker et al., 2017). In terms of gully dimensions, the 
recorded average widths are in the 100s of m, while the average depths 
are in the 10s of m (Field et al., 1999; Lonergan et al., 2013) to 100s of m 
(Gales et al., 2013; Shumaker et al., 2017; Harishidayat et al., 2018). 

2. Geological setting 

Taranaki Basin is a Late Cretaceous to Cenozoic sedimentary basin 
situated mainly offshore in central-western North Island, New Zealand 
(Fig. 1). It contains a sedimentary succession that is up to 8 km thick and 
which is variably deformed, initially by crustal extension concurrent 
with seafloor spreading in the Tasman Sea, and subsequently by short
ening driven from the Late Oligocene – present-day Hikurangi subduc
tion. Shortening structures are mainly evident along the eastern margin 
of the basin involving the Taranaki Fault System (King and Thrasher, 
1996; Bull et al., 2015). During the Late Eocene to the Early Oligocene, 
the basin underwent a regional subsidence phase resulting in a bathy
metric deepening of the basin in the northwestward diection (King and 
Thrasher, 1996; Strogen et al., 2011). Marine inundation of central and 
southern Taranaki Basin occurred during the late-Early Oligocene (29 
Ma), peaking during the latest Oligocene when the central and southern 
parts of the basin became a foredeep due to loading by basement across 
the Taranaki Fault System (King and Thrasher, 1996). Marine regression 
began during the late-Early Miocene from southern Taranaki Basin due 
to an increasing supply of sediment initially from the fold-thrust belt 
along the eastern margin, followed during latest Middle Miocene by 
uplift and erosion of the Southern Alps in South Island southeast of the 
Alpine Fault (Kamp et al., 1989; Tippett and Kamp, 1993; Higgs and 
King, 2018). Bull et al. (2019) generated a series of basin models to 
demonstrate the increase of sediment supply into Taranaki Basin 
beginning in the Early Miocene (Fig. 3A shows the 8 Ma example). King 
and Thrasher (1996) calculated a similar Early Miocene increase of 
sediment supply rate in wells using the parameters of Hayward and 
Wood (1989) (Fig. 3B). 

The Early to Middle Miocene Moki Formation represents the initial 
development of submarine channel networks in a defined regressive 
shelf-slope system that prograded across the foreland basin towards the 
“forebulge” area; however, the forebulge never became fully developed. 
Late Cretaceous – Paleocene and Late Eocene – Early Oligocene normal 
faults in southern Taranaki Basin were reactivated as reverse faults from 
12 to 10 Ma, forming pronounced antiforms from the crustal shortening 
that migrated into the foreland basin from its eastern margin (Kamp and 
Green, 1990; Crowhurst et al., 2002). The start of this phase of defor
mation coincided with the start of deposition of the Mount Messenger 
Formation (ca. 12 Ma). The majority of this sediment was sourced from 
the Southern Alps and a portion was sourced from erosion of the anti
forms rising in the Southern Inversion Zone of South Taranaki Basin. 

North of the Maui Field, submarine canyon and channel networks 
developed within the lower part of the Mount Messenger Formation. 
Their character differs from the upper Moki Formation channel com
plexes, and we document these differences in this study. The phase of 
structural shortening of the southern Taranaki Basin ended around 6.5 
Ma. The structure in which the Maui oil and gas field occurs is the most 
northern structure on the western side of the basin. At 6.5 Ma, the whole 
of southern Taranaki Basin was emergent (i.e., above sea level). During 
the Pliocene and Pleistocene, southern Taranaki Basin subsided again 
and it currently lies at shelf depths while the shelf-slope break is dis
placed well to the west, where the Giant Foresets Formation shelf-slope 
system has been prograding for the last 5 million years (Hansen and 
Kamp, 2002). 

3. Study area and interval of interest 

The focus of this study is the west-central portion of Taranaki Basin 
(Fig. 1, Inset map 1), through which the Moki and Mount Messenger 
formations, which comprise interbedded sandstone and mudstone 

Fig. 2. (A) Classification of submarine channels, canyons and valleys used in 
this study after Lemay et al. (2020). (B) Three-level hierarchy of channel bodies 
applied herein and modified from Mayall and Kneller (2021). 
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(Fig. 3C), were routed via numerous submarine canyon and channel 
networks to the deep part of the basin (Strogen et al., 2011; Kroeger 
et al., 2019). The Manganui Formation is a time equivalent mud-prone 
unit that envelopes the Moki and Mount Messenger formations, and is 
commoly considered to comprise the “background” sediments on the 
slope and in deep water (King and Thrasher, 1996). The distinction 
between the sand-prone Moki and Mount Messenger formations and the 
mud-prone Manganui Formation is based on wireline response in wells 
that intersect the formations (King and Thrasher, 1996; Roncaglia et al., 
2013; Kroeger et al., 2019). 

The study area is broadly situated atop the Maui Field, encompassing 
the Maui structure that marks the northwestern extent of the Southern 
Inversion Zone. The Whitiki Fault marks the western side of the study 
area and the eastern extent is broadly parallel to the Cape Egmont Fault 
Zone (Bryant et al., 1994; Bussell, 1994; Bryant and Greenstr, 1995) 
(Fig. 1). The regional orientation of prograding sediment accumulation 
is northwestward, as indicated by the seaward dipping clinoforms 
visible in seismic data (Fig. 4). 

For our analysis we subdivide the Moki and Mount Messenger for
mations into three intervals: (i) Upper Moki Formation (Lillburnian 
Stage (Sl), 16–13 Ma); (ii) Lower Mount Messenger Formation (Waiauan 
(SW) to Early Tongaporutuan, (Tt) stages, 13–9 Ma); and (iii) Upper 
Mount Messenger Formation (Middle to Late Tongaporutuan Stage, 
9–7.2 Ma) (Fig. 3C). The New Zealand stages, as defined by Cooper et al. 
(2004), are defined biostratigraphically by foraminiferal content. Stage 

boundaries are recorded on drill-hole well logs (Roncaglia et al., 2013) 
for the area of interest in this study. Selected stage boundaries have been 
mapped within the 3D seismic volume used in this study. 

4. Dataset and methods 

4.1. Seismic data 

This study utilises ca. 1800 km2 of an open-source, industry-ac
quired, post-stack time migrated (PSTM) 3D seismic reflection dataset, 
as well as wireline logs from 14 exploration drill holes accessed through 
the New Zealand Petroleum & Minerals database (https://data.nzpam. 
govt.nz). Seismic volumes have 19 m × 12.5 m bin spacing, record 
lengths of 4.5–6 s two-way travel time (TWT), vertical sampling rates of 
4 ms (TWT) and a 20–50 Hz dominant frequency within the intervals of 
interest (seismic TWT: 1250-2200 ms− 1). Seismic volumes were merged, 
and amplitude was balanced in the merged volume before interpreta
tion. A velocity model was derived for time-depth conversion using 
check shot data, with the average velocity for the Moki and Mount 
Messenger formation intervals ranging from 1800 ms− 1 to 2500 ms− 1. In 
addition, well logs were used to aid seismic interpretation by helping 
identify lithological changes corresponding to seismic reflections. 

Coloured Inversion (CI) was performed on the merged 3D volume to 
derive relative band-limited acoustic impedance, which boosts the low- 
frequency seismic response, and therefore increases the resolution of the 

Fig. 3. (A) The Late Cretaceous to Late Miocene (8 Ma) stratigraphy of Southern Taranaki Basin shown as age intervals in a south to north section, simplified from 
Bull et al. (2019): See Fig. 1 for the section location. (B) Sedimentation rate data from three boreholes from King and Thrasher (1996) based on geohistory data in 
Hayward and Wood (1989). See Fig. 1 for the borehole locations. (C) Generalised Miocene stratigraphy of Taranaki Basin in a chronostratigraphic chart with the New 
Zealand stages shown against international stages, epochs and timescale in the chart on the right hand side. The Moki Formation was deposited during the Early to 
Middle Miocene and the Mount Messenger Formation was deposited during the Middle to Late Miocene. The Manganui Formation is the background mudstone facies. 
Modified after Bull et al. (2019). 
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data (Lancaster and Whitcombe, 2000; Maurya and Singh, 2017; Assis 
et al., 2018). First, synthetic logs were matched to the seismic data and 
used to determine the major reflection horizons while considering 
existing biostratigraphic data from Roncaglia et al. (2013). 

Seismic attributes, including Amplitude Accentuating Attributes (e. 
g., Root Mean Square Amplitude (RMSA) and Sweetness), Geometric 
Attributes (e.g., Semblance and Dip Curvature), and Spectral Decom
position, were extracted along and within the interpreted horizons to 
visualise the geomorphology of the submarine canyon and channel 
networks. These attributes were especially useful for distinguishing 
between sandstone beds within and along the margins of canyons and 
channels from the background mudstone succession (Taner, 2001; 
Brown, 2011; Othman et al., 2019). Importantly, attribute extraction 
was undertaken using horizon-parallel and/or proportional slices to 
reduce structural effects that might obscure images of the canyons and 
channels and to ensure slices were broadly time-equivalent snapshots 
(Zeng et al., 1998, 2001; Miall, 2002; Zeng, 2013). 

4.2. Quantitative seismic geomorphology 

The seismic geomorphology of submarine canyon, channel and gully 
networks were quantified by using both cross-sectional and plan views 
of the 3D seismic volume. However, to understand the limit of seismic 
resolution and any potential effects of thin-bed tuning of the data, we 
generated wedge models. To do so, we calculated both Rayleigh (Kall
weit and Wood, 1982) and Widess (Widess, 1973; Chopra et al., 2006) 
(vertical) resolution limits in terms of bed thickness. The Rayleigh limit 
of resolution is one-quarter the wavelength of the seismic data (i.e., ƛ/4; 
where ƛ = wavelength), and the Widess limit of resolution is one-eighth 
of the wavelength (i.e., ƛ/8). The Widess thin-bed tuning effect (ƛ/4) 
and the onset of thin-bed tuning effect (ƛ/2) were also calculated. 

Initial seismic horizon interpretation and surface generation of the 
sediment conduits were accomplished in Petrel, and the subsequent 

spatial analysis was done in both Petrel and ArcGIS. Morphometrics that 
primarily rely on cross-sectional views of the data include width, depth, 
cross-sectional area and canyon wall steepness. These were measured 
every 500–700 m perpendicular to the orientation of sediment conduit 
axes, down-canyon, down-channel or down-gully (Fig. 5). For cross- 
sectional morphometrics: (i) width refers to the measurement at the 
overspill points perpendicular to their flow directions; (ii), the depth 
measurements refer to the average height from the two-separate over
spill points, due to asymmetrical walls; (iii) the cross-sectional area is 
calculated based on the digitised points within the canyons (at the base 
and walls) (Lemay et al., 2020); and (iv) canyon wall steepness refers to 
the gradient between canyon top and base at the thalweg (Bührig et al., 
2022). Due to sediment compaction, the depth of the sediment conduits 
in this study are considered as minimum depth, and the estimation of 
compacted sediment cannot be calculated with high confidence due to 
limited well data within the varying gradient prograding slope strata. 

For planform metrics of the canyons, channels and gullies: (i) sinu
osity index is the ratio between the length of the lowest point of the 
thalweg and the overall down-system distance for a given section (a 
single bend wavelength) (Wynn et al., 2007); (ii) meander length and 
amplitude were measured through the same stretch of canyons, channels 
and gullies where sinuosity index was measured; and (iii) canyon length 
measurements were taken along-canyon following the thalweg. In 
addition to cross-sectional and planform parameterisation of canyons 
and channels, the slope gradient, orientation and steepness (in percent 
rise) were also calculated at the thalweg and smoothed over a 1–2 km 
sliding window. In some cases, the sediment conduit incisions did not 
occur exactly on the mapped regional or sub-regional seismic surfaces (i. 
e., especially on variably steep surfaces) and in these cases, the incisions 
were projected onto the nearest surfaces (Shumaker et al., 2017). 
Finally, the width-to-depth ratio of the sediment conduits was also 
calculated. 

Because the base and top horizons of the canyons, channels and 

Fig. 4. Seismic section showing clinoforms of the Moki and Mount Messenger formations dipping to the north and northwest. The regional horizons are Top 
Basement, Top Taimana Formation, Base Mount Messenger Formation and Top Mount Messenger Formation. The location of the transect is shown in Fig. 1 within 
Inset Map 1. 
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gullies are offset by the Whitiki Fault and the Cape Egmont Fault System, 
the original depositional surfaces were corrected to pre- and post- 
faulting positions using horizon flattening and structural restoration. 
The base of the middle fill of canyons is measured at the base of the 
aggradational channel systems (Deptuck et al., 2007). Morphometric 
parameters were analysed using Pearson’s correlation coefficient (r). 

The morphometric parameters of sediment conduits in this study are 
based on stratigraphic surfaces. As pointed out by Strong and Paola 
(2008), and investigated by Sylvester et al. (2011), valleys/canyons in 
the rock record are not necessarily the result of Earth-surface topog
raphy at the time of deposition, they may also be a manifestations of 
stratigraphic processes. At the present time, no concrete criteria exist to 
differentiate between stratigraphic valleys and topographic valleys and 
we cannot be completely certain that we are not comingling the two. 
However, deposits observed in sediment cores and outcrop from the 
Moki and Mount Messenger formations suggest that sediment was 
delivered to the basin via large-scale sediment conduits. 

5. Results 

5.1. Resolution of seismic data 

Calculation of the Widess and Rayleigh seismic resolution limits 
yielded a vertical resolution of 6–20 m within the intervals of interest 
(Fig. 6; Table 1). Thus, the morphology of canyons, channel systems and 
channel complexes are resolvable on seismic data. By contrast, the 

morphology of channel elements cannot be quantified with high confi
dence in the interval of interest because their overall dimensions fall 
below seismic resolution. 

5.2. Seismic geomorphology 

The upper Moki Formation interval consists of sinuous channel 
complexes that meander from south to north with a mean sinuosity, 
width and depth of 2.4, 1.1 km and 67 m, respectively. The lower Mount 
Messenger Formation interval comprises canyon networks of highly 
variable dimensions with a maximum width and depth of 9 km and 350 
m, respectively. These canyon networks consist of numerous medium to 
large U-shaped channel systems (and/or channel complexes) developed 
within canyon walls ranging from 50 to 200 m deep. Finally, the upper 
Mount Messenger Formation are characterised by linear gully complexes 
oriented from southeast to northwest, with a mean sinuosity, width and 
depth of 1.0, 1.1 km and 116 m, respectively. Below we describe the 
seismic geomorphological parameters, stratigraphic interval by interval. 

5.2.1. Upper Moki Formation 
The morphology and morphometrics of the upper Moki Formation 

channel complexes are shown in Figs. 7 and 8. The channel complex 
networks developed on the lower slope margin in the study area, 
roughly 80 km from the shelf edge and 100 km from the shoreline 
(Fig. 7C) (Strogen et al., 2011). Seismic reflectors have a gentle basin
ward slope (i.e., the mean slope gradient is 0.2o). 

Fig. 5. (A) The main seismic geomorphological parameters calculated in this 
study and their definitions, including width, depth, cross-sectional area, wall 
steepness, meander amplitude, meander length and sinuosity. (B) Explanation 
of canyon length, slope gradient and steepness parameters at thalweg. 

Fig. 6. An example seismic wedge model used to determine the onset of the 
thin-bed tuning effect. In this case the onset of the tuning effect occurs at a bed 
thickness of 24 m. The tuning effect is greatest with a bed-thickness of 12 m. 
Finally, the limit of resolution due to the tuning effect is when bed-thickness 
reaches 6 m. These calculations are based on Widess (1973). 

Table 1 
Seismic data and seismic resolution parameters. The vertical seismic resolution 
of ƛ/4 is based on Rayleigh’s Limit of Resolution, and ƛ/8 is based on Widess 
(1973).  

Range of 
velocity within 
Miocene 

Range of dominant 
frequency within 
Miocene 

Rayleigh’s limit 
of resolution ƛ/4 

Widess (1973) 
limit of resolution, 
ƛ/8 

1800 ms− 1 to 
2500 ms− 1 

40–50 Hz 12–20 m 6–10 m  
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Fig. 7. (A) Map showing the cyan-magenta-yellow (cyan: 20 Hz, magenta: 30 Hz and yellow: 40 Hz) blend of the General Spectral Decomposition (GSD) seismic 
attribute, which is used to highlight the geomorphology of upper Moki Formation channel complexes. The red polygon outlines the study area. (B) Close-up view of 
the sinuous channel complexes. (C) Paleogeographic map (modified from Strogen et al., 2011) showing the location of the upper Moki Formation channel complexes 
on the lower slope during the Middle Miocene (14 Ma). (D) and (E) are uninterpreted and interpreted cross-sections of the upper Moki Formation channel complexes 
illustrating the seismic facies of channel-infill and channel lateral shift pattern. 

Fig. 8. Seismic geomorphological metrics of the upper Moki Formation channel complexes. (A) Plot of the channel complexes depth versus width showing a poor 
correlation (R2 = 0.07). (B) Kernel density plot of the channel complexes sinuosity. Plots of the channel complexes (C) meander length and (D) meander amplitude. n 
is the number of samples. 
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Channel complexes have a nearly symmetrical U-shape cross-section, 
with mean width, depth, and cross-sectional area of 1.1 km, 67 m and 
0.06 km2, respectively (Fig. 7D and E and 8A). Overall, the channel 
complexes show a significant variation in the width and depth metrics 
ranging from 0.5 to 1.80 km and 32–85 m, respectively, with such 
scatter in values that the correlation coefficient is small (i.e., R2 = 0.07; 
Fig. 8A). Planform views show that these channel complexes have a high 
range of sinuosity (1.3–4.34), with the range of meander amplitudes and 
lengths being 1.7–3.7 km and 1.4–5.5 km, respectively (Fig. 8B, C and 
D). There is a lack of evidence for lateral stacking and abandoned me
anders, but abrupt lateral shifts in thalweg position are observed along 
some channel complex margins (Fig. 7B and E). These channel com
plexes also do not show levee wedge development. In seismic plan view, 
overbank splays and crevasse splays are not observed. 

5.2.2. Lower Mount Messenger Formation 
Figs. 9–17 and Table 2 contain information about the morphology 

and morphometrics of the lower Mount Messenger Formation canyon 
networks. In total, ten canyons were identified within the interval. The 
canyons occur in two networks based on their geographic position and 
connectivity in seismic data: Group 1 (Canyons A, B, C, D, E, F, G to H) 
and Group 2 (Canyons I and J) (Fig. 9A and B), and their morphometrics 
are summarized in Table 2. These canyons are the extension of larger 

canyon networks that originated from South Taranaki Basin (Strogen 
et al., 2011) (Fig. 9C). The canyons occur roughly 75 km from the 
shoreline and 50 km from the shelf-break and are situated on the lower 
slope margin (Fig. 9C). In the study area, the canyons occur within the 
bottomsets of Manganui Formation clinoforms on a slope gradient 
ranging from 0.4 to 1.0o (Fig. 10). The planform morphology of canyons 
is straight with a mean sinuosity, meander length and meander ampli
tude of 1.1, 3.3 km and 0.5 km, respectively (Fig. 11B, C and D). 

5.2.2.1. Group 1 canyon network. The total length of the Group 1 
canyon network is 78 km, with Canyon B having the longest component 
(36 km) and Canyon H the shortest (6 km) (Fig. 11A). The subsurface 
elevation of the Group 1 canyon network ranges from − 1620 m to 
− 2980 m, the depositional slope ranges from 0.4 to 1.0o and the depo
sitional orientation is predominantly to the northwest (Fig. 10A and B). 

Canyon A incises the deepest of all of the canyons into the back
ground strata of the Manganui Formation, roughly 80 ms (TWT) from its 
top incision surface. However, although Canyon A is the oldest it is 
difficult to decipher the order of incision for the younger constituent 
canyons because their top incision surfaces occur at or near the same 
stratigraphic horizon. Nonetheless, Canyons A, B and E coalesce at the 
base of the clinoform slope at coalescing point 1 (CP1), forming Canyon 
F. The base of the clinoform slope, refer in this study to the clinoform toe 

Fig. 9. (A) Map showing the cyan-magenta-yellow (cyan: 20 Hz, magenta: 30 Hz and yellow: 40 Hz) blend of the General Spectral Decomposition (GSD) seismic 
attribute, highlighting the geomorphology of the lower Mount Messenger Formation canyons and channel systems. The canyons are labelled from A to J. (B) The 
grouping of canyons. (C) Palaeogeography map showing the location of the lower Mount Messenger Formation canyon networks in the Middle Miocene (12 Ma) in 
relation to the basin physiography (modified from Strogen et al., 2011), and blue outlines show the canyon networks mapped in this study. (D) Uninterpreted and 
interpreted cross-section of Canyon A demonstrating the predominantly sandy infill of the canyon. 
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line (i.e. equivalent to the clinoform toe point), marking the position 
where the clinoform bottomsets become horizontal with the underlying 
surface (Pirmez et al., 1998; Patruno et al., 2015). It occurs broadly 
along the 0.5o slope gradient line, and it is at or below this point that all 
canyons coalesce (Figs. 9 and 10). Canyon F coalesces with Canyon G 
(originating from the south) at coalescing point 2 (CP2) to form the 
much larger Canyon H (Figs. 9 and 10). 

5.2.2.2. Morphometrics of group 1 canyons. Calculation of the morpho
metrics of Group 1 canyons reveals two distinct canyon populations: (i) 
canyons above the clinoform toe line (Canyons A, B, C, D, E, I and J), and 
(ii), canyons below the clinoform toe line (Canyons F, G and H) (Fig. 9B). 
Accordingly, we analysed and describe them separately in the following 
text. 

In summary, the cross-sectional morphometrics of the canyons below 
the clinoform toe line increase by factors of depth (1.8), width (2.4) and 
cross-sectional area (4.7) in comparison to the canyons above the cli
noform toe line (Fig. 12B, C and D). The mean width, depth and cross- 
sectional area of the canyons above the clinoform toe line are 2.69 
km, 142 m and 0.22 km2 respectively, while the mean width, depth and 
cross-sectional area of the canyons below the clinoform toe line are 6.6 
km, 252 m and 1.04 km2, respectively. Correlation analyses of measured 
morphometric variables using Pearson’s correlation are summarized in 
Fig. 12G–I. Overall the slope gradient (at the canyon thalweg) and the 
canyon elevation have a strong correlation (r = 0.92–0.98). The slope 
gradient also strongly correlates with the canyon width, depth and cross- 
sectional area (r = -0.71–-0.86). However, the slope steepness only 
displays a moderate correlation to the canyon width, depth and cross- 

Fig. 10. Regional maps depicting: (A) Changes in slope gradient, (B) Slope orientation and (C) slope steepness of the lower Mount Messenger Formation canyons. The 
canyons are labelled from A to J and the clinoform toe line is marked by the yellow line, which subdivides the steep and flat parts of the slope. 

Fig. 11. (A) Bar chart comparing the length of the lower Mount Messenger Formation canyons. (B) Kernel density plot comparing the canyons sinuosity (colour codes 
same as in A). Comparison of the individual canyon (C) meander length and (D) meander amplitude measurements (colour codes same as in A). n is the number 
of samples. 
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sectional area (r = -0.28–-0.56). Lastly, canyon elevation and canyon 
width, depth and cross-sectional area correlate strongly with canyon 
wall steepness (r = -0.52–-0.77). 

5.2.2.2.1. Group 1 canyons above the clinoform toe line. Planform 
morphometrics reveal that canyons above the clinoform toe line (Can
yons A, B, C, D and E) are primarily straight with an average sinuosity 
index, meander length and amplitude of 1.1, 3.9 km, and 0.6 km, 
respectively (Fig. 11). Canyon A is the straightest with a sinuosity index 
and maximum meander length of 1.05 and 7.9 km, respectively. In 
comparison, Canyon D is the most sinuous with a sinuosity index and 
maximum meander length of 1.2 and 2.8 km, respectively. The principal 
drainage axes of canyons is towards the northwest, corresponding to the 
dominant depositional slope orientation (Fig. 10B) and the spacing be
tween canyons ranges from 1 to 7 km (Fig. 9A). 

Analysis of canyon cross-sections reveals that most canyons are 
characterised by asymmetrical sharp V-shape incisions with a narrow 
base. However, in some cases parts of the canyons display U-shape in
cisions with a wide base. The cross-sectional elements of the canyons are 
shown in Fig. 13 and mainly consist of canyon bases, walls and flanks. 
The canyons have steep walls with average wall steepness of 12.5o and 
deep indentation of the thalweg. Throughout the canyon course, the 
thalweg only shifts laterally by slight amounts. 

5.2.2.2.2. Group 1 canyons below the clinoform toe line. Similar to 
canyons above the clinoform toe line, canyons below the clinoform toe 

line (Canyons F, G and H) are straight with a mean sinuosity index of 1.1 
and meander length and amplitude of 2.6 km and 0.4 km, respectively 
(Fig. 11). The regional slope into which Canyons F and H incise dips to 
the east (Fig. 10B), which impacts canyon trajectory (toward the 
northeast) at the edge of the study area. 

The cross-section of canyons in this region shows asymmetrical V- 
shaped indentation with greater depth than the canyons above the cli
noform toe line (Fig. 14), and the average canyon wall steepness is 9o. In 
general, the width and depth of the canyon measured above 5 km and 
200 m, respectively. The width of the canyons increased dramatically 
after the canyons merged at CP2, from roughly 6 km–8.5 km (Fig. 12B). 
However, the cross-sectional metrics of Canyon G, which originated 
from the south, are not correlated with Canyon F and H (Fig. 12). The 
canyon cross-sections also reveal that the right wall of the canyons 
displays more significant terrace development than the left wall due to 
the progressive channel incisions toward the east (Fig. 14 C–C’). 

5.2.3. Group 2 canyon network 
The canyons in Group 2 consist of Canyons I and J, which developed 

on the northeastern side of the study area (Fig. 9A). The course of the 
canyons cannot be fully mapped due to the limitation of the 3D seismic 
data coverage, however the length of each canyon within the study area 
is roughly 20 km (Fig. 11A). The canyons developed on slopes ranging 
from 0.5 to 0.9o (Fig. 10B). The range of elevation of the canyons is 

Fig. 12. Cross-sectional morphometrics of the lower Mount Messenger Formation canyons. (A) Canyon elevation versus down-canyon distance, (B) canyon width 
versus down-canyon distance, (C) canyon depth versus down-canyon distance, (D) canyon cross-sectional area versus down-canyon distance, (E) canyon width-to- 
depth ratio versus down-canyon distance and (F) canyon elevation and base middle fill elevation versus down-canyon distance. Matrix of Pearson’s correlation 
coefficient between the major morphometric parameters for (G) Canyons A, F and H. (H) Canyons B, F and H. (I) Canyons E, F and H. n is the number of samples. 
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Fig. 13. Cross-sectional views of the lower Mount Messenger Formation canyons above the clinoform toe line. (A) Canyon A, (B) Canyon B and (C) Canyon E. The 
main elements of the canyons are also highlighted. 
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between − 1800 m and − 2400 m, with Canyon J formed roughly 100 m 
deeper than Canyon I near the beginning of the canyon course 
(Fig. 15A). Based on this, we infer that Canyon J is older than Canyon I. 
Canyons in Group 2 merge at the clinoform toe line (at coalescing point 
3; CP3) similar to canyons in Group 1 (Fig. 9A). 

5.2.3.1. Morphometrics of group 2 canyons. Both Canyon J and Canyon I 
are relatively straight, with an average sinuosity index of 1.1 (Fig. 11B). 
Canyon J has slightly wider meanders than Canyon I, with a mean 
meander amplitude of 387 m versus 337 m (Fig. 11D). The cross- 
sectional morphometrics of the canyons do not show a clear down- 
canyon trend (Fig. 15B, C, D and E), while the Pearson’s correlation 
coefficient shows mainly low to medium correlation (Fig. 15G and H). 
The cross-sectional shape of both canyons is a combination of moderate 
V-shape and U-shape profiles and with mean wall steepness of 10o 

(Fig. 16). 

5.2.4. Lower canyon infill 
Overall, the erosive base of the canyons displays an irregular profile 

due to multiple channel incisions of different magnitudes along the 
canyon course (Fig. 17). Multiple re-incision surfaces were identified 
along the course of the canyons, but the surfaces cannot be mapped with 
high confidence due to the complex nature of the incisions. Below the 
clinoform toe line, the seismic profile of the canyons displays erosive 
surfaces formed through multiple alternating canyon incision and 
infilling phases, which further complicates the attempt to map the 
incision surfaces. 

5.2.5. Middle and upper canyon infill 
The base of the middle canyon infill is marked by the onset of a 

mainly aggradational channel system (and/or channel complexes) 
formed within the canyon walls (Deptuck et al., 2007). Within lower 

Mount Messenger Formation canyons, numerous medium to large 
U-shaped channels formed within the canyon walls were observed at 
depths ranging from 50 to 200 m (Fig. 17). In some areas, successive 
channel incisions partly or entirely erode channel walls. In plan view, 
the canyons are flanked by extensive overbank deposits, especially the 
ones below the clinoform toe line. Overall, the base of the middle canyon 
fill profile mimics the canyon (base) longitudinal profile (Figs. 12F and 
15F). 

5.3. Upper Mount Messenger Formation gully complex networks 

The morphology and morphometrics of the upper Mount Messenger 
Formation slope-confined gully complexes are summarized in Fig. 18 
and Table 3. These complexes are enclosed in a thick prograding 
mudstone succession of Tongaporutuan age (~11–7.2 Ma). In the study 
area, the thickness of the prograding mudstone reaches roughly 700 m in 
Maui-3 and 430 m in Tui-1 drill-holes. Throughout the Tongaporutuan, 
the seafloor slope increased from about 4o at the base to about 11o at the 
top of the succession. The steep clinoform (of oblique progradational 
pattern) is attributed to the rapid progradation of the shelf-break and 
reorientation of the slope, in addition to the strata thickening into the 
foot-walls of the reverse Cape Egmont Fault (Bull et al., 2019). In the 
study area, we grouped the gully complexes that formed on the steep 
clinoform slope in the upper Mount Messenger Formation interval into 
four groups (i.e., Group 1, 2, 3 and 4) based on the major clinoform 
surfaces that bound them (Fig. 4). The exact age of the surfaces cannot 
be determined from the available biostratigraphic data, however for 
simplicity, Group 1 gully complexes are the oldest and Group 4 gully 
complexes are the youngest. 

Gully complexes in Group 1 are bounded by the gentle slope of 
mainly bottomset surfaces (mean: 3.7o), and they are 0.67–2.62 km wide 
and 54–259 m deep. Groups 2 and 3 gully complexes developed within 

Fig. 14. Cross-sectional views of the lower Mount Messenger Formation canyons below the clinoform toe line for Canyons F, G, and H. The main elements of the 
canyons are also highlighted. 
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the foreset and bottomset sigmoidal-oblique clinoform wedges. How
ever, some gullies in Group 2 (mean width: 1.18 km, mean depth: 108 
m) developed within aggradational successions and, therefore, devel
oped a much steeper slope surface (mean: 5.6o). Group 3 gully com
plexes (mean width: 1.03 km, mean depth: 105 m) formed on 
progradational clinoforms with less steep slopes than Group 2 (mean: 
5.1o). Lastly, Group 4 gully complexes formed on steep sigmoid-shaped 
clinoform slopes (mean: 4.3◦) and have a width and depth range of 
0.40–1.52 km and 20–158 m, respectively. 

Gully networks within the upper Mount Messenger Formation are 
predominantly linear, sharp, symmetrical and V-shaped, are oriented 
northwestward, and their down-slope length varies from 10 to 20 km. 
The sharp V-shaped morphology is associated with the steep wall and 
flank of the gullies, and the average wall steepness angle is 20o. The 
spacing of the gullies ranges from 1.5 to 5 km, with most gullies spaced 
evenly and a few gullies exhibiting downslope convergence before 
transitioning to frontal splays or die out at the base of the clinoform 
slope. 

The longitudinal profile of the gullies displays an overall very subtle 
concave profile as the slope gradient decreases from the topset to the 
bottomset of the clinofom (Fig. 18C and D). The width and depth of 
individual gully complexes significantly increases sharply in the first 
~2.5 km of their course. Then, the gully widths exhibit an overall 
gradual increase, and the gully depth displays a decreasing trend before 
terminating at the base of the slope (Fig. 18E and F). 

In comparing the morphometrics of the gullies throughout the in
terval (from Group 1 to 4), the average gully width, depth and meander 
amplitude exhibit a decreasing trend from Group 1 to Group 4 (Fig. 18E, 
F, H, I and Table 3). The correlation between the gully width and depth 

ranges from R2 = 0.06–0.43 (Fig. 18L). On seismic data, the gullies do 
not show significant evidence of lateral and vertical migration; instead, 
they display deep incisions into the background prograding mudstone. 
In addition, the gullies commonly display nested complexes with mul
tiple incisions. 

6. Discussion 

6.1. Synthesis of the geomorphology and morphometrics of sediment 
conduits in Taranaki Basin 

Our results show that the deposition of thick Miocene prograding 
wedges in Taranaki Basin is a function of high sediment supply begin
ning in the late-Early Miocene (Fig. 3A and B), resulting in clinoforms 
with variable geometries and steepness (i.e., slope gradients). The upper 
Moki Formation and Mount Messenger Formation sediments both 
accumulated in various types of conduits, transporting the sediments to 
deep basin. In summary, the upper Moki Formation is dominated by 
small, sinuous, U-shaped channel complexes in a very low-relief slope 
setting, whereas the lower Mount Messenger Formation is characterised 
by very large canyon networks in low-relief slope settings. By contrast, 
the upper Mount Messenger Formation consists of numerous linear, V- 
shaped gully complexes that developed within a high-relief slope. 

The variation in morphometrics between canyons, channels and 
gullies presented in this study mainly highlight how morphology of 
sediment conduits respond to changes in depositional slope gradient. By 
the early-Middle Miocene, sinuous upper Moki Formation channel 
complex networks developed, which routed sediment from south to 
north in the basin (Fig. 7). At this time, the cross-sectional area and 

Fig. 15. Cross-sectional metrics of the lower Mount Messenger Formation canyons are described as: (A) canyon elevation versus down-canyon distance, (B) canyon 
width versus down-canyon distance, (C) canyon depth versus down-canyon distance, (D) canyon cross-sectional area versus down-canyon distance, (E) canyon width- 
to-depth ratio versus down-canyon distance and (F) canyon elevation and base middle fill elevation versus down-canyon distance. Matrix of Pearson’s correlation 
coefficient between the major morphometric parameters for (G) Canyon I and (H) Canyon J. n is the number of samples. 
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shape of channel complexes did not change significantly across the 
system (i.e., mean width: 1.1 km, mean depth: 67 m). 

By the late-Middle Miocene, the slope began to prograde rapidly, and 
the dip of the regional slope reoriented to be northwest (Bull et al., 
2019). During this time, the lower Mount Messenger Formation canyon 
networks incised into the prograding slope surface, which had a gradient 
of 0.4–1.0o. At shallower slopes of less than 0.5o, canyon morphometrics 
are 1.8–4.7 times bigger than on steeper slopes of greater than 0.5o 

(mean width of 2.7 km, mean depth of 142 m and mean cross-sectional 
area of 0.22 km2 versus mean width of 6.6 km and mean depth of 253 m 
and mean cross-sectional area of 1.04 km2, respectively) (Fig. 12B and C 
and Table 2). This shift in morphometrics occurs abruptly across the 
clinoform toe line. 

Rapid slope progradation of the shelf break dominated much of the 
Late Miocene interval, resulting in the development of steep clinoform 
surfaces of up to 9o into which relatively straight upper Mount 
Messenger Formation gully complexes incised (Fig. 18). The mean gully 
width and depth throughout the interval decreased from 1.30 to 0.97 km 
and 143.81 to 86 m, respectively, as the slope became steeper. 

6.2. Slope gradient controls the morphometrics of sediment conduits 

The morphology of channels in the upper Moki Formation is typical 
of deep water sinuous channels (Kolla et al., 2007; Wynn et al., 2007; 
Posamentier et al., 2022). In seismic plan view, overbank splays and 

crevasse splays are not observed, implying that the sediment was con
tained within the incised channels with little to no avulsion and asso
ciated overtopping of the channel margins. This is likely to be a result of 
sediments being transported through the channels on the relatively flat 
slope (mean: 0.2◦) and with no breaks in slope on its lower margins 
(Posamentier and Kolla, 2003). For similar reasons, the geometry of 
channel complexes did not significantly change throughout the study 
area in comparison with the lower Mount Messenger and upper Mount 
Messenger formation intervals. 

The development of lower Mount Messenger Formation canyons on 
higher and more variable slope gradients due to rapid shelf progradation 
and reorientation is best explained by a power law of slope to distance 
(Mitchell, 2005; Gerber et al., 2009). In essence, the longitudinal profile 
of lower Mount Messenger Formation canyons displays a comparatively 
steep slope in proximal areas (i.e., 0.5–1.0o), and they transition to 
relatively flat slopes in their distal reaches (i.e., 0.4–0.5o). Such concave 
longitudinal profiles are similar to several modern submarine canyon 
and channel systems globally, such as the Laurentian and Var 
canyon-channel systems (Covault et al., 2011) (Fig. 19A and B). These 
systems are highly erosional, with narrow shelves, steep slope gradients, 
and close proximity to sediment sources with intense erosion from 
sediment-gravity flows (Covault et al., 2011). Very concave profiles are 
typical of underfilled basins. Taranaki Basin fits this definition during 
the Middle Miocene. 

In general, the cross-sectional morphometrics of canyons increase 

Fig. 16. Cross-sectional geometry of the Group 2 lower Mount Messenger Formation canyons (i.e., Canyons I and J). The main elements of the canyons are also 
highlighted. 
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down-slope due to an increase in frequency and acceleration of sediment 
gravity flows transporting granular material down-slope (Shepard et al., 
1974); Shepard, 1981). This study emphasizes that the clinoform toe line 
(i.e., slope gradient: 0.5o) is a significant feature for controlling: (i) the 
spatial arrangement of canyon networks, including where they coalesce, 

and (ii), the position where a significant shift in the canyon 
cross-sectional morphometrics occurs. The position of the clinoform toe 
line, which is a major part of the clinoform structure, in turn, heavily 
influenced pre-existing topography within the basin (Lofi et al., 2003; 
Clairmont et al., 2020), as well as sediment supply. In the case of 

Fig. 17. Plots showing the cross-sectional infill pattern of the lower Mount Messenger Formation canyons as well as the lower and upper infill characteristics of the 
canyons, based on mapping of seismic reflection surfaces. 
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Table 2 
Morphometrics of lower Mount Messenger Formation canyons.  

Lower Mount Messenger 
Fm. canyons 

Width min-max, 
mean (km) 

Depth min- 
max, 
mean (m) 

Sinuosity min- 
max, mean 

Meander length min- 
max, mean (m) 

Meander amplitude min- 
max, mean (m) 

Gradient at thalweg min- 
max, mean (o) 

Group 1 canyons 
Canyon A 1.42–3.35, 2.08 104-153, 

127 
1.0–1.1, 1.1 1926-7935, 4970 116-824, 

542 
0.5–1.0, 0.8 

Canyon B 1.70–4.38, 3.15 97-206, 
157 

1.0–1.3, 1.1 1915-5963, 4206 635-950, 720 0.5–1.0, 0.8 

Canyon C 2.53–4.17, 3.39 94-162, 
124 

1.0–1.2, 1.1 2487-5264, 3486 401-879, 619 0.9–1.0, 0.9 

Canyon D 1.35–2.98, 2.18 109-217, 
177 

1.1–1.3, 1.2 2149-2832, 2370 419-974, 718 0.45–0.60, 0.5 

Canyon E 1.90–3.37, 2.67 87-191, 
128 

1.0–1.1, 1.1 2597-8158, 4373 50-773, 371 0.5–0.8, 0.7 

Canyon F 4.70–7.75, 5.87 164-272, 
227 

1.1–1.4, 1.2 1260-4764, 3113 50-914, 683 0.4–0.5, 0.5 

Canyon G 4.84–6.73, 5.83 201-344, 
282 

1.0–1.1, 1.0 1679-2789, 2280 75-380, 203 0.4–0.4, 0.4 

Canyon H 7.19–8.92, 
8.06 

232-288, 
249 

1.0–1.2, 
1.1 

1771-3005, 
2310 

45-470, 
314 

0.44–0.46, 
0.44 

Group 2 canyons 
Canyon I 2.41–4.14, 3.23 115-183, 

147 
1.0–1.2, 1.1 1491-3026, 2336 169-604, 337 0.7–0.9, 0.8 

Canyon J 2.32–4.24, 3.38 122-177, 
147 

1.0–1.3, 1.1 2065-4222, 2908 50-836, 387 0.6–0.8, 0.8  

Fig. 18. (A) and (B) An example of upper Mount Messenger Formation gully complexes on a stratigraphic horizon. (C) gully complexes longitudinal profile versus 
down-gully distance, (D) slope gradient at gully complexes thalweg versus down-gully distance, (E) gully complexes depth versus down-gully distance, (F) gully 
complexes width versus down-gully distance, (G) kernel density plot of gully complexes sinuosity, (H) gully complexes meander amplitude, (I) gully complexes 
meander length, (J) gully complexes width versus slope gradient, (K) gully complexes depth versus slope gradient and (L) gully complexes depth versus depth. n is the 
number of samples. 
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Taranaki Basin, regional subsidence during the Late Eocene to Early 
Oligocene profoundly affected the basin morphology by establishing a 
seafloor topography template across the basin, based on the concept in 
Covault et al. (2011). With bathymetric deepening towards the north
west, this resulted in the creation of vast accommodation for later 
sediment deposition. 

The linear morphology of the upper Mount Messenger Formations 
gully networks is typical of gullies that form on a high gradient slope. 
Correspondingly, their morphometric parameters are in the range of the 
gullies measured by other workers e.g., Gales et al. (2013), Prélat et al. 
(2015), Shumaker et al. (2017) and Harishidayat et al. (2018). Mor
phometrics measured in this study shows that gullies form on steep 

Table 3 
Morphometrics of upper Mount Messenger Formation gully complexes.  

Upper Mount Messenger 
Fm. gully complexes 

Width min-max, 
mean (km) 

Depth min-max, 
mean (m) 

Sinuosity min- 
max, mean 

Meander length min- 
max, mean (m) 

Meander amplitude min- 
max, mean (m) 

Gradient at thalweg min- 
max, mean (degree) 

Group 1 0.67–2.62, 1.30 54-259, 144 1.0–1.2, 1.1 445-3866, 1501 38-456, 142 1.1–6.0, 3.7 
Group 2 0.54–2.19, 1.18 38-215, 108 1.0–1.2, 1.0 428-2940, 1459 36-450, 143 0.7–9.0, 5.6 
Group 3 0.43–1.95, 1.03 50-177, 105 1.0–1.4, 1.1 368-3061, 1241 32-569, 129 2.2–9.1, 5.1 
Group 4 0.40–1.52, 0.97 20-159, 86 1.0–1.2, 1.1 917-3923, 1919 41-170, 131 1.6–7.4, 4.3  

Fig. 19. (A) Longitudinal profile of lower Mount Messenger Formation canyons showing their irregular incisions along their course. (B) Comparison between the 
lower Mount Messenger Formation canyons (blue) with the longitudinal profiles of other canyons globally. The lower Mount Messenger Formation canyons match the 
very concave profile of other canyons. The data source for the other canyons is from Covault et al. (2011). The depositional slope gradient relationship with the lower 
Mount Messenger Formation canyons (C) canyon width, (D) canyon depth, (E) canyon cross-sectional area and (F) canyon wall steepness. n is the number of samples. 

Fig. 20. Comparison between the lower Mount Messenger Formation canyons and modern canyons globally. (A) Canyon depth versus width, (B) canyon width, (C) 
canyon depth, (D) slope gradient at canyon thalweg and (E) canyon wall steepness. The modern canyon morphometric measurements are from Bührig et al. (2022). n 
is the number of samples. 
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slopes of over 5o, supporting the same findings of Micallef and Mountjoy 
(2011). The width and depth of gullies increases rapidly from their 
landward margins (~0–2.5 km). This is probably due to rapid incision of 
unconfined sediment gravity flows accelerating down slope (Micallef 
and Mountjoy, 2011; Lintern et al., 2016) or slumping on the slope 
(Ricketts and Evenchick, 1999). 

Overall, gully complexes show a trend of decreasing cross-sectional 
dimensions (i.e., width, depth and cross-sectional area) from Group 1 
(at the base of the interval) to Group 4 (at the top of the interval) due to a 
depleted supply of sand. This is reflected in the transition from the sand- 
dominated Mount Messenger Formation to the mud-dominated Man
ganui Formation at the end of the Miocene (Fig. 3C). 

6.3. Comparison with other canyon systems globally 

Canyon systems of the lower Mount Messenger Formation fall within 
the natural width and depth ranges of modern canyons, but their metrics 
sit towards the smaller end of global data with shallower cross-sectional 
metrics (Fig. 20). However, correlation between width and depth within 
the lower Mount Messenger Formation canyons is higher than for 
modern canyons on both passive and active margins, with R2 values of 
0.74, compared with 0.57 (passive) or 0.38 (active) (Bührig et al., 2022). 
The width and depth distributions of the lower Mount Messenger For
mation canyons are narrow compared with modern canyons: the width 
range is 1.4–8.9 km (lower Mount Messenger Formation) versus 0.2–20 
km (modern), and the depth range 87–344 m (lower Mount Messenger 
Formation) versus 35–2000 m (modern) (Fig. 20B and C). This differ
ence is attributed to: (i) Lower Mount Messenger Formation canyons 
being of Miocene age, and therefore on seismic data, sediment 
compaction has influenced the canyon morphometric measurements 
(Deptuck et al., 2007; Harishidayat et al., 2018) (modern canyons are 
less affected by sediment compaction) and (ii), the morphometrics of the 
lower Mount Messenger Formation canyons are concentrated on the 
lower slope margin, in contrast to other canyons for which the mor
phometrics are based on mean values from various basin physiographic 
setting. Similarly, the canyon thalweg gradient and the canyon wall 
steepness ranges of the lower Mount Messenger canyons are also narrow 
compared with modern canyons. This variation is predominantly due to 
the position of the canyons being located at the clinothems terminations, 
where the slope gradient range is relatively minor. 

In comparison to other ancient canyon systems, a significant portion 
of the morphometrics of the lower Mount Messenger Formation canyons 
are similar to the range of their counterparts (Fig. 21). However, lower 
Mount Messenger Formation canyons have a higher width range and 
lower depth range than other ancient canyons. The range differences 
could be attributed to sediment properties such as grain size distribution 

(Hsu and Liu, 2010), flow patterns within canyons (Shepard et al., 
1974), flow types within and around canyons (Talling, 2014), and flow 
volume (Qin et al., 2016), as well as other physical processes such as 
inner terrace architecture (Babonneau et al., 2004) and inner canyon 
erosion and mass failure (May et al., 1983; Qin et al., 2016). 

In Taranaki Basin during the Middle Miocene to Late Miocene, the 
occurrence of numerous lower Mount Messenger Formation canyons is 
in tandem with the increasing sediment supply into the basin. This is not 
consistent with the conclusion made by Fisher et al. (2021), which 
suggested that canyons are associated with low to negligible sediment 
supply. The Taranaki Basin example we describe here may therefore be 
an outlier. 

6.4. Source-to-sink environment significance 

From a palaeogeography perspective, during the Miocene, the 
absence of canyons and large channel systems within the upper Moki 
Formation interval implies that sediment transport to deep Taranaki 
Basin was ineffective. This is due to the limited sand supply available 
during the early-Middle Miocene, which hinderered the development of 
large channel complexes (Fig. 3C). However significant time-equivalent 
mudstone (Manganui Formation) was being deposited outside the 
channel complexes. 

In contrast, the lower Mount Messenger Formation interval, having 
numerous canyons and channel networks, indicates the efficiency of 
sediment transfer to deep Taranaki Basin based on the concept in Stow 
and Mayall (2000) and in Posamentier and Kolla (2003). These sedi
ments bypassed the study area as the canyons and channels routed 
voluminous sediment to the deeper basin towards the New Caledonia 
Trough (Bull et al., 2019). For the upper Mount Messenger Formation, 
the gully complexes died out at the base of the slope. Therefore, sedi
ments during this interval were not delivered efficiently to the deeper 
parts of the basin, based on the concepts in Dalla Valle et al. (2013). 

6.5. Reservoir exploration significance 

The morphometrics of sediment conduits presented in this study 
have implications for understanding deep-water reservoir systems and 
especially the relationship between reservoir size and slope gradient. 
Previous reservoir exploration in the study area has focused mainly on 
Paleocene and Eocene strata of the Kapuni Group, which is the most 
significant commercial hydrocarbon reservoir system in Taranaki Basin 
(Bryant et al., 1994; Funnell et al., 2004), leaving the Middle Miocene 
interval relatively unexplored. The large cross-sectional areas of the 
lower Mount Messenger Formation canyon networks, including the 
thick interconnected aggradational channel infills show excellent 

Fig. 21. Comparison between lower Mount Messenger Formation canyons and other ancient canyon systems. (A) Slope gradient versus canyon width, (B) slope 
gradient versus canyon depth, (C) canyon width versus down-canyon distance and (D) canyon depth versus down-canyon distance. The down-canyon distance 
reflects the area of respective data. The ancient canyon morphometric measurements are from Jobe et al. (2011), Qin et al. (2016) and Harishidayat et al. (2018). n is 
the number of samples. 
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reservoir characteristics, at least in terms of the size of the reservoirs 
(Clark and Pickering, 1996; Mayall and Kneller, 2021). Furthermore, oil 
and gas fields do occur in these reservoirs onshore in Taranaki Peninsula 
(i.e., Kaimiro, Cheal and Radnor fields). The thick prograding mudstone 
succession overtopping the canyons and channels acts as up-slope 
stratigraphic pinch-out traps for hydrocarbon accumulation in the 
up-dip slope direction (McCaffrey and Kneller, 2001; Amy, 2019). 
Moreover, the inversion structures around the Maui Field (e.g. Manaia 
Anticline and Cape Egmont Fault) could assist in the migration and 
trapping of hydrocarbons (Seebeck et al., 2020). In other jurisdictions, 
high-nutrient slope facies can be source rocks due to low oxygen content 
along such margins (Bjorlykke, 2010). 

The upper Moki and upper Mount Messenger Formation channel 
complexes are relatively small in comparison with the canyons and 
channel systems of the lower Mount Messenger Formation, and there
fore their reservoir potential is limited by their smaller dimensions 
(Mayall and Kneller, 2021). Even though the upper Mount Messenger 
gully networks have large dimensions, their infill is dominated by 
muddy deposits and therefore have low reservoir potential. Our analysis 
offers improved data to help assess the reservoir potential of sediment 
conduits in Taranaki Basin. 

7. Conclusions 

Detailed seismic geomorphologic analysis of 3D seismic reflection 
data for the Moki and Mount Messenger formations in Taranaki Basin 
has enabled us to parameterize submarine canyon, channel, and gully 
networks within them. The results of this study show that there are 
robust differences between their cross-sectional and planform geo
morphology. The following captures the major conclusions of this work: 

1. The main sediment conduits are variable in their seismic geo
morphology. The upper Moki Formation is dominated by sinuous 
channel complex networks. Canyon networks dominate the lower 
Mount Messenger Formation interval and they show numerous ag
gradational channel formations. The upper Mount Messenger For
mation is dominated by linear gully networks.  

2. The development of the lower Mount Messenger canyons was 
strongly influenced by depositional slope. The clinoform toe line 
marks a rapid change in the cross-sectional area and shape, as well as 
the spatial arrangement of the canyon networks.  

3. The development of the upper Moki Formation complex networks is 
typical of basin floor sinuous channels with high sinuosity and 
meander amplitude. In contrast, the development of the linear upper 
Mount Messenger Formation gully networks is heavily influenced by 
the steep prograding clinoform slope of the intervening mudstone 
strata. 
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A B S T R A C T   

The purpose of this paper is (i) to re-assess the presence of submarine fan systems of Middle and Late Miocene age 
(Moki and Mount Messenger formations) previously mapped on the continental slope in offshore southern and 
central Taranaki Basin, New Zealand, and (ii), to demonstrate the occurrence of two newly mapped Late Miocene 
submarine fans in the deep-water part of offshore western Taranaki Basin, based on accepted seismic strati
graphic criteria for submarine fans. In our work we have found that the fans previously mapped amongst canyons 
and channels in the Moki and Mount Messenger formations on the upper and middle continental slope in 
southern and central Taranaki Basin do not fulfil established stratal criteria for submarine fan deposits. More
over, detuning of 3D seismic reflection volumes for the Moki and Mount Messenger formation intervals ahead of 
amplitude attribute extraction, shows that the strata previously mapped as submarine fans based on amplitude 
alone, are merely artifacts of bed thickness. The two new fans systems of Late Miocene age that we map here, 
both attributed to the Mount Messenger Formation, principally comprise mudstone and represent a minor 
proportion of the Late Miocene succession that accumulated in southern and central parts of the basin. Our 
remapping of slope canyons and channels in the southern part of the basin and the identification of the two new 
fan systems in the western part of the basin are embodied in three new paloegeographic maps for the Middle and 
Late Miocene development of Taranaki Basin. A modern analogue for the two new Late Miocene fans in Taranaki 
Basin is the Hikurangi Fan at the terminus of the Hikurangi Channel, located outboard of the modern subduction 
zone of the Hikurangi margin along Eastern North Island. The new Taranaki Basin deep-water fans documented 
here, may have significance for hydrocarbon exploration in deep water parts of Taranaki Basin, which is largely 
unexplored.   

1. Introduction 

There is continuing interest amongst the petroleum exploration 
sector and the research community in the characteristics and distribu
tion of ancient deepwater sedimentary systems. The increasing coverage 
and availability of 3D seismic reflection datasets, coupled with the 
availability of sophisticated seismic reflection mapping methods (e.g., 
Posamentier et al., 2022), have contributed to this interest. In parallel, 
there have been conceptual developments in the marine geomorphology 
of Recent distributary sedimentary systems, such as channel networks, 
submarine fans, and continental slope debris flows (e.g., Stow and 
Mayall, 2000; Shanmugam, 2013; Mayall and Kneller, 2021; Mitchell 

et al., 2023). One method in particular, seismic amplitude extraction, is 
widely used in mapping ancient depositional systems, such as fans. 
However it is now recognized that detuning of seismic reflection data 
within the interval of interest must be undertaken prior to amplitude 
extraction to avoid tuning-related effects that possibly result in erro
neous geological interpretations, leading to inaccurate paleogeograph
ical maps (Bunt, 2015; Francis, 2015, 2016; Ab Fatah et al., 2016; 
Márquez et al., 2021). 

In our work reported here, we consider this to have been the case 
with respect to the Miocene submarine fans mapped by prior researchers 
in southern Taranaki Basin (Fig. 1) (Grain, 2008; Baur et al., 2010; 
Kroeger et al., 2019). The Root Mean Square (RMS) seismic attribute 
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interpretation presented in those studies did not account for thin-bed 
tuning-related effects in deeply buried ancient strata (Simm and 
Bacon, 2014; Francis, 2016). In addition, the mapped Miocene fans do 
not fulfil the established stratal criteria (Posamentier and Erskine, 1991) 
that are commonly adapted in the identification of ancient fans. This 
study aims to re-evaluate the Middle and Late Miocene deep-water 
sedimentary system in southern, central and western offshore Tar
anaki Basin. We achieve this by objectively deconstructing the basis for 
prior mapping of submarine fans, and then we build the case for two fans 
in distal deep-water parts of offshore western Taranaki Basin. Our results 
are embodied in three updated Middle and Late Miocene paleogeo
graphic maps for Taranaki Basin. The paleogeographic maps are 

relevance for reservoir exploration in the deep-water parts of the basin, 
of which largely unexplored. 

Our work builds upon the results in a companion paper (Kamar
uzaman et al., 2023) that fully analysed and parameterised the 
morphology of canyons, channels and gullies in the Middle and Late 
Miocene continental slope succession of offshore southern and central 
Taranaki Basin. That study established the importance of the increasing 
depositional slope angle through time upon the change in conduit type 
expressed within the slope succession, due to an increase in the rate of 
terrigenous sediment supply to the basin. We build upon that work by 
extending it to the deep water occurrence and characteristics of two new 
submarine fans in offshore western Taranaki Basin. 

Fig. 1. Map of the study area in Taranaki Basin, New Zealand, showing the location of 2D and 3D seismic surveys and some drill holes relevant to this study. GIS data 
from NZP&M (20182). Refer Figure i in Supplementary Data for more information. 
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2. Geological setting of Taranaki Basin 

Taranaki Basin is a long-lived (Late Cretaceous – Cenozoic) depo
center offshore of central-western North Island (Fig. 1). This basin 
formed during three phases of crustal extension, followed by crustal 
shortening and then late extension (backarc to the modern Hikurangi 
margin subduction zone) (King and Thrasher, 1996; Strogen et al., 
2022). The first phase of extension is considered to have occurred during 
c. 105–c. 83 Ma (Albanian – Campanian) (Strogen et al., 2017); the 
second occurred during 80–55 Ma (Campanian – Ypresian), concurrent 
with seafloor spreading in the Tasman Sea (King and Thrasher, 1996; 

Gaina et al., 1998; Strogen et al., 2017). The third phase of extension 
occurred during 38–28 Ma (Bartonian – Rupelian) and only affected 
southern Taranaki Basin (King and Thrasher, 1996; Strogen et al., 2014). 
These early extension phases set forth the bathymetric deepening of 
Taranaki Basin towards New Caledonia Basin (Strogen et al., 2022), 
affecting later sedimentation in the basin (King and Thrasher, 1996). 
Crustal shortening started in North Taranaki Basin during the Late 
Eocene to Early Oligocene, affecting central and southern Taranaki 
Basin during the Late Oligocene and Neogene (King and Thrasher, 1996; 
Campbell et al., 2003; Stagpoole and Nicol, 2008; Bierbrauer et al., 
2008; Strogen et al., 2014). This shortening was focussed within the 

Fig. 2. Interpreted regional composite seismic line showing the main reflectors that mark the base and top of the Miocene succession. See Fig. 1 for the section 
location. The approximate location for interpreted fans by Kroeger et al., 2019) are upper Moki Formation Fan (UMKF) and lower Mount Messenger Formation Fan 
(LMMF) in the Southern Taranaki Basin region (Miocene slope). This study interpreted deep-water fans as Mount Messenger Deep Water Fan 1 (DWF1) and Deep 
Water Fan 2 (DWF2), located in the Western Taranaki Basin region (Miocene lower slope and basin plain). 

Fig. 3. (A) South to north cross section showing the generalised Late Cretaceous to Late Miocene stratigraphy of southern Taranaki Basin at ~8 Ma, based on basin 
modelling (simplified from Bull et al., 2019); See Fig. 1 for the section location. (B) Chronostratigraphic diagram and sea level curve for Taranaki Basin showing that 
the Moki Formation was deposited during the Early to Middle Miocene and the Mount Messenger Formation during the Late Miocene. Manganui Formation is the 
mudstone that encloses the Moki and Mount Messenger formations (chronostratigraphy simplified from Bull et al., 2019; sea level curve from Miller et al., 2020). 
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Taranaki Fault System along the eastern margin of the basin. 
The structural development of Taranaki Basin is expressed in its 

stratigraphy (Figs. 2 and 3A), as detailed by King and Thrasher (1996), 
which remains the most complete description of the basin and its 
development. Fig. 3B shows a simplified chronostratigraphy of the 
Miocene succession in Taranaki Basin. Important stratigraphic elements 
of the Miocene succession are the dominance of mudstone facies 
(Manganui Formation) and the occurrence of two sandstone intervals 
within it (Moki and Mount Messenger formations). Inversion of southern 
Taranaki Basin started around 12 Ma (Serravallian) (Kamp and Green, 
1990; Crowhurst et al., 2002), involving reversal of the sense of throw 
on prior normal faults (King and Thrasher, 1996). This inversion resul
ted in erosion of the late-Early and Middle Miocene succession that had 
accumulated in southernmost parts of the basin. It forced progradation 
of the shelf-slope system northward and westward through the basin, 
culminating in the Pliocene – Pleistocene accumulation of the Giant 
Foresets Formation in North Taranaki Basin (Fig. 2) (Hansen and Kamp, 
2002; Kamp et al., 2004). Most of the pre-12 Ma sediment was probably 
sourced from the Oligocene and Miocene thrust belt along the eastern 
margin of the basin and from basement along its southern margin. From 
12 Ma onwards, the sediment supplied to the basin was mostly sourced 
from crustal shortening, uplift and erosion of basement in the Southern 
Alps, South Island (Kamp et al., 1989; Tippett and Kamp, 1993). Hence 
the Moki Formation (~16–13 Ma, Late Altonian to Early Lillburnian 
stages) had a different provenance to that of the Mount Messenger 
Formation, which started accumulating at about 12 Ma (latest Middle 
Miocene, ~12 Ma, Waiauan Stage) concurrent with the start of 
intra-basin inversion. 

In this study we have analysed the upper Moki Formation (age 
duration ~14–13 Ma, Lillburnian Stage; Cooper et al., 2004) and the 
Mount Messenger Formation (age duration ~12–6 Ma, Waiauan, Ton
gaporutuan and Kapitean stages) (Fig. 3A) in southern, central and 
western Taranaki Basin. Stage boundaries have been located on 

biostratigraphic criteria in drill hole sections (Roncaglia et al., 2013) 
and we have tied them to seismic reflection data in the study area. In this 
study we have adopted the spatial positions of morphological bound
aries (shelf-slope break; upper, middle and lower slope) determined for 
the basin during its Miocene development by previous paleoecological 
work on drill hole samples in combination with seismic reflection 
mapping, as shown on the paleogeographic maps in Strogen et al. (2011) 
(see Table i in Supplementary Data). Both the Moki and Mount 
Messenger formations accumulated on the continental slope at the time 
and in deeper water parts of the basin plain towards the New Caledonia 
Basin. The Miocene section thins westward towards the basin plain from 
a thickness of 1700 m in the vicinity of the Maui Oil Field (Maui-3 drill 
hole; upper slope position) to 700 m in deep Taranaki Basin (Romney-1 
drill-hole) (Fig. 1). 

3. Context for our re-assessment of Miocene fans in Taranaki 
Basin 

In our analysis we have critically re-assessed the occurrence of 
Miocene submarine fans in southern and central Taranaki Basin, as re
ported most recently by Kroeger et al. (2019) for the upper Moki For
mation and for the lower Mount Messenger Formation (Fig. 4). We do 
not address the lower Moki Formation fans reported by Kroeger et al. 
(2019) because there are no stratal patterns defining their extent and 
internal depositional fabric. Hence we cannot map them to demonstrate 
that they do not show the accepted stratal patterns of submarine fans. 
Nevertheless, their study was the first to apply amplitude extraction to 
map the extent of Miocene submarine fans in Taranaki Basin, which was 
an advance upon the mapping of their extent based upon wireline log 
interpretations alone (e.g., Strogen et al., 2011). 

The work on Miocene submarine fan occurrence in Taranaki Basin 
was originally undertaken by petroleum company geologists (e.g., de 
Bock, 1994; Bussell, 1994). The first research-based investigation of the 

Fig. 4. Paleogeography maps of Kroeger et al. (2019) showing the location and distribution of: (A) upper Moki Formation channels and fans (Lillburnian Stage (Sl), 
~14 Ma); and (B) lower Mount Messenger Formation channels and fans (Waiauan (Sw) to Early Tongaporutuan (Tt) stages, ~13–12 Ma) in southern and central 
Taranaki Basin. The approximate location of the upper Moki Formation Fan (UMKF) and lower Mount Messenger Formation Fan (LMMF) are shown in Fig. 2. 
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Moki and Mount Messenger formations was undertaken by King and 
Thrasher (1996). They reported that these two sandstone formations 
were characterised by high amplitude signals in seismic reflection pro
files, and based on this feature and wireline log interpretations, mapped 
the distribution of channels and fans. King and Thrasher’s (1996) in
terpretations were strongly informed by down-hole tabular or blocky SP 
and gamma-ray log motifs (e.g., in Maui-4 and Te Whatu-2 records). 
Their extensive Moki and Mount Messenger fan interpretations were 
reported in a series of paleogeographic maps. A second generation of 
paleogeographic maps showing the extent of canyons, channels and fans 
in the Moki and Mount Messenger formations was reported by Strogen 
et al. (2011). Seven paleogeographic maps cover the interval from 16.5 
to 7.2 Ma. These maps draw heavily upon the fan extents shown in King 
and Thrasher (1996), although they were modified to be consistent with 
new paleobathymetric data. Attribute mapping in selected areas and 
seismic facies mapping are claimed to have assisted in the remapping of 
these submarine fans (Strogen et al., 2011), although no details were 
given. The mapping of submarine fans and channels by Kroeger et al. 
(2019) is the most recent contribution and the first to have used 
amplitude extraction to map these depositional elements. Hence we 
refer to that work in relation to demonstrating the importance of 

detuning seismic reflection data within the intervals ahead of amplitude 
extraction and mapping. The outcome is that we dismiss all of the lobes 
and fans in their upper Moki and Mount Messenger formation palae
ogeographic maps (Fig. 4). Separately, we have mapped the occurrence 
and character of two new distal deep-water fans in offshore western 
Taranaki Basin, which we attribute to lying within the lower and up
permost Mount Messenger Formation. Strogen et al. (2011) also re
ported the distribution of submarine fans beneath on land Taranaki 
Peninsula and in offshore North Taranaki Basin. They were not consid
ered in the Kroeger et al. (2019) study. Neither have we re-assessed 
those “fans” here, although our investigations in eastern parts of 
offshore North Taranaki Basin and the well known coastal outcrop 
section so far do not support their occurrence in those areas; rather, we 
regard the sandstone beds as slope deposits, including as channels and 
gully fills. 

4. Data and methods 

This study utilises 6550 km2 of 3D and 24,000 km of 2D seismic 
reflection data as well as petrophysical well log data for 14 drill holes 
(see Table ii in Supplementary Data) accessed through the New Zealand 
Petroleum and Minerals database (https://www.data.nzpam.govt.nz) 
(Fig. 1). The quality of the 2D and 3D seismic data (see Table iii in 
Supplementary Data) is good to excellent. These data were examined 
using integrated methodologies that leverage several key disciplines, 
including seismic interpretation, seismic stratigraphy, seismic attributes 
analysis, well log interpretation and seismic geomorphology. 

Coloured inversion was implemented to the 3D seismic volumes to 
boost the low-frequency seismic response, thereby increasing the reso
lution of the seismic data in the intervals of interest (Lancaster and 
Whitcombe, 2000; Maurya and Singh, 2017; Assis et al., 2018). Syn
thetic seismographs were then aligned with the seismic data to guide the 
mapping of regional horizons, while incorporating biostratigraphy 
markers from Roncaglia et al. (2013). For time-depth conversion, a 
regional velocity model was constructed using borehole checkshot data. 
The average seismic velocity of the Miocene interval ranged from 1200 
to 3000 ms− 1, with a mean value of 2200 ms− 1. 

The effects of thin-bed tuning on seismic data due to constructive and 
destructive interference (Simm and Bacon, 2014), were assessed using 
wedge models analysed in the Cegal Blueback plugin for Petrel (http 
s://www.cegal.com/en/software) (Fig. 5). A process of seismic ampli
tude detuning was carried out to leave only meaningful seismic ampli
tudes in the data (Brown et al., 1986; Bunt, 2015; Francis, 2015; Guo 
et al., 2015; Ab Fatah et al., 2016). 

Mapping geomorphological elements began with identifying and 
mapping major canyon and channel networks because they are the 
sediment conduits necessary to build submarine fans. Their mouths are 
where fans are expected to develop (Posamentier and Erskine, 1991; 
Covault et al., 2012; Deptuck and Sylvester, 2018; Fildani et al., 2021). 
Next, we compared the seismic reflection patterns in the interval of in
terest against specific seismic stratal pattern criteria developed by pre
vious workers for identifying submarine fans (e.g., Sarg and Skjold, 
1982; Mitchum et al., 1985; Posamentier and Erskine, 1991) (Table 1). 
These criteria include: (i) pinch out of reflectors against high 
paleo-seafloor topography, (ii) continuous high-amplitude reflectors 
that onlap basin margins, (iii) the occurrence of bidirectional down
lapping reflectors within fans or lobes, and (iv), subtle low-relief 

Fig. 5. Example wedge models for (A) 2D seismic data and (B) 3D seismic data 
from Taranaki Basin. Each example model uses a different velocity and fre
quency. The models show the thickness at the onset of the tuning effect (24 ms 
in A and 50 ms in B), the tuning thickness (12 ms in A and 25 ms in B), and the 
limit of resolution (6 ms in A and 12.5 ms in B). Calculations are based on 
Widess (1973). 

Table 1 
List of stratal patterns used to identify fans in seismic data, as outlined by Pos
amentier and Erskine (1991).  

1. Reflectors pinch out against high seafloor topography. 
2. Continuous high-amplitude reflectors onlap basin margin. 
3. Bidirectional downlap reflectors within the fans or lobes. 
4. External mounding on the fan top bounding surface.  
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external mounding of any upper bounding surface/reflector of a fan. 
During this comparison we considered both Widess’ (1/4 λ; Chopra 
et al., 2006) and Rayleigh’s (1/2 λ; Kallweit and Wood, 1982) vertical 
seismic resolution limits to determine the range of geobody thickness 
that would be resolvable in our data. This is because seismic stratal 
pattern recognition depends upon vertical seismic resolution as a func
tion of velocity, frequency, and wavelength (Widess, 1973; Kallweit and 
Wood, 1982; Posamentier et al., 2022). 

In addition to mapping seismic reflector geometry, we also applied 
seismic geomorphological concepts to seismic attributes extracted from 
the interpreted horizons using the Root Mean Square (RMS) amplitude 

and variance (e.g., coherence and curvature) attributes (Miller and 
Stuart, 1992; Sømme et al., 2013; Bunt, 2015). These attributes are 
important for distinguishing Moki and Mount Messenger formation 
sandstone beds from the background mudstone of the Manganui 
Formation. 

Detuned seismic attribute analysis was based on the concepts of 
Connolly (2007) and Simm (2009). During analysis of seismic amplitude 
attribute maps, we picked base and top horizons for each interval as well 
as additional horizons within the interval to sub-divided our analysis. 
Extra horizons were inspected to constrain amplitude analysis using 
relatively small time-windows (i.e., ~30 ms for the upper Moki For
mation and ~40 ms for the lower Mount Messenger Formation). To 
constrain the amplitude in the upper Moki Formation we used two 
sub-intervals (i.e., UMK 1 and UMK 2) and in the lower Mount 
Messenger we used three sub-intervals (i.e., LMM 1, LMM 2 and LMM 3). 
Finally, horizons were flattened and structural balancing was applied to 
the 3D seismic data to measure the gradient of the slope. Slope gradient 
was smoothed using a window of roughly 10–50 km2 to remove the 
effects of seafloor irregularities. 

5. Terminology 

5.1. Submarine-fan subdivisions 

There are numerous models of submarine fans in the literature 
(Bouma, 1962; Walker, 1978; Mitchum et al., 1985; Vail, 1987). These 
models generally subdivide fans into feeder canyon-channels, upper fan, 
middle fan, and lower fan components (Fig. 6A), based on the following 
criteria: (i) geometry, morphology and organisation of channel com
plexes within a fan, (ii) longitudinal (i.e., down dip) seismic facies 
variations, (iii) channel depth and fan thickness, and (iv), seafloor slope 
gradient where a fan may have developed (Mutti and Ricci-Lucchi, 
1972; Walker, 1978; Droz and Bellaiche, 1991; Weimer and Link, 
1991; Escutia et al., 2000; Curray et al., 2002). However, due to limi
tations in the interpretation of fan elements in 2D seismic data, we 
describe Taranaki Basin Miocene fans using a simplified tripartite 
scheme consisting of (i) feeder canyon and distributary channels, (ii) 
upper fan segment, and (iii), lower fan segment. 

With regard to the findings of previous studies, submarine fan di
visions can be distinguished by their key characteristics, and in parts, we 
use these key characteristics to guide our fan system interpretation. On 
the continental slope at gradients of ~2–5◦, feeder canyon-channels are 
generally narrow with steep walls (Droz and Bellaiche, 1991; Cronin 
et al., 2005; Kamaruzaman et al., 2023). They widen significantly as 
they become less confined towards the basin plain, where depositional 
gradients decrease to the range ~0–2◦. The upper fan segment typically 
shows low-relief external mounding on upper seismic reflectors 
compared with lower fan segments (Posamentier and Erskine, 1991; Lee 
et al., 1996). Seismic facies of the upper fan show medium to 
high-amplitude reflectors indicative of the presence of sand-prone strata 
(Walker, 1978; Weimer, 1990; McHargue, 1991; Deptuck et al., 2003). 

Fig. 6. (A) Conceptual model of an ancient fan system used in this study that 
demonstrates the fan system comprises an upper fan segment, including feeder 
and distributary channels and a lower fan segment on a shallower slope 
gradient of the basin plain (modified from Walker, 1978). This study adapted 
this fan model to map the Miocene fans’ divisions and the associate feeder 
canyons and/or channel networks on continental slope. (B) Conceptual model 
of sandy debris flows that develop on slope margins. Debris flows occur due to 
the down-slope evolution of a mass-slumping event, i.e., the 1929 Grand Banks 
earthquake (modified from Piper et al., 1999). 

Fig. 7. Example facies characteristics of debrites, densites and turbidites, alongside typical gamma-ray lot motifs. Debrites are characterised by blocky sandstone 
bodies with abrupt lower and upper contacts, densites show a more subtly transitional upper contact, and turbidites have a very gradational profile from their base to 
top. Note the presence of mud clasts in debrites and their absence from turbidites (modified from Gani, 2004). 
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In contrast, the lower fan region typically displays mainly 
low-amplitude reflectors representing mud-prone deposits. The basal 
bounding surface of the upper fan exhibits prominent erosional effects, 
while the erosional basal bounding surface in the lower fan is hardly 
recognisable on seismic data. The upper fan is narrower than the lower 
fan as the fan widens towards the lower slope and basin plain (Fig. 6A) 
(Walker, 1978). The number of distributary channels also differs be
tween the upper fan and lower fan segments; there are more channels in 
upper versus lower parts of a fan (Normark and Gutmacher, 1983; Flood 
and Damuth, 1987). This study focuses on mapping the fan systems 
rather than describing their internal hierarchy and therefore we have 
chosen to refrain from applying any fan hierarchical models. 

5.2. Sedimentary processes and deposits 

A range of depositional mechanisms are inferred for continental 
slopes and on basin floors, resulting in a confusing lexicon in the liter
ature (Talling, 2013; Shanmugam, 2016). To standardize our terminol
ogy we have adopted the Gani (2004) model of gravity flow deposits 
(Fig. 7). We have applied this model to the interpretation of wireline log 
records for drill holes investigated in the study area, following (Bern
hardt et al., 2012; Shanmugam and Wang, 2015; Fudol et al., 2019). This 
has involved focussing on differentiating blocky gamma-ray log motifs 
with sharp upper and lower contacts (debris flow deposits) from 
bell-shaped (i.e., gamma-ray increasing upwards) log motifs (turbidity 

current deposits). A conceptual example is shown in Fig. 7 exhibiting 
debrites, densites and turbidites. Densites in particular, represent hybrid 
deposits consisting commonly of a lower debrite and an upper turbidite 
without developing any bedding plane in between, originated by 
bipartite sediment gravity flows (Gani, 2004). These deposits originated 
by flow transformation, or simultaneous or retrogressive release of 
co-genetic debris flows and turbidity currents, and belong to the class of 
hybrid event beds (Davis et al., 2009; Haughton et al., 2009; Talling, 
2013). We chose this model (Fig. 7) in our study because we want to 
objectively distinguish the resultant sandstone bodies of sediment 
gravity flow processes. These processes can also produce 
mud-dominated deposits such as muddy debrites and turbidites (Amy 
and Talling, 2006; Shan et al., 2019; Patacci et al., 2020), however they 
are not the focus of this study. Where available, we have used drill cores 
to distinguish amongst gravity flow deposits. 

While submarine fans can be constructed by a variety of sediment 
gravity flow deposit types, including debrites, densites and turbidites 
(Middleton and Hampton, 1973; Lowe, 1982; Shanmugam, 2000; Davis 
et al., 2009; Haughton et al., 2009), these deposits are not exclusive to 
fan systems. For example, sediment gravity flow deposits also occur in 
relation to submarine mass movement such as on the continental slope 
(Lee et al., 2007; Micallef et al., 2007; Parsons et al., 2007; Talling et al., 
2007; Shanmugam, 2009; Fudol et al., 2019) (Fig. 6B). This distinction is 
relevant to the arguments we set forth later in this paper. 

6. Results and interpretations 

6.1. Resolution of seismic data 

Calculation of the Widess and Rayleigh seismic resolution limits 
yielded a vertical resolution ranging from 6 to 16 ms within the strati
graphic intervals of interest on both 2D and 3D seismic data, respec
tively, from the study area, depending on the dominant frequency range 
(Table 2). This calculation also gives the thin bed tuning thickness and 
the thickness at which the onset of tuning occurs. Calculation of seismic 

Table 2 
Seismic data parameters and their calculated resolution. Parameters are based 
on Widess (1973).  

Seismic 
data type 

Dominant 
frequency within 
interval of 
interest (Hz) 

Thickness at 
onset of tuning 
effect ƛ/2 (ms) 

Tuning 
thickness ƛ/ 
4 (ms) 

Resolution 
limit ƛ/8 
(ms) 

2D 20 to 35 50 to 64 25 to 32 12.5 to 16 
3D 40 to 50 24 to 40 12 to 20 6 to 10  

Fig. 8. Seismic cross-sections intersecting the interpreted “fans” of Kroeger et al. (2019) compared with the recognition parameters outlined in Posamentier and 
Erskine (1991) (Table 1). (A) Upper Moki Formation showing continuous high amplitude reflectors but (i) without pinchout of reflectors against the paleo-sea floor, 
(ii) bidirectional downlap of reflectors within fans, or (iii), external mounding of reflectors at the top of the fan. (B) Lower Mount Messenger Formation that does 
show continuous high amplitude reflectors but does not show pinchout of reflectors against the paleo-sea floor, bidirectional downlap of reflectors within fans, or 
external mounding of reflectors at the top of the fan. Refer Fig. 4 for transect line location. 
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resolution limits of the data mean that not all fan elements are detect
able. For example, individual lobes and/or lobe complexes may not be 
resolvable. 

6.2. Part I: objective evaluation of previous interpretations of Moki and 
Mount Messenger formation submarine fans 

6.2.1. Upper Moki Formation 
Objective comparison of the parameters outlined in Table 1 against 

the Kroeger et al. (2019) map for the upper Moki Formation (their 
Figure 6C) demonstrates that (1) only one of the five Posamentier and 

Erskine (1991) seismic reflection criteria for submarine fans is met; 
specifically, the presence of continuous high amplitude reflectors 
throughout the interval. Seismic section Fig. 8A, which crosses the 
Kroeger et al. (2019) upper Moki Formation fan, shows this point. (2) 
Further interrogation of the locations of high seismic amplitude loca
tions on the map in Fig. 9 shows that there are significant differences 
between the RMS amplitude attribute extraction and the detuned 
amplitude attribute extraction. The amplitude extraction maps of 
Kroeger et al. (2019) (their Figures 12A and B) used proportional slices. 
They did not specify if the maps show RMS or average amplitude, and 
therefore, we could not reproduce the maps exactly. As a result, in this 

Fig. 9. Root mean squared (RMS) amplitude and detuned amplitude maps for the Moki and Mount Messenger formations (A) upper Moki Formation RMS amplitude 
and B) upper Moki Formation detuned amplitude. (C) Lower Mount Messenger Formation RMS amplitude and (D) lower Mount Messenger Formation detuned 
amplitude. Note how much of the high amplitude area was reduced during the detuning process. Most of the remaining high amplitude areas are interpreted as sandy 
debris flow deposits, although there is uncertainty in interpreting high amplitude areas away from well control. The underlain contour maps are in TWT (ms). Refer 
to Supplementary Data for complete set of maps for each sub-interval. 
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study we take the maps as RMS amplitude and demonstrate the effect of 
seismic tuning on it. Comparison between their amplitude extraction 
and our detuned amplitude attribute extraction for one of the 
sub-intervals (Fig. 10) shows a significant reduction in the area of 
high-amplitude (Fig. 9A and B; see Figure iii in Supplementary Data for 
complete sub-intervals). Furthermore, the distribution of high ampli
tude in the detuned map does not show a lobate morphology as would be 
expected of fans, but instead displays a patchy (isolated) pattern. (3) A 
third aspect of the Kroeger et al. (2019) submarine fan interpretation for 
the upper Moki Formation is the presence of low gamma-ray signatures 
in drill hole logs. The gamma-ray log motifs show blocky profiles with 
sharp basal and upper contacts (Fig. 10B), which they interpreted as 
imaging turbidites. However, we note that such gamma-ray log motifs 
are equivocal and may also be interpreted as amalgamated sandy debris 
flow deposits (see examples in Bernhardt et al., 2012; Shanmugam and 
Wang, 2015; Fudol et al., 2019). (4) A final aspect that questions the 

interpretation made by Kroeger et al. (2019) for the fan-like character of 
the upper Moki Formation, is that they did not clearly define a fan 
morphology (i.e., the upper, middle and lower fan regions), which 
precludes objective seismic interrogation of their mapped fan systems. 
When taken together and in context, our results demonstrate that there 
is insufficient evidence to support the interpretation and occurrence of 
widespread submarine fan systems in the upper Moki Formation within 
southern Taranaki Basin. 

6.2.2. Lower Mount Messenger Formation 
As with the upper Moki Formation interval, we compared the pa

rameters outlined in Table 1 against the lower Mount Messenger For
mation fans mapped by Kroeger et al. (2019; that is, their Figure 6D). 
Our results show that the only Posamentier and Erskine (1991) criteria 
possibly defining their inferred submarine fan system is the occurrence 
of continuous high amplitude reflectors throughout the lower Mount 

Fig. 10. (A) Seismic cross-section and (B) well correlation panel showing the sub-intervals within the upper Moki Formation and lower Mount Messenger Formation 
used during the seismic detuning process. The upper Moki Formation is split into the UMK 1 and UMK 2 intervals. The lower Mount Messenger Formation is divided 
into the LMM 1, LMM 2 and LMM 3 intervals). Refer to Fig. 9A and C for the location of the cross-section and drill holes. 

E.H. Kamaruzaman et al.                                                                                                                                                                                                                     



Marine and Petroleum Geology 161 (2024) 106664

10

Messenger Formation interval (Fig. 8B). Comparison between their RMS 
amplitude extraction versus our detuned amplitude extraction shows a 
significant reduction in the area of high amplitude (Fig. 9C and D; see 
Figure iv in Supplementary Data for complete sub-intervals). However, 
in the detuned amplitude map an area of high amplitude remains in the 
northern part of the map, which Kroeger et al. (2019) referred to as the 
“SW Sands”. 

Finally, gamma-ray log motifs of the sandstone bedsets in the lower 
Mount Messenger Formation display mainly blocky profiles with sharp 
basal and top contacts (Fig. 10B), which, Kroeger et al. (2019) infer to be 
turbidite fans. However, the morphology of their mapped fans is not 
clearly defined in terms of upper, middle, and lower fan zones and their 
inferred fans (high amplitude areas) are located marginal to what we 
map as through-going channel margins (but which Kroeger et al. (2019) 
map as fans atop channels). Based on these observations, we simply do 
not find enough evidence to support the interpretation of fan systems 
occurring within the lower Mount Messenger Formation interval where 
they have been mapped by Kroeger et al. (2019). 

6.3. Revised mapping of Moki and Mount Messenger formations 

In this section we revisit the same dataset used by Kroeger et al. 
(2019) and more seismic data to the north of it, and propose an alternate 
interpretation for the deep-water sedimentary systems in the Moki and 
Mount Messenger formations in offshore southern Taranaki Basin. 

6.3.1. Upper Moki Formation 

6.3.1.1. Channel complex networks. Mapping of the channel complex in 
the upper Moki Formation in southern Taranaki Basin demonstrates that 

it is oriented south to north (Fig. 11A), crossing middle and lower slope 
regions, roughly 30 km north of the shelf edge and about 50 km north of 
the contemporary (Lillburnian, ~14 Ma) shoreline. Incised channel 
complexes drained northward normal to obliquely across a smooth slope 
with gradients ranging from 0.2 to 0.5◦ (Fig. 11A). The channel com
plexes within the middle slope region (mean slope gradient: 0.4◦) are 
mainly aggradational, straight to slightly sinuous (mean sinuosity index: 
1.1), with a maximum width of 2.5 km. In contrast, on the lower slope 
region (mean slope gradient: 0.2◦), individual channels within the 
prominent channel complex are highly sinuous (mean sinuosity index: 
2.4) and their maximum width decreased to approximately 1.2 km 
(Kamaruzaman et al., 2023) (Fig. 11A). 

6.3.1.2. Gravity flow deposits on the slope. As shown in the previous 
section, detuned seismic amplitude maps display high amplitudes 
mainly within the slope region and they have a patchy distribution 
(Fig. 9B). The gamma-ray log response in the drill holes that intersect the 
high-amplitude area have blocky log motifs with sharp basal and upper 
contacts (Figs. 10B and 12A). Furthermore, these low gamma-ray in
tervals (sandstone bedsets) are not readily correlated between neigh
bouring drill holes (i.e., distance between drill holes ranges from ~1 to 
6 km). The thickest sandstone intervals are up to 40 m thick in the Maari- 
2 drill hole located within the middle slope (Fig. 12A). In the Tui-1 drill 
hole, situated within the lower slope region, sandstone intervals get as 
thick as 28 m (Fig. 10B). Analysis of core data extracted from these in
tervals shows that they consist of massive (predominantly fine-grained) 
sandstone beds with mud clasts with long axes of up to 10 cm 
(Fig. 12B–F). 

We interpret the patchy high (detuned) amplitude seismic distribu
tions (Fig. 9B) to represent localised slope sandstone deposits (i.e., not 

Fig. 11. Slope gradient map of (A) upper Moki Formation and (B) lower Mount Messenger Formation in South Taranaki Basin showing a trend of decreasing gradient 
to the north and northwest. Slope gradients range from 0.6 to <0.1◦ in the upper Moki Formation and from 1.0 to 0.3◦ in the lower Mount Messenger Formation. The 
lower Mount Messenger slope gradient is adapted from Kamaruzaman et al. (2023). 
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lobate fans), and this is supported by the fact that sandstone intervals 
cannot be correlated on wireline logs between neighbouring drill holes 
(Figs. 9B and 12A). Nevertheless, due to the complexity of deep-water 
sedimentary systems (Stow and Mayall, 2000; Shanmugam, 2013), the 
localised sandstone deposits could also be reworked by contourite drifts 
(Kroeger et al., 2019). In addition, blocky gamma-ray log motifs, the 
massive internal nature of sandstone beds, including the presence of 
mud clasts (Fig. 12B–F), suggests that these deposits were generated by 
gravity flows with high sediment concentrations, low Reynolds numbers 
(i.e., laminar), and a relatively strong matrix strength (Gani, 2004). 
Hence, the deposits of the upper Moki Formation on the depositional 
slope margin are interpreted here to be amalgamated sandy debrites 
following Gani (2004) and other publications (e.g., Talling et al., 2007; 
Haughton et al., 2009; Shanmugam et al., 2009; Jin et al., 2021) (Fig. 7). 

6.3.2. Lower Mount Messenger Formation 

6.3.2.1. Canyon-channel complex network. The lower Mount Messenger 
Formation canyon-channel networks originated from, and lie within, 
southern Taranaki Basin, roughly 16–22 km from the contemporary 
(Waiauan, ~12 Ma) shoreline (Fig. 11B). The canyons reached 9 km 
wide on the lower slope (Fig. 9C and D). The canyon-channels directed 
sediment in a SE-NW direction, incising into the lower slope margin in 
the vicinity of the Maui Field (Fig. 1). 

Numerous lower Mount Messenger Formation canyon-channels are 
observed incised into thick sandy strata forming a network. The canyon- 
channels developed on a smooth slope gradient of 0.4◦ to 1◦ (Fig. 11B) 
along the bottomset of sigmoidal clinoforms (Kamaruzaman et al., 
2023). Seismic profiles reveal that asymmetrical v- and u-shaped in
cisions, which are narrow at their base, are the dominant type of canyon 
incision (Fig. 10A). Internal seismic configuration within the canyons 

Fig. 12. (A) Gamma-ray log motifs for the upper Moki Formation interval in the upper slope region from selected drill holes. (B) To (D) core photographs from Maari- 
2 through interpreted sandy debris flow deposits showing floating mudstone clasts. (E) Core photograph from Maari-1 showing sandstone within mudstone. (F) Core 
photograph from Maari-1 showing a mudstone clast within an ungraded sandstone. The sandy deposits are considered debrites. (G) Location of drill holes, refer 
Fig. 11A for the location of the area. 

Fig. 13. (A) Seismic cross-section showing a detachment surface at the base of sandy debris flow deposits in the lower Mount Messenger Formation. (B) A close-up 
view of the detachment surface. See Fig. 9D for location. 
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shows high amplitude discordant seismic reflectors at the base. The 
canyons are filled with vertical and lateral stacked u-shaped channel 
complexes of 50–200 m thickness (Kamaruzaman et al., 2023). These 
channel complexes are manifest as a combination of parallel to 
sub-parallel and divergent low to medium amplitude seismic reflectors, 
dipping at low angles toward channel thalwegs. 

6.3.2.2. Gravity flow deposits on the slope. The detuned seismic ampli
tude map for the lower Mount Messenger Formation shows high 
amplitude patches on the lower slope (Fig. 9C and D; SW Sands). Further 
investigation of the seismic facies occurring within these patches show 
sudden changes from continuous, parallel and high amplitude reflectors 
to discontinuous, discordant and mixed low to medium amplitude re
flectors at the base of the interval (Fig. 13A and B). Notably, no feeder 
channels are observed at the stratigraphic interval where these seismic 
facies change as described above. Furthermore, extraction of the cur
vature seismic attribute along the base horizon (i.e., detachment sur
face) displays a rugose pattern within the area where the “SW Sands” 
occur as opposed to a smooth surface in other areas on the map (Fig. 14). 

Wireline log cross-sections show a general basinward thickening of 
sandstone bedsets represented by overall blocky and narrow-spiky 
gamma-ray log motifs (Fig. 9B). The sandstone beds are poorly consol
idated and comprised of very fine to fine sand (New Zealand Overseas 
Petroleum Ltd, 2004). The thickest sandstone interval is ~50 m, recor
ded in the Pateke-2 drill hole. However, these sandstone intervals cannot 
be individually correlated down dip. 

Based on the distribution of high-amplitude regions in detuned 
amplitude maps, the lack of feeder channel mouths and the blocky 
gamma-ray log characteristics with poor lateral and down-dip continu
ity, we interpret the Mount Messenger Formation interval in the area, as 
analysed by Kroeger et al. (2019), to be dominated by amalgamated 
sandy debris flow beds separated by mudstone. These debrites would 
have been deposited on the lower slope by flows with high sediment 
concentration, a low Reynolds number (i.e., laminar flow), and a rela
tively high matrix strength (Fig. 7). This interpretation is further sup
ported by seismic reflection profiles that show down-dip (towards the 
NW, parallel to slope orientation) changes in their coherence, amplitude 
and vertical stacking, which we take to represent a detachment surface 
at the base of a sandy debris flow interval (Fig. 13). The rough surface 
identified at the base of the lower Mount Messenger Formation (Fig. 14) 
is attributed to the scouring of debris flows into the underlying 
mudstone strata ahead of the actual deposition from the debris flow 
(Fig. 13). The analogue to this interpretation (debris flows) is presented 
in publications (e.g., Piper et al., 1985; Sohn, 2000; Pareschi et al., 

Fig. 14. Curvature seismic attribute extraction from the base of an interval 
characterised by sandy debris flows in the lower Mount Messenger Formation. 
The surface is characterised by rugose, topopgraphy, and is interpreted as a 
debris flow detachment surface (+10 ms). 

Fig. 15. Revised paleogeography maps of: (A) upper Moki Formation (~14 Ma), Mount Messenger Formation (B) Deep Water Fan System 1 (labelled DWF1 in Fig. 2) 
and (C) Deep Water Fan System 2 (labelled DWF2 in Fig. 2). Note that we remove fans from the paleogeography maps in South and central Taranaki Basin entirely in 
all intervals, but depict new fans in deep Taranaki Basin in B and C. The paleobathymetry, active faults and volcanoes are adapted from Strogen et al. (2011). 
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2000). 

6.4. Part II: new insights into the Taranaki Basin deep-water fan systems 

We further investigated here the Mount Messenger Formation fan 
systems in deep-water Taranaki Basin beyond the contemporary depo
sitional slope. This mapping and interpretation were carried out using 
the fan criteria of Posamentier and Erskine (1991), as outlined in 
Table 1. The results show that in offshore western Taranaki Basin there 
are two main deep-water fan systems: (i) a Middle Miocene Deep Water 
Fan System 1 (~13–12 Ma; Waiauan Stage), and (ii) a Late Miocene 
Deep Water Fan System 2 (~7–6 Ma; Kapitean Stage), both of which are 
characterised by a terminal submarine fan (Fig. 15). The pathway for the 
older of the two fan systems originated from the southeast part of the 
basin and propagated through the Maui Field area, routing sediment in a 
southeast to northwest direction to deep Taranaki Basin. The younger 
sediment pathway (Late Miocene Deep Water Fan System) originated in 
the south and flowed directly northward to the deep-water basin plain. 
Here, we describe both deepwater fan systems appealing to a simplified 
tripartite scheme consisting of (i) feeder canyon-channel networks, (ii) 
upper fan segment, and (iii) lower fan segment. 

6.4.1. Deep water fan system 1 (Middle Miocene) 

6.4.1.1. Feeder canyon-channel networks. The Mid-Miocene feeder 
canyon-channel is located on the lower slope and can be divided into 
upper and lower parts, which together form a network. The upper part of 
the feeder canyon-channel displays prominent convex-upward bulges 
with highly asymmetry canyon walls (Fig. 16A). The canyons contain 
dense multi-storey (stacked) lateral channel complexes. The canyons 
have an average width of 8 km and an average depth of 215 m. The 
confined channel complexes have lesser widths and depths that range 
from 0.5 to 2 km and 20 to120 m, respectively (Kamaruzaman et al., 
2023). In map view, these internal channels are linear to sinuous. The 
slope gradient in the region ranges from 0.3 to 0.5◦. 

The lower part of this canyon-channel network passes basinward into 
the main feeder channel where it becomes less confined and has nearly 
symmetric walls (Fig. 16B). Wall steepness decreases significantly as the 
main channel broadens across the lower slope with a gradient less than 
0.2◦. A convex-up surface at the top of the channel complex is observed 
throughout the region, even though the convex-up surface is less con
spicuous than in the upper feeder canyon-channel region. The width of 
the main channel increases from ~12.5 to ~15 km basinward. As with 
the upper feeder canyon-channel (Fig. 16A), the lower feeder channel 
(Fig. 16B) is also composed of numerous superimposed channels within 
the complex with average widths between 1.0 and 2.5 km and average 
depths between 40 and 80 m. In contrast to the densely stacked channel 
complex in the upper feeder canyon-channel region, the channel com
plex of the lower feeder channel region displays less multi-storey 
stacking and has a more lateral (adjacent) offlapping arrangement. 

Channel networks in this region are sinuous to meandering. 

6.4.1.2. Upper fan segment. An upper fan segment can be observed 
immediately basinward of the mouth of the primary feeder channel, and 
it extends outward across a slope of approximately 0.4◦, with a width 
ranging from 32.5 to 50 km (Fig. 17). The upper surface of the fan ex
hibits subtle low-relief mounding, characterized by a convex-up 
morphology and high-amplitude reflections along its upper bounding 
surface. Above this top surface, the fan is overlain by an interval of 
chaotic and low-amplitude reflectors. 

Within the upper fan, a combination of stratified and discontinuous 
medium to high-amplitude reflections can be distinguished from the 
low-amplitude reflections in underlying strata (Fig. 17D). Subtle bidi
rectional pinch-out of reflectors and multiple channel incisions with 
concave-upward infill patterns are also observed. The maximum width 
of channel systems within the region is approximately 2.5 km. The basal 
bounding surface of the fan is identified by truncation of reflectors 
against the underlying strata, and the surface is depressed at the centre 
of the fan and rises towards the flanks before pinching out beneath 
overlying strata (Fig. 17B). Gamma-ray log responses from the appro
priate Wainui-1 drill hole level reveals that the fan is approximately 100 
m thick with the gamma-ray log showing an alternate increasing and 
decreasing signal upward through the fan succession (Fig. 17C). 

We interpret the presence of a subtle low-relief mounding surface at 
the top of the fan to indicate rapid sedimentation and associated fan 
build up within the vicinity of the mouth of feeder channels, generally in 
the centre of the fan (Fig. 17A). This feature is subtle in cross-sectional 
images. However, well completion reports for the Wainui-1 drill hole 
indicate that the fan strata are overlain by Mohakatino Formation strata 
(Shell BP Todd Oil Services Ltd, 1982) (Fig. 17C), which we interpret as 
a 250–350 m thick mass transport deposit (MTD) because of its chaotic 
and low amplitude reflectors. The occurrence of bidirectional reflector 
pinch-out and concave-upward channel incision suggests lateral 
migration of channels and switching of lobe complexes (Fig. 17B). 
Bidirectional downlapping reflectors at the edge of the fan are not 
clearly observed, as the late-Middle Miocene seafloor slope in the region 
was very low, with a mean gradient of only 0.4◦. Depression at the base 
and centre of the fan complex is attributed to compaction subsidence of 
the fan into the underlying Manganui Formation mudstone (Fig. 17B). 
The gamma-ray log motif corresponds to alternating coarsening (very 
fine sand) upward and fining (mud) upward successions indicating 
switching of lobe complexes as the fan built upward (Fig. 17C). 

6.4.1.3. Lower fan segment. The lower fan segment is situated on the 
basin floor where the slope is ~0.2◦. This portion of the fan extends for 
approximately 75 km laterally (Fig. 18). While high amplitude contin
uous reflectors mark its upper bounding surface, stratal truncation along 
the basal bounding surface is not observed. Fan strata primarily onlap 
the high sloping margins of the basin floor along its southwestern side, 
which demarcates the southwestern boundary of the fan. There is no 

Fig. 16. Uninterpreted and interpreted (A) upper (inline 1080, Kokako 3D) and (B) lower (2D seismic line BO_81 nm-204–1018) parts of feeder canyon-channels in 
the Mount Messenger Formation Deep Water Fan System 1 (~12 Ma). Refer to Fig. 15B for cross-section location. 
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channel incision into the lower fan segment originating from the 
southeast. 

The lower fan blanketed the prior flat seafloor profile with sheet-like 
deposits. There may be a volcanic ash component within the upper part 
of the fan as Mohakatino volcanic edifices occur nearby to the northwest 
(Fig. 15B). The base of the fan is identified by a contrast in seismic facies 
with low amplitude reflectors of Manganui Formation mudstone, con
trasting with medium amplitude reflectors of the lowermost fan facies. 
Stratal onlap of sloping portions of the basin floor implies that pre- 
existing seafloor topography influenced the distribution of the fan and 
its depositional trajectory towards the head of the New Caledonia Basin 
(also known as the Aotea Basin). A northern boundary of the fan has not 

been identified. A channel system that incises this fan segment from the 
west is associated with a younger sediment routing system. 

6.4.2. Deep water fan system 2 (Late Miocene) 

6.4.2.1. Feeder canyon-channel networks. The sediment pathway system 
at ~7–6 Ma includes a feeder canyon-channel network that supplied 
sediment to a fan in lower bathyal water depths (Fig. 15C). The canyon 
network originated from the south, with the main branch having a width 
of 4.2 km and symmetrical walls and the other branch being 8 km wide 
with asymmetrical walls (Fig. 19). The average depth of both channels 
was about 260 m. Both channels were directed basinward across a slope 

Fig. 17. Uninterpreted and interpreted seismic sections of upper fan segment in the Mount Messenger Formation Deep Water Fan System 1 (~12 Ma): 2D seismic (A) 
line BO_ar90-445-110-1628, (B) line BO_ar89-446-106-1475 and (D) line ar89-446-108-1475. Refer to Fig. 15B for cross-sections location. (C) Gamma-ray motifs and 
associated lithology from Wainui-1 drill hole. 
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with an average gradient of ~1.5◦. The infill of the channels is a com
bination of stratified and discordant low to medium-amplitude reflectors 
and they display a predominantly concave-upward pattern. The internal 
organisation of the channel systems is one of predominantly multi- 
storey (i.e., stacked) sediment accumulation. 

6.4.2.2. Upper fan segment. The upper fan occurs immediately basin
ward of the feeder canyon-channel network, on a slope gradient of ~1◦

(Figs. 15C and 20). The upper fan is approximately 40 km wide in the 
immediate vicinity of the feeder canyon-channel mouth and 70 km wide 
where it transitions into the lower fan segment. The base of the fan is 
recognized by the contrast between low amplitude reflectors of Man
ganui Formation mudstone and higher amplitude reflectors of the 
overlying fan (Fig. 20B). The top of the fan is demarcated by high- 
amplitude reflectors. The lateral boundaries of the fan are identified 
by stratal onlap onto the underlying topography (Fig. 20A). A channel 
system across the upper fan segment has an average width of 3.5 km and 
an average depth of 100 m. 

The upper fan developed outside and west of the canyon-channel 
network due to it being less confined on the lower slope and basin 
plan region. Bidirectional pinch-out of reflectors and concave-upward 
channel incisions have been identified (Fig. 20), indicative of lateral 
migration of the channel and switching of the lobe complex across the 
fan. However, evidence for bidirectional downlapping of fan reflectors 
against the seafloor is difficult to identify because the seafloor was so flat 
(~0.1◦). One challenge to clearly identifying the upper bounding surface 
of the fan was to differentiate its continuous high-amplitude reflectors 
from similar reflectors of the overlying Ariki Formation marl, which has 
similar characteristics. 

6.4.2.3. Lower fan segment. The lower fan segment is marked by strat
ified medium to high-amplitude reflectors that onlap the underlying 
topography (Fig. 21). Away from these margins, and in the middle of the 
lower fan segment, reflectors are more or less continuous and have low 
amplitude. 

The underlying topography expressed as structural highs in the 

Fig. 18. Uninterpreted and interpreted lower fan segment in the Mount Messenger Formation Deep Water Fan System 1 (~12 Ma), 2D seismic line BO_DTB01-26- 
2847. Refer to Fig. 15B for cross-section location. 

Fig. 19. Uninterpreted and interpreted canyon-channel networks in the Mount Messenger Formation Deep Water Fan System 2 (~6 Ma), 2D seismic line 
BO_HZT82C_AWE_1_106. Refer to Fig. 15C for cross-section location. 
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region extend into the New Caledonia Basin. These highs controlled the 
initial morphology of the fan and its depositional trajectory. However, in 
the lower fan segment it is challenging to differentiate the fan from 
background Manganui Formation mudstone strata due to both being 
expressed as amplitude reflectors, possibly signifying that the lower fan 
is mud-prone. Incising into the top of the fan are younger canyon- 
channels heading towards New Caledonia Basin. 

7. Discussion 

7.1. Dismissal of middle Miocene fan systems in southern and central 
Taranaki Basin 

Submarine channels in southern and central Taranaki Basin have 
been described in several papers (e.g., King and Thrasher, 1996; Baur 
et al., 2010; Strogen et al., 2011; Kroeger et al., 2019), but in none of 
them provided explicit documentation of where the mouth of a feeder 

channel has transitioned into a fan. For example, in the paleogeographic 
maps in Kroeger et al. (2019) (see Fig. 4) most of the submarine channels 
cross fans along their whole down-slope length; that is, the mouths of 
feeder channels do not transition into fans, but rather pass through 
them. We think that this highly atypical stratal arrangement is incorrect 
and arises from two incorrect interpretations. (1) The high amplitude 
slope strata adjacent to channels have been interpreted to represent 
turbidite beds or bedsets and hence are considered to have accumulated 
as submarine fans. (2) High amplitude continuous reflectors on the 
flanks of channels define submarine fan geometry. Our detuning of the 
southern and central Taranaki Basin seismic reflection within the in
terval of interest ahead of amplitude extraction, has resulted in removal 
of the high amplitude signal in most areas where fans have previously 
been defined (Fig. 9), including adjacent to channels, meaning that the 
inferred fan geometry is an artifact of bed thickness; that is, those fans do 
not exist in reality. In the one area where high-amplitude remained after 
detuning, which was named the ”SW Sands” by Kroeger et al. (2019) 

Fig. 20. (A) 2D seismic line BO_DTB01-21-2847, (B) 2D seismic line BO_DTB01-19-2847 and (C) Inline 2150, Romney 3D, Uninterpreted and interpreted upper fan 
segment in the Mount Messenger Formation Deep Water Fan System 2 (~6 Ma). Refer to Fig. 15C for cross-section location. 
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(Fig. 9C and D), curvature seismic attribute extraction shows a rugose 
surface at its base (Fig. 14), which resulted from seafloor scouring 
typical of the base of debris flows (Costard et al., 2001; Micallef et al., 
2007; Nomikou et al., 2009; Posamentier et al., 2011). Hence, the pat
chy amplitude distribution in the area of “SW Sands” better fits a model 
of patchy base of slope deposition of thick isolated and discontinuous 
sandy debris flows amongst muddy strata (Zampetti et al., 2004; Bern
hardt et al., 2012; Liu et al., 2023), rather than the deposition of low
stand turbidite fans as in Kroeger et al. (2019). Accordingly, we have 
interpreted the upper Moki and lower Mount Messenger formation strata 
showing high amplitude reflections adjacent to channels as representing 
upper to middle slope debris flow deposits (debrites). In addition, the 
fans inferred by Kroeger et al. (2019) and others do not meet the criteria 
for fan systems as outlined in Tables 1 and 3, which are widely applied to 
(fully or partially) recognise fan systems in deep water settings using 
seismic reflection data (Mitchum et al., 1985; Posamentier and Erskine, 
1991; Jager et al., 1993; Radovich et al., 2002; Pickering and Corregi
dor, 2005; Saller et al., 2008; Covault and Romans, 2009; Vesely, 2016; 
Park et al., 2021). In seismic reflection lines across the inferred Kroeger 
et al. (2019) fans, the only seismic criteria that could potentially support 
them is the presence of high amplitude reflectors (Fig. 8; Table 3). 
However, the continuous high amplitude reflectors adjacent to channels 
are repeated in sections with thicknesses of 20–40 ms, rather than being 
limited to the upper bounding surface. This contradicts observations of 
fan systems by other workers (e.g., McHargue, 1991; Flood et al., 1991; 
Gong et al., 2022; Maier et al., 2020). Hence, we have dismissed in
terpretations about the occurrence of submarine fans in the Moki and 
Mount Messenger formations in southern and central Taranaki Basin as 
reported in King and Thrasher (1996), Grain (2008), Baur et al. (2010), 
Strogen et al. (2011) and Kroeger et al. (2019). 

7.2. New deep water fan systems in the Mount Messenger formation 

Mapping of canyon and channel networks in offshore western Tar
anaki Basin reveals two major Mount Messenger Formation fan systems 
(i.e., a Middle Miocene Deep Water Fan System 1: DWF1 and a Late 
Miocene Deep Water Fan System 2: DWF2 in Fig. 2) and associated 
sediment routing pathways (Fig. 15B and C). We have included both of 
these fan systems in the Mount Messenger Formation, even though the 
older one is of Waiauan age (about 13–11 Ma) and about 1–2 million 
years older than the 11 Ma age of the base of this formation as defined in 
the coastal North Taranaki outcrop section (King et al., 1993). The 
Middle Miocene Deep Water Fan System 1 fan has previously been 
attributed to the Mohakatino Formation in the well completion report 
for Wainui-1 (Shell BP Todd Oil Services Ltd, 1982). While some 

volcanic ash is recorded in the fan interval, this fan is best included in 
the Mount Messenger Formation as it represents diachronous 
outbuilding of sediment sourced from the south, as for other parts of this 
formation. 

These two newly identified fan systems were identified from analysis 
of seismic reflection data using the stratal patterns summarised in 
Table 1. They also fulfil most of the submarine fan criteria presented in 
Table 3. Both of these submarine fans occur at the terminus of channel 
mouths and lie on the outer parts of the lower slope and basin plain. This 
contrasts with the King and Thrasher (1996), Strogen et al. (2011) and 
Kroeger et al. (2019) fan locations higher up on the continental slope. 
New paleogeographic maps including the two new fans are shown in 
Fig. 15B and C. 

7.2.1. Factors controlling fan development 
A revised southern Taranaki paleogeographic map for the 14 Ma 

interval (Fig. 15A) shows the main channel of the Moki Formation does 
not connect with a submarine fan. This arises because there was insuf
ficient terrigenous sediment supply to form a fan. Sandstone is markedly 
subordinate to mudstone in the Early and Middle Miocene succession of 
Taranaki Basin. Sandstone became more common during the Late 
Miocene when uplift and erosion of the basement underlying the 
Southern Alps started along the continent-continent plate boundary in 
South Island (Kamp et al., 1989; Tippett and Kamp, 1993; Ring et al., 
2019). Zircon U-Pb ages for two samples from the Moki Formation in 
Kea-1 (southern Taranaki Basin) have age distributions suggesting a 
source from Cretaceous basement in northwest Nelson immediately 
south of Taranaki Basin (unpublished data, 2023). The zircon ages are 
not similar to the distinctive age distribution of the Permian and Triassic 
age peaks in Torlesse Complex sandstone and schist that underlies the 
Southern Alps. Insufficient sand was supplied to the Moki channels to 
build a submarine fan beyond the sand that accumulated within the 
channels. A revised paleogeography is shown in Fig. 15A. 

The rate of terrigenous sediment supply to Taranaki Basin increased 
rapidly from about 12 Ma and particularly from 11 Ma (Tongaporutuan 
Stage), as expressed in the voluminous accumulation (e.g., 510 m thick 
in Tuhua-1; Fig. 1) of the Mount Messenger Formation, both in Taranaki 
Basin and across the King Country Basin to the east of Taranaki Basin 
(Kamp et al., 2004), which markedly prograded the shelf-slope margin 
to the northwest within the Taranaki foreland basin (Bull et al., 2019). 
This coincides with the age of early uplift of the Southern Alps (Kamp 
et al., 1989; Tippett and Kamp, 1993; Ring et al., 2019), and with the 
start of inversion in southern Taranaki Basin (Kamp and Green, 1990; 
Crowhurst et al., 2002), which enhanced progradation of the shelf-slope 
margin to the north into the Taranaki Peninsula area and northwest into 

Fig. 21. Uninterpreted and interpreted lower fan segment in the Mount Messenger Formation Deep Water Fan System 2 (~6 Ma), 2D seismic line BO_DTB01-08- 
2847. Refer to Fig. 15C for cross-section location. 
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deeper parts of the basin. These factors help explain why there is no 
submarine fan associated with the Moki channels, yet fans accumulated 
in deep water to the west and north in the Mount Messenger Formation. 

The Middle Miocene Deep Water Fan System 1 (~13–12 Ma) co
incides with the timing of a global drop in sea level (sea-level curve of 
Miller et al., 2020, Fig. 3B). While sea level change is considered to 
influence deep water sedimentation processes (e.g., Posamentier and 
Erskine, 1991; Xiong et al., 2004; Saller et al., 2004) the mechanism by 
which this occurs in the case of channel and fan development in Tar
anaki Basin is difficult to substantiate. The Late Miocene Deep Water Fan 
System 2 (~7–6 Ma) in deep water Taranaki Basin shows little corre
lation with a fall in sea level (less than 10 m) on the Miller et al. (2020) 
sea-level curve (Fig. 3B). Many workers (e.g., Covault and Graham, 
2010; Dixon et al., 2012; Harris et al., 2018) have argued that deep 
water sedimentation can occur at any phase of a sea level cycle where 
submarine sediment routing systems remain connected to their sediment 
source areas, which may also have been the case for Taranaki Basin 
(Maier et al., 2013). 

Research efforts to date have shown that the Moki Formation chan
nels were relatively stable in their locations. From the late-Middle 
Miocene (Waiauan Stage) onwards, the shelf-slope margin in Taranaki 
Basin became increasingly rich in gullies as the depositional slope 
became steeper (Kamaruzaman et al., 2023). In the Mount Messenger 
Formation, the gullies were captured by feeder canyon-channels, which 
in turn fed sediment to two fans of different age (~13–12 Ma and ~7–6 
Ma). However the rate of sediment supply to the depositional slope 
during the Late Miocene also resulted in the retention of a proportion of 
the material in the gully network, with frequent burial of gullies and 
formation of new ones as the slope rapidly prograded to the north and 
west (Kamaruzaman et al., 2023). The retention of material on the slope 
can partly explain the enigma that although there was copious supply of 
sediment to the basin during the Late Miocene, so far only two Mount 
Messenger Formation submarine fans have been documented outboard 
of the depositional slope (c.f., Fisher et al., 2021). 

Table 3 
Assessment of recognition criteria for fans in southern and central Taranaki Basin versus North Taranaki Basin 
for the upper Moki and lower Mount Messenger formations based on seismic and well log data. Criteria after 
Posamentier and Erskine (1991) but expanded upon. 
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7.2.2. Modern analogue 
As noted above, the newly mapped Middle and Late Miocene deep- 

water fans in western Taranaki Basin are mudstone-dominated. 
Despite the Wainui-1 drill hole containing intervals of sandstone in 
the upper fan part of the ~13–12 Ma fan (Fig. 17C), the maximum width 
(10 km) of the main feeder canyon-channels and the distance of the fans 
from the contemporary shelf-slope break (~150 km) support this notion. 
The principal source rock area (Torlesse Complex in the Southern Alps) 
for the two fans is comprised of greywacke and schist, which breaks 
down by weathering and attrition to fine sand and mud. The closest 
analogue to the conditions that led to the Late Miocene fan accumula
tions in Taranaki Basin is the fan that has formed at the mouth of the 
Hikurangi Channel east of North Island (Fig. 22) (Grahame, 2015). 
Sediment entering the Hikurangi Channel is fed by the very steep Kai
koura Canyon offshore of the northern end of the Southern Alps and by 
canyons at the eastern end of Cook Strait (Fig. 22). The sediment routed 
via the Cook Strait canyons followed a pathway from the western face of 
the Southern Alps via longshore drift to the northwestern tip of South 

Island (Farewell Spit) and hence into Cook Strait. The Hikurangi 
Channel mostly lies at 3000–5000 m water depth east of the Hikurangi 
subduction zone. It traverses the Hikurangi Plateau (thickened oceanic 
crust) northward before turning sharply east and then north upon 
reaching the Southwest Pacific Abyssal Plain, where sediment transport 
and the depositional trajectory are strongly controlled by the Ocean 
Conveyor Current (Hikurangi Fan-drift; Lewis, 1994; Carter et al., 
2004). At the terminus of the channel the sediment has accumulated in a 
mud-dominated basin floor fan called the Hikurangi Fan, which started 
accumulating during the late Neogene (Fig. 22) (Lewis et al., 2013; 
Mountjoy et al., 2018). Common features of the Hikurangi Fan and the 
Late Miocene fans in the Mount Messenger Formation are, (i) that their 
sediments derived from the same source area, (ii) they lie at the mouths 
of prominent channels, (iii) the sediments comprising the fans are 
mudstone, and (iv), they have similar plan shapes. In addition, the 
respective fans are small in size and volume compared with the volumes 
of material eroded from the Southern Alps during the late Neogene. 

7.2.3. Significance of newly mapped deep water Mount Messenger 
formation fan systems for resource exploration 

The significance of Moki Formation channels for petroleum explo
ration and production has been well described by Engbers et al. (2000) 
and Engbers (2002). The two newly mapped Mount Messenger subma
rine fans occur on the Western Stable Platform, a structural province 
built upon Palaeozoic basement, overlain in places by Late 
Cretaceous-Paleocene sediments, sometimes in half-grabens. The prov
ince is onlapped by Eocene-Recent strata disrupted by few faults (King 
and Thrasher, 1996). The Top Eocene surface forms a monocline dipping 
east, in part arising from flexure associated with Oligocene-Miocene 
foreland basin subsidence to the east (Holt and Stern, 1994). Oligo
cene and Miocene sediments onlap the monocline, including the two 
new fans described here. This structural and stratigraphic setting differs 
from that in the Taranaki oil and gas fields, which arises from structural 
traps. These either formed through shortening within the Taranaki Fault 
System or shortening in the southern Taranaki Inversion Zone, where 
antiforms formed from the inversion on pre-existing normal faults. The 
antiforms represent migration of shortening from the Taranaki Fault 
System into the foreland basin during the Late Miocene. Hence the two 
fans lie in frontier parts of Taranaki Basin and should oil and/or gas 
occur there, it is likely to be in stratigraphic traps. The presence of 
high-amplitude reflectors within the proximal upper fan segments, 
probably image continuous sheet sandstone beds (Shanmugam and 
Moiola, 1988; Nagatomo and Archer, 2015; Mayall and Kneller, 2021). 
This differs from the distal lower fan segments, which appear to be 
muddier, as shown by lower seismic amplitude (Reading and Richards, 
1994; Bouma and Stone, 2000; Fildani et al., 2021). The mud-rich 
sediment calibre of the two fans and the inclusion of volcanic ash in 
the younger one will likely be challenges for reservoir quality. Seal may 
not be an issue. Given that only one drill hole (Wainui-1) has been 
located over one of the fans means that source rock distribution and 
composition are poorly known. Maturation of organic matter in either of 
the two fans will be an issue (VR of 0.58% in the coal measure beds in 
Wainui-1) to charge stratigraphic traps within the fans. Hence migration 
pathways from deeper organic horizons will need to be considered in 
any exploration proposal. To further access the petroleum potential of 
the fans, high-resolution 3D seismic volumes and seep analysis will 
likely be required ahead of drilling to gain some confidence about the 
presence or otherwise of mobile thermogenic hydrocarbons in the 
Mount Messenger Formation within the vicinity of the documented fans. 

8. Conclusions  

1) Submarine channels in the Middle Miocene Moki Formation are 
standalone features on the continental slope in southern Taranaki 
Basin and do not transition down-slope into submarine fans. 
Detuning of 3D seismic data coverage has removed the RMS high 

Fig. 22. Comparison between the newly interpreted (A) the Mount Messenger 
Formation Deep Water Fan System 1: DWF1 (~12 Ma) and (B) the Mount 
Messenger Formation Deep Water Fan System 2: DWF2 (~6 Ma) with the late 
Neogene fan (Hikurangi Fan) at the terminus of the Hikurangi Channel. Sub
division between the paleo-coastline, shelf-break (at 200 m water depth) and 
deep lower bathyal (>1500 m water depth) for ~12 Ma and ~6 Ma are also 
shown. The modern Hikurangi Channel and fan outlines are adapted from 
(Lewis et al., 2013), and modern seafloor bathymetry data (water depth in 
meter) are from NZP&M (2018). 
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amplitude extracted attribute signal from which the previously 
published Moki fans have been inferred. Published late-Middle 
Miocene submarine fans located on the continental slope in the 
Lower Mount Messenger Formation (southern and central Taranaki 
Basin) have also been dismissed on the same basis as well as not 
displaying well established stratal criteria for the identification of fan 
systems (Table 3).  

2) Two new submarine fan systems in the Mount Messenger Formation 
do, however, occur in deeper parts of western Taranaki Basin, one of 
late-Middle Miocene age and the other of Late Miocene age. They 
have been mapped and verified on established submarine fan stratal 
criteria.  

3) A marked increase in terrigenous sediment supply at about 12 Ma, 
sourced from uplift and erosion of the Southern Alps, resulted in 
rapid progradation of the Late Middle to Late Miocene continental 
slope in Taranaki Basin. Most sediment rapidly accumulated on the 
slope. Consequently, its angle increased and gullies became prolific, 
incising, infilling, re-incising and being buried. A few channels are 
mapped on the lower slope passing into a fan on the basin plain. A 
second fan with similar attributes and 7–6 Ma age accumulated 
above the first, extending farther out towards the New Caledonia 
Basin. Both fans are mud-dominated. Their volume is minor 
compared with the volume of sediment delivered to the basin during 
the Late Miocene and hence submarine fans are much less volu
metrically significant than the slope as depositional surfaces. The 
Hikurangi Fan outboard of the Hikurangi subduction zone is a 
modern analogue for the two new fans documented here for western 
Taranaki Basin. 
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a b s t r a c t 

The aim of constructing 3D computer models of outcrops of 

the Mount Messenger Formation using unmanned aerial ve- 

hicle (UAV) drone technology was to enable better visual- 

ization and potential for analysis of deep-water sedimentary 

systems in Taranaki Basin, New Zealand. The Late Miocene- 

aged strata crop out along the north Taranaki coast of west- 

ern North Island, New Zealand. The Mount Messenger For- 

mation sandstone and siltstone beds are outstanding exam- 

ples of deep-water sedimentary strata. These strata can be 

observed in outcrop sections, as well as in offshore drillholes 

(wireline logs) and in seismic reflection data acquired im- 

mediately offshore of the north Taranaki coastal section. In 

previous research undertaken on the Mount Messenger For- 

mation in North Taranaki Basin, geologists used photographs 

and coupled these with observations and descriptions of 

strata in the field. Modern UAV drone technology now en- 

ables 3D perspectives to be obtained of outcrop sections, 

which greatly improves geometrical analysis of the rocks. 

This type of analysis, coupled with mapping of seismic re- 

flection data in the immediate offshore area has enabled us 

to better understand the nature of Mount Messenger Forma- 

tion deep-water sedimentary strata and to interpret the asso- 

∗ Corresponding author. 

E-mail address: ek100@students.waikato.ac.nz (E.H. Kamaruzaman). 

https://doi.org/10.1016/j.dib.2024.110035 

2352-3409/© 2024 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license 

( http://creativecommons.org/licenses/by/4.0/ ) 

https://doi.org/10.1016/j.dib.2024.110035
http://www.ScienceDirect.com/science/journal/23523409
http://www.elsevier.com/locate/dib
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dib.2024.110035&domain=pdf
https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/I0C6X3
mailto:ek100@students.waikato.ac.nz
https://doi.org/10.1016/j.dib.2024.110035
http://creativecommons.org/licenses/by/4.0/


2 E.H. Kamaruzaman, A.D. La Croix and P.J.J. Kamp / Data in Brief 52 (2024) 110035 

ciated paleogeography with implications for energy resource 

exploration and evaluation. 

Using UAV drone photogrammetry, we acquired ∼30 0 0 im- 

ages of the Mount Messenger Formation outcrop at four lo- 

cations along the north Taranaki coast. Drone surveys were 

conducted using a real-time kinetic (RTK) global position- 

ing system (GPS) for accurate geolocation. The surveys were 

conducted on a DJI Phantom 4 drone, with a focal length of 

24 mm with a 20-megapixel resolution. Survey images over- 

lapped by 80–90%. The drone work adhered to the rules and 

regulations of the Aviation Security Service and the Univer- 

sity of Waikato, New Zealand. Images were captured using 

programmed flight paths where the drone faced the outcrops 

at distances ranging from ∼3–7 m. 

3D computer models were constructed using Pix4Dmapper 

version 4.4.12 to generate dense 3D point clouds, digital sur- 

face models (DSMs), triangle meshes, and orthomosaic im- 

ages of the outcrops (i.e., 3D models). Once the 3D computer 

models of the outcrops were constructed, they were exported 

out of Pix4Dmapper as ArcGIS Scene Layer Package format 

(.slpk) and loaded into ArcGIS Pro version 3.0.3 for further 

analysis. 

The 3D computer models comprise a rich and valuable sci- 

entific dataset that can enhance geological analysis of sed- 

imentary strata beyond the capabilities of photographs and 

manual fieldwork. These models allow desktop analysis of 

the geology and “virtual fieldwork” by imaging areas that are 

commonly inaccessible on foot due to their high elevation 

above ground level, location in rugged and steep terrane, as 

well as periodic intertidal flooding. This electronic geologi- 

cal dataset is stored in commonly used spatial format and 

plain-text ASCII files, allowing the preservation of geologi- 

cal data in digital records, especially when the outcrops are 

prone to erosion and cover by vegetation. The drone model 

dataset can be reused by the scientific community for virtual 

geological fieldwork, as petroleum and water reservoir ana- 

logues, as well as for research on coastal, environmental and 

geotechnical topics. 

© 2024 The Author(s). Published by Elsevier Inc. 

This is an open access article under the CC BY license 

( http://creativecommons.org/licenses/by/4.0/ ) 

S
pecifications Table 

Subject Earth and Planetary Sciences / Geology 

Specific subject area Construction of 3D computer model dataset based on geolocated UAV drone 

images of Mount Messenger Formation outcrops on coastal sections of 

Taranaki Basin, North Island, New Zealand 

Data format Raw 

Type of data .slpk files (Scene Layer Packages) 

.xyz files (ASCII data with X,Y and Z coordinates) 

.ppkx files (ArcGIS Pro Project Packages) 

Data collection Approximately three thousand photographs were captured using UAV drones at 

four geological outcrop locations along the North Taranaki coast, North Island, 

New Zealand (Figs. 1 and 2). Images were captured using a DJI Phantom 4 

drone connected to a real-time kinetic (RTK) global positioning system (GPS) 

http://creativecommons.org/licenses/by/4.0/
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( continued on next page ) 

for accurate geolocation. In addition to the RTK GPS, we also used a Leica GPS 

system for precise ground geolocation. Drone surveys of the four sites used 

programmed flight paths operating on the WGS 84 coordinate reference system 

and EGM 2008 Geoid. The focal length of the drone camera was 24 mm with a 

20-megapixel resolution. The images captured outcrop at an average of 

3–10 cm Ground Sampling Distance (GSD). Survey images were overlapped by 

80–90%. Once the surveys were completed, drone images were processed using 

Pix4Dmapper version 4.4.12 to generate dense 3D point clouds, digital surface 

models (DSMs), triangle meshes, and orthomosaic images of the outcrops (i.e., 

3D models). Once 3D outcrop models were built, they were exported out of 

Pix4Dmapper in Scene Layer Package format, and then imported into ArcGIS 

Pro-version 3.0.3. Drone surveys were conducted on relatively fair-weather 

days where cloud cover was minimal and with wind speeds below 32 kms per 

hour to ensure sufficient exposure on the outcrops for good quality 

photographs. Permission from the Department of Conservation (New Zealand 

Government) and a private landowner were obtained prior to conducting the 

surveys. Licensed drone operators were in charge of surveys, which were flown 

on the 16th- 17th of June, 12th of August, and 28th-29th of October 2023. 

Data source location The location of the sites where drone surveys were conducted are as follow: 

1. Site 1 - Latitude: 38 °39′ 56.49′′ S, Longitude: 174 °37′ 48.01′′ E 
2. Site 2 - Latitude: 38 °42′ 27.39′′ S, Longitude: 174 °37′ 1.52′′ E 
3. Site 3 - Latitude: 38 °46′ 9.60′′ S, Longitude: 174 °36′ 0.00′′ E 
4. Site 4 - Latitude: 38 °49′ 0.24′′ S, Longitude: 174 °35′ 9.04′′ E 

These locations are situated on the west coast of New Zealand’s North Island 

( Figs. 1 and 2 ). 

Data accessibility Repository name: Harvard Dataverse 2023 

Data identification number: https://doi.org/10.7910/DVN/I0C6 × 3 

Direct URL to data: 

3D drone outcrop models of the Mount Messenger Formation, 

New Zealand - Harvard Dataverse 

Instructions for accessing these data: Log in to the database using your 

credentials and download the data. 

Related research article 

1. Value of the Data 

• This dataset is valuable because it can be used to enhance visualization of large-scale ge-

ological layers. The 3D models provide a more precise and detailed representation of geo-

logical strata compared with photographs and hand-drawn sketches, which are historically

how geological field observations have been recorded. This enhanced vizualisation helps

geologists, geophysicists and engineers better understand the stratigraphic and structural 

characteristics of strata in outcrops that were deposited in ancient deep-water sedimen-

tary environments. 

• The value of the data also lies in its capacity to facilitate virtual fieldwork or field trips.

The 3D models enable researchers and students to conduct digital field analysis of the ge-

ological layers. Many sections of the Mount Messenger Formation outcrop are inaccessible

due to their location at high elevation above ground level, occurrence in rugged and steep

terrane, as well as coastal areas that may be periodically submerged during high tides.

Moreover, UAV drone surveys require permission from landowners, which may limit ac-

cess to field locations. The 3D models of rock outcrops are of particular use for scientists

and students conducting research when travel is not permitted (e.g., during the COVID-19

lockdown), or if they are physically unable to undertake fieldwork. 

• This dataset is valuable because it digitally preserves geological data and observations.

The 3D computer models are digital records of the geological outcrops and preserve this

for use indefinitely into the future. This is particularly important for the Mount Messenger

https://doi.org/10.7910/DVN/I0C6
https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/I0C6X3
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Formation outcrops along the west coast of the North Island of New Zealand because they

are prone to coastal erosion and significant vegetation cover. 

• This dataset can be used by other scientists and students for research and education re-

lating to sedimentology, stratigraphy, and sedimentary basin analysis of paleo deep-water

sedimentary systems. 

• This dataset can be used by researchers and industry practitioners for flow modelling of

aquifers, petroleum reservoirs, and carbon capture and geostorage intervals. The 3D com-

puter models are analogues to other reservoir systems globally that were deposited by

deep-water sedimentary systems and can be used to estimate flow properties such as

porosity and permeability distributions. 

• This dataset can be used for coastal geological and geomorphological research. The models

will help us understand how coastal erosion develops over time. For instance, outcrops at

Sites 3 and 4 are situated along the coast and are subject to constant erosion from marine

processes ( Fig. 2 C and D). Throughout our multiple visits to the sites to conduct drone

surveys, we noticed parts of the outcrops had collapsed and eroded between visits. Apart

from coastal studies, this dataset can be used by other researchers for environmental and

geotechnical analysis. The outcrop models can assist researchers in studies of landslides.

For example, the outcrop at Site 2 ( Fig. 2 B) is adjacent to State Highway 3 (i.e., Mokau

Road). Landslides and rock falls are common in this area and cause serious environmental

and safety issues and road closures. 

. Background 

The aim of constructing 3D computer models of geological outcrops of the Mount Messenger

ormation was to better understand ancient deep-water sedimentary systems in Taranaki Basin.

he Late Miocene-aged sedimentary strata that outcrop along the north Taranaki coast ( Figs. 1

nd 2 ) are excellent examples of deep-water sandstone and siltstone layers that are also present

n offshore drill hole materials are imaged in seismic reflection data [ 1 , 4 ]. While previous studies

 2 , 6 ] of these outcrops mainly used photographs, this study is the first to introduce UAV drones

magery to capture their sedimentary characteristics. Incorporating drones in this study allowed

 broader coverage of areas than previously possible, including areas inaccessible by foot. There-

ore, geological analysis of these deep-water sedimentary systems is improved, especially when

iewed from a 3D perspective. This analysis yields a more holistic understanding of the ancient

edimentary system in the region, surpassing the insights provided by earlier studies. The drone

mages were processed in Pix4Dmapper version 4.4.12 with precise geolocation to generate the

D computer models. Then, qualitative and quantitative stratigraphic analyses of the outcrops

ere carried out using ArcGIS Pro version 3.0.3 [5] . 

. Data Description 

The 3D computer models of rock outcrops along the north Taranaki coast, New Zealand, were

uilt using UAV drones to capture images of the sedimentary characteristics of the Late Miocene

ount Messenger Formation beds. Each 3D computer model allows the geometric analysis of

andstone and siltstone layers to be calculated, including bed thickness, bed orientation, as well

s stratal stacking patterns (e.g., comfortable and erosional) and related structural deformation

e.g., faulting and folding). The present-day elevation, aerial extent, length and camera-facing

irection of the outcrops are displayed in Table 1 . The dataset are stored in a public research

atabase: doi:10.7910/DVN/I0C6 × 3 [3] 

Seven 3D computer models of geological outcrops are stored in ArcGIS Scene Layer Package

ormat (i.e., Site 1 Battleship Promontory.slpk, Site 2 Ferry Sandstone.slpk, Site 3 Jam Roll Part

.slpk, Site 3 Jam Roll Part 2.slpk, Site 4 Tongaporutu River Mouth Part 1.slpk and Site 4 Ton-

aporutu River Mouth Part 2.slpk). Scene layer package (.slpk) format was chosen to optimize
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Fig. 1. Overview map of the drone survey areas. The inset map shows the locations along the north Taranaki Coast, 

North Island, New Zealand (red polygon). (For interpretation of the references to color in this figure legend, the reader 

is referred to the web version of this article.) 
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Fig. 2. Close-up of the study areas: (A) Site 1 Battleship Promontory, (B) Site 2 Ferry Sandstone, (C) Site 3 Jam Roll 

and (D) Site 4 Tongaporutu River Mouth. The yellow lines are the drone flight paths, and the red arrows represent the 

direction that drone cameras were facing. (For interpretation of the references to color in this figure legend, the reader 

is referred to the web version of this article.) 

Table 1 

Outcrop site elevation ranges and estimated length and aerial extent. 

Site Elevation range (mean sea level) ∼ Length ∼ Aerial extent 

Site 1 145–210 m 900 m 0.20 km2 

Site 2 7–80 m 370 m 0.035 km2 

Site 3 0.5–22 m 800 m 0.092 km2 

Site 4 2 to 25 m 900 m 0.052 km2 
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f  

b  

m  
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m  

t  

m  

d  

c  

M

he large file size of these 3D models. The corresponding ASCII files (.xyz format) of the com-

uter models have the coordinates (horizontal) and elevation (vertical) information originating

rom the Digital Surface Model (DSM). The application of these ASCII files is extremely flexi-

le and can be imported into many standard spatial-based software. The resolution of the 3D

odels and the DSM are based on the density of the point cloud during their generation in

ix4Dmapper software, which ranged from 20 to 50 cm. 

The companion ArcGIS Pro project package (.ppkx format) contains all four 3D computer

odels. Scientists and students, primarily geologists, can import individual models (.slpk) into

heir own ArcGIS Pro project, or can directly use the companion ArcGIS Pro project. The sum-

ary of the dataset is presented in Table 2 . The drone models use the WGS 84 UTM 60S coor-

inate reference system. When opening the ArcGIS project, users must have sufficient high-end

omputer capacity to display the drone models and import the ASCII files for Digital Surface

odel generation. 
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Table 2 

Description of the dataset. 

Item Description 

3D computer models – scene layer packages 

1. Site 1 Battleship Promontory Close up.slpk 3D computer model of Site 1 – close up view 

2. Site 1 Battleship Promontory Overview.slpk 3D model of Site 1 - overview 

3.Site 2 Ferry Sandstone.slpk 3D model of Site 2 

4.Site 3 Jam Roll part 1.slpk 3D model of Site 3 - first part 

5. Site 3 Jam Roll part 2.slpk 3D model of Site 3 - second part 

6. Site 4 Tongaporutu River Mouth part 1.slpk 3D model of Site 4 - first part 

7. Site 4 Tongaporutu River Mouth part 2.slpk 3D model of Site 4 - second part 

Digital Surface Model (DSM) – ASCII xyz 

1. Site 1 Battleship Promontory Close up_i.xyz DSM for Site 1 - close up view part 1 

2. Site 1 Battleship Promontory Close up_ii.xyz DSM for Site 1 - close up view part 2 

3. Site 1 Battleship Promontory Overview.xyz DSM for Site 1 - overview 

4. Site 2 Ferry Sandstone.xyz DSM for Site 2 

5. Site 3 Jam Roll part 1_i.xyz DSM for Site 3 - part 1 

6. Site 3 Jam Roll part 1_ii.xyz DSM for Site 3 - part 1 continue 

7. Site 3 Jam Roll part 2.xyz DSM for Site 3 - part 2 

8. Site 4 Tongaporutu River Mouth part 1_i.xyz DSM for Site 4 – part 1 

9. Site 4 Tongaporutu River Mouth part 1_ii.xyz DSM for Site 4 - part 1 continue 

10.Site 4 Tongaporutu River Mouth part 2.xyz DSM for Site 4 - part 2 

ArcGIS Pro (version 3.0.3) project packages 

1. Sites 1 and 2 3D computer models ArcGIS Pro project of the 3D computer model for Sites 1 and 2 

2. Sites 3 and 4 3D computer models ArcGIS Pro project of the 3D computer model for Sites 3 and 4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The 3D computer models generated herein are extremely valuable as they enhance the anal-

ysis potential of large-scale geological layers, which offers more precise and detailed represen-

tations of strata compared to traditionalphotographs and field observations. This will aid geol-

ogists, geophysicists, and engineers in gaining a better understanding of the stratigraphic and

structural characteristics of formations deposited by ancient deep-water sedimentary systems. 

Furthermore, the data’s utility extends to facilitating virtual fieldwork and field trips by re-

searchers and students, which is advantageous for analyzing areas that are challenging to ac-

cess due to high elevation, rugged terrain, or locations prone to periodic submersion during

high tides. Particularly, these 3D models become invaluable in situations where travel restric-

tions, such as due to COVID-19, or physical constraints prevent traditional fieldwork from being

undertaken. 

In addition to the dataset’s value for analysis and access, it is also especially important for

the digital preservation of geological data and observations. The 3D computer models serve as

enduring digital records of these globally significant geological outcrops, which is crucial for the

Mount Messenger Formation along the west coast of the North Island of New Zealand, given

their vulnerability to coastal erosion and substantial vegetation cover. 

Beyond the primary users, this dataset also proves beneficial for other scientists and students

engaged in sedimentology, stratigraphy, and sediment basin analysis of paleo deep-water sedi-

mentary deposits. Researchers and industry practitioners may also find utility in this dataset

for flow modeling of aquifers, petroleum reservoirs, and carbon capture and geostorage inter-

vals. The 3D computer models function as analogs to similar reservoir systems globally, aiding

in estimating flow properties such as porosity and permeability distributions. 

Finally, this dataset can be used to support coastal geological and geomorphological research,

offering insights into the development of coastal erosion over time. For example, outcrops at

specific sites along the coast experience constant erosion from marine processes, impacting the

landscape between visits. Beyond coastal studies, the dataset is versatile, applying to environ-

mental and geotechnical analyses. The outcrop models contribute to studies of landslides, exem-

plified by the outcrop at a specific site adjacent to State Highway 3, an area prone to landslides

and rock falls with consequential environmental, safety, and road closure implications. 
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. Experimental Design, Materials and Methods 

The acquisition of the dataset was divided into three stages: 

1. Planning: 

Planning the drone surveys involved a pre-survey reconnaissance trip to the outcrop sites

o assess the feasibility of conducting drone survey operations at the proposed locations. The

econnaissance was carried out in April 2023. Once the drone survey operations were deemed

easible, the drone survey routes and specific locations were planned and necessary permissions

rom the Department of Conservation, the New Zealand Government, and a private landowner

ere sought. Once permissions were granted, drone operations were scheduled to account for

eather, daylight, and tidal conditions at coastal locations (Sites 3 and 4). 

2. Drone survey: 

Drone surveys were conducted on the 16th and 17th of June, 12th of August, and 28th and

9th of October 2023. Drone images were captured using programmed flight paths operating on

he WGS 84 UTM coordinate reference system and EGM 96 Geoid. RTK and Leica GPS systems

ere linked to the drone for precise geolocation. The GPS accuracy ranged from 10 to 30 cm. The

ight paths were planned to front-face the outcrops, and the distance from the outcrops at Sites

, 3 and 4 was kept in the range of approximately 3–7 m. However, the drone distance from

he outcrop at Site 2 ( Fig. 2 B) was kept at approximately 15–20 m due to proximity to the road.

ue to access permissions, at Site 3, the drone was not allowed to fly over the outcrops, except

long the beach section ( Fig. 2 C). The focal length of the drone camera is 24 mm and images

ave 20-megapixel resolution. Survey images overlap by 80–90%. Drone survey operations were

onducted per the rules and regulations of the Aviation Security Service, New Zealand, and the

niversity of Waikato. 

3. 3D outcrop model construction 

Approximately three thousand drone images (in jpeg format) were captured during drone

urveys. Quality checks of the images ensured that they adequately captured the areas of inter-

st. Minimum preprocessing of images was undertaken, such as colour correction and contrast

nhancement. However, 95% of the drone images did not require preprocessing. 

The 3D outcrop drone models were constructed in Pix4Dmapper (version 4.4.12) ( Fig. 3 ). At

ach outcrop site, the software was used to generate dense 3D point clouds, digital surface mod-

ls (DSMs), digital terrain models (DTMs), triangle meshes, and orthomosaic images of the out-

rops (i.e., 3D models). Constructing individual 3D models took roughly 3–5 h to complete, and

he processing reports are attached in the Supplementary Data. Once the 3D outcrop models

ere constructed, they were exported out of Pix4Dmapper in ArcGIS Pro (version 3.0.3) Scene

ayer Package format (.slpk) and loaded into ArcGIS Pro for further geological analysis. An exam-

le of the 3D outcrop model is shown in Fig. 4 . Accordingly, the corresponding Digital Surface

odels are exported to ASCII (.xyz format). 

imitations 

Limitations of 3D computer models built using UAV drone imagery are primarily a function

f drone image resolution and their associated models (which in this case ranges from 20 to

0 cm), based on the density of point clouds at certain locations within the models. The GPS

ccuracy recorded in the field ranged from 10 to 30 cm. 

Weather conditions were another limiting factor, especially in terms of adequate sun expo-

ure to capture clear imagery. For example, small parts of the outcrop were not illuminated by

he sun to a satisfactory level. However, this did not hinder our objective to conduct geologi-

al analysis because the sandstone beds are relatively easy to identify, even under low lighting.



E.H. Kamaruzaman, A.D. La Croix and P.J.J. Kamp / Data in Brief 52 (2024) 110035 9 

Fig. 3. Outcrop 3D computer model generation in Pix4Dmapper. The geolocated UAV drone images overlap by > 80% to 

create a dense point cloud to generate the outcrop model. 

Fig. 4. An example of the 3D outcrop model for a part of Site 3: Jam Roll section. 

 

 

 

Other limitations for drone images resulted from them being captured on different days and

times of day, leaving sun-exposure intensity sometimes inconsistent. 
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Appendix B 

 

Appendix B consists of tables and figures related to Chapter 3. 

 

Table i - Appendix B: Paleobathymetry framework used in this study  

Region 

(Strogen et al., 2011) 

Depth (m)  

(Strogen et al., 2011) 

Region and depth 

(Simplified in this study) 

Inner shelf   0-50 

               Shelf (0-200 m) Middle shelf  50-100 

Outer shelf                100-200 

Uppermost slope 200-400 
Upper slope (200-600m) 

Upper slope 400-600 

Middle slope 600-1000 Middle slope (600-1000m) 

Lower slope 1000-1500 Lower slope (1000-1500m) 

Deep lower bathyal 1500-2000 
Deep lower bathyal 

(1500-2000 m) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



275 
 

 

Table ii - Appendix B: List of drill holes used in this study and their locations 

 

 

 

Table iii - Appendix B: List of 3D seismic surveys used in this study  

 

 

 

 

 

 

 

 

 

Drill hole Latitude Longitude 

Manaia-2 -40.026739 173.240219 

Whio-1 -40.017357    173.327456 

Moki-2A -39.988918 173.318331 

Maari-2 -39.978955 173.30268 

Maari-1 -39.96778 173.302601 

Pateke-2 -39.379396 173.19348 

Tui-1 -39.434701 173.246594 

Tui-SW-2 -39.461347 173.231344 

Kahu-1 -39.432422 173.290097 

Tieke-1 -39.484839 173.307075 

Maui-3 -39.534633 173.451588 

Wainui-1 -38.462685 173.308525 

Romney-1 -37.894261 172.731311 

Maui - 4  -40.038334 173.241022 

3D seismic survey Year acquired Area (km2) Vertical length (s) 

Matariki 2010 290 6.0 

Maari 1999 590 6.0 

Maui 1991 1562 6.0 

Matuku 2012 323 7.1 

Tui 2003 560 6.1 

Kokako 2013 600 6.1 

Romney 2012 2622 8.2 
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Figure i - Appendix B: Map of the study area in Taranaki Basin, New Zealand, showing the 

location of 2D and 3D seismic surveys and some drill holes relevant to this study. GIS data 

from NZP&M (2018). 
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Figure ii - Appendix B: Close-up map of the southern and central Taranaki Basin showing  the 

location of 3D seismic surveys and drill holes. GIS data from NZP&M (2018). The area is 

shown in Figure i-Appendix B.  
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Figure iii - Appendix B: Upper Moki Formation amplitude and detuned amplitude maps. Sub-

interval UMK 1: (A) Amplitude (B) detuned amplitude maps. Sub-interval UMK 2: (D) 

Amplitude (C) detuned amplitude maps  
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Figure iv - Appendix B: Lower Mount Messenger Formation amplitude and detuned amplitude 

maps. Sub-interval LMM 1: (A) Amplitude (B) detuned amplitude maps. Sub-interval LMM 

2: (C) Amplitude (D) detuned amplitude maps. Sub-interval LMM 3: (E) Amplitude (F) 

detuned amplitude maps. 
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Appendix C 

 

Appendix C consists of figures related to Chapter 4. 

 

 

Table i: Mercury-Mokau 3D seismic survey reprocessing parameters. The 3D seismic data 

was downloaded from the NZP&M Exploration Database (https://www.nzpam.govt.nz) 

 

Basic information   

Processor  Loyz Energy Limited and Kea Petroleum Group 

Operator Kea Petroleum Group 

Year  2013 

Key migration processing 

parameters 
  

Input Trace Length 6194 ms 

Input Sampling 2 ms 

Input Bin Spacing (inline x xline) 25.0m x 12.5m 

Input Offset Range 112 m – 5062 m, inc 75 m 

Input Fold 67 

Migration Aperture 5000 m 

Output Trace Length 6144 ms 

Output Sampling 4 ms 

Output Bin Spacing (inline x 

xline) 
25.0m x 12.5m 

Output Offset Range 112 m – 5062 m, inc 75 m 

Output Fold 67 
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Table ii: Information related 2D seismic lines used in this study. The 2D seismic lines were 

downloaded from the NZP&M Exploration Database (https://www.nzpam.govt.nz). 

 

2D line name Survey name Survey year Domain 

BO_p90-05-1765_matched P90 1990 Time 

BO_p90-06-fugro_matched P90 1990 Time 

BO_p90-11-1765_matched P90 1990 Time 

BO_p90-12_a_r-fugro_matched P90 1990 Time 

BO_p90-13-1765_matched P90 1990 Time 

BO_p90-16-1765_matched P90 1990 Time 

BO_p90-18-1765_matched P90 1990 Time 

BO_p90-31-1765_matched P90 1990 Time 

BO_p90-32-1765_matched P90 1990 Time 

BO_p90-33-1765_matched P90 1990 Time 

BO_p90-34-1765_matched P90 1990 Time 

BO_p90-35-1765_matched P90 1990 Time 

BO_p90-36-1765_matched P90 1990 Time 

BO_p90-37-1765_matched P90 1990 Time 

BO_p90-38-fugro_matched P90 1990 Time 

BO_p90-39-1765_matched P90 1990 Time 

BO_p90-40-1765_matched P90 1990 Time 

BO_p90-41-1765_matched P90 1990 Time 

BO_pt2k-032-2484_matched PT00 2000 Time 

BO_pt2k-033-2484_matched PT00 2000 Time 

BO_pt2k-034-2484_matched PT00 2000 Time 

BO_pt2k-035-2484_matched PT00 2000 Time 

BO_pt2k-036-2484_matched PT00 2000 Time 

SBPT098-85-PR1123-T-

MIG_Filtered_Migration_2D_T-109 
SBPT098_85 1985 Time 

SBPT098-85-PR1123-T-

MIG_Filtered_Migration_2D_T-110-5 
SBPT098_85 1985 Time 

SBPT098-85-PR1123-T-

MIG_Filtered_Migration_2D_T-111-5 
SBPT098_85 1985 Time 

SBPT098-85-PR1123-T-

MIG_Filtered_Migration_2D_T-112 
SBPT098_85 1985 Time 

SBPT098-85-PR1123-T-

MIG_Filtered_Migration_2D_T-116 
SBPT098_85 1985 Time 

SBPT098-85-PR1123-T-

MIG_Filtered_Migration_2D_T-116A 
SBPT098_85 1985 Time 

SBPT098-85-PR1123-T-

MIG_Filtered_Migration_2D_T-119 
SBPT098_85 1985 Time 

SBPT098-85-PR1123-T-

MIG_Filtered_Migration_2D_T-122 
SBPT098_85 1985 Time 

SBPT098-85-PR1123-T-

MIG_Filtered_Migration_2D_T-123 
SBPT098_85 1985 Time 
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SBPT098-85-PR1123-T-

MIG_Filtered_Migration_2D_T-126 
SBPT098_85 1985 Time 

SBPT098-85-PR1123-T-

MIG_Filtered_Migration_2D_T-126-5 
SBPT098_85 1985 Time 

SBPT098-85-PR1123-T-

MIG_Filtered_Migration_2D_T-126-5A 
SBPT098_85 1985 Time 

SBPT098-85-PR1123-T-

MIG_Filtered_Migration_2D_T-126A 
SBPT098_85 1985 Time 

SBPT098-85-PR1123-T-

MIG_Filtered_Migration_2D_T-128-5 
SBPT098_85 1985 Time 

SBPT098-85-PR1123-T-

MIG_Filtered_Migration_2D_T-128-5-2 
SBPT098_85 1985 Time 

SBPT098-85-PR1123-T-

MIG_Filtered_Migration_2D_T-128-5A 
SBPT098_85 1985 Time 

SBPT098-85-PR1123-T-

MIG_Filtered_Migration_2D_T-203 
SBPT098_85 1985 Time 

SBPT098-85-PR1123-T-

MIG_Filtered_Migration_2D_T-203A 
SBPT098_85 1985 Time 

SBPT098-85-PR1123-T-

MIG_Filtered_Migration_2D_T-206 
SBPT098_85 1985 Time 

SBPT098-85-PR1123-T-

MIG_Filtered_Migration_2D_T-206A 
SBPT098_85 1985 Time 

SBPT098-85-PR1123-T-

MIG_Filtered_Migration_2D_T-206B 
SBPT098_85 1985 Time 

SBPT098-85-PR1123-T-

MIG_Filtered_Migration_2D_T-206C 
SBPT098_85 1985 Time 

SBPT098-85-PR1123-T-

MIG_Filtered_Migration_2D_T-209 
SBPT098_85 1985 Time 

SBPT098-85-PR1123-T-

MIG_Filtered_Migration_2D_T-209A 
SBPT098_85 1985 Time 

SBPT098-85-PR1123-T-

MIG_Filtered_Migration_2D_T-209B 
SBPT098_85 1985 Time 

SBPT098-85-PR1123-T-

MIG_Filtered_Migration_2D_T-211 
SBPT098_85 1985 Time 

SBPT098-85-PR1123-T-

MIG_Filtered_Migration_2D_T-215B 
SBPT098_85 1985 Time 
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Figure i: Interpreted (A) Crossline 1942 Mercury-Mokau 3D seismic section intersects with 

Waihi-1, (B) Crossline 1472 Mercury-Mokau 3D seismic section intersects with Pluto-1, 

and (C) Crossline 1412 Mercury-Mokau 3D seismic section intersects with Mokau-1. 

Gamma-ray log is shown alongside each borehole. Refer Figure ii for the uninterpreted 

seismic sections. 
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Figure ii: Uninterpreted (A) Crossline 1942 Mercury-Mokau 3D seismic section intersects 

with Waihi-1, (B) Crossline 1472 Mercury-Mokau 3D seismic section intersects with Pluto-

1, and (C) Crossline 1412 Mercury-Mokau 3D seismic section intersects with Mokau-1. 

Gamma-ray log is shown alongside each borehole.  
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Figure iii: Uninterpreted (A) and (B) interpreted seismic section, crossline 2242 Mercury-

Mokau 3D. 
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Figure iv: Overview map that shows the location of seismic sections from the Mercury-

Makau 3D seismic. 
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Figure v: Seismic reflection profiles show the slope succession with major regional horizons 

for (A) North Taranaki Basin (study area) with slope angles ranging from 2 to 4o, and (B) 

southern Taranaki Basin with slope angles ranging from 0.5 to 1o for a succession 

immediately above the base of the Mount Messenger Formation horizon. The seismic cross 

sections also show channelform features (i.e., canyons, channels and gullies) within the 

continental slope succession in both areas. The light green horizon is a horizon that 

approximately separates the lower and upper parts of the Mount Messenger Formation. 

Refer to Figure 2A for the seismic line locations (A: 2D seismic line BO_hzt82b-114 and B: 

arbitrary line from Maui – Kokako 3D merge seismic surveys). Refer Figure vi for the 

uninterpreted seismic sections. 
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Figure vi: Uninterpreted seismic sections for (A) North Taranaki Basin (study area) and (B) 

southern Taranaki Basin.  
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………………………………………………………………………………………continue 
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Figure vii: Interpreted seismic section from the Mercury-Mokau 3D seismic (A) inline 1309, 

(B) inline 1215, (C) close-up view of inline 1215, (D) inline 1096 and (E) close-up view of 

inline 1096. These inlines are perpendicular to the inferred “fan” in Masalimova et al. 

(2016). The seismic section shows no evidence of fan occurrence when compared to the 

Posamentier and Erskine (1991) criteria of recognising fan in seismic reflection data. Refer 

Figure xi for the inline locations. (F) and (G) close-up view of seismic sections. The 

uninterpreted seismic sections are shown in Figure viii. 
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Figure viii: Uninterpreted seismic sections related to Figure vii.  
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………………………………………………………………………………………continue 
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Figure ix: Interpreted seismic section from the Mercury-Mokau 3D seismic (A) crossline 

1982, (B) inline 1232, (C) crossline 1004 and (D) inline 654. These inlines are parallel to 

the inferred “fan” in Masalimova et al. (2016). The seismic section shows no evidence of 

fan occurrence when compared against the Posamentier and Erskine (1991) criteria of 

recognising fan in seismic reflection data. Refer Figure xi for the inline locations. The 

uninterpreted seismic sections are shown in Figure x. 
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………………………………………………………………………………………continue 
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Figure x: Uninterpreted seismic sections related to Figure ix.  
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Figure xi: Location of seismic sections for Figures vii, viii, ix and x, shown in light green. 

The Mercury-Mokau 3D seismic survey shown if dark green box. The inferred “fan” in 

Masalimova et al. 2016 shown in dash red line.  
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Figure xii: Overview of the lower Mount Messenger Formation outcrops at Site 1: Battleship 

Promontory. The lower Mount Messenger Formation outcrop overlies the Mohakatino 

Formation and Manganui Formation outcrops. 

 

 

 

 

 

Figure xiii : Lower Mount Messenger Formation outcrop bedset thickness distribution at 

Site 1: Battleship Promontory. 

 

 

 

 

 

 

 



302 

 

 

Figure xiv : Uninterpreted and interpreted lower Mount Messenger Formation outcrop at 

Site 1: Battleship Promontory. 
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Figure xv : Lower Mount Messenger Formation outcrop bedset thickness 

distribution at Site 2: Ferry Sandstone. 
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Figure xvi : Uninterpreted and interpreted lower Mount Messenger Formation outcrop at 

Site 2: Ferry Sandstone. 
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Figure xvii : (A) Uninterpreted and interpreted lower Mount Messenger Formation outcrop at the area near Kawau Pa; Site 3: Jam Roll. 
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Figure xviii : (B) Uninterpreted and interpreted lower Mount Messenger Formation outcrop at southern part area; Site 3: Jam Roll.
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Figure xix : (C) Uninterpreted and interpreted close-up section shows sharp erosion surface. 

 

 

 

 

 

Figure xx : Lower Mount Messenger Formation outcrop bedsets thickness distribution at 

Site 3: Jam Roll. 
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Figure xxi : (A) Uninterpreted and interpreted lower Mount Messenger Formation outcrop at 

the eastern end of the outcrop; Site 4: Tongaporutu River Mouth. (B) Overview of the outcrop 

section. (C) Close-up of the slump deposits. 
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Figure xxii : (D) Uninterpreted and interpreted lower Mount Messenger Formation outcrop at 

the middle part of the outcrop; Site 4: Tongaporutu River Mouth. (E) Close-up of the sandstone 

deposits. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



310 

 

 

 
 

Figure xxiii : (F) Uninterpreted and interpreted lower Mount Messenger Formation outcrop at 

the western end of the outcrop; Site 4: Tongaporutu River Mouth. 
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Figure xiv – Appendix C: Lower Mount Messenger Formation outcrop bedset thickness 

distribution at Site 4: Tongaporutu River Mouth. 
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