This manuscript is a preprint and has not undergone peer-review. Please note that subsequent versions
of this manuscript may have different content. If accepted, the final version of this manuscript will be
available via the ‘Peer-reviewed Publication DOI’ link on the right-hand side of this webpage. Please
feel free to contact any of the authors, we welcome feedback.

Basin and depositional control on the initiation and development of fluid-escape pipes in the
Canterbury Basin, New Zealand.

Omosanya, Kamaldeen O. Leif *2*, Micallef Aaron?, Harishidayat Dicky *
10asisgeokonsult, 7052, Trondheim.

2Department of Geosciences, University of Malta, Msida.

3College of Petroleum Engineering and Geosciences,

King Fahd University of Petroleum and Minerals, Dhahran.

ORCID Numbers

Omosanya, Kamaldeen O.L  0000-0001-8959-2329
Micallef Aaron 0000-0002-9330-0648
Harishidayat D 0000-0003-3729-2441

Corresponding author email: kamal.omosanya@oasisgeokonsult.com
Twitter of Kamaldeen Omosanya @extratectonics
Twitter of Dicky Harishidayat @theharishidayat

Abstract

The influence of basin and depositional context on the formation and growth of fluid escape pipes in
sedimentary basins is not fully understood. While seismic reflection data is commonly used to study
these structures, direct observation and sampling of field analogues of pipes and their related structures
are rare. In this study, we investigate the evolution of meter-tall fluid escape pipes (100-800 m) in the
Canterbury Basin, New Zealand, using open source seismic and borehole data. Our analysis includes
seismic interpretation of 19 unconformities within the Neogene-Quaternary successions,
characterization of pipes and fluid-related anomalies in the subsurface, modelling of the shale volume
(Vsh), lithology characterization, 3D static modelling, and seismic inversion. We identify thirty-one
vertical to sub-vertical pipes with three parts consisting of top, main conduit/stem, and root zone on
seismic profiles. Our results suggest that lithology plays a crucial role in the initiation and modulation
of pipe structures in the Canterbury Basin, with pipes mostly formed post Tarantian (0.113 Ma) and
truncated at the U19 unconformity. Furthermore, vertical fluid migration from overpressured units, such
as the tops of contourite mounds, was observed in the pipes. Our findings provide new insights into the
subsurface fluid flow and sedimentary architecture of the Canterbury Basin and have wider implications
for other passive continental margins with similar characteristics.

Keywords: lithology, geomorphology, fluid escape pipes, contourite, Canterbury Basin, seismic
reflection, borehole data.
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1. Introduction

Fluid migration from the subsurface to the seabed along continental margins is often aided by vertical
to sub-vertical structures known as fluid escape pipes (Andresen, 2012; Berndt, 2005; Maestrelli et al.,
2017; Paganoni et al., 2018). In several basins, these structures are evidence of past vertical fluid
migration (Chen et al., 2021a; Huuse et al., 2010; Moss and Cartwright, 2010), seal bypass systems
(Cartwright et al., 2007; Oppo et al., 2021), and any possible compromise of CO, storage reservoirs.
Pipes may be an important component of many hydrologic systems, allowing for the transmission of
fluids under overpressure across subsurface formations (Bdttner et al., 2021; Oppo et al., 2021). In
environments where gas hydrates are present, the potential for pipes to connect the underlying free gas
reservoir and the atmosphere is of particular concern for greenhouse gas (GHG) mitigation efforts
(Berndt, 2005; Elger et al., 2018).

Seismic reflection data has proven to be an invaluable tool for understanding the anatomy and
dimensionalities of fluid-escape pipes. Such pipes are typically manifested as highly localized vertical
to sub-vertical pathways of low- or high-amplitude seismic anomalies. On seismic reflection data, pipe
structures are characterized by columnar zones of disrupted reflection continuity, along with associated
amplitude and velocity anomalies, acoustic blanking at the base of the pipes, scattering, attenuation,
and transmission artifacts (Berndt et al., 2003; Lgseth et al., 2009, 2011; Moss and Cartwright, 2010;
Paganoni et al., 2018). Pockmarks are typically observed at the top of pipe structures, while their bases
can present diffused and low amplitude reflections (Leduc et al., 2013), or complex and variably shaped
high amplitude magmatic sills in magma-rich continental margins (Omosanya et al., 2020). Pipe-related
structures are rarely drilled, making seismic reflection data the primary source of information for
characterizing their internal lithological make up. Though direct observation and sampling of field
analogues of pipes and their related structures can provide insight into physical structure, geometry, and
properties, such analogues are scarce. These have been documented in Norway and Scotland (Grove,
2013; Planke et al., 2022; Svensen et al., 2006), Utah, USA (Hurst et al., 2011; Huuse et al., 2005),
Varna, Bulgaria (Bottner et al., 2021), Western Desert, Egypt (Mazzini et al., 2019), the Karoo Basin,
South Africa (Svensen et al., 2006), the Siberian Traps, Russia (Neumann et al., 2017), Antarctica
(Elliot and Grimes, 2011), and Java (Manton et al., 2022).

The external and internal composition of pipes in sedimentary basins therefore are still poorly
understood, and the impact of lithology, intra-basinal and geomorphologic structures on their formation
is often debated (Cartwright and Santamarina, 2015; Omosanya et al., 2020). Pipes are largely
documented from Neogene marine sedimentary successions, typically occurring at depths up to one
kilometer, and consisting of claystones and sandstone units. To date, there has been no report of pipes
crossing thick (>100s of meters) sandstone or limestone units, apart from those associated with the
dissolution of limestone units (Bertoni and Cartwright, 2005; McDonnell et al., 2007). In parallel,
seismic reflection data shows that hydraulic fracturing is the most common formation process for fluid
pipes in the subsurface (Foschi et al., 2014). Other processes, such as erosive fluidization, capillary
invasion, localized volume loss collapse, and syn-sedimentary flow localization, are reported less often
(Cartwright and Santamarina, 2015).

In addition to the physical and internal control on pipe formation, more recent investigations have
demonstrated the importance of geobodies and geomorphological structures, such as salt diapirs, mass-
transport complexes (MTCs), and contourites, in the initiation, modulation, and growth of fluid pipes
(Oppo et al., 2021; Browne et al., 2020; Kirkham et al., 2019; Ruge et al., 2021; Wu et al., 2021).
Contrary to the traditional notion that fluid pipes form from the structural crests of large anticlines
(Cartwright et al., 2021a) or lateral pressure transfer zones (Stump and Flemings 2000; Flemings et al.
2003), recent studies have revealed the presence of fluid pipes in several other settings. These include
synclines, topographic lows, and softly inclined layers in the absence of structural impediments
(Cartwright and Santamarina 2015), as well as in areas where geomorphologic structures are dominant
(Omosanya et al., 2020).

In this study, we explore the evolution of meters-tall pipes in the Canterbury Basin (CB), their formation
mechanism, and investigate how lithology and geomorphologic structures influence their initiation and
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growth (Figure 1). This basin preserves a unique record of high-frequency (0.1-0.5 Ma periods)
depositional sequences (Browne and Naish, 2003; Lu and Fulthorpe, 2004), offering an opportunity to
examine how lithologic and geomorphologic structures can affect pipe formation and healing. In the
Canterbury Basin, nineteen sequence-bounding unconformities from the Middle Miocene to Holocene
have been identified and dated, based on geophysical, biostratigraphic and geochemical data (Fulthorpe
and Carter, 1991; Lu and Fulthorpe, 2004; McHugh et al., 2018). These unconformities separate
different strata and lithologic facies, and reflect the influence of bottom currents, glacial-interglacial
cycles, and associated eustatic sea-level changes. As a result, this is an excellent opportunity to
investigate the relationship between bottom currents and the temporal-spatial growth of pipes.
Importantly, the results of this study imply that lithology is important in the initiation and modulation
of pipe structures in the Canterbury Basin, which may be relevant to other passive continental margins
with comparable characteristics.

2. Geological setting

The Canterbury Basin of the South Island of New Zealand lies on the eastern margin of the rapidly
rising Southern Alps, and encompasses the onshore Canterbury Plains, the Canterbury Bight shelf, and
the offshore continental slope (Figure 1). The basin is delimited to the west by the Southern Alps, and
to the north by the Hope Fault or the Hurunui High, a west-east trending structural feature that formed
during Cretaceous and Paleogene times, dividing the Canterbury and East Coast Basins (Schigler et al.,
2011). The eastern boundary of the CB is poorly differentiated, but merges with the Bounty Trough at
ca. 174°E longitude while the southern part of the basin is connected to the Great South Basin (Schigler
etal., 2011). In terms of physiography, the offshore part of the CB covers an area of about 50,000 km?
and includes a shelf that is broad and about 100 km wide (Figure 1). Modern water depths in the offshore
basin can reach ca. 1.5 km and with ca. 8 km of Cretaceous to Quaternary rift and sag basin sedimentary
fill (Field and Browne, 1989). The offshore part of the Canterbury Basin has been relatively stable since
rifting, despite being located ca. 200 km from the Alpine Fault (Browne and Field, 1988). The
Canterbury Bight comprises a continental shelf that is about 180 km long and up to 95 km wide, with a
shelf gradient of 0.09° and a maximum depth of 140 to 150 m (Browne and Naish, 2003).

The Canterbury Basin has experienced four distinct phases of tectono-sedimentary evolution since the
Permian-Mid Cretaceous period. The first phase was characterized by convergence and passive margin
formation. This was followed by rifting and breakup of Gondwana during the Late Cretaceous, which
initiated passive subsidence and northwest-directed transgression that continued into the Paleogene.
The last phase is characterized by progressive uplift and erosion of the Southern Alps (Bradshaw, 1989;
Kamp, 1986; King, 2000; Molnar et al., 1975; Sutherland and Browne, 2003). The earliest tectonic
activity of the Canterbury Basin dates to the Permian to Early Cretaceous convergent margin stage, with
large volumes of sedimentary rocks of the Torlesse Terrane being deposited (Field and Browne, 1989).
The oldest basin architecture reflects an accretionary convergent margin setting (Sutherland and
Browne, 2003) consequent to the collision between the Pacific and the Phoenix plates, which ended in
the Early Cretaceous (Bradshaw, 1989). This collision was followed by the initiation of separation of
New Zealand from Antarctica and Australia in the mid-Cretaceous (Molnar et al., 1975). Spreading
along the Pacific-Phoenix ridge, the initial spreading center in the Tasman Sea and South of Australia,
resulted in extensional tectonics in New Zealand causing the eastern margin of the South Island of New
Zealand to rift from the Marie Byrd Land in West Antarctica at ca. 80 Ma (Bradshaw, 1989; Molnar et
al., 1975).

In the mid-Cretaceous, New Zealand, Antarctica, and Australia began to separate in response to the
break-up of Gondwana (Carter and Norris, 1976; King, 2000). The New Zealand block experienced a
period of relative tectonic stability with slow subsidence in the central part of the Canterbury Basin and
continued to drift away from Antarctica until the Late Eocene (Browne and Field, 1988). In the Late
Eocene, the sub-continent was exposed to oblique separation and deformation, but this deformation did
not affect the Canterbury Basin (Molnar et al., 1975). The eastern margin of the South Island of New
Zealand, including the Canterbury Basin remained a passive margin until the Late Eocene (ca. 23 Ma)
when the Alpine fault was formed (King, 2000). The Alpine fault is a dextral strike-slip fault (ca. 500
km displacement) that forms the boundary between the Australian and the Pacific plates (King, 2000;
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Wood and Stagpoole, 2007). Subduction along the North Island of New Zealand with oblique
convergence and northwest-oriented oblique subduction of the South Island have resulted in
transpressive movement on the Alpine Fault since ca. 23 Ma (Norris and Cooper, 2001; Wood and
Stagpoole, 2007). Oblique convergence across these plate boundaries resulted in deformation along the
Alpine Fault, and uplift and erosion of the Southern Alps. At ca. 10 Ma, deformation along the Alpine
fault accelerated resulting in high rates clastic influx to the offshore Canterbury Basin since Late
Miocene (Sutherland et al., 2007). Terrigenous sediment had begun accumulating offshore Canterbury
Basin by perhaps as early as 15 Ma (Fulthorpe and Carter, 1991) while timing of the Southern Alps
uplift is put at either ca. 8 to 5 Ma (Tippett and Kamp, 1993) or ca. 10 to 8 Ma (Carter and Norris, 1976;
Norris et al., 1978).

Neogene sediments in the Canterbury Basin are associated with the development of the modern plate
boundary, transpressive motion at the Alpine Fault, and uplift and erosion on the South Island (Carter,
1988). Large, modern, coarse-grained, braided rivers from north to south, with sources in the Southern
Alps, have shed significant volumes of sediment (50,000 km?®) onto the margin since 5 Ma (Browne and
Naish, 2003). The Neogene Otakou Group are siliciclastic sediments, composed predominantly of
terrigenous siltstone and silty mudstone, with lesser amounts of fine-grained to very fine grained
sandstone and mudstone (Hawkes and Mound, 1984; Wilson, 1985). Recent offshore coring by
Expedition 317 at Sites U1351, U1352, U1353 and U1352 showed that the Otakou Group also contains
marly calcareous beds (Fulthorpe et al., 2011). In the Miocene to Recent succession of the Canterbury
Basin (Figures 2-4), nineteen regional sequence boundaries and 14 local unconformities are present (Lu
and Fulthorpe, 2004). This is in addition to large sediment drifts that developed within the Otakou
Group since the Early Miocene (Fulthorpe et al., 1996; Fulthorpe and Carter, 1991). At least eleven
large elongate drifts formed within the Otakou Group near the slope toe and aggraded to upper-slope
water depths (Lu et al., 2003). These drifts are precursors of colder and fresher Subantarctic Front (SAF)
and the Southland Current systems (Fulthorpe et al., 1996; Lu et al., 2003).

3. Data and methods

3.1 Seismic and Borehole Data

The datasets used for this study include open source two-dimensional seismic reflection and borehole
datasets from the Canterbury Basin. The seismic data is a high quality MCS seismic survey acquired
by R/V Maurice Ewing (cruise EW0001) in January 2000. The EW0001 seismic survey consists of 57
2-D seismic profiles (ca. 3250 line-km in length) that jointly covers a surface area of ca. 4840 km? on
the middle to outer shelf and slope in water depths of 40 to 1100 m. Line spacings for the lines are ca.
2 km in the dip direction (perpendicular to the coastline) and 2 to 5.5 km in the strike direction (parallel
to the present-day coast). The EW data were acquired with a seismic source with two generator-injector
(GI) air guns (45/45 in®), and streamers that were deployed with 12.5 m groups in 96- and 120-channel
configurations. The Gl guns provided a high-frequency source with frequencies of 100 to 500 Hz.
Hence, a velocity of ca. 1470 m/s below the seafloor gives vertical resolutions of ca. 2.45 - 4 m.
Recording lengths and vertical sampling interval for all the EW0001 seismic profiles are 3 seconds and
1 ms, respectively.

Borehole data available in the Canterbury Basin include five exploration wells (Galleon-1, Endeavour-
1, Clipper-1, Resolution-1, and Cutter-1) and five IODP Site (Figures 2-4). Lithological
characterization, synthetic seismogram generation, seismic-to-well ties, petrophysical characterization,
and Vsh modelling were conducted in the EWO0001 grid using Clipper and IODP Site 1119. The
synthetic seismograms generated from the Clipper well-1 and IODP 1119 data were found to be in
excellent agreement with the seismic reflection events on the EW0001-17 and EW0001-28 seismic
profiles, respectively. Moreover, the checkshot information from the Clipper-1 well and velocity
information from the ODP 1119 were in satisfactory agreement, providing a reliable basis for the
development of a time-depth (T-D) relationship, which was then used for seismic-tie of boreholes
U1351, U1352 U1353 and U1354 to the EW0001-66 and EW0001-60 seismic profiles (Figures 3 and
4). Core samples acquired during IODP Expedition 317 (Sites U1351, U1352 U1353 and U1354) also
provided additional lithological information.



3.2 Horizon interpretation and characterization of fluid-related anomalies and pipes.

The seismic interpretation of the nineteen unconformities was based on established sequence
stratigraphic methods, such as the interpretation of seismic internal architecture, seismic facies, and lap
geometries (Vail et al., 1977). The sequence boundaries were identified by a downward shift in the
position of coastal onlap reflections/prograding shorelines and erosional truncations associated with
subaerial erosion of older and underlying sequences on the paleo shelf. Thickness maps for
unconformities U19-U16 were converted from the time domain to depth using a conservative average
velocity of 1470m/s. This velocity information was obtained from the Clipper-1 borehole and the IODP
1119 site (Figure 2). For depth conversion of the TWTT thickness maps (isochore/vertical thickness),
angle of dip was calculated for each interval and then used to estimate the isopach (stratigraphic true
thickness) maps. Hence, the final isopach map is the product of the TWTT thickness maps, cosine (angle
of dip) and average velocity of 1470 m/s.

Furthermore, columnar, vertical and sub-vertical zones with disturbed reflection continuity, as well as
related amplitude anomalies, acoustic blanking, reflection scattering, and attenuation define pipe
structures on seismic reflection profiles (Berndt et al., 2003; Lgseth et al., 2009a, 2011a; Moss and
Cartwright, 2010; Paganoni et al., 2018). On the other hand, seismic anomalies related to fluid leakage
in the subsurface are defined by abrupt increase in seismic amplitude that contrasts with background
amplitude value (Alves et al., 2015; Mohammedyasin et al., 2016). They are localized brightening of
negative amplitude reflections. Since an increase in acoustic impedance with depth is a positive peak at
the seabed reflection, anomalies with reversed polarity relative to the seabed are considered to be fluid-
related i.e., seepage of oil, gas (methane), or water (Alves et al., 2015; Mohammedyasin et al., 2016).
In addition to the identification of these anomalies on seismic profiles, envelope seismic attribute was
also used for their characterization. The envelope attribute is the total instantaneous energy of the
analytic signal (the complex trace), and it is independent of the phase. The envelope attribute is also
known as ‘Instantaneous Amplitude', '"Magnitude' or 'Reflection strength (Taner, 2001). The envelope
seismic attribute is useful for detecting bright spots caused by gas accumulations, detecting major
lithological changes that are caused by strong energy reflections, and sequence boundaries (Ismail et
al., 2020). In this work, the envelope provided insights into the spatial extent of enhanced reflections
and flat negative seismic amplitude anomalies.

3.3 Shaliness Index as proxy for lithology and seismic inversion of Vsh (Tertiary)

Gamma ray log is the only wireline log that is consistently available for all the wellbores and IODP
Expedition 317 sites in the study area. Hence, the shale volume (Vsh) was estimated from the gamma
log and further used for lithology characterization, 3D static modelling and seismic inversion. To
estimate the Vsh, the IGR was first calculated as shown in Eq. 1. Although, the IGR provides a shaliness
index, it can often yield an overestimation of rock's volume of shale (specially for shallow, young
reservoirs), producing an overall pessimistic scenario of the reservoir quality. To overcome this
challenge, the Larionov Vsh index for Paleogene rocks (Szabd, 2011), commonly referred to as the Vsh
(Tertiary) in Eq. 2 was used. For all the wells, the shale and sand baseline represent both GRMax and
GRmin were estimated as 130 APl and 10 API, respectively.

GRLog —GRMin

IGR = ,
GRMax —GRMin

Eq. 1

Vsh (Tertiary) = 0.083 * (2G-7*IGR) — 1) Eq. 2

Seismic inversion of the seismic profiles was based on the calculated Vsh Tertiary data from Eq 2. The
Vsh Tertiary cut-off, based on interpretation of lithology from core data and Vsh Tertiary log are as
follows; 0% - 0.10% (Sand), 0.10% - 0.15% (Sandy mud), 0.16% - 0.50% (Muddy sand), 0.50% -
1.00% (Mud). Subsequently, the Vsh Tertiary property logs were extrapolated along the 2D seismic
reflection data using the interpreted seismic horizons with default weighting inversely proportional to
the square of the distance from the well. Moreover, the Vsh (Tertiary) seismic inversion used a
deterministic approach on the 2D seismic reflection data, with colored inversion seismic reflection data



combining the frequency spectra of Vsh (Tertiary) logs with the computed average amplitude spectrum
of the input seismic reflection data, resulting in better alignment with Vsh logs data (Veeken and Da
Silva, 2004; Kemper and Gunning, 2014).

3.4 3D lithologic model of the Neogene-Quaternary succession based on Vsh

A suite of 3D lithologic models of the Neogene-Quaternary succession of the Canterbury Bight were
created based on the Vsh (Tertiary). These models include the present day (Seabed to U9), Tarantian
(U19-U9), Upper Chibanian (U18-U9), Chibanian (U17-U9) and Calabrian (U16-U9) formations, dated
as 0.113, 0.252-0.277, 0.74 and 1.05 Ma, respectively (Figure 2). All the models were built to cover
the three main boreholes on the paleoshelves using a grid size of 50 meters in X and Y directions and a
total number of grid cells of 1762 x 1701 (3,007,734). A finer grid block could not be used as it poses
an enormous number of computational resources. The static modelling process was divided into zone
modelling (making of horizons, zones, and layers), upscaling, and property modelling. For the present
day model, horizons for the seabed and the U9 were used as the top and base surfaces, while U19, U18,
U17 and U16 were the intermediate units. Since most of these horizons are relatively flat on the
paleoshelves, the horizons were conditioned as being conformable from top to base. Five zones were
further made from the top to base horizon. These include the Zone 1 (Seabed-U19), Zone 2 (U19-U18),
Zone 3 (U18-U17), Zone 4 (U17-U16) and Zone 5 (U16-U9). Internal stratification of these zones was
modelled as 2 layers for Zone 1 and 3 layers for Zones 2 to 5.

After the model set-up, the calculated Vsh (Tertiary) from the wells were upscaled using input from
U1353, U1354 and U1351. The upscaling method involves coarsening of the grid cells and the
averaging of VVSh across the wells. The arithmetic averaging method was adopted as it is suitable for
properties such as porosity, saturation and net/gross (fractions) because these are additive variables. To
populate the zones and grids with the upscaled VSh values, the Sequential Gaussian Simulation (SGS)
approach was used. Total sill value of 1.0, Nugget of 0.001 and spherical VVariogram were used. Based
on the trend of the coastline, an azimuth of 45 degrees was calculated and used for the property
modelling. The same procedure was repeated for the other four models, using different upper and base
units. The upper units used were Horizons U19, U18, U17, and U16, respectively, while the base unit
used was Horizon U9 (top of strata older than 3.72 Ma).

4. Results

4.1 Neogene-Quaternary Seismic Stratigraphy of the study area

Of the nineteen unconformities interpreted on the seismic profile, eight (8) are key to understand the
evolution and control on the formation fluid-escape pipes in the study area (Figures 2-7). The eight
unconformities are further divided into four Pleistocene unconformities (1.05 Ma to 0.113 Ma)
sequence boundaries where the tops of most pipes are found. Based on nannofossils and foraminifera
assemblages (Figure 2) of core samples in the ODP Site 1119 well (Carter et al., 2004; Lu and Fulthorpe,
2004), these four horizons are dated Calabrian (1.05 Ma), Chibanian (0.74 Ma), Upper Chibanian
(0.252-0.277 Ma) and Tarantian (0.113 Ma). The interpreted horizons are the same as unconformities
U16, U17, U18 and U19 in Lu and Fulthorpe (2004). The last four horizons or unconformities are key
to finding the root zones of the pipes. They are U9 (3.72 Ma), U4 (12.4 Ma), U1 (>15.1 Ma) and U0
(>15.1 Ma).

On seismic profiles, U19 to U16 are characterized by continuous, flat to undulated, and low to moderate
amplitude reflections on the western part of the EW0001 survey (Figures 3 and 4). On the western part
of the survey, the horizons transits into sigmoid and oblique reflections or simply put clinoforms (Figure
4). Importantly, all the horizons have downlap reflections above them and truncation below. And as
such are architecturally defined by unique shelf onlap, shelf channel incisions, truncation of underlying
reflections near paleo—shelf edges, and changes in internal reflection architecture (Figure 4). Horizons,
U19 to U16 are therefore defined as sequence boundaries. Moreover, the change in reflection pattern
from the west to the east of the EWO0001 survey signifies changing depositional regime or environments
from paleo shelves to continental slopes, and then deep-water environments. A drastic change in
depositional regime from the paleoshelf to the slope is marked by the shelf break, which geometrically
are also the topset-slope rollover points (Figure 3). The topset of the shelf-margin clinoforms is the
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morphological shelf; the upper rollover of the clinoforms is the “shelf—slope break”, and “slope” is the
deeper-water surface below (Johannessen and Steel, 2005; Safronova et al., 2014).

The interpreted paleoshelves in the study area are generally unfaulted and almost flat with relatively
constant thickness for the sequences bounded by U19 to U16 (Figure 5). Stratigraphic thicknesses can
reach ca. 192 m from the seabed to U19, ca. 217 m for the U19 sequence, ca. 138 m for U18, ca. 174
m for U17, and ca. 593 m for U16 to U9 (Figure 5). The thicknesses increase considerably from the
shelf-break points to the paleo slope. It should be noted that interpretation of U19 to U16 could not be
extended further into the deep waters as the horizon interpretation often extends into areas covered by
younger drifts (Figure 3). Hence, the estimated thicknesses in the slope areas are approximate values.
Nevertheless, by mapping the trajectory of the shelf break points (Figures 5a-5d), it is noted that there
is a southeast shift in depositional regimes along the Canterbury Basin since 3.72 Ma till Recent. The
clinoforms associated with U19-U16 characteristically show a general ascending regressive trajectory
showing continuous rise in sea-level since 3.72 Ma (Figure 4). Ascending shelf-edge trajectories are
associated with ascending regressive shorelines with sands having a higher potential to accumulate on
the slope rather than on the basin floor (Johannessen and Steel, 2005). Ascending trajectories will result
in a sigmoidal seismic pattern and long-term rise in relative sea level (Johannessen and Steel, 2005;
Omosanya et al., 2016).

The older horizons beneath U16 are slightly different in terms of their geometries and seismic facies
(Figure 3), although U9 and U4 show similar topset, upper rollover, and slope facies (Figure 3b).
However, their internal reflections are flatter compared to the Pleistocene-Quaternary sequences
possibly owing to their depth of occurrence or compaction (Figures 3 and 4). On seismic profiles,
reflections capped by U9 and U4 are continuous, low to moderate amplitude, obligue and often downlap
onto the underlying sequence boundaries and truncating towards the west underneath both U9 and U4
(Figures 3 and 4). In comparison to the younger sequences, the eastern parts of U9 and U4 are cut by
drifts of various geometries and, on occasion, by moat-related canyons. These canyons are surrounded
by drift platforms and have vertical stacks of VV-shaped reflections interpreted as contourite moats. (e.g.,
Figure 3). There is no discernible shelf-slope break after U4 down to the depth where UQ is interpreted.
However, U- and V-shaped canyons associated with Miocene drifts are observed. These drifts are most
dominant in the central part of the study area (Figure 3). U0 and U1 are the deepest horizons and relict
of the main tectonic events that affected the area. On seismic profiles, both U0 and U1 are continuous
and high amplitude reflections, which are intersected by normal faults towards the eastern part of the
survey (Figure 3). It is possible that some of these faults are inverted.

4.2 Fluid escape pipes and bright spots in the Neogene -Quaternary succession.

The 31 pipes interpreted in the area are vertical to sub-vertical and upward widening structures on
seismic profiles (Figures 6-9). The pipes can reach a height of about 1099.92 ms TWTT (808 m, using
a constant velocity of 1470 m/s) while the shortest pipe in the study area is about 149.49 ms TWTT or
110 m tall (Figure 10a). Structurally, the pipes have three parts consisting of top, main conduit/stem,
and root zone. Most of the pipes root zones are inferred below unconformity U16, where moat-related
canyons, sediment drifts and drift platform are predominant (Figures 7a, 8b and 9a). Internally, the pipes
are typified by low amplitude and distorted reflections (Figures 6-9). The low amplitude reflection of
the pipes contrasts markedly with those of the surrounding or host-rock strata, and characteristically
represent discontinuity of the surrounding reflections, weak reflection amplitudes, and disturbances in
the seismic response (Figure 8b). Close to the inferred root zones, the pipes usually show dimmed
reflections and more transparent reflection close to the tops. On the flanks of the pipes, faults (e.g.,
Figure 7) or high amplitude reflection can be present at intermediate levels e.g., Figure 8d.

In contrast to the root zones, the tops or upper limits of the pipes are mostly restricted to the U19 level
(Figures 10b and 10c). At these tops, the pipe has a flat-crater shape (e.g., Figures 7a and 7¢) or cone-
shape (Figures 8 and 9). Additionally, negative high amplitude anomalies (NHAA) or bright spots
indicative of accumulated fluids are often found (e.g., Figures 7 and 8a). Apart from the NHAA, flat
and enhanced reflections can be present or conjoined with the pipe’s top (e.g., Figure 9). These
anomalies are generally mildly faulted and connected to underlying anomalies by small faults (Figures
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9b-9d). In the study area, enhanced reflections are often flanked by pipes suggesting a connection
between vertical and lateral plumbing units (Figure 8b). Their similarities with the seabed reflection on
the envelope profiles might suggest they are tuning thickness reflections (Sheriff and Geldart, 1995)
related to lateral stacking of thin and coarse-grained strata rather than anomalies related to fluid seepage.

Other bright spots away from the pipes in the study area are discrete but dispersed bright spots that are
common along the paleo shelf break (Figure 8d). These anomalies can include hard kicks i.e., those
with similar polarity as the seabed reflections or negative high amplitude anomalies (soft kicks). Pipes
are sometimes found in association with dispersed hard and soft kick anomalies along the paleo shelf
break (Figure 8d). The presence of negative high amplitude anomalies along the paleo shelf break
enabled the identification of two NHAA zones in the study area (Figure 6). Zone 1 on the paleo shelf,
where the NHAA interact with tall pipes, some of which extend down to deeper drift platforms, as
shown in Figure 8d. In Zone 2, the NHAA are found in the proximity of short pipes that are mostly
rooted within strata bounded by U19- U16. NHAA anomalies at the U19 level may indicate enhanced
and intermittent fluid infiltration into a permeable subsurface reservoir (Hustoft et al., 2007).

4.4 Three dimensional (3D) Vsh model of the paleoshelves

Based on the analyses of the modelled VVSh from the Gamma ray log (Figure 11), the seismic profiles
in Figures 6 to 8 were inverted with the VSh values (Figure 12) and later used to build 3D lithology
model of the paleoshelves on the Canterbury Basin (Figure 13). The inverted seismic profiles show
that the strata beneath U19 are mostly a mix of low to intermediate Vsh values, i.e., heterogeneous
mixtures of siliciclastic sediments dominated by mud, while the root zones and drift sediments are
associated with intercalation of very muddy sediment to sediments with low sand content.. In parallel,
the 3D models revealed that the study area can be characterized into three main lithologic domains
(Figures 13). These are areas with (a) low sand potential i.e., areas with VSh of greater 20 % (b)
intermediate sand potential, are areas with dispersed Vsh values overlapping between Vsh values of 10
to 20%, and (c) high sand potential, i.e., areas with VVSh values of less than 10% (Figures 13).

For the present day model (Figure 13a), areas to the east of U1354 are modelled as areas with low sand
potential while high sand potential areas are modelled close to U1354 and U1353. Strikingly, the upper
110 m of both boreholes were interpreted to consist of variety of sand, muddy sand and sandy mud in
Figure 10. Another area with high sand potential is modelled at the NE part of the study area (Figure
13a). For the top Tarantian surface (U19), the model revealed mainly two lithologic domains (Figure
13b). An area with intermediate sand potential occur from north to south and around U1351, U1354
and U1353 (Figure 13b). This area is surrounded by areas of low sand potential. The highest sand
potential is predicted to the south of U1354 for top Upper Chibanian while other areas are characterized
by low to intermediate sand potential (Figure 13c). As for the Chibanian and Latest Calabrian, the areas
with high sand potential are on the paleo slope and the central area to the SE paleo slope areas (Figures
13d and 13e), respectively. For the latest Calabrian, low sand potentials are predicted to SW and the
northern part of the Canterbury Basin (Figure 13e). On the contrary, low sand potential are noted mainly
at the central part of the study area to the western at the Chibanian (0.74 Ma) level (Figure 13d).

5. Discussion

5.1 Initiation and evolution of pipes in the Canterbury Basin.

Although seismic reflection data can be used to identify the tops and base zones of pipes, absolute
dating cannot be guaranteed due to resolution, processing, and velocity problems (Yilmaz, 2001). On
seismic reflection data, structures and stratigraphy are better defined at shallow depths than at greater
depths (Omosanya et al., 2021). Nevertheless, the position of pipe tops and root zones can still provide
information on the relative timeline of their initiation and growth. Pipes rooted at various stratigraphic
levels, for example, suggest multiple fluid sources (Ruge et al., 2021) while those terminating at surface
pockmarks imply a connection between the pipe and the pockmark, often via methane migration from
the subsurface (Judd and Hovland, 2007). Cartwright and Santamarina (2015) discovered that pipes,
which end at buried pockmarks, fed several vertically stacked paleo pockmarks. This suggests episodic
activity in the formation of pipes. Additionally, pipes may terminate in a set of vertically stacked
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amplitude anomalies above the primary location of seismic disruption. This may be due to a prolonged
low flux flow regime that persisted after the formation of pipes. On the other hand, Van Rensbergen et
al. (2007) observed that pipes may abruptly end at a specific subsurface horizon without any paleo-
pockmark structure. This horizon could act as a barrier to the upward growth of pipes due to sediment
variability in the shallow subsurface.

In the study area, one striking feature of the mapped pipes is that they are seismically uniform from the
inferred root zones to their tops. The reflections within the pipes are transparent, distorted, or down-
warped, signifying that they formed after the host-rock layers were deposited (Figures 7-9). Thus, the
timing of pipe initiation and development is placed at post Tarantian (0.113 Ma) after the formation of
the U19 unconformity. Moreover, most pipe tops prevail at the U19 level. Other proof for pipes reaching
the present seabed was discovered (e.g., Figure 8), as well as some bright spots or enhanced reflections
connecting with pipes between the U19 and the seabed reflection. Enhanced reflections close to the
pipes are evidence for along-bedding or lateral migration of gas from areas of acoustic turbidity (Judd
and Hovland, 2007; Schroot and Schiittenhelm, 2003). Enhanced reflections usually occur where fine
grained sediments are interbedded with layers of coarse and permeable sediments. Hence, gas voids in
the finer sediments causes acoustic turbidity while the gas bubbles within the coarser sediments or gas
reservoir causes scattering of seismic wavelets and brightening of the negative amplitude (Anderson
and Hampton, 1980; Hovland and Judd, 1988). However, due to a lack of data, the age of the seabed
from this study could not be conclusively proven. Therefore, multiple phases of fluid seepage and pipe
formation up until the Recent times in the study area cannot be ruled out.

5.2 Sources and types of fluids

We propose that the other pipes with tops at older stratigraphic levels such as U18 and U9 also formed
post Tarantian (0.113 Ma) based on the general lack of distinct syn-kinematic strata within them. Their
termination at these levels (Figure 10c) could be attributed to sediment variability or inversion of
permeability (Berndt et al., 2012; Van Rensbergen et al., 2007). Such that their growth was impeded by
the presence of impermeable sediments at those levels, which restricted further vertical migration of the
fluids. Similarly, for the most pipes truncated at U19, there are no distinct pockmarks or craters, but are
instead conjoined with other anomalies or bright spots (Figures 8f and 9a). This concatenation of the
pipe tops with other fluid structures or anomalies shows evidence for interactions between lateral and
vertical fluid conduits, suggesting changes in sediment composition near the pipe tops and the presence
of permeable intervals that aided lateral migration of fluid from the pipes. Moreover, Micallef et al.
(2020) already showed that Pleistocene-Quaternary sequences between unconformities U16 to U19
have a potential to host groundwater aquifers in gravels to depths of approximately 150 m below the
present-day seafloor.

On the source and types of fluids being leaked through the pipes, the spatial and temporal spread of the
root zones shows that the source of fluids leaking through the pipes is multi-faceted, with seepage from
multiple stratigraphic levels below the seabed. Predominantly, the root zones were found below U16,
above U4, and above U9 (Figure 10b). For those above U4, they are associated with sediment drifts,
occurring along the flanks of moat canyons, and on the crest of contouritic mounds (Figures 8d-8f). In
map view, these latter pipes appear to be preferentially sited along the trends of large and underlying
seismically resolvable sediment drifts (Figure 6). Carter et al. (2004) and Lu and Fulthorpe (2004)
mapped these sediment drifts and show that they have a NE-SW orientation and are precursors of colder
and fresher Subantarctic Front (SAF) and Southland bottom current systems (Fulthorpe et al., 1996; Lu
et al., 2003). A corollary of having the fluids sourced from different intervals or units is that the fluid
composition may also vary. For example, pore fluids or biogenic gas may be present in shallower depths
(e.g. U18 to U16), while thermogenic hydrocarbons, mud slurry, or water expelled during compaction
may be present in deeper stratigraphic levels (see above and below U4). This highlights the importance
of considering the stratigraphic context and root zones when analyzing fluid composition from pipes
(Cartwright and Santamarina, 2015).



5.2 Formation mechanism of pipes in the study area

Hydraulic fracturing is the most frequently documented formation mechanism for fluid-escape pipes
along continental margins (Holford et al., 2017; Jamtveit et al., 2004). The process involves the
development of overpressure in an underlying root zone, which induces fracturing of the overburden.
Subsequently, fractures propagate upwards in a direction normal to the minimum stress and widen with
increasing height (Cartwright and Santamarina, 2015b). Accordingly, Cartwright et al., (2021)
conducted an experimental study to investigate the pressure conditions required for the formation of
fluid escape pipes in sedimentary basins. Their results showed that pipes form when the overpressure
is more than 30 MPa, with pressure recharge of up to 2 MPa occurring after each pipe-forming event.
This led to sawtooth pressure-time evolution. The experimental model used by the authors consists of
21 fluid escape pipes that transected 3 km of claystone and evaporite sealing units over an interval of
50-100 k.y. to finally reach the seabed. Localized collapse by volume loss is a common formation
mechanism in carbonate or limestone dominated sequences (Bertoni and Cartwright, 2005). Other
mechanisms, such as erosive fluidization, capillary invasion, and syn-sedimentary flow localization,
have only been identified through experimental works (Liu and Flemings, 2006; Nichols et al., 1994).

Root zones found in proximity to sediment drifts or contourite mounds in the study area suggest that
subsurface strata beneath U4 are associated with overpressure at depth. Contourite mounds serve as
pressure foci and can form gas columns due to structural closure (Cartwright and Santamarina 2015).
The sediment in the drifts may include underconsolidated, fine-grained, low-permeability, and high-
porosity siliceous ooze layers, along with excess pore pressure (Volpi et al., 2003). The likely triggers
for the overpressure observed in the study area may include overburden pressure, rapid sedimentation,
and tectonic stresses active during the Neogene-Quaternary. Hydrofracturing would lead to the
formation of a pipe structure, which can transport overpressure to shallower subsurface layers. If the
overpressure reservoir is large compared to the fracture volume in the pipe, pore water, free gas and
dissolved gas can migrate upwards, thus sustaining the overpressure (Elger et al., 2018).

5.3 Impact of lithology during initiation and modulation of pipes

Highly layered, clay-dominated marine sedimentary successions, typically of Neogene age have
accounted for most pipes known from seismic reflection data in passive continental margins (Cartwright
and Santamarina 2015). There might be several other pipes buried in deeper stratigraphic intervals.
However, their imaging has been hampered by high frequency attenuation in older and deeper
sedimentary formations (Yilmaz, 2001). Pipes are mainly known from clastic lithologies and only
described in carbonate settings where they were associated with dissolution structures e.g., Bertoni and
Cartwright, 2005. The interaction of fluid-escape pipes with geobodies or large and thick sediment piles
such as mass-transport complexes and contourites is well documented in the literature. Mass-transport
complexes (MTCs) can play an important role in the formation of fluid escape pipes by eroding former
strata and creating effusion of fluid in potential reservoirs (Cardona et al., 2020). Pipes can also occur
in close association with the basal slide zone of seismic-scale MTCs or formed due to rapid loading of
a sedimentary succession by the emplacement of several meter thick MTCs. The latter relationship has
been seen as a process advancing recurrent slope instability on some continental margins (see Browne
et al., 2020). Similarly, contourites are known to develop in basin with history of protracted fluid
seepage where topographic roughness created by pockmarks can influence the formation of mounded
contourites (Waghorn et al., 2018). This creates a cause-effect relationship between fluid expulsion and
the deposition of contouritic drifts.

The 3D lithological models show how lithology influences the preferential positioning of pipes in the
study area. Here, pipes are often buried or truncated amid heterogeneous strata made up of mud and
sands (Figures 12 and 13)., and they cross thick units of Neogene strata (up to 800 m) in this area.
Figures 13c and 13d, for example, show that most pipes are in regions with low to intermediate sand
potential, indicating that pipes have a high affinity for mud-rich sediments. The inverted data allowed
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for the resolution of the heterogeneity of these units at the scale of seismic observation to mud and sand
only. Yet, the well data show that other types of silt, like muddy sand and shell hash, can also be present
in the sediment (Figure 11). Despite this, the root zones largely crossed layers of mud and sand-rich
successions while the higher units are essentially mud-rich. This interpretation and 3D model of
paleoshelves that are distinguished by clastic lithologies are also supported by the interactions of the
pipes with the sediment drifts.

6. Conclusions

This study investigates the influence of basin and depositional setting on the initiation and growth of
fluid-escape pipes in the Canterbury Basin, utilizing three-dimensional seismic reflection and borehole
data to characterize lithology and decipher the timing and origin of the pipes. Our results indicate that
pipes are vertical to sub-vertical and upward widening structures on seismic reflection data, with a
distinct architecture consisting of a top, main conduit/stem, and a root zone, and seismic facies
characterized by low amplitude, transparent, distorted, or down-warped reflections. These pipes formed
post-Tarantian (0.113 Ma) and originated from multiple, overpressured stratigraphic strata and
structures within the Neogene-Quaternary interval. They play a vital role in enabling cross-stratal fluid
movement from the subsurface to near and onto the seafloor. The initiation and modulation of pipes are
influenced by key basin and depositional structures, including lithology and geomorphologic structures
such as contourite mounds. In our study area, pipes are rooted at the tops of contourite mounds or on
the flanks of sediment drifts, crossing thick, heterogenous clastic lithologies dominated by mud. The
development of overpressure in the underlying root zones likely induces hydraulic fracturing and
growth of the pipes. We also found bright spots indicative of fluid accumulation in the subsurface,
associated with pipe tops, suggesting the interaction of both vertical and lateral fluid conduits or cells
in the study area. These findings highlight the importance of lithology and geomorphologic structure in
the preferential siting of pipes in the Canterbury Basin and have implications for understanding the
formation of fluid-escape pipes along continental margins.
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Figure 1: (a) Topographic and bathymetric map of the South Island of New Zealand. The bathymetry map was
downloaded from https://niwa.co.nz/our-science/oceans/bathymetry and gridded in Surfer 8 ®. NB: The red
rectangle shows the location of the Canterbury Basin and geophysical data used in this study. Inset shows the
location of the Canterbury Basin in the context of the Southern Island of New Zealand.
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Figure 2: Lithostratigraphic column of the study area showing the ages of the interpreted horizons. The seismic-
well tie was done on the Clipper-1 wellbore. The biostratigraphic information on nannofossils and foraminifera
was adapted from the work of Lu and Fulthorpe, 2004.
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Figure 3: Interpreted seismic profiles (a) EW001-28 through the ODP 1119 wellbore and (b) EW001-66 through
borehole sites U1353, U1354 and U1351 showing the overview geology of the Cenozoic interval in the Canterbury
Basin. The Neogene interval are marked by different unconformities from U0-U19 and represent strata and
lithologic facies deposited under the influence of bottom currents, glacial-interglacial cycles, and changes in
eustatic sea-level. The intervals U0 to U4 were interpreted to find the root zones of the pipes. Uninterpreted
version of the seismic profiles are provided in the supplementary data.
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Figure 4: Interpreted seismic profiles () EW001-60 through site U1352 and (b) EW001-66 showing reflection
termination and pattern at the shelf edge break of the study area. The intervals between U9 and U19 are
characterized by different lithological and seismic facies such as well-bedded prograding strata and chaotic debris
flow deposits reflecting changes in sedimentation pattern and infill during the latest Neogene times. Uninterpreted
version of the seismic profiles are provided in the supplementary data.
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Figure 5: Stratigraphic thickness maps of (a) U19 (b) U18 (c) U17 and (d) U16 showing variation in sediment
thickness of strata overlain by the main unconformities discussed in the text. Additionally, the variation in the
position of the shelf break since 1.05 Ma is shown using the black strokes that run from NE-SW.
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Figure 6: Facies map depicting the distribution of pipes interpreted in this work. Also shown is the connection
between the pipes and subsurface geomorphologic structures such as contourite drifts in New Zealand's
Canterbury Basin. Pipes in the subsurface are preferentially oriented along contourite drift trends, suggesting a
cause-effect link between drift siting and pipe occurrence. In addition to the pipes, fluid related seismic anomalies
in the study area can also include negative high amplitude anomalies found in Zone 1, flat and dispersed bright
spots distributed around the paleo shelf-slope break in Zone 2.Note: The purple polylines represent seismically
resolvable sediment drifts (Carter et al., 2004; Lu and Fulthorpe, 2004) while numbers in circle correspond to

the location of the seismic lines described in the text. Inset shows the location of the Canterbury Basin in the
context of the Southern Island of New Zealand.
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Figure 7: (a) Example of pipes rooted at the top of contourite drifts in the study area. Note: Uninterpreted version
of the seismic profile is provided in the supplementary data. (b) and (c) Uninterpreted and interpreted seismic
profiles showing seismic character of the two pipes in (). The pipes have their zeniths above the U19
unconformity and their roots above U4. (d) and (e) Uninterpreted and interpreted envelope attribute profiles
showing bright spot at the top of the pipes. These bright spots are positive high amplitude anomalies with the

same polarity as the seabed reflection.
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Figure 8: Examples of pipes from the study area. The pipes are massive vertical to sub-vertical structures that
may reach up to 800 m in height and are often sourced from bottom-current circulated sediments below the U9
unconformity. (a)-(c) Uninterpreted version of the seismic sections shown in (d)-(f), (d) shows a special case of a
pipe with a negative amplitude anomaly at its apex. This anomaly has a polarity that is different to the seabed
reflection, and it is interpreted as fluid accumulation in the subsurface (e) zoom image of the section shown in (d),
and (f) classic examples of pipes with associated lateral fluid conduits or cells at their tops.
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Figure 9: (a) Proof for the interconnection between vertical and lateral conduits in the study area. The two pipes
shown here are rooted within contourite drifts or bottom current strata and are connected to lateral flow cells at
their tops. (b) The enhanced reflection at the top of the pipe signify along bedding or lateral migration of fluid
from areas of acoustic turbidity (Judd and Hovland, 2007; Schroot and Schittenhelm, 2003) (c) Seismic wiggles
showing flat or lateral seismic high amplitude anomalies at the top of the pipe, and (d) Envelope seismic attribute
highlighting bright spots linked to fluid accumulation at the top of the pipe in (a). Note: Uninterpreted version of
the seismic profiles are provided in the supplementary data.
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Figure 10: (a) Box plot showing descriptive statistics for the heights of the pipes. Heights of the pipes range
between 110-808 m. Histograms showing the stratigraphic interval where the (b) root zones and (c) tops or point

of termination of the pipes are found.
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Figure 11: Correlation panel showing gamma ray, modeled VSh Tertiary, manually interpreted lithology of the
holes based on core logs from the ODP and IODP websites (https://www.iodp.org/resources/access-data-and-
samples) and the upscaled VSh across U1353,U1354 and U1351 used for populating the 3D geologic grids in
Figure 10.
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Figure 12: Inverted seismic profiles (a) and (b) populated with the modelled VVSh (Tertiary) across the study area.
Also shown is the location of the seismic profiles and pipes in Figures 6 to 8 are shown. The upper terminus of
the pipes are truncated within strata of low to moderate VVSh values interpreted as heterogeneous mixture of mud
and sands.
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Figure 13: 3D evolving lithologic model based on modelled VSh Tertiary from sites U1343, U1352, and U1352 at present day from (a) Seabed to U9 (b) Tarantian (0.113 Ma)
(c) Upper Chibanian (0.252-0.277 Ma) (d) Chibanian (0.74 Ma) and (e) at the latest Calabrian (1.05 Ma). Based on the Vsh (Tertiary) distribution, the study area is categorized

as regions with low, intermediate and high sand potential.
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