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ABSTRACT

The East Coast Basin is a Cretaceous-Cenozoic sedimentary basin that largely formed within a
passive margin setting, and has subsequently evolved through the Neogene in a convergent margin
setting. The position of the basin prior to the inception of the modern boundary between the
Pacific and Australian plates has, for many decades, been a contentious issue in paleogeographic
reconstructions of Zealandia and the southwest Pacific region. The sedimentary, tectonic and
paleoenvironmental development of the basin have substantial importance in understanding the
evolution of Zealandia, and resource exploration in the region. However, the pre-Neogene
position, orientation and internal deformation of the basin is poorly constrained. To date,
paleogeographic reconstructions have utilised the East Coast Basin to accommodate an unknown
volume of deformation, with substantial variability between reconstructions. This thesis combines
a number of methods and approaches to produce a rigorously tested, palinspastic model for the
Cretaceous to Paleogene East Coast Basin that is integrated within the wider Zealandia

paleogeographic and tectonic framework.

Late Cretaceous—Eocene marine successions in the basin are dominated by thick, often
lithologically monotonous sedimentary units. Moderate- to high-resolution geochemical analysis
applied to 1100 samples from late Cretaceous to Eocene stratigraphic sections across Hawke’s
Bay, Wairarapa and Marlborough, provide a framework for chemostratigraphic correlations across
the basin to supplement bio- and lithostratigraphic studies. The Waipawa Formation holds
particular interest, as it forms an important isochronous unit, making it possible to establish facies
relationships and correlations between multiple sections in various environmental settings and
lithostratigraphic associations across the basin. Trace metal indices and organic carbon
relationships reveal evidence of shifting paleo-redox conditions during the Late Paleocene,
associated with enhanced preservation of terrestrial organic matter. The increased preservation
occurs in tandem with increased sedimentation rates, suggesting that sediment supply and burial

rate are controlling factors in the source and preservation of organic matter.

Recently developed rigid-plate reconstructions for Zealandia are integrated with geological and
geophysical datasets to emplace constraints on the Neogene deformation of the basin. To facilitate
reconstruction, the basin was subdivided along major basement-penetrating faults to produce a
micro-plate model. Lineations in basement terranes provide piercing points for the base

reconstruction, which are utilised in conjunction with paleomagnetic constraints on the rotation
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and fault movements of, and between, individual structural blocks to retroactively remove
Neogene deformation. Removal of shortening, rotation and lateral displacements establishes a
foundation upon which a series of Cretaceous-Paleogene palinspastic reconstructions can be built.
These palinspastic reconstructions are then translated into a suite of paleoenvironmental maps
through the integration of various datasets, including litho-, bio- and chemostratigraphic and
sedimentological measurements, and heavy mineral and detrital grain studies. These data provide
insight into environmental and sediment provenance characteristics that are incorporated into
paleogeographic reconstructions, in addition to enabling compilation of a composite section used
for the identification and interpretation of second- and third-order (1-10 Myr) sequence
stratigraphic cycles from the Motuan to Bortonian (c. 105—40 Ma). The joint assessment of
multiple provenance indicators informs of sediment sources, supply routes and hinterland
tectonics, and basement unroofing and exhumation, contributing to geodynamic models of basin
development. A series of paleogeographic maps have been developed for important time-slices
through the late Cretaceous to late Eocene, namely the Ngaterian, Piripauan, Haumurian, K-Pg
boundary, Teurian, Mangaorapan and Bortonian stages, providing basin-wide temporal and spatial
perspectives of ancient depositional environments in a consistent and reproducible format.
Information derived from these palinspastic maps has implications for the petroleum prospectivity
of the Fast Coast region, and broader applicability to paleotectonic, paleoclimate, and

paleoceanographic research.
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Chapter One

INTRODUCTION

“The area covered by this paper is so great, and the country so broken and difficult to access, that a complete
survey would occupy more than one season of continuons work.”

-J. Allan Thomson (1913). Results of field work. New Zealand Geological Survey 7t annual report 122-123.

Northeast-facing view from Castlepoint over the East Coast, North Island.
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Chapter One

INTRODUCTION

11 Rationale

This study presents a comprehensive, multi-disciplinary, tectono-, chemo-, and sequence-
stratigraphic investigation into the geological evolution of the Late Cretaceous to Eocene
sedimentary succession in the Hawke’s Bay, Wairarapa and Marlborough regions of the East Coast
Basin, eastern New Zealand. The main aim is to reconstruct the paleogeography of the pre-
Neogene East Coast Basin by assessing the stratigraphic architecture, the organic- and inorganic
geochemical properties of the basin fill, and paleoenvironmental (water depth and oceanicity)
changes through time. Paleoenvironmental information is combined with a retro-deformed block
model of the East Coast region that accounts for structural deformation and dislocation associated
with the Neogene development of the Hikurangi subduction margin. The resulting integration of
the discrete tectonic and sequence stratigraphic frameworks facilitate the production of a series of

spatially- and temporally-constrained, palinspastic paleogeographic maps.

Sedimentary fill in the East Coast Basin records the final stages of subduction beneath eastern
Gondwana in the Early Cretaceous, the separation of Zealandia from Gondwana in the mid-
Cretaceous, a phase of passive thermal subsidence, the re-inception of subduction beneath eastern
North Island, and ongoing convergent-margin tectonics. Because of this, many phases in the
evolution of the Pacific-Australia plate margin can be constrained through analysis of the basin’s
outcropping stratigraphy. Reconstruction of the Cretaceous to Paleogene East Coast Basin allows
us to better understand the conditions prior to the development of the modern Hikurangi
subduction margin, and the progressive development of the margin. Historically, there has been a
lack of consensus on the relative geographical position or configuration of the East Coast Basin
in pre-Neogene times. This partly stems from the absence of clear piercing points that would
constrain fault offsets east of the Esk Head Melange—a unit of basement rocks—whereas
elsewhere in New Zealand, prominent basement markers and lineations provide a clear basis for

reconstructions.

Parts of the East Coast Basin contain thick sedimentary sequences that have previously not been
interpreted in a sequence stratigraphic framework. The facies architecture of the basin can
contribute to global models of sea-level variability prior to the development of large-scale ice sheets

and the associated cyclical sea-level variability they induce. In addition, better understanding of
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the basin’s facies architecture provides insights into pre-Neogene tectonic signals, useful for the
comparison of regional- and inter-basinal events. Furthermore, understanding the depositional
setting of the pre-Neogene basin fill, and the oceanic conditions into which such rocks were
deposited, provides critical new insights into the properties and potential of petroleum source

rocks (primarily the late Paleocene Waipawa Formation) within the East Coast Basin.

This project culminates in the production of a series of palinspastic reconstructions for the East
Coast Basin, which have been developed using a multi-disciplinary approach. Four primary

research outcomes of this project are:

1. Definition of spatial and temporal relationships between depositional environments for

the Late Cretaceous to late Paleogene succession of the East Coast Basin.

2. Derivation of a sequence stratigraphic framework for the East Coast Basin, following on

from point 1.

3. Constraints on the extent of Neogene deformation on the pre-Miocene sedimentary

succession, and the development of a tectonic model for the East Coast region.

4. Integration of the tectonic model (point 3) with stratigraphic data (points 1 & 2) as a base
for paleogeographic reconstructions and production of a series of 'time-slice' palinspastic

maps for the East Coast Basin.

1.2 Geographic Setting

The East Coast Basin, North Island, New Zealand, lies across the onshore and marine realms, and
covers approximately 75,000 km’, from East Cape in North Island, through to the Kaikoura
Peninsula in South Island (Figure 1.1; Field, Uruski ez al., 1997; King et al., 1999). The basin reaches
elevations of up to 2880 m above sea level, and occurs in water depths of . 1000 m below sea
level (Leckie e al., 1992). The northern and western boundaries are marked by the North Island
axial ranges (Figure 1.2), with an offshore continuation along the East Cape Ridge (the Raukumara,
Ruahine, Tararua, and Rimutaka ranges; Cashman ez a/, 1992; Davey e/ al., 1997; Sutherland ez al.,
2009). The Raukumara Basin lies to the north and west of the East Cape Ridge (Figure 1.1). The
western boundary of the East Coast Basin in North Island is delineated by the Wairarapa and
Wellington-Mohaka-Whakatane Fault systems along the eastern margins of the axial ranges (Figure
1.2; Beanland ez al., 1998; Nicol et al., 2007). The eastern and southern boundary of the basin is
demarcated offshore by the Hikurangi subduction interface (Figure 1.2; Uruski ef a/ 2005; Uruski



et al. 2000; Bland ¢z al., 2015). Onshore, the southern boundary is marked by a structural high, the
Hurunui High, which is effectively a westward extension of the Chatham Rise that separates the

Pegasus and Canterbury basins (Figure 2.1; Field & Browne ¢7 a/., 1989; Crampton ez al., 2003).
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Figure 1.1: A) Map of New Zecaland and bathymetric features, with the New Zealand exclusive
economic zone outlined. B) Location of the East Coast Basin, and the Raukumara Basin; vectors

indicate direction and magnitude of modern Pacific Plate convergence relative to the Australian

Plate. Source GNS Science (left), adapted from GNS Science (right).

The East Coast Basin has been deformed extensively, having been dissected, dislocated and re-
oriented following the inception of the Hikurangi subduction margin through the basin in the Late
Oligocene—FEarly Miocene. Different authors have applied different terminology to describe
essentially the same structural and physiographic divisions of the East Coast Basin (e.g., Pettinga,
1982; Berryman e al., 1989; Ballance, 1993a; Lewis & Pettinga, 1993). The basin is partitioned into
four major physiographic divisions that reflect the modern tectonic regime (from west to east): the
North Island axial ranges, the forearc basin, the coastal ranges, and the continental slope. The

North Island axial ranges mark the boundary from compressional deformation in the east into



strike slip deformation to the west, whereas the coastal ranges mark the onshore expression of the

accretionary wedge, with the intervening area forming the present-day forearc (Figure 1.2).

The age of the sedimentary fill within the basin ranges from latest-Early Cretaceous through to
Quaternary, and is of the order of 10,000 m-thick in the thickest and most complete sections of
the basin (Grindley, 1960; Field, Uruski ef a/, 1997; Begg & Johnston, 2000; Lee & Begg, 2002).
Within the basin, the Cretaceous to Paleogene succession has been divided into two northeast-
southwest otiented, elongate, geographic/spatial domains, the eastern and western sub-belts,
characterised by distinct stratigraphic motifs, based on facies changes within early-Late Cretaceous
to Paleocene strata, the distribution of late Cretaceous volcanogenic units and the degree of
tectonic deformation (Figure 1.2; Moore e7 al., 1986; Moore, 1988a, 1988b; Crampton ef al., 2006).
In addition to the sub-belt scheme, Moore (1988b) also defined a series of structural blocks,
divided on the basis of lithological affinities and bounded by major structures. The Marlborough
region is widely accepted as falling within the western sub-belt, on the basis of lithological

characteristics (Crampton, 1997; Field, Uruski ez al,, 1997; Crampton ez al., 2003, 20006).
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1.3 Geological History & Tectonic Setting

The Torlesse Composite Terrane (comprised of the Rakaia, Kaweka and Pahau basement terranes)
and Murihiku basement terranes that underlie eastern New Zealand originated in association with
a subduction zone along the eastern Gondwana margin during the Permian to latest Early
Cretaceous, providing an inherited structural lineation of basement fabrics (Sutherland, 1999a,
1999b; Mortimer, 2014; Lamb ef al., 2016). The Late Jurassic to Early Cretaceous period, as
recorded by the Pahau Terrane in eastern New Zealand, likely developed within a series of
depositional basins along a section of the accretionary wedge on the convergent margin of eastern
Gondwana (Bassett & Orlowski, 2004; Adams ef al, 2013a). Subduction at the margin of
Gondwana continued until the Early Cretaceous (110-100 Ma; Davy ef al., 2008), with the East
Coast Basin developing subsequently as one of several near-continuous basin depocentres oriented
margin-parallel at this time (the other basins being the Raukumara, Pegasus and Canterbury

basins).

The Gondwana margin was deformed and uplifted in the latest Jurassic to eatliest Cretaceous, due
to the arrival and collision of the Hikurangi Plateau at the westward dipping Chatham Rise
subduction trench. The plateau is interpreted as mass of unusually thick (12-15 km) oceanic
basaltic crust, which effectively choked the subduction zone at cz. 105 Ma, resulting in a substantial
plate reorganisation (Davy ez al., 2008; Collot ez al., 2009; Adams ef al., 2013a). Cessation of
subduction on at least the Chatham Rise sector of the Gondwana margin resulted in
paleogeographic and paleotectonic changes during the earliest Late Cretaceous, including
widespread Late Cretaceous extension, with rifting of the old Gondwana margin centred on the
modern-day Tasman Sea (Kamp, 1986; King ez al., 1999; Strogen ez al., 2017). Subduction in parts
of the East Coast Basin may have continued until ~85 Ma (Mazengarb & Harris, 1994; Kamp,
1999; 2000; Crampton ef al., in prep.). Plate reconfiguration resulted in the breakup of Gondwana,
and the proto-New Zealand subcontinent (Zealandia) was completely separated from the rest of
Gondwana by the Late Cretaceous (e.g., Kamp, 1986; King ez a/, 1999; Strogen e al., 2017). During
this time, the abandoned trench in the east was progressively infilled, forming the base of the cover
sequence and the foundations for the East Coast Basin (Crampton, 1997; Field & Uruski e/ al.,

1997).

Seafloor spreading in the Tasman Sea region resulted in the rifting of proto-New Zealand from
the eastern Australian margin in the Late Cretaceous, and continued through to the late Paleocene
(Gaina ef al., 1998). Progressive migration away from the active rift zone resulted in the thermal

relaxation and gradual subsidence of the New Zealand region (Ballance, 1993b). Consequently, the



Late Cretaceous—Paleogene strata of the East Coast Basin are dominated by thick successions of
largely homogenous, fine-grained, deep marine sedimentary rocks characteristic of a passive
margin depositional setting (Moore, 1988a; Field & Uruski ez 4/, 1997; King, 2000a, 2000b;
Mazengarb & Speden, 2000; Lee & Begg, 2002; Lee ef al. 2011).

The East Coast region remained relatively quiescent until the middle to late Eocene, when a major
plate reorganisation affected the entire southwest Pacific between 50 and 40 Ma, possibly a
consequence of the collision of the Indian Plate with Southeast Asia (Hall, 2002). This
reorganisation initiated the development of the modern Australia—Pacific plate boundary through
the New Zealand region. Ophiolite obduction in New Caledonia, north of New Zealand, suggests
that instigation of convergent tectonics commenced on the margin during the mid-Eocene (48 Ma;
Aitchison ez al., 1995; Cluzel et al., 2006; 2010). The plate boundary began to evolve in southern
New Zealand during the middle to late Eocene in response to sea-floor spreading and the
formation of oceanic crust in the Emerald Basin, and the development of a zone of actively
subsiding, extensional basins that propagated northwards from the southwestern South Island to
the southern Taranaki Basin (Sutherland, 1995, 1999a; King & Thrasher, 1996; King, 2000a;
Sutherland ez 4/, 2000; Cande & Stock, 2004). The nature of the Eocene plate boundary in the
intervening area between the Emerald Basin and New Caledonia is pootly constrained at this time

(Sutherland, 1995; Mortimer, 2014).

The southeast migration of the Australian-Pacific plate Euler pole from 30 Ma (Sutherland, 1995),
resulted in the southward propagation of the subduction margin into the New Zealand region in
the late Oligocene—Early Miocene. Subduction had initiated beneath Northland by the early
Miocene (Isaac et al., 1994), and initiation of subduction along the Hikurangi margin is marked by
the obduction of the Northland and East Coast allochthons between 20—23 Ma (Stoneley, 1968;
Balance & Sporli, 1979; Rait ez al., 1991; Mazengarb & Harris, 1994; Isaac ez al., 1994, 1996; Herzer,
1995; Field, Uruski ez al, 1997; Mortimer et al., 2003; Bradshaw, 2004; Schellart, 2007), along with
coeval thrusting and the emplacement of olistostromes in the Wairarapa and Matrlborough regions
(Chanier & Ferriere, 1991; Delteil ef al., 1996, 20006). The developing subduction zone propagated
south during the Miocene, likely in response to slab roll back of the Pacific Plate (Schellart ez al.,
2000). The exact orientation and configuration of the Early Miocene plate boundary in northern
New Zealand remains a contentious issue, with widely varied interpretations and reconstructions
for the East Coast region (Figure 1.3). However, several lines of geological evidence provide
constraints on the aspects of the development of the plate margin, including south-westward
transport directions for the Northland and East Coast allochthons (Stoneley, 1968; Rait, 2000),

and the trend of the Northland Arc (Herzer, 1995). However, the fold-thrust belt associated with
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initiation of Neogene subduction, along with structural data from basement terranes, have a
northeast—southwest trend, indicating that this portion of the margin has rotated 290° to its
current orientation since the Early Miocene, consistent with vertical axis rotation derived from
paleomagnetic studies of the region (Walcott, 1989, 1998; Rowan ef a/., 2005; Rowan & Roberts,
20006; Hall e al., 2004; Randall ez a/., 2011; Lamb, 2011). Either underplating of buoyant continental
crust in the southern end of the Hikurangi subduction margin (Walcott, 1989; Barnes & Lepinay,
1997), and/ ot the Chatham Rise impinging on the South Island (e.g., Wallace ¢# a/., 2004) has been
suggested as the cause for the locking of the plate interface, providing a coupling around which

the Hikurangi margin has rotated clockwise through the Neogene.

Despite these understandings, it remains difficult to reconcile the estimated 290° of vertical-axis
rotation on the Hikurangi margin with deformation trends within the New Zealand region (Nicol
et al., 2007). Such a substantial rotation would require significant shortening in the southern
Hikurangi margin, yet seismic interpretation and balanced cross sections indicate only ~30 km of
Neogene shortening in southern Wairarapa (Nicol & Bevan, 2003; Nicol ez a/, 2007). Similarly, the
relatively low metamorphic grade of basement strata exposed in the East Coast Basin and the
North Island axial ranges (e.g., Jiao ef al, 2015), is inconsistent with a high amount of Neogene

rotation and shortening.

The Neogene structural style is primarily compressional, including the FEarly Miocene
emplacement of thrust sheets in East Cape, southern Hawke’s Bay and Marlborough (Rait e al.,
1991; Delteil ef al., 2006). Compressional and dextral strike-slip faulting has continued to the
present, with the largest proportion of dextral faulting occurring since the Late Miocene (Cashman
et al., 1992; Beanland ez al., 1998; Barnes ef al., 2002; Kamp, 1987; Bland & Kamp, 2006; Nicol &
Wallace, 2007). The transition of arc volcanism from the Kaimai-Tauranga volcanic centre and
associated onset of extension within the Taupo Volcanic Zone at 2 Ma (Wilson & Rowland, 2016),
and the initiation of dextral strike-slip displacements on the North Island Dextral Fault Belt
(Beanland, 1995; Beanland ez a/., 1998) resulted in further changes, to produce the current tectonic

regime.
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Figure 1.3: Location of the eastern North Island in various pre-Miocene reconstructions of the proto-
New Zealand subcontinent. Inset shows the outcome of the relative position of eastern North Island
based on the dominant mode of deformation adopted by any particular reconstruction. Figure modified

from King (20002) and Wood & Stagpoole (2007).

11



14 Specific Research Questions

1) Can constraints be placed on paleoenvironmental changes through time, across structural divisions, to

assist in the development of paleogeographic reconstructions for the East Coast Basin?

In order to reconstruct the development of the basin, the outcropping late Cretaceous—Paleogene
stratigraphic succession has been interrogated to provide paleoenvironmental information that can
supplement and support paleogeographic reconstructions (e.g., water depth, continental slope
direction, water current direction). This component of the study included detailed logging of
measured sections, and interpretation of facies, paleoenvironments, and depositional relationships.
In addition, extensive databases of existing measured sections, including the East Coast
Cretaceous-Cenozoic Programme (CCP) and published sections were also used. Characterisation
of rapid vertical and lateral facies changes, and the application of revised age control has been

important for the determination of paleogeographic and paleoenvironmental boundaries.

2)  Can bulke-rock geochemistry be applied to resolve changes in provenance, paleo-redox conditions and

paleoenvironmental settings?

The development of portable X-ray florescence technology enables the rapid and accurate
collection of large bulk-rock geochemical datasets. Whereas this methodology is typically applied
in industry-based studies of metamorphic and igneous ore bodies, there are studies that suggest
the integration of this approach with conventional organic and inorganic geochemical analyses
may provide useful insights into provenance and paleo-redox states and, by association,
paleoenvironmental setting and conditions. Applying this method at a basin-wide scale allows the
development of a chemostratigraphic framework, within which conventional lithostratigraphic,
provenance (detrital zircon, heavy minerals assemblages) and source rock analyses may be placed.
Integrating these chemostratigraphic approaches into the existing stratigraphic framework
provides new constraints on Late Cretaceous—Eocene paleoenvironmental conditions and
provides a new tool for correlating lithologically monotonous mudstone formations prospective

for petroleum resources in the sedimentary basins of New Zealand.
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3)  Can Neogene deformation be back-stripped to produce a pre-Miocene structural reconstruction of the

East Coast Basin?

Regional paleogeographic reconstructions typically treat the Fast Coast Basin simply as a single
crustal block (e.g., King, 2000a). The approach of Crampton e/ a/. (2003) and Lamb (2011) in
dividing the region into component structures provides a more realistic means of determining the
degree and nature of Neogene deformation that can then be back-stripped, and integrated into
regional paleogeographic reconstructions. The palinspastic reconstruction of Crampton et .
(2003), for the late Cretaceous—Paleogene Marlborough region of the East Coast Basin, acts as a
model for the approach of this study. However, more recent and comprehensive paleomagnetic
datasets for the region (e.g., Randall ef a/., 2011; Lamb, 2011; Dallanave ¢z a/., 2015, 2016) are now
available, making a review of this reconstruction and a basin-wide expansion of the model timely.
Integration of recent paleomagnetism studies, along with rotation and fault slip information for
pre-Neogene strata, provide constraints on the rotation and lateral displacement of structural
blocks. This then allows for the retro-active back-stripping of Neogene deformation, ultimately
cumulating in a pre-Neogene base model that facilitates paleogeographic reconstructions for the

late Cretaceous—late Paleogene East Coast Basin (Figure 1.4).

4)  Can the signatures of global eustastic sea-level change be discriminated from tectonics in the Cretaceous-

Paleogene stratigraphic successions in the East Coast Basin?

Previous studies have failed to determine a long-ranging sequence stratigraphic framework in the
New Zealand Cretaceous-Paleogene succession that has resolved events below the 10—-100 Ma
period. Through the application of detailed stratigraphic analysis and identification of key surfaces,
is it possible to resolve a meso-scale (1-10 Ma frequency) sequence stratigraphy for the
Cretaceous—Paleogene succession of the East Coast Basin? This is particularly important in
determining the depositional controls within the basin - is sedimentation governed by sea level
variability, local and/or regional tectonics, or a combination thereof? The application of apatite
fission-track modelling in tandem with 1-dimensional basin modelling help to constrain the timing

of tectonic controls in the basin, particularly the onset of passive margin thermal subsidence.
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5)  How has the Paleogeography of the East Coast Basin evolved through the Cretaceous—Paleogene?

The broad structural divisions of the North Island sector of the East Coast Basin, as defined by
Moore (1988a), the regional paleogeographic reconstructions of King (2000a), Strogen ez a/. (2017)
Arnot & Bland ef a/. (2016), Sahoo & Bland e# a/. (2017), and the palinspastic models of the
Matrlborough region produced by Crampton e a/. (2003), provide a starting framework for this
present study. Integration of the pre-Neogene structural reconstruction and a base layer for the
addition of stratigraphic and paleoenvironmental datasets enables the development of a series
paleogeographic reconstructions. These reconstructions are presented as a series of 'time-slice'-
style palinspastic maps for selected intervals to reveal the Cretaceous—Paleogene evolution of the
basin. Additional insights into the evolution of the basin obtained from paleoenvironmental and

provenance information are integrated into and projected onto these palinspastic reconstructions.

1.5 Study Design

This thesis synthesizes disparate strands of new and existing research to produce an integrated
paleogeographic study of the Cretaceous-Paleogene stratigraphy of the East Coast Basin.
Stratigraphic sections provide archives recording environmental histories that vary spatially and
temporally. To utilise these records, detailed examination of existing measured sections, in
particular sections from the East Coast CCP (Field & Uruski ef al., 1997), as well as Moore (1988a;
1988b) and Crampton (1997), have been used to identify important sections for this study.
Supplementary sections were measured and sampled in various localities, to characterise the abrupt
vertical and lateral facies changes that are known to occur in the Cretaceous—Paleogene succession,
and to identify any unknown and unquantified relationships across structural boundaries (e.g.,
Moorte et al., 1986; Moore 1988a; 1988b; Crampton, 1997; Laird ez al., 2003; Hines ef al., 2013).
Detailed sample suites through stratigraphic columns were then analysed, primarily using bulk rock
geochemical analytical methods (XRF, pXRF, XRD, SRA, and ICP-MS), to provide information
on provenance and environmental characteristics, allowing the definition and distinction of
important intervals for use in paleogeographic reconstructions (Figure 1.4). Detrital zircon and
heavy mineral assemblage and compositional studies provide information about hinterland uplift,

erosion, source regions and depositional pathways.

A tectonic model for the East Coast Basin and the wider New Zealand region was constructed in
the open-source GPlates software (Boyden e/, 2011; Qin ez al., 2012), through the application of

retroactive deformations across a series of timeplanes between the present and the late Eocene.
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This resulted in a structural model that has had all Neogene deformation removed, acting as a
template for paleogeographic reconstructions for late Cretaceous-Paleogene depositional
environments. Development of the structural model was an iterative process, incorporating
vertical axis rotations, basement marker piercing points, definition of structural blocks (based on

major structural divisions), strike-slip estimates, and shortening estimates (Figure 1.4).

Revised age control, and a basin-wide assessment of facies trends, paleoenvironments and
stratigraphic relationships, have enabled the development of a sequence stratigraphic framework.
When these datasets are incorporated into the pre-Neogene structural model for the FEast Coast

Basin, a series of palinspastic reconstructions through the Late Cretaceous to Paleogene are

produced.
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Figure 1.4: Generalised workflow for the various components of this thesis, culminating in the

development of a palinspastic reconstruction for the East Coast Basin.
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1.6 Thesis Objectives
Specific objectives and aims determined for this project include:

1) Establish a revised lithostratigraphy for the Hawke’s Bay, Wairarapa and Marlborough
regions of the Fast Coast Basin. This draws upon recently acquired paleontological age
control (Chapter Two).

2) Identify and characterise a surface suitable for correlation across structural blocks
(Chapters Three & Four).

3) Characterise the internal variability and facies architecture of the latest Cretaceous to
Eocene passive margin succession (Chapters Three, Four, & Seven).

4) Determine a sequence stratigraphic framework for the late Cretaceous to Eocene
sedimentary succession of the East Coast Basin (Chapter Seven).

5) Develop a tectonic reconstruction for the East Coast Basin that honours geophysical,
lithostratigraphic, biostratigraphic and paleoenvironmental constraints (Chapter Five).

6) Apply paleoenvironmental data to the tectonic reconstruction of the East Coast Basin to
reconstruct the paleogeographic development of the basin, including global sea-level
changes and regional tectonic events, ultimately to produce a series of palinspastic, time-

slice maps (Chapter Eight).

1.7 Research Outcomes

Research undertaken during the course of this thesis has resulted in a new depositional model for
the Whangai, Waipawa and Wanstead formations, of which the Whangai and Waipawa formations
form important prospective source rocks in the East Coast Basin (e.g., Moore ¢/ al., 1987; Moore,
1989a; Killops ez al., 2000; Hollis ez al., 2006, 2014; Sykes ez al., 2012). Data collection during the
course of this thesis has resulted in the doubling of the available source rock analyses of the
prospective Waipawa Formation, and the development of moderate- to high-resolution organic
and inorganic geochemical datasets through detailed measured sections, in a manner that has not
previously been applied to the East Coast Basin. Sampling, analyses and data interpretation have
contributed towards objectives (PSF Task 1.5) of the GNS Science Source Rocks and Fluids
programme. Source rock, sequence and chemo-stratigraphic analyses, tectonic reconstructions and
the series of palinspastic maps produced during this thesis have made important contributions

towards the Petroleum Basins Research Frontiers Taskforce project at GNS Science.
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In addition to this, the development of a third-order sequence stratigraphic framework for the
East Coast Basin has informed depositional models for the region, as well as allowing the
identification and differentiation of sea level and tectonic events, and the characterisation of latest
Cretaceous and Paleogene stratigraphic architecture. Furthermore, detailed assessment of the
stratigraphy in the southern Wairarapa and Marlborough has improved stratigraphic correlations

across Cook Strait.

The primary outcome of this thesis is a series of palinspastic maps for the East Coast Basin across
selected intervals that can be integrated with existing reconstructions for the Reinga, Northland,
Taranaki, and Deepwater Taranaki basins, and the Canterbury-Great South basins (Strogen ef al.,

2014, 2017; Arnot & Bland e7 al., 2016; Sahoo & Bland e7 a/., 2017). These maps contribute to the

GNS Science Cretaceous paleogeographic mapping programme (“Zmap’).
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1.8 Conventions Applied in this Thesis

A combination of international and New Zealand stages are used throughout the thesis. Use of
New Zealand stages reflects the dominantly biostratigraphic age control on the sedimentary
succession, and the often largely endemic fossil faunas in the New Zealand region (Cooper, 2004),
which are tied to the New Zealand geological timescale (NZGTS; Figure 1.5; Crampton et al.,
2004a; Raine ez al., 2015). Cretaceous sedimentary rocks of the East Coast Basin typically contain
no, to few age-diagnostic foraminifera, so biostratigraphic age control is often entirely reliant on
inoceramid and Awcellina bivalves, and dinoflagellate assemblages (e.g., Roncaglia ez a/, 1999;
Crampton ez al., 2000, 2001, 2004a; Schieler ez al., 2002). Conversely, Paleogene strata of the East
Coast Basin generally lack macrofossils, but produce reasonable microfossil faunas (foraminifera,
dinoflagellates and calcareous nannofossils; e.g., Moore & Morgans, 1987; Strong ez al., 1995;
Crouch et al., 2014; Kulhaneek ez a/., 2015; Morgans, 20106). Biostratigraphic data has been primarily
sourced from the Fossil Record Electronic Database (FRED), which has been an invaluable

resource in the determination of age and paleoenvironmental information for this study.

In some instances, Cretaceous—Paleocene strata have dinoflagellate or calcareous nannofossil age
control that can be correlated to the international timescale. Local stages are given preference
herein, although in the circumstances where the local stages are particularly long-ranging (e.g., the
Haumurian, 22.4 Ma; Figure 1.5), international stages are applied if they provide a useful
subdivision. Throughout this study, geological ages are given in terms of the latest New Zealand
geological timescale (NZGTS; Raine ¢f al, 2015; Figure 1.5), which has been calibrated to the
International Geological Timescale (GTS; Gradstein ez al, 2012). Age-dependent data from older
publications has been calibrated to the GTS12. When referring to geological periods, epochs, and
stages, the qualifiers Farly, Middle and Late (capitalised) are used when such periods have been
formally defined. The use of early, middle, and late (lower case), infers an informal use of the
terms. In this thesis, a widely used example of this is “mid-Cretaceous”, which has no formal
definitions, but is a convenient informal qualifier to denote the approximate initiation of the cover

succession in the East Coast Basin.
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Figure 1.5: The New Zealand Geological Timescale (NZGTS15), alongside the international geological
timescale of Gradstein e/ 2/ (2012). Figure modified from Raine ez a/ (2015).

Indicators of paleoenvironmental conditions useful for palinspastic reconstruction include
paleocurrent and paleoslope indicators (Figure 1.6). Paleocurrent directions can be determined
from long-axis orientation of clasts, belemnites (Figure 1.6A), turritellid gastropods (Figure 1.6B),
large elongate foraminifera (e.g. Bathysiphon spp.), or measurement of flute casts, parting current
lineations, and asymmetric ripples. Paleoslope directions are determined from the orientation of

the axial plane of syn-depositional slump folds, formed by the plastic deformation of soft sediment
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(Figure 1.6C, D). All estimates of paleocurrent and paleoslope have been corrected for local tilting

and folding of strata using stereographic projection.

The East Coast CCP (Field, Uruski e al, 1997) is referred to extensively throughout this thesis,
providing summary of much of the initial framework that this study is largely built upon. The CCP
was a project of the New Zealand Geological Survey (now GNS Science) to describe the (then)
known Cretaceous and Cenozoic sedimentary basins around New Zealand. Description and
identification of basement divisions is based on the basement terrane nomenclature of Mortimer

et al. (2014), and is applied throughout the thesis.

Figure 1.6: Examples of paleoenvironmental indicators of paleocurrent and paleoslope direction. A)

Current oriented belemnites in Glenburn Formation from Pukemuri Stream. B) Current otiented
turretellid gastropods in Takiritini Formation, Bellis Quarry, Tinui. C) Disturbed bedding, bounded by
coherent sediment packages, indicative of syn-sedimentary slumping in Split Rock Formation, Wharekiri
Stream. Photo supplied by J. Crampton. D) Syn-sedimentary slump fold, bounded by coherent, pararllel-
bedded sediment on either side, occurring in Split Rock Formation, Wahrekiri Stream. Note the axial
plane is tilted to the right-hand side, indicating the down-slope direction. Photo supplied by J.

Crampton.
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1.9 Statement of the Contributions to this Thesis by the Author & Collaborators

Data Analysis

Because of the broad scope of this study and use of diverse methods and approaches, some

components of the thesis have relied on input from specialist collaborators, although the primary

author is responsible for all aspects of study design and analysis. Any results that are the work of

collaborators are identified clearly and attributed. In particular:

Hannu Seebeck (GNS) — Development of G-Plates model. Refer to Chapter Five.

Katie Collins (VUW, University of Chicago) — Multivariate statistical analyses of
geochemical and heavy mineral/provenance datasets, specifically: principal components
analysis of pXRF data, hierarchical cluster analysis of detrital zircon age distributions and
heavy mineral populations. Refer to Chapters Three and Six.

Michael Gazley (CSIRO, VUW) — Provision of pXRF devices used in this study, pXRF
data reduction, XRD analysis and spectra interpretation. Refer to Chapters Three, Four
and Six.

G. Todd Ventura (GNS) — Bulk pyrolysis source rock analyses. Refer to Chapters Three
and Four.

Yulia Urarova (CSIRO) — XRD analyses and spectra interpretation. Refer to Chapters Four

and Six.

Funding

My time and university fees were largely covered by the GNS Science Sarah Beanland Memorial

Scholarship for the duration of this PhD thesis. Supplementary funding was also awarded by:

New Zealand Geoscience Society: Young Researchers Travel Grant — Funds contributed
towards international conference travel expenses.

OMV New Zealand Limited: Post-graduate scholarship — Funds contributed to completion of
geochemical analyses of prospective source and reservoir rocks in the East Coast Basin.
GNS Science: Petroleum Sonrce Rocks and Fluids Programme (MBIE Contract C05X0302) —
Covered bulk pyrolysis source rock analyses of samples collected in this study.

GNS Science: Petroleum Basins Research programme, Frontiers Task Force project — External

geochemical analyses of 20 bulk rock samples.
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1.10  Outline of Thesis Chapters

The results of this thesis have been presented in a mixture of paper and thesis chapter formats,
with two results chapters (Chapters Three and Four) written in a paper-style format, and included
between traditional thesis-style chapters. The two paper-style chapters are either submitted
(Chapter Three) or in advanced preparation for submission (Chapter Four) to international
journals, and as such are presented in the style required by the respective journals they have been

submitted to (Chemical Geology, and Marine and Petrolenm Geology, respectively).

Chapter Two: Geological Setting and Lithostratigraphy

Overview of the geological setting of the study area, and a summary of the existing
lithostratigraphic framework for the Cretaceous to Oligocene East Coast Basin. Revised ages and

formation synonymies are presented and discussed.

Chapter Three: Ocean Redox Conditions of the Paleocene Southwest Pacific

The late Paleocene Waipawa Formation provides the most widespread and accessible
approximation of an “isochronous” stratigraphic horizon known currently in the East Coast Basin.
The purpose of this chapter is to establish the base paleo-environmental and paleo-depositional
conditions of ‘typical’ Waipawa Formation, which can then be used to assess lateral correlatives of
the Waipawa Formation in different facies associations across the East Coast Basin in chapter
Four. Chapter Three considers the depositional setting of the Whangai, Waipawa and Wanstead
formations, and produces environmental and oceanographic interpretations that inform model
development in Chapters Four, Five, Seven and Eight. Datasets presented in this chapter include
the use and verification of novel methods in rapid, economical and reproducible geochemical data
collection and the application of multivariate statistical methods in the assessment of large, varied
datasets. This paper is presented as a manuscript that has been submitted to the journal Chemical

Geology.

Chapter Four: Sequence and Chemo-stratigraphic Framework for the Waipawa Formation and Correlatives

This chapter draws on findings from Chapter Three to produce a working model of the
environmental and depositional conditions of all lateral correlatives of the Waipawa Formation
across the East Coast Basin. The Waipawa Formation and correlatives forms an apparently near-

isochronous plane of chronostratigraphically restricted duration across the entire basin, providing
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an important surface for tying sequence stratigraphic and paleogeographic model development, as
well as informing conditions for the production of a late Paleocene palinspastic model. This
chapter draws on disparate datasets, including measured sections, sedimentological interpretations,

organic and inorganic bulk rock geochemical analyses, and foraminiferal biostratigraphy.

Chapter Five: Tectonic Reconstruction

This chapter discusses the development of a tectonic reconstruction for the East Coast Basin, and
considers previous models, datasets that can aid the development and testing of a model, and
model development. The base model discussed in this chapter will form the basis of the

paleogeographic and palinspastic reconstructions presented in Chapters Six and Seven.

Chapter Six: Sequence Stratigraphy of the East Coast Basin

Using interpretations drawn from Chapters Two, Three and Four, along with information from
fieldwork conducted during the course of this study, combined with measured sections from the
East Coast CCP and published literature, this chapter presents a third-order sequence-stratigraphic

framework for the late Cretaceous—Paleogene sedimentary succession in the East Coast Basin.

Chapter Seven: Sequence Stratigraphic Framework for the East Coast Basin

Stratigraphic, paleoenvironmental and geochemical data from Chapter Two, Three, and Four are
integrated to provide a composite third-order sequence stratigraphic framework for the East Coast

Basin that is compared with global records, as well as records from the New Zealand region.

Chapter Eight: Synthesis and Conclusions

Data and interpretations derived from Chapters Two, Three, Four, Six and Seven, along with field
observations and published data, are applied to the tectonic reconstruction developed in Chapter
Five. The results are presented as a series of time-slice style maps, ranging from the early Late
Cretaceous to the Eocene, showing progressive paleo-environmental changes over six time planes
through the development of the East Coast Basin. The thesis concludes with summary of the
primary findings of this study, much of which are presented as the reconstructed paleogeographic

timeslice maps, and areas with potential for future work are identified.
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1.11  Papers Presented During Thesis Research

During the course of this thesis research, the author has presented preliminary results as either
poster or oral presentations at both national and international conferences. Manuscripts have been
published in peer-reviewed journals, and contributions have been made to field trip guides and
scientific reports. These are referenced below. A number of additional presentations have been
given to interest groups at GNS Science, Victoria University of Wellington, the Ministry of
Business, Innovation and Employment, OMV New Zealand Limited, and the Geological Society
of New Zealand.
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Chapter Two

REVISION OF THE CRETACEOUS—PALEOCENE STRATIGRAPHIC NOMENCLATURE OF

THE EAST COAST BASIN

“The Jurassic is grey, the Cretaceous is green”

- George Grindley on East Coast Basin stratigraphy,
M. Isaac, (2017). Tributary to George Grindley, GSNZ Newsletter No. 22.

View eastward over Sawpit Gully (foreground), Coverham (middle distance) and the Inland Kaikoura

Ranges (far distance).
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PREFACE TO CHAPTER TWO

Chapter Structure

e The stratigraphy of main regions (Raukumara to Wairarapa, Tora, and Marlborough) are
introduced. Areas are divided on the basis of commonality within sedimentary successions,
typically age, lithofacies, and the presence of bounding structures. Sedimentary units are
described in each area in chronological order.

e This is followed by a discussion on synonymous stratigraphic units and correlations of
units across the previously defined regions.

e This leads into a division of a first- to second-order sequence stratigraphic framework

across the basin.

Overview

e Thirty sections were logged during this thesis, 34 localities were sampled, and an additional
25 localities were visited during the course of this thesis (Figure 2.1)

e My own outcrop observations (Figure 2.2) are integrated with published works to inform
revision and correlation of stratigraphic units within the Fast Coast Basin.

e Recent dinoflagellate zonation schemes are applied to faunal assemblages from the Fossil
Record file Electronic Database (FRED) to assess chronostratigraphic trends.

e Chronostratigraphic and lithostratigraphic frameworks are summarised as a first- to
second-order sequence stratigraphy for the East Coast Basin, enabling comparison with
the King (2000) megasequence and the Zealandia megasequence of Mortimer ez /. (2014).
This provides a basis to refine a third-order sequence stratigraphy in Chapter Seven.

e The stratigraphic observations, correlations, and environmental interpretations covered

within this chapter provide the base dataset for the palinspastic maps presented in Chapter
Eight.

Note: Following the November 2016 Kaikonra earthquake, many of the Marlborough sections described herein

have since been either destroyed, buried by landslides, or submerged in dammed catchments.
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Aerial view of damage to two important sections considered during this study. Photos: Dougal

Townsend/GNS Science.
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Chapter Two

REVISION OF THE CRETACEOUS—PALEOCENE STRATIGRAPHIC NOMENCLATURE OF

THE EAST COAST BASIN

2.1 Introduction

The primary goals outlined for this thesis require the assessment and the application of a large
amount of stratigraphic data from a number of sections (Figures 2.1 & 2.2). A series of stratigraphic
patterns have been recognised in the East Coast Basin that broadly represent an integrated
sequence stratigraphic and tectono-stratigraphic response to sedimentary trends within the
Cretaceous to Miocene cover strata of the basin (Pettinga, 1982; Moore et al, 1986). The
sedimentary rocks of the East Coast Basin comprise an overall fining-upwards succession from
late Cretaceous sandstone to Paleocene—Eocene mudstone and muddy limestone, equivalent to
the first-order cycle of King (2000b) (Figure 2.3). Moore ez al. (1986), following the divisions of
Pettinga (1982), divided the Cretaceous—Paleogene stratigraphy of the East Coast Basin into four
broad sedimentation phases. These were subsequently adopted by Field and Uruski ez 2/ (1997) in
a review of the stratigraphy of the East Coast Basin, and are approximately equal to the second-

order divisions of King ez /. (1999) and King (2000b). These are divided as follows:

1. Cretaceous rifting and drifting — deposition of predominantly clastic sandstone, mudstone,

conglomerate and flysch successions.

2. Paleocene—Eocene thermal subsidence phase — Deposition of a fine-grained, siliciclastic

succession that becomes increasingly calcareous upwards, forming a transition interval.

3. Further subsidence — late Eocene to Oligocene deposition of a fine-grained, calcareous
succession, comprised of smectitic mudstone, micritic limestone, and glauconitic

sandstone.

4. Renewed tectonism during the Oligocene, related to the development of the modern plate
boundary — deposition of calcareous turbidites, mass-flow deposits, and massive

mudstones and sandstones.

The eatliest cycle recognised by King (2000b) is mid-Cretaceous non-marine and marine
transgressive deposits overlying a Ngaterian unconformity. This unconformity is widely recognised

across New Zealand sedimentary basins, but in the East Coast Basin, the base of the cover
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sequence is older; for example, the Split Rock Formation is Urutawan at its base in Marlborough,
and in the Raukumara area there are sedimentary cover rocks of Urutawan-Motuan age
(Mazengarb & Speden, 2000; Crampton ef al., 2003, 2004b; Leonard ez al, 2010). In western
sedimentary basins and parts of the East Coast Basin (particularly Marlborough; Crampton &
Laird, 1997) the early depositional phases of this sedimentary cycle occurred within normal fault-
controlled grabens (Laird, 1992). This extensional phase began between 108—103 Ma (King e al.,
1999; Davy e# al., 2008). In the East Coast Basin, this extension is generally recognised around the
base of the Motuan at 105 Ma (Moore & Speden, 1984; Laird & Bradshaw, 2004). This sequence
is widely represented in many places across the East Coast Basin by the deposition of a coarse-
grained basal facies that is superseded by marine sandstones and mudstones. An intra-Piripauan
unconformity is recognised widely across the East Coast and Canterbury basins (Field & Browne
et al., 1989; Crampton ez al., 2006), and together, these two unconformities constrain a single second

order cycle.

The second cycle in the King (2000b) mega-sequence was deposited from the Haumurian to
Teurian, and is marked by regional marine transgression. In many parts of New Zealand this
included a coarse basal facies marking transgression onto basement, associated with the onset of
passive margin subsidence. Over the top of these units, passive margin deposition prevailed
throughout the Haumurian and Teurian. By the end of the Paleocene a post-rift passive margin
had developed around Zealandia, and the entire region is considered to have been tectonically

quiescent (King, 2000b).

Seafloor spreading of the Tasman Sea ceased around 52 Ma (Gaina ez a/., 1998), although Zealandia
continued to drift further from Antarctica in the Early to Middle Eocene, and consequently was
isolated from any plate boundary. This resulted in an extended period of widespread tectonic
quiescence, whereby sedimentation was characterised by post-rift cooling and passive margin
thermal subsidence (Ballance, 1993b; King, 2000b). In the East Coast Basin, this period is
dominated by progressive transgression across the basin, with a notable deepening, and an increase
in carbonate-dominated sedimentation (Hollis e a/, 2005a; Hines e al., 2013), representing the

third cycle of King ef al. (1999).

An intra-cycle Porangan unconformity has been identified in the Taranaki, Great South and
Canterbury basins, corresponding to a basinward facies shift, and the lowering of base level (King,
2000b). However, at this time there is a notable rise in base level in parts of the West Coast, western
Southland (King, 2000b) and the East Coast Basin (Hines ¢#a/., 2013). These changes are correlated

with the onset of seafloor spreading and extension in the Emerald Basin, south of Zealandia,
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marking initiation of the development of the modern New Zealand plate boundary zone (King,

2000b).

The fourth second-order cycle identified by King (2000b) spans the Oligocene to earliest Miocene,
and corresponds to peak submersion of Zealandia. This cycle is dominated by the widespread
deposition of carbonates, both on submerged shallow marine platforms and in deep marine
settings. The base of this cycle corresponds to the regional flooding surface of the first order mega-
cycle, and greensands are commonly observed at this horizon, indicating a substantial reduction in
clastic sediment supply caused by the onset of marine transgression (King, 2000b). This surface

typically coincides approximately with the Eocene-Oligocene boundary.

The Oligocene is widely considered to represent the peak of marine transgression and passive
margin development around Zealandia (e.g., Landis ¢ a/, 2008). However, in southwestern New
Zealand, the slow regional subsidence was being overprinted by localised tectonism associated
with the development of the modern plate boundary. North of New Zealand, the subduction of
the Pacific Plate was already established (Bache e @/, 2012). This increase in tectonic activity is
likely to be at least partially responsible for the numerous unconformities within this second order
cycle (King, 2000). In addition to this, the Oligocene saw the development of permanent Antarctic
ice sheets and the associated deep water formation, resulting in the development of a deep western
boundary current along the eastern margin of Zealandia and the consequent, widespread
development of the Marshall Paraconformity in the East Coast and Canterbury basins (Carter ez
al., 2004).
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2.2 Basement-Cover Transition

Whereas the contact between Torlesse Composite Terrane basement and mid-Cretaceous cover may be
difficult to pinpoint in some locations (Mazengarb & Harris, 1994), in most places there is an angular
unconformity and a marked decrease in induration and deformation between basement and cover.
Although there is a widespread mid-Cretaceous unconformity across New Zealand (King, 2000b,
Rattenbury ¢# al., 20006), in the East Coast Basin the event that caused this unconformity was short-lived
with little, if any, hiatus, and with little to no change in metamorphic grade, making it difficult to pinpoint.
In the Raukumara region, the contact between Korangan basement rocks and cover strata is variably
marked by a fault, a high angle unconformity, a series of unconformities, an olistostrome melange, or a
channelized contact (Mazengarb & Speden, 2000; Laird & Bradshaw, 2004; Leonard e 4/, 2010). In the
southern Hawke’s Bay-Wairarapa regions, Motuan Pahaoa Group basement (uppermost Pahau Terrane),
is overlain by Motuan cover strata (Moore & Speden, 1984; Lee & Begg, 2002; Lee ¢/ al., 2011). Zircons
from above and below the basement-cover unconformity in Wairarapa give a c. 100 Ma age, suggesting
derivation from the same or similar aged rocks, or recycling of zircons (Laird & Bradshaw, 2004;
Rattenbury ez al., 2006; Adams ez al., 2013a). In Marlborough, the basement-cover contact cannot be
reliably identified on the basis of metamorphic grade, changes in induration, or clastic composition
(Rattenbury ef al., 2006). The uppermost Pahau Terrane in Marlborough is poorly dated, although Field
& Uruski ez al. (1997) identify an intra-Motuan unconformity. Conversely, Crampton e a/. (2004b) show
no significant stratigraphic break in the Motuan succession in the Coverham area, although they identify
an earlier, intra-Uratawan unconformity. The diachronous nature of the basement-cover unconformity
in the Marlborough and Raukumara regions is probably indicative of deposition in localised, syntectonic

basins (Rattenbury ez al., 2000).

4 Figure 2.3: Existing stratigraphic relationships across broad regional divisions of the East Coast Basin, covered by this study.
Formations discussed here are labelled. Bracketed formation names are considered synonymous with other formations.
Western and Eastern Sub-belts generally refer to the modern forearc basin and the accretionary high, which demonstrate
distinct differences in Cretaceous—Paleogene stratigraphy. Revised age control is presented at the end of this chapter. Modified
after Moore (1988a) and Field & Uruski ez a/. (1997). MW = Mangawarawara Member, WE = Waitahaia Formation, Opo =
Oponae Melange, OW = Owhena Formation, KB = Kirks Breccia Member, TW = Te Waka Greensand, POM = Porangahau
Member. Megasequences are adopted from Mortimer ez a/. (2014). Cycles are modified after King e# a/. (1999).
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2.3 Raukumara
2.3.1 Koranga Formation

The Koranga Formation has a restricted distribution in a narrow north—northeast-trending belt
between Koranga and Motu (Field & Uruski ez a/, 1997). The formation forms the base of the
Matawai Group (Isaac, 1977; Moore ez al., 1986), and the type section is Maccoyella Ridge (Speden,
1975; Field & Uruski ef al., 1997). The Koranga Formation marks the coarse basal facies of the

cover succession in this part of the East Coast Basin.
Lithostratigraphy

The Koranga Formation unconformably overlies Pahau Terrane with a marked angular
unconformity (Figure 2.3). The formation comprises indurated sandstone, conglomerate,
intraformational breccia, and minor siltstone (Speden, 1975; Isaac, 1977). Conglomerate clasts
include sandstone and siltstone, along with pebbles of fine-grained acid volcanics and granite

(Speden, 1975). The formation is up to 250 m-thick.
Paleontology and Age

Macrofossils are common in some localities, with over 30 species collected from the type section
at Maccoyella Ridge (Field & Uruski ef a/, 1997). Plant fragments are pervasive throughout the
formation. The age of the formation is Korangan by definition (forms the type section for the
Korangan Stage), and this stage is defined on the presence of Auwcellina and Maccoyella bivalve

species present (Speden, 1975).
Depositional Setting

The Koranga Formation was interpreted as being deposited in a shallow-marine environment,
adjacent to a rapidly eroding landmass of significant relief (Speden, 1975; Isaac, 1977). However,
Laird and Bradshaw (1996) interpreted the Koranga Formation as representing a deep-marine
environment, dominated by debris flows and turbidites. This study follows the shallow marine

environmental interpretation of Speden (1975).
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2.3.2 Te Wera Formation

The Te Wera Formation is restricted to the Koranga River area (Leonard ef a4/, 2010). The
formation belongs to the Matawai Group (Mazengarb & Speden, 2000), and was originally defined
by Speden (1973; 1975). The type section is Koranga. Although separated by an unconformity, the
Koranga Formation and Te Wera Formation are part of the same sedimentary cycle (Speden,
1973). The Te Wera Formation can be correlated with other sedimentary melanges and
conglomeratic units at the base of the cover succession in the East Coast Basin, including the

Gentle Annie Formation and the Champagne Formation.
Lithostratigraphy

The Te Wera Formation unconformably overlies both Pahau Terrane metasedimentary basement
rocks and the Koranga Formation (Speden, 1975). The formation is comprised of moderately
indurated, well-bedded conglomerate, breccia, grit, coarse to fine sandstone and minor siltstone
(Field & Uruski ef al., 1997). Conglomerate beds are confined to the base of the formation, and are
overlain by metre-scale cross-beds. Sandstone often contains mudstone rip-up clasts, and
glauconite is common in some units (Moore, 1978). The formation has a maximum-thickness of

250 m.
Paleontology and Age

Macrofossils and carbonaceous material are common throughout the formation, with macrofossils
including Auwucellina gryphaceoides, and Maccoyella 1. sp., indicating an Urutawan age (Speden, 1973,
1975; Moore, 1978).

Depositional Setting

The Te Wera Formation has been interpreted as being deposited in a high-energy, inner-shelf
environment, in which sand bars and banks developed (Speden, 1975; Isaac, 1977; Mazengarb,
1993). Conglomerate beds are interpreted as basal lag deposits, and overlying cross-bedding
interpreted as either storm or tidal deposits (Speden, 1975; Mazengarb, 1993). However, Laird and
Bradshaw (1996) suggest a submarine fan-channel system environment for the formation. Here,
the Te Wera Formation is considered as a shelf deposit, following Speden (1975) and Mazengarb
(1993).
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2.3.3 Oponae Melange

The Oponae Melange has a very restricted distribution, and is only known from near Oponae in
the Waioeka Gorge in western Raukumara, although a larger area of melange is documented west
of the Motu River (Field & Uruski e# a/., 1997; Leonard ez al., 2010). The melange is included in the
Matawai Group (Mazengarb & Speden , 2000). The age, thickness and lithology of the formation

are comparable to the Gentle Annie Formation (see below).
Lithostratigraphy

In places the Oponae Melange unconformably overlies Pahau Terrane metasedimentary basement,
and is interpreted as an olistostrome deposit (Mazengarb, 1993). Elsewhere, it is apparently in fault
contact with both Pahau Terrane and younger cover deposits (Leonard e# /., 2010). The melange
is comprised of angular blocks and rounded pebbles of sandstone, mudstone, marble, bedded
chert, coal and igneous rocks, within a matrix of folded and sheared mudstone and fine sandstone.

The melange is over 200 m-thick.
Paleontology and Age

Macrofossils are rare, although the Motuan Stage index fossil, Aucellina englypha, has been identified
within the formation (Speden, 1973, 1976; Leonard e al., 2010), thereby indicating a Motuan age

for the formation. The overlying Karekare Formation is also Motuan in age.
Depositional Setting

The depositional environment for the Oponae Melange has not been constrained. The formation
is interpreted to have been deposited as an olistostrome in association with tectonism in a localised
basin (Leonard ez a/, 2010). Deposition occurred within a marine setting, but paleodepth cannot

be determined (Field & Uruski ez a/., 1997).

2.3.4 Waitahaia Formation

The Waitahia Formation crops out predominantly in eastern Raukumara, and is restricted to the
area between Mangatau Stream, Mangatutara Valley and the Waingakia Stream area (Mazengarb,
1988; Mazengarb & Speden, 2000). The formation belongs to the Matawai Group. The Waitahaia
Formation was defined by Moore et al. (1986), and a reference section nominated along the
Waitahaia River (Phillips, 1985). The formation interfingers with the Karekare Formation (Figure
2.3).
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Lithostratigraphy

The Waitahaia Formation typically unconformably overlies Pahau Terrane, although in the central
Raukumara region the formation interfingers with Ngaterian Karekare Formation. The formation
is comprised of a thick succession of indurated, centimetre- to metre-bedded alternating
sandstone-mudstone, with minor conglomerate, tuff, chert and intraformational slump packets
(Field & Uruski ez al., 1997). The oldest strata are comprised of indurated, mudstone-dominated,
centimetre to decimetre interbedded sandstone and mudstone (Mazengarb & Speden, 2000;
Crampton e al., 2001). Sandstones are typically fine grained, carbonaceous, graded, and display
sole marks (Field & Uruski ez a/, 1997). Channel structures are present in places, and
intraformational slumping is common (Field & Uruski ez a/, 1997). The formation has a maximum

known thickness of 1400 m (Mazengarb & Speden, 2000).
Paleontology and Age

Fossil faunas from the formation are pootly preserved. Rare Inoceramus atf. wairakins and Inoceramus
ipuanus-kapuns suggest a Urutawan to Motuan age for the base of the formation (Phillips, 1985;
Mazengarb, 1988). A number of possible Inoceramus hakarius-fyfei imply a likely Ngaterian age for
the formation (Phillips, 1985). The Waitahaia Formation at Mangaotane Stream includes Inoceranmus
pfei and Magadiceramus rangatira haroldz, indicating a Ngaterian to Arowhanan age for the top of the

formation in western Raukumara (Crampton ez 4/, 2001).
Depositional Setting

The Waitahaia Formation is interpreted as the lower to middle fan deposits of a major submarine
fan complex (Mazengarb, 1993). Submarine slumping suggests emplacement in slope or base-of-
slope environments (Field & Uruski ef a/, 1997). Paleocurrent orientations are north—south
(Mazengarb, 1988). Conversely, Phillips (1985) interpreted a shelfal depositional setting for the
Waitahaia Formation. Herein, the Waitahaia Formation is considered a deep marine, slope
depositional environment, following Mazengarb (1993), Mazengarb & Harris (1994), and Field &
Uruski ez al. (1997).

2.3.5 Karekare Formation

The Karekare Formation crops out extensively in the Raukumara area. The Karekare Formation
is included in the Matawai Group (Mazengarb & Speden, 2000). The type section for the Karekare

Formation is Mangaotane Stream and was first described by Speden (1975). The Karekare
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Formation interfingers with the Waitahaia Formation, and is correlated with the Springhill
Formation (Hawke’s Bay—Wairarapa) and the Swale Siltstone of the Split Rock Formation
(Clarence Valley).

Lithostratigraphy

Urutawan-aged Karekare Formation unconformably overlies steeply dipping Pahau Terrane rocks
in northern Hawke’s Bay and western Raukumara (Field & Utruski ef al., 1997). Across the Motu
Fault and in eastern Raukumara, the lower Karekare Formation unconformably overlies the
Waitahaia Formation, with the former having a latest Ngaterian to Arowhanan age (Phillips, 1985;
Crampton ef al., 2001). Karekare Formation is comprised dominantly of moderately indurated,
massive grey siltstone and mudstone (Figure 2.4A), along with occasional thin-bedded fine
sandstone and rare lenses of pebble conglomerate (Leonard ez a/., 2010). Siltstones and mudstones
are commonly bioturbated, fossiliferous, and rich in plant fragments. In western Raukumara, the
Karekare Formation is up to 3000 m-thick (Field & Uruski ef a/, 1997; Leonard ez al., 2010), and
in eastern Raukumara, the formation ranges from 350 to 1200 m thick (Speden, 1975; Moore e# al.,
1989; Mazengarb & Speden, 2000; Crampton e7 al., 2001). A carbon isotope excursion across red
mudstones in the Karekare Formation (Figure 2.4B) have been used to identify the Cretaceous
Ocean Anoxic Event 2 at the Cenomanian/Turonian boundary section in Mangaotane Stream

(Hasegawa ez al., 2013).
Paleontology and Age

The long sedimentary record represented by the Karekare Formation includes a number of
inoceramiid bivalves (Figure 2.4 C, D), including; 1. fyfei, Magadiceramus rangatira haroldi, M. rangatira
rangatira, Cremnoceramus bicorrugatus matamuus, C. bicorrugatus bicorrugatus, 1. spedeni, 1. opetius, 1. pacificus
and L awstralis (Crampton et al, 2001). Macrofossils (inoceramid and _Awcellina bivalves),
foraminifera and dinoflagellate assemblages indicate a Uratawan to Teratan age for the formation
in western Raukumara (Mazengarb & Speden, 2000; Crampton ¢# al., 2001; Schieler ¢ al., 2001). In
eastern Raukumara, the formation is notably younger, ranging from Arowhanan to Teratan in age

(Phillips, 1985; Field & Uruski ez al, 1997).
Depositional Setting

The depositional environment for the Karekare Formation is interpreted as ranging from shallow
shelf to bathyal marine conditions (Crampton ez al, 2001). The base of the Karekare Formation
(Ngaterian to Arowhanan) in the Motu River area is interpreted as being deposited in a bathyal

environment (400-1500 m), whereas the upper Karekare Formation (Mangaotanean to Piripauan)
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is interpreted as being deposited in bathyal to outer shelf depths (Crampton ez a/., 2001). In eastern
Raukumara, a deepening at the base of the Karekare Formation, followed by a shallowing upwards

trend through the Arowhanan is inferred (Phillips, 1985).

Figure 2.4: A) Aerial view of a large outcrop of Karekare Formation in Mangaotane Stream

(BE42/173703). B) Cenomanian-Turonian boundaty section in Mangaotane Stream, through section of
‘red beds’ (BE42/176704). Figute for scale. C) Examples of cross-sections through individuals of M.
rangatira in Arowhanan Karekare Formation in Mangaotane Stream (BE42/192688). Hammer for scale.
Hammer handle is 0.5 m long. Photo supplied by J. Crampton. D) I gpetius in Karekare Formation in
Mangaotane Stream (BE42/195682). Photo supplied by J. Crampton.
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2.3.6  Tapuwaeroa Formation

The Tapuwaeroa Formation, part of the Ruatoria Group (Mazengarb, 1993), is mapped between
the Waikuru River and Rangitakia (Mazengarb & Speden, 2000). The Tapuwaeroa Formation was
originally used by Lillie (1953) and Wellman (1959). The type section for the formation is the
Waiorongomai River (Mazengarb, 1993). The Tapuwaeroa Formation is laterally equivalent to the
Tikihore and Glenburn formations, and is synonymised with the Taiporutu Formation on Mahia

Peninsula (Mazengarb, 1993; Mazengarb & Harris, 1994).
Lithostratigraphy

The Tapuwaeroa Formation gradationally overlies, and is laterally equivalent to upper parts of the
Tikihore Formation (Figure 2.3; Field & Uruski ez al, 1997). It is comprised of moderately
indurated, decimetre- to metre-bedded sandstone, grit, conglomerate, glauconitic sandstone and
grey mudstone. Conglomerate beds are rare, but reach up to 4 m-thick. Sandstone beds are up to
6 m-thick, and are typically fine grained, graded, and display Bouma sequences. Plant fragments
and carbonaceous laminae are common. The formation reaches up to 1150 m thick in the

Waiorongomai River (Mazengarb, 1993).
Paleontology and Age

The Tapuwaeroa Formation is Piripauan to early Haumurian in age (Field & Uruski ef a/., 1997).
Depositional Setting

The Tapuwaeroa Formation is interpreted to have been deposited in more proximal
paleoenvironments than the laterally equivalent bathyal setting of the Tikihore Formation, though
still likely at slope depths (Field & Uruski e a/, 1997). Paleocurrent orientations indicate flow to
the northwest (Field & Uruski ez 2/, 1997). The lithology, age and environmental interpretation of
the Tapuwaeroa Formation is very similar to the “Te Mai facies’ of the uppermost Glenburn

Formation (e.g., Moore, 1980; Crampton, 1997).
Synonymy & Correlation

The Tapuwaeroa Formation (and Taiporutu Formation; Mahia) is herein considered synonymous
with the upper Glenburn Formation (Piripauan-lower Haumurian) as expressed in the southern
Hawke’s Bay — Wairarapa. This is based on the equivalent age of the units, and the distinctive

lithological similarities between the units, despite the large distance between them.
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2.3.7 Tahora Formation

The Tahora Formation is restricted to the northern Hawke’s Bay-Raukumara region. The
formation marks the base of the Tinui Group, and the type section is Houpapa Stream (Isaac ez
al., 1991). The Owhena Formation is considered a deeper, lateral equivalent of the Tahora

Formation (Isaac ez al., 1991).
Lithostratigraphy

The Tahora Formation unconformably overlies Torlesse Composite Terrane basement, and
Arowhanan Karekare Formation, separated by the Motu Fault (Crampton & Moore, 1990; Isaac
et al., 1991). The Tahora Formation is comprised of massive to well-bedded, quartzose fine to
coarse sandstone, containing minor siltstone, greensand, conglomerate and breccia (Figure 2.5A,
B; Leonard e al, 2010). Sandstones typically contain abundant plant fragments. The
Maungataniwha Sandstone Member is comprised of massive to pootly-bedded quartzose fine
sandstone and is best-known as a source of marine reptile and dinosaur bones (Wiffen & Moisley,
1986; Leonard ez al., 2010; Young & Hannah, 2010). The base of the member is marked by a
conglomerate and breccia interbedded with sandstone (Cutten, 1994) and grades upwards into
shelly and concretionary sandstone and mudstone. An eastern facies of the Tahora Formation, the
Mutuera Member, consists of poorly bedded glauconitic siltstone, and is less than 50 m thick (Isaac
et al., 1991; Field & Uruski ¢ al, 1997). The Houpapa Member is comprised of alternating
sandstone-mudstone and minor conglomerate, and has a very restricted distribution. The Tahora
Formation has a maximum-thickness of 400 m in the Te Hoe River area, although decreases to

50 m thick eastwards at Tahora (Isaac ez a/, 1991).
Paleontology and Age

Maungataniwha Sandstone Member has produced diverse macro- and microfaunas, including,
bivalves, gastropods, scaphopods, belemnites, ammonites, annelids, nautiloids (Figure 2.5C, D;
Crampton, 1990; Crampton and Moore, 1990), crinoids (Eagle, 1994), crustaceans (Glaessner,
1980; Feldmann, 1993), beetles (Craw & Watt, 1987), shark and fish remains (Keyes, 1977; Wiffen,
1983), the remains of marine reptiles (Figure 2.5C), pterosaurs and turtles (Wiffen, 1980; 1981;
1990a, b; Wiffen & Moisley, 1986; Wiffen & Molnar, 1988; Cutten, 1994; Wiffen ez al., 1995), in
addition to sauropod, ankylosaur and theropod remains (Molnar, 1981; Scarlett & Molnar, 1984;
Molnar & Wiffen, 1994; 2007), along with various plant remains (Wiffen, 1980; 1996; Raine, 1990;
Pole, 2008).
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Diverse mollusc and dinoflagellate faunas have been recovered from the formation, indicating a
Piripauan to Haumurian age (Young & Hannah, 2010; Crampton & Moore, 1990; Schieler ¢z al.,
2001). In places the base of the Tahora Formation is Piripauan (e.g., Te Hoe River, Vajda & Raine,
2010; Whakatakaa, Moore ez al., 1988; Crampton & Moore, 1990; Te Rangaakapua, Moore et al.,
1989), or Lower Haumurian (e.g., Koranga, Crampton e¢f a/, 2006; Anini-Okaura Stream; Speden
1973), suggestive of the time-transgressive nature of this unit. At Tahora, foraminifera indicate the
top of the Tahora Formation is early Haumurian in age (Joass, 1987; Isaac ef al., 1991), with a mid-
Upper Haumurian age (Campanian to early Maastrichtian) identified for the top of the formation

in the Maungahouanga Stream (Young & Hannah, 2010).
Depositional Setting

The basal 60 m of the Tahora Formation in the Te Hoe River—Mangahouanga Stream area is
conglomeratic, interpreted as an alluvial depositional setting by Browne (1991). Stratigraphically
above this, a rocky shore fauna was identified by Crampton (1988a) and Crampton & Moore (1990)
in the westernmost extent of the formation, providing a Late Cretaceous paleo-shoreline, which
deepens to shallow-marine, inner-shelf depositional environments eastwards (Crampton & Moore,
1990; Schioler ez al., 2001; Young & Hannah, 2010). The Mutuera Member is considered to be a
deeper-water facies of the Tahora Formation, whereas the Houpapa member is interpreted as
localised channel fill and gravity flow deposits (Isaac et a/, 1991; Field & Uruski e a/., 1997). The
Tahora Formation is the basal unit of the Late Cretaceous to Paleogene transgressive succession

in the East Coast Basin (Isaac ef a/, 1991; Cutten, 1994; Crampton e/ al., 2000).
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Figure 2.5: A) Outcrop of the Maungataniwha sandstone in the Maungataniwha area (BH39/385927).

B) Thick-bedded sandstones of the lower Tahora Formation in the Koranga River at Koranga Bridge
(BF41/748409). Photo supplied by James Crampton. C) Matine reptile vertebrae fossils in a float block
of Maungataniwha Sandstone Membet, Mangahouanga Stream (BH39/319855). D) Marine molluscs,
including inoceramid prisms and Aporthaid gastropods in the Tahora Formation (BH39/349880). Field

of view is approximately 30 cm.

2.3.8 Owhena Formation

The Owhena Formation has a restricted outcrop distribution between Ruatahunga and Waingata
Stream in the Raukumara region. Previously the formation was referred to as the ‘Mata Sandstone’.
The Owhena Formation was first defined by Phillips (1985), who nominated the Waitahaia River
as the type section, and Owhena Stream as a reference section. The Owhena Formation is
considered a lateral equivalent of the Tahora Formation and the Tapuwaeroa Formation (Phillips,

1985; Isaac ez al., 1991).
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Lithostratigraphy

In the Waitahaia River, the Owhena Formation unconformably overlies the Karekare Formation
(Figure 2.6A; Webb, 1971; Webb, 1985; Isaac ef al, 1991). The Owhena Formation consists of a
fining-upwards succession of sandstone, siltstone and mudstone (e.g., Phillips, 1985; Crampton e#
al., 2006), which extends northeast from near Ruatahunga Station (BE43/346734) to Waingata
Stream, where it thins out (Phillips, 1985). The base of the formation is dominated by decimetre-
bedded, alternating sandstone and mudstone (Figure 2.6B; Phillips, 1985). The most complete

section is in Waitahaia River, where it is 100 m-thick.
Paleontology and Age

The formation is assigned a late Piripauan to early Haumurian age on the basis of foraminifera and
dinoflagellate assemblages (Phillips, 1985). The Owhena Formation is early Piripauan (lower
Santonian) in the Waitahaia River area based on dinoflagellate assemblages (Y16/165, Y16/160)
(Crampton et al., 2000).

Depositional Setting

The Owhena Formation is interpreted as being deposited at shelf depths, with a gradual
transgression during deposition of the Owhena Formation, with a transition from shelfal to upper

bathyal sediments (Phillips, 1985).
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Figure 2.6: A) Nodular horizon marking the contact between the Karekare Formation (below) and the
Owhena Formation (above) in Waitahaia River (BE43/361751). B) Alternating sandstone-mudstone of
typical Owhena Formation in Waitahaia River (BE43/360751). Photos supplied by J. Crampton.
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2.4 Hawke’s Bay — Wairarapa
2.4.1 Gentle Annie Formation

The Gentle Annie Formation is a sedimentary breccia unit, of Urutawan-Motuan age, that extends
from the Tora-White Rock area to the Whangai Range (Moore & Speden, 1979; 1984). The Gentle
Annie Formation forms the base of the Mangapurupuru Group (Begg & Johnston, 2000; Lee &
Begg, 2002; Lee ef al., 2011), and was initially described by Johnston (1975; 1980), from type
sections in the Mangapakeha and Gentle Annie Streams in the Tinui area. The Gentle Annie
Formation is correlated with other, disparate mid-Cretaceous sedimentary breccias and melanges
in the East Coast Basin, including the Oponae Melange and Champagne Formation, and

approximately coeval with the Te Wera Formation.
Lithostratigraphy

Gentle Annie Formation unconformably overlies Pahaoa Group (uppermost Pahau Terrane)
metasedimentary basement rocks. The formation is comprised of green-grey, massive, poorly-
sorted pebbly mudstone with minor intervals of moderately fossiliferous, well-bedded sandstone-
mudstone and massive sandstone (Crampton, 1997). Clasts within this sedimentary melange are
typically rounded, and pebble-sized or smaller, although blocks >10 m are common, and
megaclasts >100 m are present (Figure 2.7; Crampton, 1997). Pebble-sized clasts often have
polished surfaces, and are commonly comprised of indurated sandstone and locally common
igneous clasts, with lesser mudstone and calcareous concretions (Crampton, 1997). The measured
thickness of the Gentle Annie Formation is ~400 m in the Whangai Range area (Crampton, 1989),
~600 m in the Tinui area, and up to 700 m-thick in the Tora-White Rock area (Moore & Speden,
1984).

Paleontology and Age

Fossil faunas are pootly preserved and often reworked from older strata (Moore & Speden, 1979,
1984). The identification of Awcellina enghpha indicate a Urutawan-Motuan age, although Moore &

Speden (1979) consider the formation to be dominantly Motuan.
Depositional Setting

Moore and Speden (1984) argue that the formation was likely deposited in a shelf environment,
although Barnes (1988) considers that the Gentle Annie Formation and associated units were
deposited in a trench-slope basin. The Gentle Annie Formation likely represents an initial period

of rapid basin infill associated with rapid basin subsidence of uplift of the hinterland, at slope
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depths or deeper, based on the overlying Springhill Formation (Crampton, 1997). The Gentle
Annie Formation is interpreted as an olistostrome deposited by multiple, discrete debris flows
adjacent to a fault-controlled basin margin (Crampton, 1989; Moore & Speden, 1979; 1984). The
restricted stratigraphic range but wide distribution, including correlative units in Raukumara
(Oponae Melange) and Marlborough (Champagne Formation) suggest that deposition was

associated with an intra-Motuan tectonic event throughout the basin (Crampton, 1989; 1997).

Figure 2.7: Sheared clasts within a sandy mudstone matrix in an outcrop of the Gentle Annie Formation

on White Rock Road (BQ34/047065).
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2.4.2  Springhill Formation

The Springhill Formation has been mapped from the Whangai Range area through to the Tora-
White Rock area (Moore & Speden, 1979; 1984). The Springhill Formation is included in the
Mangapurupuru Group, and the type section for the formation extends from Centre Stream to
Rewa Stream (Johnston, 1975; Moore & Speden, 1979). The Springhill Formation is considered
an equivalent of the Karekare Formation in the Raukumara region, and the Swale Siltstone of

Marlborough (Field & Uruski e al., 1997).
Lithostratigraphy

The Springhill Formation gradationally overlies the Gentle Annie Formation. It is dominated by
macro- and microfossiliferous mudstone, but also includes alternating sandstone-mudstone, minor
conglomerate, thick-bedded sandstones, tuffs, and glauconitic grit (Figure 2.8; Crampton, 1997).
The true stratigraphic thickness is difficult to determine due to deformation, although thickness
estimates range from 750 m in the Whangai Range area to >650-2200 m in the Tinui area

(Johnston, 1975; 1980; Crampton, 1989; 1997).
Paleontology and Age

The Springhill Formation was deposited between the Motuan and the Ngaterian, based on
common Aucellina euglpha and Mytiloides ipuanus and 1. kapuus, although deposition extended into
the Arowhanan in the Tinui area based on the identification of M. rangatira (Moore & Speden,

1979, 1984; Crampton, 1989; 1997; Neef, 1995).
Depositional Setting

Paleoenvironmental indicators are poorly represented in the Springhill Formation. Foraminifera
from the base of the formation indicate deposition within outer shelf to bathyal depths (Crampton,
1997), whilst foraminiferal assemblages from higher in the formation indicate deposition at middle
to outer shelf depths (Hornibrook ez al, 1989; Adams, 1985; Crampton, 1997). Similarly,
dinoflagellates from the Springhill Formation suggest deposition within near-shore to mid-shelf
depths (Crampton, 1997). On this basis, Crampton (1997) interprets the Springhill Formation as
being deposited at outermost shelf to slope depths via sediment gravity flows with progressively

decreasing sedimentation rates and shallowing up-section.
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Figure 2.8: Springhill Formation (at base), overlain by Tangaruhe Formation in Mangawarawara Stream

(BM37/867439). Contact is ~10 cm above hammer handle. Hammer for scale — handle is 0.5 m long.

Photo supplied by James Crampton.

2.4.3 Glenburn Formation

The Glenburn Formation is restricted to the eastern sub-belt, cropping out from Tora in the south
to Waimarama in the north. The formation forms the top of the Mangapurupuru Group (Moore
& Speden, 1979), and a type section is designated in Smokey Gully and Mataikona River (Johnston,
1975, 1980; Crampton, 1997). The age-equivalent Tikihore Formation, present within thrust sheets
of the East Coast Allochthon, crops out between Waihau Bay and Mahia Peninsula, and has also
been identified in the Opoutama-1 drillhole (Field & Uruski e# a/., 1997; Ian Brown Associates Ltd,
2004). The Tikihore Formation is included in the Ruatoria Group (e.g. Mazengarb & Speden,
2000). Both the Glenburn and Tikihore formations are comprised of thick successions of
centimetre- to metre-bedded, alternating sandstone and mudstone (Figure 2.9A, B). The Tikihore
Formation is Arowhanan to Piripauan in age in the lower Mata River area, where it reaches 1060

m thick, with near-continuous exposure (Mazengarb & Speden, 2000).
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Lithostratigraphy

The basal contact of the Glenburn Formation has not been observed, although Uratawan-Motuan
volcanics at Red Island and Hinemahanga Rocks in Hawke’s Bay may in part represent basement
to Glenburn Formation, and elsewhere it is likely top overlie Pahaoa Group sediments (Moore e#
al., 1986; Crampton, 1997). However, Urutawan to Motuan volcanics at Red Island and Himetanga
Rocks, near Waimarama, may represent basement locally (Crampton, 1997; Field & Uruski ez a/.,

1997).

The Glenburn Formation consists of non-calcareous, interbedded sandstone, siltstone and
mudstone, with decimetre to metre bedding (Figure 2.9 C, D, E). Sandstone beds are typically
sharp-based and fine to medium grained, with flute casts at the base of some beds. Sedimentary
structures include Bouma Ty and Tue beds, with some convolute bedding and dewatering
structures (Leckie ez al, 1992). Mudstones are typically bioturbated, as are the upper surfaces of
some sandstone beds. The uppermost Glenburn Formation (Te Mai Formation of Moore, 1980;
Neef, 1992, 1995), is sandstone and flysch dominated, and contains a number of normal and
reverse-graded conglomeratic beds of metre-scale thickness (Figure 2.9F). Sandstone beds are
commonly carbonaceous, display convolute lamination, and fragments of Inoceranus (Neef, 1992;
Laird et al, 2003; Hines e al., 2013; Hines, 2015). The formation has a minimum thickness of
1200 m in the Kaiwhata River and Mataikona River areas, although the base of the formation is

never observed (Crampton, 1997).
Paleontology and Age

A reasonable bivalve macrofauna, dominantly comprising inoceramids, has been documented
from the Glenburn Formation, along with occasional belemnites and ammonites. Samples from
the Glenburn Formation rarely return foraminiferal faunas (H. E. G. Morgans, C. P. Strong pers.
comm.), although a sample from the upper Glenburn Formation in Angora Stream (U24/538)
returned a reasonably diverse, entirely agglutinated, flysch-type foraminiferal fauna (Leckie e# a.,

1992). Dinoflagellate floras are also moderately diverse (Schioler & Crampton, 2014).

The base of the Glenburn Formation has not been identified or dated. However, the oldest
observed inoceramid assemblages indicate a Ngaterian age at the minimum (Crampton, 1997;
Schioler & Crampton, 2014). The upper Glenburn Formation is considered to be Piripauan to
Haumurian in age (Neef, 1992; Crampton, 1997; Laird ez al., 2003). A late Piripauan (Santonian)
age for the upper Glenburn Formation at Tora is determined from inoceramid and dinoflagellate

assemblages (Laird e# al., 2003), although in the Riversdale area, the uppermost portion of the
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formation gives a lower Haumurian age (Early Campanian—early Maastrichtian) based on
dinoflagellate assemblages (Lee, 1996). Similarly, the top of the formation at Huatokitoki Stream
gives a late Piripauan to lower Haumurian age (mid- to late Santonian to early Campanian) based
on dinoflagellates (Lee, 1996). The top of the Glenburn Formation at Angora Stream gives a late

Haumurian age based on dinoflagellate assemblages (Crampton ez al., 2000).
Depositional Setting

The Glenburn Formation represents a widespread and long ranging submarine fan system
deposited at bathyal depths (Crampton, 1997). This is supported by the presence of the
toraminferan Glomospira charoides in the upper Glenburn Formation at Angora Stream, indicating
deposition at bathyal depths (Leckie ez a/, 1992). Neef (1995) interprets the base of the Glenburn
Formation as representing distal turbidite deposition at bathyal depths during the Mangaotanean
to Teratan (“Kipthana Formation” lithofacies), which are then overlain by more proximal
turbidites in the Piripauan succession (“Te Mai Formation” lithofacies). Flute structures in the

upper Glenburn Formation indicate a northeastern paleocurrent direction (055° Neef, 1992).
Synonymy & Correlation

The Tikihore and Glenburn formations are synonymised herein, on the basis of similarities in age,
lithology, depositional setting and thickness (Figure 2.9). The Glenburn Formation was first
proposed by Eade (1966), and the name has since been applied widely by Johnston (1975) and
Crampton (1997). Tikihore Formation was first used by Black (1980), and using the principle of
precedence, the name Glenburn Formation is used here. Similarly, the Tapuwaeroa Formation that
overlies the Tikihore Formation in eastern Raukumara shares a number of age, lithological and
environmental characteristics with the uppermost Glenburn Formation of Piripauan to
Haumurian age (“Te Mai facies” of Moore, 1980). The upper Glenburn Formation is characterised
by a coarsening-upwards trend, and including distinctive cross-bedding and a high terrestrial

organic carbon content, which also characterises the Tapuwaeroa Formation (Black, 1980).

The Kipihana and Te Mai Formations applied by Neef (1992, 1995) are also synonymised with the
Glenburn Formation here, being comprised of Mangaotanean to Teratan, decimetre-bedded
alternating sandstone and mudstone that coarsens upwards from the Teratan to Piripauan to
decimetre- to metre-bedded alternating sandstone and mudstone, and conglomerates (Te Mai
Formation sensu Neef, 1992, 1995). The southern part of the area (Mataikona River) mapped by
Neef (1995), was included in a detailed assessment of the Glenburn Formation by Crampton

(1997), who also identified Glenburn Formation of Teratan to Piripauan age north of the Neef
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(1992, 1995) map area. The Te Mai Formation (largely Piripauan decimetre-bedded alternating
sandstone and mudstone in the Glenburn area) has also used previously by Moore (1980) and was

included by Crampton (1997) as the upper part of the Glenburn Formation.

Figure 2.9: A) Glenburn (previously referred to as Tikihore) Formation at Orete Point, East Cape

(BD43/331268). Figure for scale. Photo supplied by J. Crampton. B) Glenburn Formation cropping
out in the Mata River (BE44/539854), showing a syn-sedimentary slump unit at Mangaotanean-Teratan
boundary. Photo supplied by J. Crampton. C) Glenburn Formation of Arowhanan age on the shore
platform at Horewai Point, Glenbutn (BQ35/381209), younging to the left. Photo supplied by James
Crampton. D) Thick-bedded sandstones within the Glenburn Formation at Mangakuri Beach
(BQ35/381209), younging to the left. Jacob Staff (1.5 m long) for scale. Photo Supplied by James
Crampton. E) Outcrop of Piripauan Glenburn Formation near the mouth of Pukemuri Stream
(BR34/076989). Figure for scale. F) Large-scale cross-bedding and pebble conglomerate within the
Glenburn Formation on the Tora coast (BR34/070986). Note the lithological similarities between the

Glenburn Formation in Raukumara (A, B) and the Glenburn Formation in eastern Wairarapa (C, D, E,
F).
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2.44 Tangaruhe Formation

The Tangaruhe Formation is restricted to the Western Sub-belt, and extends from Otane Stream,
southern Hawke’s Bay, to Tinui, in the Wairarapa region (Crampton, 1997). The formation is
defined from a type section in Tangaruhe Stream in the Whangai Range, and is assigned to the
Tinui Group (e.g. Moore, 1988a; Lee & Begg, 2002). The Tangaruhe Formation is laterally
equivalent to the Tapuwaeroa and Te Mai formations of Lillie (1953) and Johnston (1975),

respectively, the latter now incorporated within the Glenburn Formation (see discussion above).
Lithostratigraphy

The Tangaruhe Formation unconformably overlies the Springhill Formation (Figure 2.8). The
formation is a glauconitic, alternating sandstone-mudstone to massive, more-or-less sandy
mudstone that demonstrates rapid vertical and lateral facies transitions (Figure 2.10; Adams, 1985;
Crampton, 1989; 1997). The base of the formation is characterised by coarse lithologies; either
alternating sandstone-mudstone or pebbly sandstone and mudstone, referred to as the
Mangawarawara Member, which reaches up to 180 m thick (Crampton, 1997; Field & Uruski ez al.,
1997). The upper part of the formation is comprised of massive to well-bedded sandstone, siltstone
and mudstone, and is typically grey-green to green-black, strongly bioturbated mudstone with
minor sandstone, and less than 3% glauconite (Crampton, 1997), although the upper contact with
the Whangai Formation is marked by thick-bedded sandstone. In the Tinui area, a few metre-thick
beds of volcanogenic mudstone crop out within the formation (Crampton, 1997). The thickness
of the Tangaruhe Formation is laterally variable, reaching a maximum of 280 m thick in the

Whangai Range area (Crampton, 1997).
Paleontology and Age

Foraminifera are abundant and diverse within the formation (Adams, 1985; Crampton, 1997). The
Tangaruhe Formation was deposited in the Piripauan to early Haumurian (Crampton, 1997). Fish
teeth are common in grain mounts (this study). Macrofossils include Inoceramus bivalves,

disarticulated brachiopods, belemnites and ammonites (Crampton, 1997).
Depositional Setting

The coarse, variable sedimentation of the lower part of the Mangawarawara Member is interpreted
to represent either a coarse channel-fill facies, or alternately a base-of-slope debris apron
(Crampton, 1997). The upper part of the formation is dominated by strongly bioturbated
mudstone and siltstone, indicating deposition in a lower energy environment (Crampton, 1997).

Foraminifera indicate deposition at depths greater than 200 m (Adams, 1985; Crampton, 1997).
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Figure 2.10: Representative outcrop of Tangaruhe Formation in Mangawarawara Stream

(BM37/865440). Photo supplied by James Crampton.

2.4.5 Whangai Formation

The Whangai Formation has a wide temporal range in addition to being widespread, and is typically
dominated by a fine-grained sedimentary succession that spans the breadth of the East Coast Basin
and beyond, with lateral correlatives identified in New Caledonia, Northland, Canterbury, and
Great South Basins (Moore, 1988a). The Whangai Formation is subdivided into five members on
the basis of lithology; the Kirks Breccia, Rakauroa, Porangahau, Upper Calcareous and Te Uri
members (Moore ez al., 1986; Moore, 1988a, b). The Whangai Formation and its various members
form the bulk of the Tinui Group. The late Piripauan to eatly Teurian Whangai Formation consists
of 30 to ~600 m of primarily micaceous and argillaceous siltstone (Moore, 1988a; Field & Uruski
et al., 1997).
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2.4.5.1 Kirks Breccia Member, Whangai Formation

The Kirks Breccia Member occurs as isolated outcrops in the Raukumara region (Moore, 1988a;
Moore, 1989b), and has not been observed in the Hawke’s Bay, Wairarapa, or Marlborough
regions. The Kirks Breccia Member marks the base of the Whangai Formation in the northern
East Coast Basin. Its type section is in Kirks Clearing on the Motu River (Moore, 1988a).
Deposition of the Kirks Breccia Member was coeval with the deposition of the Tahora and
Owhena formations. The member may possibly be coeval with the Mangawarawara Member of

the Tangaruhe Formation, both of which outcrop out in the Western Sub-belt (Figure 2.2).
Lithostratigraphy

The Kirks Breccia Member infills a single, large channel structure incised into the undetlying
Karekare Formation with a sharp, channelised basal contact. The Kirks Breccia Member is a
poorly-sorted matrix to clast supported breccia. Clasts are comprised of fine sandstone, light- and
dark-grey mudstone, and concretions. The breccia is a coarse, matrix- to clast-supported breccia-
conglomerate, with an unsorted, random distribution of larger clasts throughout the unit (Moore,
1989b). Clasts are typically pebble to cobble sized, but included larger slabs of rafted material,
including sandstone clasts and concretions up to 3 m in diameter. Clasts are composed of angular
to sub-rounded fine sandstone, light-grey mudstone, dark-grey mudstone and calcareous
conctetions within a matrix of micaceous mudstone. The Kirks Breccia varies from 30 to 200 m

thick, and grades upwards into the Rakauroa Member of the Whangai Formation (Moore, 1989b).
Paleontology and Age

Dinoflagellate assemblages from the Kirks Breccia Member place it as late Piripauan to eatly
Haumurian in age (Moore, 1989b). Fragments of Magadiceramus rangatira are included in sandstone
clasts within the member, suggesting that a proportion of the clasts are derived from the underlying

Arowhanan Karekare Formation (Moore, 1989b).
Depositional Setting

The Kirks Breccia is interpreted as being deposited in a channel at shelfal depths, most likely outer

shelf, and fed by locally derived material rather than sediment reworked from a near-shore source.

The Kirks Breccia is Piripauan in age, and is suggested as evidence that there was ongoing
deformation in the region at this time that may correlate with other examples in western
Raukumara in the Late Cretaceous (Isaac, 1977; Moore, 1978; Moore, 1989b). The member is

folded around a steeply plunging anticline (Moore, 1989b).
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2.4.5.2 Rakauroa Member, Whangai Formation

The Rakauroa Member is found across much of the North Island East Coast Basin, from the
Raukumara Peninsula to Tora. The member was originally named the Rakauroa Formation
(Jablonski, 1934; Lillie, 1953), and incorporated into the Whangai Formation by Moore ez a/. (1980).
The type section for the Rakauroa Member is in Rakauroa Stream (Moore, 1988a). The Rakauroa

Member is typically the lowermost observed member of the Whangai Formation (Moore, 1989b).
Lithostratigraphy

The base of the Rakauroa Member is considered conformable in most sections. At Owhena
Stream, the Owhena Formation grades into the Whangai Formation, with the base of the Rakauroa
Member marked by a 5-10 m-thick nodular concretionary horizon (Figure 2.6; Phillips, 1985;
Moore, 1988a; Crampton ef al., 2006). In many sections the base of the formation is marked by a
4-5 m-thick bed of sandstone (e.g. Akitio River, Packtrack Stream, Angora Stream; Leckie ez a/.,
1992; Crampton, 1997; Francis, 1999; 2001; Crampton ef al., 2006). Neef (1995) noted onlap of
the Rakauroa Member onto basement strata (Mangapokia Formation, of the uppermost Pahau
Terrane) near Marainanga Road, where basal strata of the Rakauroa Member is represented by fine
sandstone and mudstone containing scattered bivalves. In the Ngahape area of Wairarapa, Moore
(1980) describes a thick, bioturbated sandstone containing numerous concretions at the base of
the Rakauroa Member, with the basal contact marked by a 5-40 cm-thick conglomerate of
weathered igneous clasts. Similarly, Crampton ez /. (2001) note a thin conglomerate at the base of

the Rakauroa Member in Mangaotane Stream.

The Rakauroa Member primarily comprises indurated, poorly-bedded to massive, rusty-orange
weathering, medium-grey, siliceous, non-calcareous, micaceous mudstone (Figure 2.11A, B;
Moore, 1988a). Occasionally the formation may contain centimetre- to decimetre-thick greensand
beds, sedimentary dikes, laminated beds, calcareous concretions, and pyrite nodules (Moore,
1988a; Leckie ¢ al., 1992). The base of the unit is commonly sandy, and fines upwards, with
sandstone beds decreasing in thickness and frequency up-section, and rare above the basal 25 m.
Sedimentary structures include wavy and parallel lamination, climbing ripples, and ripple cross-
stratification (Leckie e al., 1992). Cone in cone structures are commonly observed in sandstone
beds (Leckie ef al., 1992). In some sections, the base of the Rakauroa Member is marked by
centimetre- to decimetre-bedded, alternating dark- and light-coloured siltstone, referred to as

“thin-bedded Rakauroa” (Leckie ¢z al., 1995).
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The Rakauroa Member ranges from 40 to 400 m-thick, although is typically 200-300 m-thick in
most sections. The Rakauroa Member ranges from 40—70 m-thick in the Raukumara Peninsula

area, and 350 m in southern Wairarapa at Tora although here the basal contact with the Glenburn

Formation is faulted (Moore, 1988a; Wasmuth, 1996; Laird e¢7 a/., 2003; Hines e# al., 2013).
Paleontology and Age

Macrofossils are rare in the Rakauroa Member, but those found include ammonites, belemnites,
echinoid spines, and fish vertebrae, teeth and scales, Inoceramus sp. Nuculana sp., Lucina c.f.
canterburiensis and possible Callistina sp. bivalves (Moore, 1988a). Terebellina (Bathysiphon) are
common in some localities (Moore, 1980; 1988a; Francis, 1999, 2001). The degree of bioturbation
is variable, ranging from rare to intense, with only Zogphycos accurately recognised (Moore, 1987a).
The formation is dominantly Haumuarian in age. However, detailed assessment of the temporal
and spatial trends of the formation across the basin show that the base of the Whangai Formation

is time-transgressive (Crampton e al., 2003; 20006).
Depositional Setting

Foraminifera from lower in the formation indicate deposition at shelf depths, possibly with
reduced oxygen levels (Moore, 1988b). In western Raukumara, Moore (1989b) considers that the
Rakauroa Member was deposited at no deeper than outer shelf depths. Neef (1995) interprets the
basal strata as representing neritic conditions, with the remainder of the formation deposited at
bathyal depths, consistent with the interpretation of marine transgression through the Whangai

Formation.
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Figure 2.11: Typical outcrops of the Rakauroa Member. A) Well-exposed Rakauroa Member in

Pukemuri Stream, southeast Wairarapa (BR34/077000). The orange-brown weathering is characteristic
of the formation. Field of view is approximately 30 m. B) Rakauroa Member cropping out in

Mangahouanga Stream, northwest Hawke’s Bay (BH39/316857). Field of view approximately 5 m.
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2.4.5.3 Porangahau Member, Whangai Formation

As defined by Moore (1988a), the Porangahau Member has a restricted distribution, occurring in
outcrop only between Akitio River and Angora Stream in the southern Hawke’s Bay, and
Mangatakawa Stream in eastern Raukumara. The Porangahau Member was included in the
Whangai Formation by Moore ef al. (1986). The type section for the member is Kaihika Ridge
(BM38/029297) near Porangahau, southern Hawke’s Bay (Moore, 1988a2).

Lithostratigraphy

The Porangahau Member conformably overlies the Rakauroa Member. It consists of well-bedded,
decimetre-thick beds of grey to green-grey, calcareous alternating sandstone and mudstone (Figure
2.12, A, B; Moore, 1988a). Sandstone interbeds are fine to coarse grained and are up to 30 cm
thick, and commonly contain glauconite. Mudstone beds are occasionally red-brown and green
(Leckie ez al., 1992). Fine sandstone beds contain planar- and climbing-ripples, parallel laminations
and antidune bedding. Some beds contain ball and pillow structures. Coarse sandstone beds up to
10 cm-thick pinch out laterally. Bioturbation varies from slight to moderate. In places, regular
decimetre-thick interbedded light- and dark-grey mudstone occur, which are are referred to as the

‘zebra beds’ lithofacies (Figure 2.12B; Moore 1988a). The member ranges from 20 to 300 m thick.
Paleontology and Age

No macrofossils are recorded from the Porangahau Member, but Zoophycos and Chondrites traces
are noted by Moore (1988a). The Porangahau Member is of early Teurian age based on
foraminiferal faunas (Leckie ez al, 1992). Where present, the Porangahau Member typically spans
the K/Pg boundary.

Depositional Setting

Foraminiferal faunas indicate deposition in bathyal water depths (Leckie e7 a/., 1992). The absence
of Porangahau Member between the Rakauroa and Upper Calcareous members in the Puketoro,
Mataikona, and Waipawa-Otane areas, suggests that the Porangahau Member likely represents a

series of disparate submarine fans, rather than a single margin-wide system.
Synonymy & Correlation

The Porangahau Member is a potential lateral correlative of the Awhea Formation at Glenburn
and Tora, and the Butts Formation in northern Marlborough. The Awhea Formation is coeval
with the Porangahau Member (Hines ¢z a/., 2013; Crouch ez al., 2014) and shares distinct lithological

similarities. This was suggested in Hines ¢# a/. (2013), and is discussed further within this chapter.
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Figure 2.12: A) Porangahau Member at Old Hill Road (BM38/062337), hete comprised of sandstone-

dominated, decimetre-bedded alternating sandstone-mudstone. B) Porangahau Member cropping out
at Whangai Bluff, Waimarama (BL.39/427823), here comprised of mudstone-dominated, green to dark-

grey, decimetre-bedded alternating fine sandstone-mudstone.
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2.4.5.4 Upper Calcareous Member, Whangai Formation

The Upper Calcareous Member was defined in Moore e al. (19806). It occurs extensively across the
North Island East Coast Basin, from eastern Raukumara to the Ngahape area of central Wairarapa.
The formation does not crop out further south in the Glenburn and Tora areas. The type section
of the member is located in Tangaruhe Stream (Moore, 1988a). The Upper Calcareous Member in
the Eastern Sub-belt is coeval with the Kaiwhata and Mungaroa limestones in southern Wairarapa,

and the Mead Hill Formation in Marlborough.
Lithostratigraphy

The base of the Upper Calcareous Member conformably overlies either the Rakauroa Member or
Porangahau Member. The Upper Calcareous Member consists of poorly-bedded to massive,
intensely bioturbated, calcareous (1-15% CaCOs; Moore, 1988a), micaceous mudstone (Figure
2.13A, B). Carbonate content increases upwards through the formation (Leckie ef a/, 1992). In
places, the member may also contain concretions, pyrite nodules, glauconitic sandstone beds and
brecciated beds, and isolated, possibly rafted pebbles (Leckie e a/, 1992; 1995). Bedding, where
present, comprises 0.5 to 4 cm-thick light- and dark-coloured alternating mudstone beds. In places,

delicate millimetre-scale laminations are preserved.

Kenny (1986) further subdivided the Upper Calcareous Member, incorporating a flinty interval
containing chert nodules, and an uppermost muddy limestone, as the “Waingata Limestone”. The
observation of a chert interval midway through the Upper Calcareous Member is consistent with
outcrops in the southern Hawke’s bay (e.g., Mara Quarry; Moore, 1988a; Neef, 1995). Similarly,
muddy limestone in the uppermost Upper Calcareous Member is coeval with the Mungaroa
Limestone in southern Wairarapa. Neef (1995) notes chert and siltstone couplets in the middle of
the Upper Calcareous Member, previously described by Moore (1988a) in the Mara Quarry. The
Upper Calcareous Member reaches to 520 m-thick in the Owahanga—Akitio River area of northeast
Wairarapa (Neef, 1992), although the thickness of the member is more commonly 50—200 m thick
(Rogers ¢t al., 2001).

Paleontology and Age

Although rare, a diverse range of macrofossils have been identified from the Upper Calcareous
Member, including; a Podocarpacae frond and Araucaria haasti (plant), echinoid spines, fish scales,
Terebellina (Bathysiphon), and a number the bivalves c.f. Limopsis, c.f. Hypoxytoma, Entolinm c.f.
membranacenm, Ostrea c.f. dichotoma and c.t. Pyenodonte (Moore, 1988a). In addition to these, seven

species of ammonites were identified by Isaac (1977) in Late Cretaceous, weakly calcareous

67



siltstones that Moore (1988a) attributes to the Upper Calcareous Member. The Upper Calcareous
Member is late Haumurian to early Teurian in age, based on macrofossil, and dinoflagellate and
foraminiferal faunas (Moore, 1988a). In Angora Stream, southern Hawke’s Bay, the Upper
Calcareous Member is Teurian in age and intensely bioturbated, with the burrow forms of the
Cruziana-Zoophyeos ichnofacies (Leckie ez al,, 1992). In the Tawanui section, Akitio River (southern
Hawke’s Bay), the Upper Calcareous Member is of late Haumurian, restricted to the Manumiella
druggii dinoflagellate zone and the Globotruncata circumnodifer foraminiferal assemblage zone (Wilson
et al., 1989). At Tawanui, the Upper Calcareous Member is moderately to intensely burrowed,
including Chondrites, and foraminiferal faunas an outer neritic to upper bathyal depth (Leckie ez 4/,

1992).
Depositional Setting

Although an outer shelf environment is favoured by Moore (1988a), the Upper Calcareous
Member was likely deposited in an upper to middle bathyal environment based on molluscan and
foraminiferal faunas presented in Moore (1988a). Foraminiferal faunas for the formation indicate
a minimum 200 m paleodepth for the member, and Moore (1988a) notes a deepening trend

between the Western and Eastern sub-belts.
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Figure 2.13: A) Upper Calcareous Member cropping out in a road cutting on Ongaonga Road, central
Hawke’s Bay (BL38/031720). Hammer for scale (arrowed) —handle is 70 cm long. B) Upper Calcareous
Member cropping out at Riversdale, eastern Wairarapa (BP36/592481). Hammer for scale — handle is
70 cm long,.
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2.4.5.5 Te Uri Member, Whangai Formation

The Te Uri Member has a restricted distribution, and has only been identified at Te Hoe River
(northwest Hawke’s Bay), and in the Whangai Range (southern Hawke’s Bay). The Te Uri Member
was defined by Moore (1988a), who nominated Tangaruhe Stream as the type section. The
uppermost portion of the Te Uri Member has been geochemically correlated with the Waipawa

Formation (Rogers ez al., 2001).
Lithostratigraphy

The base of the Te Uri Member is conformable with underlying strata (Figure 2.14). The Te Uri
Member consists of poorly- to well-bedded glauconitic sandstone and mudstone (Figure 2.14). In
outcrops of alternating sandstone-mudstone, sandstone beds are sharp-based, typically 5 to 55 cm-
thick, and vary from fine- to coarse-grained. The sharp bases to sandstone beds load onto the
Planolites burrowed surfaces of underlying mudstones (Rogers ¢ a/, 2001). Clasts are dominantly
quartzose, with some clasts of sandstone and mudstone up to 2 mm diameter, and glauconite is
quite common (Leckie ez al, 1992). Fine sandstone beds contain uni-directional ripple cross-
lamination and antidune bedding, and the bases of some sandstone beds contain tool marks with
a 30-210° orientation (Leckie ez al, 1992). Coarse sandstone beds are observed to pinch out
laterally, and are overlain by very fine sandstone beds that are parallel and ripple laminated (Leckie
et al., 1992). Minor ball and pillow structures and convolute bedding are observed. The mudstone
is variable in nature, varying from intensely bioturbated to non-bioturbated, with fine laminations
preserved (Leckie ez al, 1992). The Te Uri Member is sandier than the underlying units, and
dominated by moderately bedded, highly bioturbated, glauconitic sandstone and mudstones, and

where present, varies from 3 to 40 m thick.
Paleontology and Age

With the exception of shark teeth (K. Bland, pers. comm. 2018), and fish teeth identified in mineral
separates (this study), no macrofossils have been reported from the Te Uri Member. The
uppermost Te Uri Member is typically intensely bioturbated with Planolites, Zoophycos, Thallasinoides,
Teichichus and Skolithos (Moore, 1987a; Leckie e al., 1992). The member lies immediately above the
K/Pg boundary (Figure 2.14), and spans much of the Teurian stage based on foraminiferal,
calcareous nannofossil and dinoflagellate assemblages (Leckie ez a/, 1992; Rogers et al., 2001;
Crouch ¢t al., 2014; Kulhanek e al., 2015).
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Depositional Setting

The occurrence of Zoophycos and Teichichnus bioturbation indicates an assemblage of opportunists
that colonise inhospitable zones on the limit of habitability (Bromley, 1990; Leckie ez afl, 1992).
Zoophycos and Chondrites are indicative of bathyal, oxygen depleted environments (Ekdale, 1985;
Leckie e al., 1992). The Te Uri Member, through comparison with the modern Canterbury Shelf,
was interpreted by Leckie e 4/ (1992) as a sand body on the shelf edge that was subjected to
prolonged winnowing and glaucony during a sea-level lowstand. Sedimentary structures described
in the Te Uri Member by Leckie ez 4/ (1992), including tool marks, cross-bedding and bioturbation,
are consistent with a shallow-marine setting. The top 4 m of the Te Uri Member at Tawanui has
been geochemically correlated with the Waipawa Formation (Rogers ez al., 2001; Hollis ez al., 2014).
The paleoenvironmental interpretation of this unit and stratigraphic relationships of the various

members of the Whangai Formation are reviewed in Chapters Four and Seven.

Figure 2.14: Te Uri Member of the Whangai Formation cropping out in the upper Akitio River

(Tawanui) section (BM37/867246). Sharp contact in the centre of the photo is the basal contact of the
Te Uri Member (left) with the Upper Calcareous Member (right), approximating the Cretaceous-
Paleogene boundary. Photo supplied by K. Bland.
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2.4.6  Waipawa Formation

The Waipawa Formation generally follows the outcrop distribution of the Whangai Formation in
the North Island, with the exception of the Whangai Range area. Outcrops of the Waipawa
Formation have been identified in the southern Wairarapa (Hines e a/., 2013; Hollis ez al., 2014;
Kulhanek ez 4/, 2015) , Mead Stream in Marlborough (Strong ez al., 1995; Hollis ez al., 2005a, 2014),
and Northland (Isaac ez 4/, 1994). The Waipawa Formation marks the top of the Tinui Group in
North Island (Moore, 1988a), and is included within Muzzle Group rocks in Marlborough (Reay,
1993). The type section for the Waipawa Formation occurs in the Waipawa River near Waipawa
Township, central Hawke’s Bay. The Waipawa Formation has been correlated with the uppermost
Te Uri Member, along with the upper Waipara Greensand in the Canterbury Basin, and the Tartan
Formation in the Great South Basin on the basis of geochemistry (Rogers ¢ a/, 2001; Schioler ez
al., 2010; Hollis ef al, 2014). Two thin, dark-grey mudstone beds have been identified in Dee
Stream (Clarence Valley, Marlborough), which may correlate with the Waipawa Formation at Mead

Stream (Hancock ez al., 2003).
Lithostratigraphy

The Waipawa Formation conformably overlies the Whangai Formation. At Te Hoe River, the
Waipawa Formation overlies Te Uri Member, whereas elsewhere the formation typically
gradationally overlies the Upper Calcareous Member, although it conformably overlies the
Porangahau Member in several localities, and at Rakauroa Stream the formation unconformably
overlies the Rakauroa Member on a sharp, burrowed contact (Moore, 1988a). In Mead Stream, the
Waipawa Formation conformably ovetlies the Mead Hill Formation (Strong ef al., 1995; Hollis ez
al., 20052). The Waipawa Formation typically comprises pootly-bedded, dark-brown to grey to
brownish-black micaceous, carbonaceous mudstone (Figure 2.15A, B, C) with moderate to high
total organic carbon (TOC = 0.5-13%; Moore, 1988a; 1989). The Waipawa Formation varies
considerably in thickness, from 1.5 m-thick at Tora (Figure 2.15C; Hines e# a/, 2013), to 70 m-
thick at Kerosene Bluff (Moore, 1988a; 1989). The formation is typically around 10-30 m-thick,

and weathered surfaces commonly show jarosite, iron oxides and/or gypsum (Figure 2.15D).
Paleontology and Age

Macrofossils from the Waipawa Formation are rare, and include Thyasira sp. and Conchocoele sp.
bivalves, fish vertebrae, locally abundant Terebellina (Bathysiphon) and small decalcified bivalve
fragments (Figure 2.15E; Moore, 1987b, 1988a; 1989a). Biostratigraphic data suggests that

deposition of the Waipawa Formation occurred during the late Teurian Stage, in the upper part of
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NZP5 Dinoflagellate Zone and calcareous nannofossil zones NP5-NP7, indicating a Selandian to
Thanetian age (Late Paleocene; Crouch, 2001; Kulhanek e7 a/, 2015), likely restricted to 59.4-58.7
Ma (Hollis ez al., 2014).

Depositional Setting

It has been argued that the Waipawa Formation represents dysoxic to anoxic seafloor conditions,
on the basis of increased total organic carbon (TOC) preservation (0.5-13 % TOC), in comparison
to the immediately-underlying Whangai Formation (0—~1.5 % TOC), as well as poor to absent
foraminiferal and macrofaunas, and outcrop appearance of the Waipawa Formation (Moore,
1988a; Killops ez al., 2000; Rogers ez al., 2001; Hollis & Manzno-Kareah, 2005; Hollis e/ a/., 2014).
There is substantial debate around the depositional environment and conditions for this formation,

which are reviewed in detail in Chapters 3 and 4.
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Figure 2.15: A) Waipawa Formation cropping out in a road cut on Angora Road, named the Taylor

White section (BM37/944150). Note the concretion in the centre of the photo, and the contact with
the overlying green-grey Wanstead Formation on the right hand side of the photo. B) Waipawa
Formation at Kerosene Bluff (BP36/685714). C) Waipawa Formation at Te Kaukau Point (‘Cleft
Section’, BR33/025950), where the Waipawa Formation is 1.8 m-thick, and deposited in association
with the Mungaroa Limestone (refer to Chapter Four). D) Typical Waipawa Formation at Kerosene
Bluff, showing iron oxides and jarosite on weathered surface. E) Waipawa Formation at Taylor White,
showing Bathysiphon sp. tubes (small pale dots, arrowed), and bioturbation trace (outlined and arrowed,

bottom left corner). Note the absence of bedding in all photos.
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2.4.7 Wanstead Formation

The Wanstead Formation is widely distributed throughout the North Island East Coast Basin, and
generally follows the outcrop distribution of the Whangai Formation (Moore et al., 1986; Moore,
1988a). The Wanstead Formation is the basal unit of the Mangatu Group (Moore e/ al., 1980;
Mazengarb & Speden, 2000), and was originally described by Ongley (1941), who designated a type
section in road cuts at Wanstead (southern Hawke’s Bay). This type section was revised by Lillie

(1953) to include Te Uri Stream.
Lithostratigraphy

The Wanstead Formation is commonly poorly exposed, with slumping and slope instability
frequent due to the smectitic clay-rich nature of the formation. In the Whangai Range area, the
Wanstead Formation conformably overlies the Te Uri Member of the Whangai Formation. At
Huatokitoki Stream, the Wanstead Formation conformably overlies the Kaiwhata Limestone (Lee
& Begg, 2002), although further south at Tora, the base of the Wanstead Formation is
unconformable, attributed to local submarine channel and fan development (Hines e a/., 2013).
The base of the Wanstead Formation may be unconformable in some localities in the Eastern Sub-
belt where flysch facies of the Wanstead Formation overlies the Waipawa Formation. This flysch
facies is locally restricted to the Wimbledon to Whareama Valley area (southern Hawke’s Bay—
eastern Wairarapa). Elsewhere, the Wanstead Formation is apparently conformable with either Te
Uri Member or Waipawa Formation (depending on locality). In southern Hawke’s Bay-Wairarapa,
the base of the Wanstead Formation is marked by alternating fine sandstone and mudstone (Neef,
1995; others, pers. obs.). Elsewhere, the base beds of the Wanstead Formation comprise grey,
generally massive, calcareous mudstone (Figure 2.16A, B, C). A friable, quartzose, glauconitic
sandstone crops out 10 m above the Waipawa Formation at Blairlogie Road (eastern Wairarapa),
and a similar unit is observed 30 m above the Waipawa Formation at Old Hill Road, near

Porangahau (southern Hawke’s Bay).

A 1 m-thick, clast supported, polymict basal conglomerate, comprised of pootly-sorted, pebble-
to boulder-sized, moderately to well-rounded clasts, overlies the unconformable contact with the
Pukemuri Siltstone at Tora. Sharply overlying the conglomerate is green-grey to blue-grey, highly
calcareous mudstone with occasional grey mudstone layers and minor glauconitic sandstone,
typical of the Wanstead Formation (Figure 2.16C). The mudstone tends to be mottled, indicative

of pervasive bioturbation.
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The Wanstead Formation is at least 300 m-thick in Waingongoro Stream and, in the upper reaches
of the Mataikona River, the Wanstead Formation is comprised of at least 450 m of massive
mudstone (Neef, 1995). At Te Hoe River, the Wanstead Formation is 250 m-thick (Moore, 1987).
The Wanstead Formation is up to 490 m thick (Field & Uruski ez a/., 1997), though is more typically
100-200 m thick (Lee & Begg, 2002; Hines e# a/., 2013). The formation is typically slumped and/or
sheared (Figure 2.16D), making true estimates of thickness and lithological variability difficult to

characterise.
Paleontology and Age

No macrofossils have been reported from the Wanstead Formation, except for a single Perploma
bivalve from the Mataikona River (Neef, 1995). The Wanstead Formation does provide diverse
and well-preserved foraminifera faunas, returning Teurian to Runangan ages (late Paleocene to

latest Eocene) for the formation, though more typically Teurian to Bortonian (late Paleocene to

middle Eocene; Moore & Morgans, 1987; Field & Uruski ez al., 1997).

Foraminiferal assemblages recovered from the Wanstead Formation at Tora give a Bortonian to
late Kaiatan age (middle to late Eocene) based on calcareous nannofossil assemblages, giving a
more restricted age range than Wanstead Formation in northern Wairarapa and Hawke’s Bay

(Hines ez al., 2013).
Depositional Setting

Benthic foraminiferal faunas indicate a mid- to lower-bathyal depositional depth for the Wanstead
Formation. The formation progressively youngs and deepens southwards (Hines ez 4/, 2013). The
deepwater Wanstead Formation indicates that submarine canyons debouched into the Akitio area
(Neef, 1992). Flute casts in this section indicate that turbidite currents were directed to the
northeast (Neef, 1995). The conglomeratic unit at the base of the formation at Tora is interpreted
as deep marine debris flow, and related to a similar conglomerate at Akitio, northeast Wairarapa
(Hines e# al., 2013). The calcareous mudstones of the Wanstead Formation record hemipelagic
deposition with pervasive bioturbation indicative of basin-floor deposition (Hines ef a/, 2013).
Benthic foraminiferal assemblages indicate lower bathyal to abyssal paleodepths (2000-3500 m) in
the middle Eocene at Tora (Hines ¢# al., 2013).
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Synonymy & Correlation

The Wanstead Formation can be correlated with the Huatokitoki Formation (e.g. Lee & Begg,
2002) and the Pukemuri Siltstone (Hines e7 a/., 2013), and is coeval with the Amuri Limestone in

Marlborough.

Figure 2.16: A) Bortonian-aged Wanstead Formation outcrop at Aropito, southern Hawke’s Bay

(BM37/890298). B) Mangaorapan Wanstead Formation cropping out at the Tawanui section, upper Akitio
River (southern Hawke’s Bay; BM37/874248). C) Outcrop of Bortonian Wanstead Formation in Pukemuri
Stream, southeast Wairarapa (BR34/067009). D) Deformed mudstone in Pukemuri Stream (BR34/066010),

characteristic of the Wanstead Formation in many outcrops.
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2.4.8 Weber Formation

The Weber Formation extends from the Raukumara Peninsula to northern Wairarapa, but does
not crop out south of the Carterton Fault (Lee & Begg, 2002). The Weber Formation is included
in the Mangatu Group, and was originally named by Ongley & Willianson (1931). Ongley (1941)
designated a type section for the formation in the Akitio River. The basal greensand lithofacies
identified by Leckie 7 a/. (1992) in the southern Hawke’s Bay possibly correlates with the Te Waka
Greensand (Black, 1980; Kenny, 1984) in Raukumara. The formation has been extensively revised

recently by Morgans (2016).
Lithostratigraphy

In western Raukumara, the Weber Formation overlies the Wanstead Formation across a low-angle
unconformity (LLeonard ez a/, 2010). Kenny (1984) describes the base of the Weber Formation as
marked by a gradation from the Te Waka Greensand lithofacies of the Mangatu Group in the
eastern Raukumara area (Figure 2.3). In southern Hawke’s Bay, the Weber Formation conformably
overlies the Wanstead Formation, and may be poorly- to well-bedded, bioturbated, light-grey
calcareous mudstone (Leckie ef al., 1992; Neef, 1995; Rogers ¢t al., 2001). However, in parts of the
Weber area, the Weber Formation unconformably overlies the Whangai Formation, with the
Wanstead Formation removed entirely, although in nearby localities the Wanstead Formation is
thin (~30 m), and highly deformed (Lee & Begg, 2002; Clowes, # prep.; Morgans, 2016). Carbonate
content ranges from 23-70%, averaging 40-50% (Leckie e al., 1992). The Weber Formation can
be subdivided into four informal lithofacies; the glauconitic lithofacies, the limestone, lithofacies,

the flysch lithofacies, and the siltstone lithofacies (Leckie e# a/., 1992; Morgans, 2010).

The basal, glauconitic lithofacies is characterised by intensely bioturbated, fine-grained, calcareous
sandstone that grades up from the Wanstead Formation into glauconitic, medium-grey, muddy
siltstone with common Zogphycos (Leckie ef al., 1992). The limestone lithofacies consists of massive,
light-grey, very calcareous, slightly glauconitic, muddy siltstone, that characterises ‘typical’ Weber
Formation. The carbonate content ranges from 40-70% (i.e. muddy limestone), and there are thin,
discontinuous sandstone beds within the top 23 m of the lithofacies (Leckie ez a/, 1992). The flysch
lithofacies grades upwards from the limestone facies and consists of 80 m of light grey, hard,
calcareous fine sandstone and muddy siltstone (Leckie ef a/, 1992). The siltstone lithofacies is
determined to sit above the flysch lithofacies on the basis of biostratigraphic data; no outcrop
relationship between these two units has been observed. The siltstone lithofacies consists of soft,
green-grey, calcareous, muddy siltstone (Leckie ef @/, 1992). The Weber Formation is up to 370 m

thick (Leckie ef al., 1992), although Johnston (1980) estimated the formation to be 720 m-thick,
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and is more typically 200—340 m-thick (Moore ¢z al., 1986; Morgans, 2016). In western Raukumara,
the Weber Formation reaches 170 m-thick (LLeonard ez a/., 2010; Morgans, 2016).

Paleontology and Age

The Weber Formation ranges from Runangan to Waitakian age (late Eocene to early Miocene),
but is more commonly Kaiatan to Duntroonian in age (late Eocene to Oligocene; Neef, 1995;
Rogers ez al., 2001; Lee & Begg, 2002; Morgans, 2016). The basal glauconitic lithofacies is Kaiatan
to lower Whainaroan in age, whereas the limestone lithofacies is lower to upper Whaingaroan in
age (Leckie ef al., 1992). The flysch lithofacies has an upper Whaingaroan to Duntroonian age, and
the siltstone lithofacies is of lower Waitakian age (Leckie ez a/, 1992; Morgans, 2016).

In Raukumara, the formation has a Whaingaroan to Duntroonian age (Kenny, 1984; Morgans,
2016). This age, in tandem with the Bortonian age more commonly applied to the Te Waka
Greensand lithofacies (Field & Uruski e 4/, 1997), may correspond with the base of the Weber

Formation in the southern Hawke’s Bay, which is better described, with finer age control.
Depositional Setting

Foraminiferal faunas indicate an upper- to lower bathyal depositional depth for the Weber

Formation (Moore & Morgans, 1987; Field & Uruski e a/., 1997; Morgans, 2016).

2.5 Tora
2.5.1 Manurewa Formation

The Manurewa Formation has a limited distribution, being restricted to the Tora area of southeast
Wairarapa (Laird e a/., 2003; Hines e# al., 2013). As currently defined, the Manurewa Formation is
included within the Awhea Group (Begg & Johnston, 2000). The formation was first described by
Waterhouse & Bradley (1957), who designated Pukemuri Stream as the type. The base of the
Manurewa Formation is coeval with the base of the Porangahau Member of the Whangai
Formation, and approximately coeval with the Branch Sandstone in Marlborough. Based on the
age, lithology and depositional setting of the Awhea Formation, it is considered synonymous with
the Porangahau Member of the Whangai Formation. This synonymy would also suggest that the

formation be placed within the Tinui Group.

79



Lithostratigraphy

The Manurewa Formation overlies the Whangai Formation with a sharp, channelised lower
contact (Hines e a/, 2013). The formation is divided into two members (Waterhouse & Bradley,
1957), which exhibit considerable lateral facies variation (Hines ez a/, 2013). The Lower Member
is comprised of thinly bedded, alternating glauconitic sandstone and mudstone, and may grade
into centimetre- to decimetre-bedded impure micritic limestone (Figure 2.17; Hines ez al., 2013).
The Upper Member consists of massive to laminated greensand that contains abundant pyrite
nodules, and includes a conglomeratic interval. The basal contact of the Upper Member is

channelised into underlying strata, either the Lower Member or Whangai Formation (Figure 2.17).
Paleontology and Age

Bioturbation traces include Nereites, c.f. Chondrites, Ophiomorpha and Zoophycos (Hines et al., 2013).
Foraminiferal assemblages contain long-ranging ILate Cretaceous—Paleocene (Haumurian—
Teurian) assemblages, and several studies have identified the Cretaceous-Paleogene boundary at
the base of the Upper Member (Wasmuth, 1996; Laird e a/., 2003; Vellekoop, 2010). Dinoflagellate
assemblages from the Lower Member are assigned to the latest Cretaceous Manumiella druggii Zone,
whereas the Upper Member contains an assemblage that is correlated to the eatrly Paleocene

Trithyrodinium evitii Zone (Laird et al., 2003).
Depositional Setting

The Manurewa Formation is reinterpreted in this study as deposits from a submarine-fan system
dominated by channelised and mass-emplaced conglomerate and sandstone facies within an
otherwise low-energy, bathyal depositional environment. The channelised contact between the
Lower and Upper members of the Manurewa Formation (Wasmuth, 1996; Laird e a/., 2003) is
consistent with the continuation of channel incision, deposition and lobe development, within a
submarine-fan setting. Furthermore, the Manurewa Formation is a localised unit restricted to the
Tora area (Laird e al,, 2003), consistent with the interpretation of eatly-stage fan development with

limited lateral extent.
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Figure 2.17: Manurewa Formation cropping out in Pukemuri Stream (BR34/075001) Rakauroa Member

of the Whangai Formation crops out on the left-hand side, and the lower member of the Manurewa
Formation (grey, centre of image). The channelized contact at the base of the upper member is at head

height on the figure.

2.5.2 Awhea Formation

The Awhea Formation is restricted to the Tora and Glenburn areas of coastal Wairarapa. The
formation was originally described by Waterhouse & Bradley (1957) and is was included within the
Awhea Group by Begg & Johnston (2000). The type section for the formation is Pukemuri Stream
(Figure 2.18A). The Awhea Formation is here synonymised with the Porangahau Member of the

Whangai Formation on the basis of age, thickness, and lithological characteristics.
Lithostratigraphy

The Awhea Formation has a conformable, gradational contact with the underlying Manurewa
Formation (Laird ez al., 2003; Hines ef al, 2013). The Awhea Formation is comprised of well-
bedded alternating sandstone and mudstone (Figure 2.18A, B). In the lower part of the formation,
20-50 cm-thick, green-grey, glauconitic fine sandstone beds are separated by thin mudstone beds

(Figure 2.18A; Hines ez al, 2013). Bedding surfaces are extensively bioturbated and burrows are
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commonly infilled by pyrite (Hines e a/, 2013). In the upper part of the formation the sandstone
beds display normal grading and become increasingly fine-grained and thinly bedded, less
glauconitic, and less bioturbated (Figure 2.18C; Hines e a/, 2013). The stratigraphic thickness of
the Awhea Formation thins northwards, from 290 m at Tora to 47 m near the Pahaoa River mouth

at Glenburn (Tayler, 2011).
Paleontology and Age

Extensive bioturbation in the lower part of the Awhea Formation includes Nereites, Paleodictyon,
Ophiomorpha, Scolicia and Planolites. Foraminiferal faunas from the Awhea Formation indicate an

early Teurian age (Hines ez a/., 2013).
Depositional Setting

Foraminiferal faunas indicate a middle to lower bathyal depositional environment (Hines ez al.,
2013). The underlying Upper Member of the Manurewa Formation grades into the alternating
bedded sandstones and mudstones of the Awhea Formation, interpreted as turbidite deposition in
a submarine fan setting (Hines ez a/, 2013). The Awhea Formation displays a thinning upwards

sequence of turbidites, which may indicate gradual lobe shifting or more distal turbidite deposition.
Synonymy & Correlation

Jointly, the Manurewa and Awhea formations are considered synonymous with the Porangahau
Member of the Whangai Formation on the basis of strong lithological similarities to the
Porangahau Member, and the restricted, coeval age range of both units (upper M. druggii zone to
NP3; Laird ez al., 2003; Hines et al., 2013; Crouch e# al., 2014; Kulhanek e a/., 2015). The Butt
Formation in Chancet Rocks area of northeastern Marlborough has a similar lithological
expression to the Awhea Formation, but is slightly older (upper Haumurian, possibly M. druggii
zone), although age control on the formation is poor (Strong, 2000). Herein, the Butt Formation

is considered as a correlative of the Porangahau Member.
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Figure 2.18: A) Dip slopes of the lower Awhea Formation cropping out in Pukemuti Stream (BR34/074001).

Figure for scale at base of slope. B) Decimetre-bedded, sand-dominated flysch at the base of the Awhea
Formation, Te Oroi Stream (BR34/047975). Hammer for scale. C) Mud-dominated, decimetre-bedded flysch
in the uppet part of the Awhea Formation, Te Oroi Stream (BR34/044979).

2.53 Mungaroa Limestone

The Mungaroa Limestone is restricted to the Tora area of southeast Wairarapa, and is included in
the Awhea Group by Begg & Johnston (2000). The formation was originally described by
Waterhouse & Bradley (1957), who designated Mungaroa Hill and Pukemuri Stream as the type
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section. The formation is in part coeval with the Mead Hill Formation in Marlborough, and is

synonymous with the Kaiwhata Limestone at Glenburn.
Lithostratigraphy

The Mungaroa Limestone is divided into three informal members: a lower calcareous mudstone,
a middle alternating sandstone-mudstone, and an upper porcellaneous limestone. The white,
weakly bedded, calcareous mudstone of the lower member gradationally overlies the Awhea
Formation. The lower member grades into the middle member, which consists of decimetre-
bedded, grey-green, sandstone alternating with thinner mudstone (Figure 2.19A). In northern
sections, a channelized contact removes the upper member, and at Te Kaukau Point, infilled
channel structures and apparent in the gradational zone from the middle to upper members (Figure
2.19B). A gradational contact separates the middle member from the upper member, the latter
being comprised of well-bedded, white micritic limestone (Figure 2.19C). Bedding is uniform, with
an average bed thickness of 10 cm and sharp contacts between beds, infrequent chert nodules, and
common decimetre- to metre-thick glauconitic sandstone beds. Syn-sedimentary slump folding
and sedimentary dykes are observed in the formation (Kirk, 1966; Browne, 1987; Hines e al., 2013).
The Mungaroa Limestone thins northwards, from 85 m thick at Tora (Hines e7 a/., 2013), to 28 m

at Glenburn (Tayler, 2011).
Paleontology and Age

Zogphycos and Planolites occur throughout the formation, becoming extensive in the upper micritic
limestone member. Calcareous nannofossil assemblages from the lower member indicate
Nannofossil Zone NP4 (62.82—60.48 Ma) of Martini (1971) (Hines e# al, 2013). Calcareous
nannofossil assemblages from the middle member of the Mungaroa Limestone place it in Upper
Zone NP5 (60.48-59.17 Ma; Hines ef al., 2013). The upper micritic limestone member and an
interbedded dark mudstone at Te Kaukau Point are placed in Radiolarian Zone RP5 (61-59 Ma;
Hollis, 2002; Hines e# al., 2013).

Depositional Setting

The Mungaroa Limestone was deposited at middle to lower bathyal depths (800—1500 m; Hines ¢#
al., 2013). The well-bedded character of the middle member with sharp basal contacts, cross-
bedding and normal grading indicates deposition by turbidity currents. The upper member of the
Mungaroa Limestone primarily reflects pelagic deposition with minor terrigenous input, with
occasional influx of glauconitic sands as redeposited sediments within this otherwise low-energy

pelagic environment (Browne, 1987).
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The abrupt transition to the upper limestone member suggests a rapid, regional reduction in the
deposition of clastic sediment during the middle Paleocene (Nannofossil Zone NP5) and
potentially a northwards extension of the pelagic facies of the southern East Coast Basin.
Deformation and slump structures indicate paleoslope movements and syn-sedimentary
deformation of sediments. Paleo-channel erosion at the base of overlying units has resulted in a

reduced thickness of the formation (20 — 100 m) in some sections at Tora (Hines e a/., 2013).

Figure 2.19: A) Mungaroa Limestone cropping out in Pukemuti Stream (BR34/071005). Figure for

scale (centre of image). B) Channel deposit within the Mungaroa Limestone at Te Kaukau Point
(BR33/026951), at the base of the uppet micritic limestone member. C) The upper micritic limestone

member at Te Kaukau Point (BR33/024951). Seals for scale. Note soft sediment deformation.
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2.5.4 Awheaiti Formation

The Awheaiti Formation is restricted in outcrop to the Pukemuri and Te Oroi Streams, and was
included within the Tora Group by Hines ¢f 4/ (2013). The formation was first described by
Waterhouse (1955) and Waterhouse & Bradley (1957), who designated Pukemuri Stream as the
type section for the formation. The Awheaiti Formation is considered synonymous with parts of
the Wanstead Formation elsewhere in the Hawke’s Bay — Wairarapa, suggesting it should be placed

in the Mangatu Group.
Lithostratigraphy

The Awheaiti Formation is variably channelised into the underlying Mungaroa Limestone (Hines
et al., 2013). In Pukemuri Stream, the type section, channelisation at the base of the formation has
removed much of the upper micritic limestone member of the underlying Mungaroa Limestone
(Hines ez al., 2013). The formation is comprised of decimetre-bedded, alternating fine sandstone
and mudstone, and contains large-scale cross-bedding within channel structures (Figure 2.20A, B).

The formation is 8 m-thick in Pukemuri Stream.
Paleontology and Age

Calcareous nannofossil assemblages indicate a latest Teurian (Paleocene) age for the formation
(NP7; Hines 7 al., 2013). Foraminiferal assemblages indicate a Teurian to Waipawan (Paleocene—

early Eocene) age for the formation. Large Bathysiphon foraminifera are common.
Depositional Setting

The formation is interpreted as representing localised channel and overbank deposits of a
submarine-fan system (Hines ez al, 2013). Oriented Bathysiphon foraminifera demonstrate a

northeast current lineation in bedding planes.
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Figure 2.20: A) Alternating fine sandstone-mudstone of the Awheaiti Formation in Pukemuri Stream

(BR34/071006). B) Cross-cutting relationships within the Awheaiti Formaton Hammer for scale.

Hammer handle is 30 cm long.

2.5.5 Pukemuri Siltstone

The Pukemuri Siltstone is restricted to the Tora area, and forms the uppermost unit of the Tora
Group (Begg & Johnston, 2000). The formation was initially described by Waterhouse & Bradley
(1957), who nominated Pukemuri Stream as the type section. The Pukemuri Siltstone is coeval
with the Huatokitoki Formation and the Wanstead Formation (Moore, 1980; Field & Uruski ¢z a/.,
1997), and should be considered part of the Wanstead Formation.

Lithostratigraphy

The Pukemuri Siltstone overlies the Awheaiti Formation with an unconformable, angular
discordance of 15-20° (Hines ¢# al, 2013). The base of the formation is comprised of 30 m of
pebbly mudstone (Figure 2.21A). Clasts become scattered and less abundant towards the top of
the unit, where it grades into 25 m of blue-grey, faintly cm-bedded mudstone, with intraformational
slumping and convolute bedding within coherent bedding packages. The upper portion of this
interval also contains megaclasts (=6 m) and rafted sediment (Figure 2.21B). Above this is a 40 m-
thick interval of massive, flaggy, grey mudstone (Figure 2.21C), which is overlain by purple-brown
mudstone and 30 m of decimetre-bedded alternating sandstone-mudstone at the top of the
formation. A thin, 20 c¢m thick bed of exceptionally glauconitic sandstone (80-90% glauconite)
containing siderite concretions can be traced laterally for approximately 10 kilometres (Figure

2.21D). The formation ranges from 110 to 170 m thick in the Tora area.
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Paleontology and Age

Foraminiferal and calcareous nannofossil biostratigraphy indicate a Mangaorapan to Heretaungan

age for the formation (early to middle Eocene, Nannofossil Zones NP12—14; Hines ¢f al., 2013).
Depositional Setting

The pebbly mudstone of the lower Pukemuri Siltstone is interpreted as a marine debris flow
deposit. The depositional system reverted to a slope environment during the late-early to early-
middle Eocene. The mudstone that overlies the basal pebbly mudstone is characterised by syn-
sedimentary folding, suggesting a slope depositional setting (Hines ef a/, 2013). Foraminiferal
faunas are indicative of a mid- to lower-bathyal paleodepth. The low foraminiferal abundance in
samples collected in the lower Pukemuri Siltstone, in conjunction with slumped, convolute
bedding, may be due to high sediment supply, whilst higher in the section, greater foraminiferal

abundances and laminated bedding may indicate reduced sedimentation rates.
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Figure 2.21: A) Pebbly mudstone at the base of the Pukemuri Siltstone in Pukemuri Stream
(BR34/070007). B) Rafted sediment blocks in the lower Pukemuri Silstone, Pukeutri Stream
(BR34/070007). Photo supplied by C. Atkins. Figure for scale. C). Typical Pukemuti Siltstone in
Awheaiti Stream (BR34/087020). Hammer for scale. D) Richly-glauconitic sandstone with siderite

concretions, amongst pale brown, laminated mudstone in the Pukemuri Siltstone, Pukemuri Stream

(BR34/069007).

2.6  Marlborough
2.6.1 Champagne Formation

The Champagne Formation marks the base of the cover succession in the Marlborough region.
The Champagne Formation crops out within the Clarence Valley in a narrow 10 km-long band
from Ouse Stream to Dee Stream, as well as within Wharekiri Stream (Rattenbury ez /., 20006), and
the Kekerengu River (pers. obs.). The Champagne Formation was originally described as the
Champagne Member of the Split Rock Formation by Ritchie (1986), although was mapped in
Rattenbury ef al. (2006) a separate formation. The formal application of formation would be

consistent with the widespread outcrop distribution, distinct lithology and unconformable surfaces
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bounding the unit above and below. The Champagne Formation forms the base of the Coverham

Group, and the type section is Ouse Stream, Coverham (Crampton ez a/., 2004b).
Lithostratigraphy

The Champagne Formation (and correlatives) unconformably overlie Pahau Terrane basement,
typically with a strong angular discordance (Reay, 1980, 1993; Crampton e/ al., 1998; Rattenbury ez
al., 2000). The formation is comprised of highly deformed sandstone, mudstone and conglomerate
(Figure 2.22), and demonstrates boudinage of sandstone beds, asymmetric folding, and soft-
sediment deformation structures (Figure 2.22B, D; Crampton e al., 1998). In Wharekiri Stream,
exposures of ‘broken formation” melange are present within the formation (Figure 2.22A). In the
middle Clarence valley, thickness varies from 20 to 275 m (Reay, 1993). The Champagne
Formation in the Coverham area was logged as 200 m thick by Ritchie (1980).

Paleontology and Age

A Trigoniid in reworked greywacke boulders in the Tentpoles Conglomerate Member of the Split
Rock Formation indicates a maximum Korangan age (Early Cretaceous) for the base of the
formation (Reay, 1993). Hall (1963) identified Inoceramus kapuus above the basal conglomerate of
the Split Rock Formation, suggesting a Urutawan age for the unit. Ritchie (1966) considered the
age of the Champagne Formation to be Urutawan to Ngaterian based on fossil collections that
include; Inoceramus ipnanus-kapuus, foraminifera and echinoid spines and plates. Fossils from the
base of the formation give Uruatawan—Motuan ages, whilst the fossils from upper parts of the
formation give Ngaterian ages (Ritchie, 1986). Plant material increases up section in the
Champagne Formation (Ritchie, 19806). In the type section, Ouse Stream, Crampton ez al. (2004b)

consider the formation to be entirely Urutawan.
Depositional Setting

The coarse-grained and olistostromal deposits of the Champagne Formation are interpreted as
being deposited as mass transport deposits, derived of locally sourced material, and infilling
existing, complex and substantial topography, likely infilling 600—800 m-deep pre-existing canyons
in Torlesse Composite Terrane (Laird, 1981, 1982; Lewis & Laird, 1986). Olistostrome deposits in
Penk Stream are interpreted as being deposited in a bathyal setting (Field & Uruski ez a/., 1997),
although elsewhere the formation is interpreted as being deposited by debris flows, possibly
stimulated by adjacent or nearby fault scarps (Reay, 1993). An increase in the proportion of plant
matter up section in the Champagne Formation in the Clarence River area is interpreted by Ritchie

(19806) as representing shallow water deposition in a prodelta, muddy shelf environment.
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Synonymy & Correlation

The Champagne Formation (Crampton & Laird, 1997; Crampton ef al, 2004), at the base of the
Split Rock Formation in the northern Clarence Valley, Wharekiri Stream and Awatere Valley is
synonymous with the Tentpoles Conglomerate Member of the Split Rock Formation identified by
Reay (1993) in the middle Clarence Valley. Olistostrome deposits in Penk River, along with the
Gladstone Formation (Challis, 1966) in the Awatere Valley, and the Tentpoles Conglomerate and
Bluff Dump members of Reay (1987, 1993) in the middle Clarence Valley, are considered
synonymous with the Champagne Formation. The Tentpoles Conglomerate Member is equivalent
to the basal conglomerate of the Champagne Formation, and the Bluff Dump Member is likely
equivalent to the disturbed sandstones and mudstones higher in the Champagne Formation. The
Totara Formation in the Awatere Valley has a similar lithology and composition, and may be

equated with the Champagne Formation (Montague, 1981; Ritchie, 1980).

Figure 2.22: A) Tectonic melange (‘broken formation’) of the Champagne Formation in Wharekiri

Stream (BT28/666304). Photo provided by J. Crampton. B) Champagne Formation in Ouse Gorge
(BS28/701529). Jacob Staff for scale (1.5 m long). Photo supplied by J. Crampton. C) Basal
conglomerate of the Champagne Formation in Wharekiri Stream (BT28/666305). Photo provided by J.
Crampton. D) Disturbed alternating sandstone-mudstone beds within the Champagne Formation in

Ouse Stream (BS28/716544). Hammer for scale — handle is 70 cm long. Photo supplied by K. Bland.
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2.6.2 Split Rock Formation (undifferentiated)

The Split Rock Formation is a widespread unit in the Marlborough region. It is often divided into
several members, although in many instances this is not possible, in part due to the wide range of
depositional settings across the distribution of the formation. Members are identified where

possible in this study, otherwise they are attributed to undifferentiated Split Rock Formation.

Outcrops of Split Rock Formation occur in much of the Marlborough region, except the Kaikoura
and Haumuri Bluff area where the base of the cover succession is Piripauan in age. The Split Rock
Formation is assigned to the Coverham Group, and was originally defined by Suggate (1958), who
nominated a type section between Split Rock and Black Rock Streams. Ritchie (19806) divided the
formation into four members after revising the stratigraphy of Hall (1963): the Champagne
Member (described as separate formation above), the Ouse Siltstone, Wharf Sandstone and Swale
Siltstone in the Coverham area. In the central Clarence Valley, Reay (1993), divided the Split Rock
Formation into the Tentpoles Conglomerate, Cold Stream, and Black Rock members, which have
comparable lithostratigraphic characteristic as the members identified by Ritchie (1986). Each of
these members could easily be described as individual formations, having a substantial stratigraphic
thickness attributed to each member, and being recognisable over a large area, however are retained
as members due to the undifferentiated nature of the Split Rock Formation in some localities.
Sedimentary strata of the Winterton and Gladstone formations of the Awatere Valley (Challis,
1966), and a number of unnamed correlatives in the Marlborough region, are included in

undifferentiated Split Rock Formation.
Lithostratigraphy

The basal Split Rock Formation unconformably overlies the Pahau Terrane. In places Motuan to
Ngaterian strata of the Split Rock Formation onlap Pahau Terrane (e.g., Wharekiri Stream; Figure
2.23A). Basal deposits vary locally, although almost all are coarse grained, and dominantly consist
of clast- or matrix-supported conglomerate (Field & Uruski ez @/, 1997). The alternating sandstones
and siltstones to laminated mudstones of the Split Rock Formation unconformably overly the
conglomerates of the Champagne Formation (Figure 2.23B; Laird, 1992; Reay, 1993; Mortis,
1987). The Split Rock Formation locally reaches thicknesses of over 2000 m, although thicknesses

vary considerably across the Marlborough region.

92



Paleontology and Age

The Split Rock Formation spans the Urutawan to latest Ngaterian age based on the presence of
Inocerammus ipunanus-kapuns and Aucellina eughpha. The top of the formation is difficult to precisely

place, and may extend to the Arowhanan (J. Crampton, pers. comm.).
Depositional Setting

The Split Rock Formation is interpreted as part of a fan-delta complex, infilling distributary
channels (Reay, 1980, 1993; Morttis, 1987). Paleocurrent directions vary widely: in the Awatere
Valley they indicate flow towards the northeast-southwest, in Coverham they indicate flow towards
the southwest and northwest, and in the middle Clarence valley they indicate flow towards the
northeast (Reay, 1993; Field & Uruski ez al, 1997; Crampton e/ al., 1998, 2003). Paleoslope
indicators, where available, suggest slope directions towards the northeast in the Clarence and

Awatere valleys, although at Mororimu Stream they are directed to the southwest, and to the west

at Coverham (Reay, 1993; Field & Uruski e a/., 1997).

In the Coverham area, the depositional setting is interpreted as a slope basin environment (Ritchie,
1986). However, in the Awatere Valley, common ripple marks in the Cam River indicate deposition
occurred at or above storm wave base (Field & Uruski ez 4/, 1997). Shallow-marine deposits have
been identified in the Hapuku drillhole (Laird, 1982), although no correlative strata are known
south of this location suggesting the borehole’s location marks the edge of the basin during this
time. Altogether these various environmental indicators suggest a complex topography for the
basal Split Rock Formation. In places, deposition is also inferred to have occurred in half-grabens

in response in intermittent movement on the bounding faults (Lewis & Laird, 1986; Laird, 1992).
Synonymy & Correlation

Formal subdivisions of the Split Rock Formation include; the Ouse Siltstone, Wharf Sandstone,
and Swale Siltstone (Morris, 1987; Reay, 1980, 1993; Crampton & Laird, 1997). The Ouse Siltstone
is equivalent to the Cold Stream Member (Ritchie, 1986). The Black Rock Member of Reay (1993)
can be correlated with the Wharf Sandstone on the basis of age, thickness, lithology, and
stratigraphic relationships. The Ouse Siltstone and Wharf Sandstone members are equivalent with
the Gladstone, Lower Winterton and Upper Winterton formations in the Awatere Valley

(Montague, 1981; Ritchie, 1980).
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Figure 2.23: A) Outcrop in Whatekiti Stream (BT28/682325) demonstrating the basal unconformity of
the Split Rock Formation, where decimetre-bedded Motuan or Ngaterian Split Rock Formation (right-
hand side) onlaps massive sandstone of the Pahau Terrane (left-hand side). Image provided by J.
Crampton. B) Decimetre-bedded, alternating sandstone and mudstone typical of Split Rock Formation

in Wharekiri Stream.
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2.6.2.1 Ouse Siltstone Member, Split Rock Formation
Lithostratigraphy

The Ouse Siltstone disconformably overlies the Champagne Formation in the Coverham area of
the Clarence Valley (Ritchie, 1986). The Ouse Siltstone includes packages of massive siltstone and
alternating flysch-like sequences of sandstone and siltstone (Figure 2.24A, B; Ritchie, 1986). The
upper part of the Ouse Siltstone shows abundant evidence for large-scale soft-sediment
deformation in places, particularly in the upper part of the formation in Ouse Stream (Figure
2.24B). The Ouse Siltstone is 300 m-thick in the type section in Ouse Stream. The Ouse Siltstone

is comparable to the Winterton Formation in the Awatere Valley of the same age (Challis, 1960).
Paleontology and Age

The lower Ouse Siltstone is moderately and locally richly fossiliferous, and include Myzloides
ipuanus, 1. urins and Auwcellina enghpha, giving a Motuan age, although the upper part of the member
is essentially barren of fossil material (Figure 2.24A; Ritchie, 1986; Crampton ez al., 2004).

Foraminifera and rare ammonites have also been retrieved from the unit (Ritchie, 19806).
Depositional Setting

Ritchie (1986) interprets the Ouse Siltstone as being deposited by mass-flow processes in a slope

basin. The Cold Stream Member is interpreted as suspension deposits (Reay, 1993).
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Figure 2.24: A) Mytiloides ipnanus shellbed at the base of the Ouse Siltstone of the Split Rock Formation
cropping out in Ouse Stream (BS28/718548), just above the basal conglomerate. Cross-sections through
individual shells are apparent as pink-orange colouration in the outcrop. Hammer for scale — handle is
70 cm long. Image supplied by K. Bland. B) Upper Ouse Siltstone in Ouse Stream (BS28/692535)
showing packages of slumped and discordant bedding. Photo supplied by J. Crampton.
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2.6.2.2 Wharf Sandstone Member, Split Rock Formation
Lithostratigraphy

The Wharf Sandstone gradationally overlies the Ouse Siltstone, and is comprised of decimetre- to
metre-bedded, alternating sandstone-mudstone with well-developed Bouma A-D sequences
(Figure 2.25; Ritchie, 1986; Crampton ef al, 2004b). Carbonaceous material forming thin coal
lenses is common, as is bioturbation in the upper surfaces of bedding sequences. Sedimentary
structures are common, and include flute casts, wavy lamination, convoluted bedding, slumping,
sandstone dikes and flame structures (Ritchie, 1986). The unit has a maximum thickness of 128 m

in Ouse Stream.
Paleontology and Age

The Wharf Sandstone Member is essentially barren of macrofossils, although the bivalve Aucellina
eughpha in the Whart Sandstone (Reay, 1993; his Black Rock Member), indicating that the top of
the formation is no younger than Motuan. Also present are Dimitobelus superstes belemnites and a
fragment of an ammonite (Reay, 1993). Aucellina eughpha was also identified by Ritchie (1986) in

addition to microflora assemblages that also indicate a Motuan age for the Wharf Sandstone.
Depositional Setting

Paleocurrent orientations from the Wharf Sandstone indicate a southwesterly current direction,
although this evolves ups-section to a dominantly northwest orientation in the upper half of the
formation (Ritchie, 1986; Crampton ¢z al., 1998). The Wharf Sandstone Member is interpreted as
being deposited by sediment gravity flows on a submarine fan lobe (Ritchie, 1986). The Black Rock

Member is interpreted as deltaic-turbiditic current channel fill deposits (Reay, 1993).
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Figure 2.25: Whatf Sandstone in Wharf Stream (BS28/726551). Figure for scale. Photo from K. Bland.

2.6.2.3 Swale Siltstone Member, Split Rock Formation
Lithostratigraphy

The Swale Siltstone is a thick, widespread unit that gradationally overlies the Wharf Sandstone
(Figure 2.26). The Swale Siltstone is comprised of massive siltstone, with rare sandstone beds, and
lensoidal and spherical concretions that form along bedding planes and often contain Inoceramids
(Figure 2.26). The mudstone massive to metre-bedded, and in places displays evidence of extensive
syn-sedimentary slumping. Fossils and large septarian concretions up to 2 m in diameter are
abundant locally (Field & Uruski ez a/., 1997). Fine sandstone occurs in beds up to 5 m-thick. Thick
beds typically lack any internal structure, whilst thinner beds are commonly graded and preserve
partial Bouma sequences (Field & Uruski ez @/, 1997). Based on age and lithological similarities,
this formation is comparable to the Karekare Formation in Raukumara. The Swale Siltstone is at

least 1000 m-thick (Field & Utruski ef a/., 1997).
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Paleontology and Age

Good inoceramid faunas are recovered from the Swale Siltstone, including Inoceramus sp. C
indicating a Ngaterian age (Crampton ¢f al., 2004b), in addition to diverse but sparse fauna of other

molluscs, corals, ichthyosaurs and ammonites. The Swale Siltstone is largely Ngaterian in age.
Depositional Setting

The Swale Siltstone is interpreted as being deposited by hemipelagic sedimentation at slope depths

(Ritchie, 1986).

Figure 2.26: A) Swale Siltstone cropping out in Nidd Stream, Covetham (BS28/728559). Note

occasional bedding (e.g. top, centre of frame) and abundant concretions. Field of view is approximately

50 m. Photo supplied by J. Crampton.

2.6.3 Warder Formation

The Warder Formation is restricted in outcrop to the middle Clarence Valley, Awatere Valley, and
Monkey Face areas (Crampton, 1988b; Reay, 1993; Beu ez a/., 2014). The Warder Formation was
originally defined as the Warder Coal Measure Member of the Gridiron Formation (Suggate, 1958;

Lensen, 1978), but was elevated to formation status and included in the Wallow Group by Reay
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(1993). The type section for the formation is in upper Seymour Stream, along the eastern side of
the Seaward Kaikoura Range. The Warder Formation represents the terrestrial, southern extent of
the Bluff Sandstone-Hapuku Group sedimentary system, and it interfingers with the Gridiron

Volcanics (Browne & Reay, 1993; Reay, 1993; Beu ¢z al., 2014).
Lithostratigraphy

The Warder Formation unconformably overlies Torlesse Composite Terrane basement, and locally
the Split Rock Formation (Reay, 1993). The Warder Formation is comprised of carbonaceous
sandstone, mudstone and conglomerate, with considerable vertical and lateral facies variation
(Reay, 1993). Conglomerate within the Warder Formation typically occurs as thin lenses several
metres long and up to a metre thick (Reay, 1993). Sandstone of the formation is typically light-
grey, moderately-indurated and fine grained (Figure 2.27; Reay, 1993). Mudstone within the
Warder Formation is generally light-grey to blue-grey, moderately-indurated, and may be massive
or laminated, limonitic, carbonaceous, concretionary, kaolinitic and jarositic. Thin lenses of
sulphurous, sub-bituminous coal up to 0.5 m-thick occur within the formation. Sandstone beds
are generally massive, although in places may be normally graded, and show shallow channel
structures, trough cross-bedding and truncated herring-bone stratification, slump structures,
symmetric and asymmetric ripples, along with sand volcanoes and liquefaction structures (Reay,
1993; Browne & Reay, 1993). The formation ranges from 2—170 m-thick in the middle Clarence
Valley (Reay, 1993), and up to 20 m-thick in the Monkey Face area (Crampton, 1988b).

Paleontology and Age

The Warder Formation contains a diverse paleoflora, including, fossil roots, iz situ stumps,
branches and leaves or various identified and unidentified species, in addition to rare freshwater
molluscs (Reay, 1993; Parrish e al., 1998; Beu et al., 2014). The Warder Formation is assigned a
Ngaterian age (early-Late Cretaceous) based on its stratigraphic position and interfingering

relationship with the Gridiron Volcanics (Figure 2.27; Reay, 1993).
Depositional Setting

The Warder Formation is interpreted as being deposited subaerially on a coastal flood plain. The
formation’s lithology, paleontology, and sedimentary structures indicate a variety of sub-
environments including streams, lakes and estuaries (Reay, 1993). Most paleocurrent orientations
obtained from sedimentary structures indicate a spread of directions between NNE and SW, with

the dominant flow direction being to the southeast (Reay, 1993).
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Figure 2.27: Warder Formation cropping out in Seymour Stream (BT26/339235), beneath a thick

basaltic lava flow belonging to the interfingering Gridiron Volcanics. Figure for scale. Photo supplied

by J. Crampton.

2.6.4 Bluff Sandstone

The Bluff Sandstone extends from the middle Clarence Valley as far north as Sawpit Gully, and
southeast to the Monkey Face area. The Bluff Sandstone was originally defined as the Bluff
Sandstone Member of the Gridiron Formation (Suggate, 1958; Lensen, 1978), but was elevated to
formation status and included in the Wallow Group by Reay (1993). The type section for the
formation is in upper Seymour Stream. The Bluff Sandstone is considered the marine, lateral
equivalent of the Warder Formation and interfingers with the Gridiron Volcanics (Browne & Reay,

1993).
Lithostratigraphy

The Bluff Sandstone ranges from thick-bedded sandstone, to alternating sandstone-mudstone, and
minor conglomerate and siltstone that interfingers with the Warder Formation and Gridiron
Volcanics in the middle Clarence Valley, and overlies Torlesse Composite Terrane or Split Rock
Formation across a strong angular unconformity elsewhere (Crampton, 1988b; Browne & Reay,

1993; Reay, 1993; Field & Uruski ez al., 1997; Beu ez al., 2014). Where the formation interfingers
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with the Gridiron Volcanics, the Bluff Sandstone is interstratified with the uppermost lava flows

(Reay, 1993).

Where the Bluff Sandstone overlies Torlesse basement, conglomerate or breccia is always present,
and typically consists of 1-2 m of normally graded, well-rounded, pebble to cobble polymict,
including Torlesse basement-derived sandstone, chert, quartz, jasper, rhyolite, granite and basalt,
fining upwards from 100-200 mm clasts at the base to 5 mm at the top. The conglomerate is
typically clast supported. Bedding and channelling in the thick-bedded sandstone is shown by
accumulations of macrofossil debris and/or exotic granules and pebbles (Figure 2.28A, B).
Alternating sandstone-mudstone typically occurs as 10—15 m-thick centimetre to decimetre-
bedded packets. Sandstone beds are typically fine-grained, laterally continuous, and have sharp
bases and tops, and contain angular mudstone rip-up clasts (Figure 2.28B). The lithotype varies
from sandstone dominated to mudstone dominated. In Bluff Stream, 5-6 m-thick packets of
slump-folded sandstone and convolute sandstone are interbedded. Current parting lineations and
cross-bedding are prevalent throughout much of the formation. Ripple types include symmetric
ripples, flaser bedding, and asymmetric ripples. Hummocky cross-stratification, small load
structures, dewatering structures and convolute bedding occur locally, and flute casts are present
of the base of some sandstone beds (Crampton, 1988b; Reay, 1993). Channelling is common and
ranges from shallow decimetre-scale scours to 2 m-deep siltstone-filled channels. The thick-
bedded sandstone is massive to indistinctly laminated, light-grey friable to indurated well-sorted
fine sandstone that is locally carbonaceous, and contains sideritic concretions, pyrite nodules and
calcite veins (Crampton, 1988b; Reay, 1993). The formation reaches over 500 m thick at Dead
Horse Gully, but thins to a few metres in the northern Clarence Valley (Figure 2.28C) and to the

southeast at Wharekiri Stream (Reay, 1993).
Paleontology and Age

Fossils in the Bluff Sandstone are uncommon, but include M. rangatira rangatira, Inoceramus
concentricus, and Eselaevitrigonia wellmani. The Bluff Sandstone ranges between Ngaterian and
Arowhanan in age based on the presence of Inocermus tawhanus and M. rangatira rangatira.
Radiometric dating of the interfingering Gridiron Volcanics indicated that the Ngaterian-
Arowhanan boundary lies immediately above the volcanics (Reay, 1993). Crampton (1988b)
suggests that the age of basal Bluff Sandstone may be diachronous, being late Motuan in the east
(in the Monkey Face area), Ngaterian in the west (middle Clarence Valley), and Arowhanan in the

Coverham area.
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Depositional Setting

The Warder Formation represents the terrestrial age-equivalent southern extent of the Bluff
Sandstone and Hapuku Group. Transgression resulted in the deposition of the shallow-marine
Bluff Sandstone over top of the Warder Formation in the Arowhanan. The Bluff Sandstone is
inferred to have been deposited in a marginal- to shallow-marine setting, in an asymmetrically
subsiding basin (Crampton, 1988; Reay, 1993). Fossil faunas are indicative of high-energy, inner-
to mid-shelf environments, and various sedimentological characteristics indicate the localised
presence of channels, channel bars, and deltaic deposits (Reay, 1993). Sedimentary structures
indicate paleocurrents varied over 297°, ranging from WSW to south (Reay, 1993). Crampton

(1988) interpreted the Bluff Sandstone as being deposited in a wave-dominated coastal setting.
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Figure 2.28: A) Outcrop of Ngaterian Bluff Sandstone in the Monkey Face (Tuku Tuku Iwi) area
(BT26/343029). B) Detail of bedding in Ngaterian Bluff Sandstone in the Monkey Face atea

(BT26/343029), showing decimetre-bedded sandstone and conglomerate. Hammer for scale (50 cm
long). C) Arowhanan-aged Bluff Sandstone cropping out in Sawpit Gully (Clarence Valley;
BS28/726565), true left of stream (right-hand side of photo). Figure for scale.
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2.6.5 Nidd Formation (Hapuku Group)

The Nidd Formation is preserved in fault-bound slivers southeast of the Clarence Fault. Elsewhere
in Marlborough sedimentary strata of the same age are generally referred to as undifferentiated
Hapuku Group (Laird, 1992; Crampton & Laird, 1997; Field & Uruski ez /., 1997; Crampton et al.,
2003). Hapuku Group sediments are poorly exposed and as such, are generally poorly described
(Field & Uruski, ez al., 1997). The Hapuku Group, for the most part, comprises poorly- and
undescribed sedimentary units of Ngaterian to Piripauan age (Rattenbury ez a/, 20006). The

type/treference sections for the Nidd Formation atre in Nidd Stream or Sawpit Gully.
Lithostratigraphy

The lower contact of the Nidd Formation is gradational with the Swale Siltstone. The formation
is comprised of moderately indurated concretionary siltstone, silty sandstone and sandstone
(Figure 2.29A; Hasegawa e¢f al., 2013). Tubular septarian and cannonball concretions occur in the
Sawpit Gully section. The Nidd Formation is richly-fossiliferous in places (Figure 2.29B), and is
commonly weakly-bedded, glauconitic, and bioturbated. Mapped outcrops of the Nidd Formation
are usually truncated by faults (Rattenbury ez a/., 2006), although a there is an estimated minimum

thickness of ~200 m in the Sawpit Gully area.

Hapuku Group sediments are 37 m thick in the Hapuku River, and at least 98 m thick in Wharekiri
Stream (Field & Uruski ef a/., 1997). In most instances the Hapuku Group rests unconformably on
the sediments of the Wallow Group (Reay, 1993; Field & Uruski ez al., 1997). A few metres of non-
marine conglomerate containing plant material is present at the base of the group in the extreme
southwest of the Clarence Valley, forming the Willows Formation (Reay, 1993; Field & Uruski ez
al., 1997). This sedimentary succession changes rapidly vertically and laterally into fossiliferous,
shallow marine sandstones and mudstones of the Nidd Formation in the Coverham area, which
are coeval with the Bluff Sandstone of the middle Clarence Valley (Reay, 1993; Field & Uruski ez
al., 1997). The Hapuku Group is quite variable lithologically, but extensive bioturbation, especially
Ophiomorpha, is a common and widespread characteristic (Field & Uruski ez al., 1997). The primary
lithology of the group is indistinctly bedded, purple-brown siltstone and fine grained muddy
sandstone. Glauconite is common towards the east, in Bluff Stream, Mororimu Stream and

Wharekiri Stream (Field & Uruski ez a/., 1997).
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Paleontology and Age

Inoceramid bivalves are common in the formation, particularly the lower section (Figure 2.28B), and
include M. rangatira rangatira, and Crenoceramus bicorrugatus matamuus and C. bicorrugatus bicorrugatus,
indicating an Arowhanan to Teratan age (Hasegawa ef a/, 2013). In addition to Inoceramid
bivalves, other macrofossils include belemnites, ammonites, decapod crustaceans, corals, and cf.
Chondrites bioturbation have been observed in the formation (Feldmann, 1993; pers. obs.). The
Ocean Anoxic Event 2 (OAE 2) event has been identified in this section (Hawegawa ez a/., 2013),
and is marked by a fossil barren zone that occurs above the greatest carbon isotope excursion. The
Hapuku Group includes strata from the latest Ngaterian to Teratan age, with local unconformities

and stages absent (Field & Uruski e a/., 1997).
Depositional Setting

The depositional environment for the Nidd Formation is poorly constrained, but is inferred to
have been at mid- to outer shelf depths on the basis of paleontological and sedimentological
evidence (Hasegawa ef al, 2013). The Hapuku Group is broadly interpreted as a condensed
succession of Arowhanan to Teratan (upper Cenomanian to lower Coniacian) non- to shallow-

marine clastic sedimentary rocks (Reay, 1993; Schioler ez 4/, 2002).
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Figure 2.29: A) Well-exposed Nidd Formation in Sawpit Gully (BS28/726567). Figure for scale
(arrowed). Photo supplied by J. Crampton. B) Shellbed of Cremmnoceranus bicorrugatus in Sawpit Gully.
Photo supplied by J. Crampton.
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2.6.6 Burnt Creek Formation

The Burnt Creek Formation has a restricted distribution between the Ouse Fault and the
Kekerengu River in the northern Clarence Valley area. The Burnt Creek Formation is included in
the Coverham Group (Ritchie, 1986; Morris, 1987). The type section is the southwestern branch
of Burnt Stream (Hall, 1963; Crampton & Laird, 1997). The formation is distinctly different to the
coeval Nidd Formation, in that it is comprised of conglomerate and pebbly mudstone, and lacks
the common bioturbation observed in the Nidd Formation/Hapuku Group (Crampton & Laird,
1997; Field & Uruski e al., 1997).

Lithostratigraphy

Basal Burnt Creek Formation rests unconformably on Pahau Terrane. The formation is comprised
of a thick conglomerate of Pahau Terrane-derived pebbles and boulders, overlain by pebbly
mudstone, alternating graded sandstone and mudstone, and increasingly thick mudstones towards
the top of the formation (Figure 2.30; Crampton & Laird, 1997). The formation is at least 200 m

thick, and may have had an original maximum-thickness of >470 m (Crampton & Laird, 1997).
Paleontology and Age

Inoceramids are abundant, including . madagascariensis and L. opetius indicating a Mangaotanean to
Teratan age for the formation. This demonstrates that the basal unconformity is strongly
diachronous over a short distance (Crampton & Laird, 1997). In Burnt Stream, inoceramids are

observed to be glauconised and pyritised (this study).
Depositional Setting

The Burnt Creek Formation is very different to the coeval Nidd Formation, which occurs
northwest of the Ouse Fault. Based on this, Crampton & Laird (1997) suggest that the Burnt
Creek Formation represents the onlap and infilling of an incised valley or deposition adjacent to
an active syn-sedimentary fault, and that the Ouse Fault was a major normal fault during the
Clarence and Raukumara series. A depositional depth of outer shelf to upper bathyal is inferred by
Crampton & Laird (1997). Paleocurrent directions range between 45° and 100° in Mangaotanean

strata, and 305° to 008° in Teratan strata (Crampton & Laird, 1997).
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Figure 2.30: Burnt Creek Formation, cropping out in Wharf Stream (BS28/748557). Figure for scale (centre
of image). Photo supplied by J. Crampton.

2.6.7 Paton Formation

The Paton Formation crops out from Muzzle Stream (Clarence Valley) to Kekerengu (coastal
Marlborough), although a number of Piripauan-aged greensands further south may be correlated
with the formation (e.g. Crampton ef al., 1988; Laird, 1993; Reay, 1993; Schieler 7 al., 2002). The
formation forms the base of the Seymour Group. The Paton Formation was originally introduced
by Hall (1963), who designated Burnt Saddle as the type section. The Paton Formation passes
southwards into the Okarahia Sandstone (Schioler & Wilson, 1998).

Lithostratigraphy

The Paton Formation unconformably overlies the Bluff Sandstone with a sharp contact at Muzzle
Stream, but elsewhere it unconformably overlies Nidd Formation (Morris, 1987; Crampton, 2003),

or conformably overlies and interfingers with Burnt Creek Formation (Figure 2.31; Crampton &

Laird, 1997).
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The Paton Formation is typically a dark-green to green-grey, decimetre-bedded to massive,
strongly-bioturbated, glauconitic, normally graded, fine to medium sandstone (Figure 2.31; Reay,
1993; Crampton & Laird, 1997; Schieler ez al., 2002). Bedding is defined in places by fossil debris,
angular mudstone rip-up clasts, basalt granules and carbonaceous laminae. Localised centimetre-
scale bedding, shallow channels, load structures and current parting lineations are present (Reay,

1993). The formation is mildly to moderately glauconitic in places, and concretions are common.

Crampton (pers. comms.) notes difficulty in distinguishing Paton Formation from the underlying
Nidd Formation in fresh outcrop. The “glauconite” referred to by several authors in the Paton
Formation is likely to be chlorite. Chloritised sediments are common in the late Cretaceous strata
of the East Coast Basin, including the Tangaruhe Formation in the Whangai Range (J. Crampton,
Pers. Comm.). The Paton Formation is 18 m thick at Muzzle Station and thickens to the northeast
to 320 m in the Kekerengu Valley, although is typically 2—20 m-thick (Reay, 1993; Crampton &
Laird, 1997; Field & Uruski ez al., 1997; Schieler ef al., 2002).

Paleontology and Age

Fragmentary and complete inoceramid bivalves are common, and typically not in life position.
Shellbeds of disarticulated individuals are present at a few levels in the formation. Inoceramus sp.
and wood fragments are common, and dinoflagellate cysts are abundant, providing a Piripauan to
early Haumurian age for the formation (Reay, 1993). The Paton Formation has a Teratan to early
Haumurian age, based on inoceramid bivalves and dinoflagellate assemblages (Schioler & Wilson,

1998; Crampton e al., 2000; Schioler ¢f al., 2002).

The formation has proven barren for calcareous foraminifera and nannofossils, though the
presence of the agglutinated foraminifera genus Glomapsira suggests minimum water depths of
100—150 m (Schieler e al., 2002). Diverse macrofossil faunas have been recovered from the Paton
Formation, including belemnites, ammonites, 1. gpetius, 1. pacificus, and 1. australis (Schieler & Wilson,

1998; Crampton ez al., 2000; this study).
Depositional Setting

The Paton Formation is inferred to have been deposited in a shallow-marine (perhaps inner shelf)
setting, possibly a restricted, shallow-shelf setting (Reay, 1993; Schioler ez 4/, 2002). Palynofacies
analysis suggests that Paton Formation was deposited under oxic conditions in a nearshore
environment, although foraminiferal assemblages suggest that deposition occurred under sub-oxic

conditions (Schieler & Wilson, 1998; Crampton e# a/., 2000).
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Synonymy & Correlation

The ‘Formation A’ described by Crampton (1988) in the in the Monkey Face area fits the
description and stratigraphic position of the Paton Formation. Dinoflagellate assemblages from
‘Formation A’ suggest a Piripauan or eatliest Haumurian age (Crampton, 1988), comparable to the
age of the Paton Formation, and it may therefore be a southern extension of this unit. The
Okarahira Sandstone in the Haumuri Bluff area (Roncaglia ez a/., 1999; Crampton ez al., 2000), likely

represent a nearshore to marginal marine correlative of the Paton Formation.

Figure 2.31: Outctrop of Paton Formation on the Coverham road (BS28/740557). The thick sandstone

bed in the centre of the frame marks the contact between the undetlying Burnt Creek Formation and

the Paton Formation. Photo provided by J. Crampton.

2.6.8 Whangai Formation (‘Herring facies’)

The Whanagi Formation (Herring facies) and lateral correlatives crop out from Chancet Rocks to
Conway River mouth and is included in the Seymour Group (Reay, 1993; Crampton ef al., 2003).
The Herring Formation was originally used by Webb (1971). Bluff Stream and Dead Horse Gully

were designated as lectotype sections for the formation by Reay (1993).
Lithostratigraphy

The Whangai Formation typically rests on a sharp, undulating contact with the underlying Paton
Formation, and is comprised of massive to decimetre-bedded, dark-grey, micaceous, siliceous,

sulphurous silty mudstone that is interbedded with minor fine sandstone layers (Figure 2.32A, B;
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Laird, 1992; Reay, 1993; Schioeler ¢z al., 2002). The formation contains large ovoid concretions. The
formation thickens to the northwest, ranging from 45 m at Dart Stream, to 285 m at Dead Horse
Gully, to 700 m at Woodside Creek (Reay, 1993; Field & Uruski e 4/, 1997). In Nidd Stream, a
~10 cm-thick nodular horizon marks the base of the formation (Figure 2.32C), corresponding
with a sedimentary hiatus (Schioeler e7 a/., 2002). In Nidd Stream and Isolation Creek, the Mead Hill
Formation rests on the Whangai Formation (Figure 2.32D), although elsewhere, these formations
are separated by the Branch Sandstone (Figure 2.33 & 2.34A; Reay & Strong, 1992). The top of
the Whangai Formation in the central Clarence Valley, particularly in Dead Horse Gully, is
demarcated by a nodular pyrite hotizon (030/£0237; FRED).

Paleontology and Age

Sparse microfaunal assemblages are typical of the Whangai Formation, most species are
arenaceous or siliceous benthic forms, and Terebelina (Bathysiphon) tubes are common (Reay, 1993).
Foraminifera and dinoflagellates indicate a Haumurian age. Dinoflagellate assemblages indicate
that the age of the base of the formation is diachronous across Marlborough, from late Santonian

to middle Campanian (~84—79 Ma; Crampton e al., 2003).
Depositional Setting

Based on the poor foraminiferal and ichnofaunas present, the Whangai Formation is inferred by
Reay (1993) to have been deposited in a pootly oxygenated, shallow-marine environment.

Localised cross-bedding in the formation indicates a dominantly southeasterly current direction.
Synonymy & Correlation

Within the Marlborough region, the Whangai Formation can be correlated with the Conway
Siltstone south of Kaikoura, and the Woolshed, Butt and Mirza formations elsewhere
Matrlborough, and is considered synonymous with these formations, and with the Whangai
Formation of the North Island East Coast (Laird & Schieler, 2005; Rattenbury e# a/., 2006). Herein,
the Herring Formation is synonymised with the Whangai Formation, specifically the Rakauroa
Member, on the basis of age, lithological and geochemical affinities, discussed later in this thesis

(Chapters Four, Six and Seven).
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Figure 2.32: A) Whangai Formation (Herring facies) cropping out in a tributary of the Dart Stream
(BS27/561441). Hammer for scale — handle is 70 cm long. Photo from K. Bland. B) Whangai Formation
in Nidd Stream (BS28/737567). Figute for scale. Photo from J. Crampton. C) Nodular hotizon marking

the contact between Paton Formation and Whangai Formation in Nidd Stream (BS28/756579).
Hammer for scale (25 cm long). Photo supplied by J. Crampton. D) Contact between the Whangai
Formation and the ovetlying Mead Hill Formation in Nidd Stream (BS28/737567). Nodule bed is in
lower left-hand corner of image. Hammer for scale on contact (arrowed). E) Whangai Formation
cropping out in Isolation Creek (foreground; BS28/818610), ovetlain by chert-dominated Mead Hill

Formation.
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2.6.9 Branch Sandstone

The Branch Sandstone and correlatives is present from Haumuri Bluff to Branch Stream. Further
north, it is either faulted out, or absent. The Branch Sandstone marks the top of the Seymour
Group. The type section for the Branch Sandstone is Branch Stream (Reay & Strong, 1992; Reay,
1993).

Lithostratigraphy

The Branch Sandstone conformably overlies the Whangai Formation with a sharp, planar contact
(Figure 2.33). Locally the contact is burrowed, or represented by a basal conglomerate (Reay, 1993).
The formation is dominantly a massive, light brown grey, well-sorted fine sandstone, with minor
carbonaceous siltstone, lignite and conglomerate (Figure 2.33), that is generally well- to
moderately-indurated, but rarely cemented (Reay, 1993). At Bluff Stream, the basal 30 cm of the
formation is matrix-supported pebble-conglomerate, of which 50% of clasts show a phosphatised
outer margin, and shark teeth are common (Reay, 1993). The Branch Sandstone is generally
massive, and bedding and sedimentary structures are rare. Locally, slump structures, centimetre-
scale low-rank coal seams, dish structures, intrusive sandstone dikes (Figure 2.33), and convolute
bedding may be present (Reay, 1993). The formation varies in thickness, from 3 m-thick at Bluff

River, to 9 m-thick at Mororimu Stream, with an average thickness of 11 m (Reay, 1993).
Paleontology and Age

Many outcrops are extensively bioturbated, producing a mottled texture, with the dominant
ichnogenus being Thallasinoides (Reay, 1993). The only macrofauna recovered from the formation
is a rugose coral (Dasmosilia) and shark teeth (Reay, 1993). Foraminiferal and dinoflagellate

assemblages indicate a Haumurian age for the formation.
Depositional Setting

The Branch Sandstone is interpreted as a deposit of a paralic environment, as suggested by
foraminiferal assemblages and algal borings on phosphatised clasts. This latter observation
suggests deposition occurred within the photic zone (Reay, 1993). The formation is interpreted as
migrating barrier sandbar by Reay & Strong (1992). Deposition in high-energy, well-oxygenated
bottom waters is suggested by the well-sorted sandstone, low organic carbon accumulation, and
the very active infaunal bioturbation (Reay, 1993). The localised presence of carbonaceous siltstone
and coal in the thickest, and most-westward section of the Branch Sandstone suggests possible

subaerial emergence (Reay, 1993).
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Synonymy & Correlation

The Branch Sandstone is synonymous with the Claverley Sandstone that overlies the Conway

Formation in the Haumuri Bluff and Conway River area (Mortis, 1987; Reay, 1993).

Figure 2.33: Sharp contact (red arrow) between the Whangai Formation (left) and the overlying Branch

Sandstone (right) in Wharekiri Stream (BT28/647296). Figure for scale (lowet centre of image; white

arrow), marking intrusive sandstone dike. Photo supplied by J. Crampton.

2.6.10 Mead Hill Formation

The Mead Hill Formation is a geographically extensive formation, occurring across large parts of
the Marlborough area, from Chancet Rocks (near Ward) to Kaikoura. The Mead Hill Formation
forms the base of the Muzzle Group. The first use of the formation is attributed to Webb (1960,
1971), who nominated Mead Stream as the stratotype section. Reay (1993) nominated Muzzle

Stream as a hypostratotype for the formation. The Mungaroa and Kaiwhata limestones of southern
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North Island (see descriptions in previous sections) have been suggested as lateral correlatives of

the Mead Hill Formation. Given the age discrepancy, these formations are kept separate here.
Lithostratigraphy

The Mead Hill Formation conformably overlies either the Branch Sandstone or the Whangai
(Herring) Formation (depending on location) with a sharp contact (Figure 2.32D, 2.34A; Reay,
1993; Hollis 7 al., 2005b; this study). The Mead Hill Formation is a strongly cemented, chert-rich,
decimetre-bedded, grey to white, muddy, foraminiferal micritic limestone interbedded with
medium dark-grey, poorly indurated calcareous mudstone. With the exception of bioturbation and
the consistent decimetre bedding, primary sedimentary structures are absent from the formation.
Styolites are present in the formation in places. Chert is present in varying quantities throughout
the formation and commonly occurs as elliptical nodules, becoming more prevalent above the
Cretaceous-Paleogene boundary (Figure 2.34B). These nodules form the centre of beds, and may
comprise over 90% of the host bed, in which case the lithology is described as siliceous limestone
(Reay, 1993). Commonly, nodules appear to have coalesced to form continuous bands, referred to
as the ribbon cherts (Figure 2.34C), generally found above the Cretaceous-Paleogene boundary
(Strong et al., 1995). The top of the formation is marked by either the sub-Teredo Limestone
Member unconformity, or the deposition of the Waipawa Formation (Figure 2.34D; Hollis 7 al.,
2005b, 2014). The formation increases in thickness northeast-wards from ~10 m at Kaikoura, to
18 m at Bluff River, 40 m at Muzzle Stream, 79 m at Dart Stream, to ~200 m thick at Mead Stream,

where the basal contact is faulted out (Reay, 1993; Strong ef al., 1995; Hollis ¢f al., 2005a).
Paleontology and Age

Age control for the Mead Hill Formation is based on foraminiferal and radiolarian assemblages,
which provided a latest Haumurian to eatly Teurian age (Reay, 1993; Strong e7 al., 1995; Hollis ez
al., 2003a; 20052, 2005b). In several sections the K/Pg boundary is well-preserved, including Mead
Stream, Woodside Creck and Flaxbourne River. At the latter two sites a boundary clay, and in
some instances an iridium anomaly, have been identified (Strong, 1977, 2000; Strong e# al., 1995;

Hollis 7 al., 20032, 2003b).

The formation is moderately bioturbated, and trace fossils are generally indistinct below the
Cretaceous-Tertiary boundary, although small Thallasinoides, and rare Teichichnus and Planolites
burrows were noted by Reay (1993). The intensity and diversity of bioturbation increases across

the Cretaceous-Paleogene boundary (Reay, 1993).
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Depositional Setting

Reay (1993) interprets the base of the Mead Hill Formation as being deposited at shelf depths,
with progressive deepening and increasing exposure to oceanic circulation during the late
Haumurian, with the upper portion of the formation deposited at bathyal depths. In the Clarence
Valley and Ward areas, the Mead Hill Formation deepens from an outer shelf setting in the latest
Cretaceous to an upper bathyal to middle bathyal depositional setting (Strong ez a/., 1995; Hollis ez
al., 2005a).

At the time of the K/Pg boundary, the Mead Hill Formation is interpreted as being outer shelf to
upper bathyal in the Branch Stream and Woodside Creek sections, and middle bathyal in the Mead
Stream and Flaxbourne River sections (Hollis ez 4/, 2003a, 2003b). No outcrops of Cretaceous
Mead Hill Formation occur south of Branch Stream in the Clarence Valley (Crampton e7 al., 2003).
Reay (1993) infers time-transgressive relationships for the base of the Mead Hill Formation,

suggesting that the base youngs southwards.
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Figure 2.34: A) Basal contact of the Mead Hill Formation (MH), overlying Branch Sandstone (BS), over
top of Whangai (Hetring) Formation (HF) in Dart Stream (BS27/561440). Photo supplied by K. Bland.

B) Cretaceous-Paleogene boundary in Mead Stream (BS28/661542). Boundatry clay is indicated by the
arrow. Note the transition to dominantly siliceous (black) composition above the boundary. C) Ribbon
cherts, characteristic of the much of the Paleocene Mead Hill Formation and the Lower Limestone
member of the Amuri Limestone, in Mead Stream (BS28/660544). Figure for scale. D) Waipawa
Formation cropping out in Mead Stream (BS28/658543), separating the Mead Hill Formation from the

Amuri Limestone. Hammer for scale (centre, base of outcrop). Hammer handle is 0.5 m long.
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2.6.11 Amuri Limestone

The Amuri Limestone is an extensive unit across the Marlborough region, cropping out from the
Clarence Valley to Chancet Rocks, and south to Haumuri Bluff. The formation is particularly well-
exposed in the Clarence Valley (Figure 2.35A). The Amuri Limestone belongs to the Muzzle
Group, and can be subdivided into seven informal members; the Teredo Limestone, Dee Marl,
Lower Limestone, Lower Marl, Upper Limestone, Fells Greensand, and Upper Marl (Reay, 1993;
Strong ez al., 1995; Hollis ¢f al., 2005a, 2005b; Nicolo ¢f al., 2010). The first use of Amuri Limestone
is attributed to Hutton (1874). Reay (1993) nominated Dart Stream as the hypostratotype section.
The Amuri Limestone is coeval with the Wanstead Formation of the North Island East Coast
Basin. Amuri Limestone is also recognised in the northern Canterbury Basin, though has a notable

younger age than the Amuri Limestone in Marlborough (e.g., Browne & Field, 1985; Lewis, 1992).

2.6.11.1 Teredo Limestone Member, Amuri Limestone
Lithostratigraphy

The Teredo Limestone Member ranges from Haumuri Bluff, south of Kaikoura to Muzzle Stream
in the middle Clarence Valley. In sections where it is absent, there is a small unconformity, or as
at Mead Stream, the Waipawa Formation is present (Reay, 1993; Hollis 7 a/., 2005a, 2005b, 2014).
The Teredo Limestone is a calcareous and glauconitic, sandy limestone that marks the base of the
Amuri Limestone, although is not present north of Dart Stream. In southwestern area of the
middle Clarence Valley, the Teredo Limestone Member overlies the Whangai (Herring) Formation
with an unconformable contact (Reay, 1993). The base of the member is marked by a low-angle
(~2°) angular unconformity, removing patt of the underlying Mead Hill Formation (Reay, 1993;
Hollis ¢ al., 2005b). The Teredo Limestone Member is a moderately hard, massive, pootly-sorted,
muddy, silty, glauconitic, phosphatic, calcareous sandstone (Figure 2.35B). The base of the
member may be marked by Thallasinoides bioturbation and/or phosphatic nodules, as at exposutes
on the Kaikoura shore platform (Rattenbury e a/., 2006). Elsewhere, the base of the member is
often marked by a 20 cm-thick basal breccia, and sparse angular, matrix-supported phosphatised
limestone clasts are scattered throughout (Reay, 1993). The formation is typically massive, though
occasional low-angle stratification may be observed infilling broad, shallow channels (Reay, 1993).
The member ranges from a 16 cm-thick bed in Muzzle Stream, to 20 m thick at Seymour Stream,
to 7 m thick at Kaikoura (Reay, 1993; Hines, unpublished data). South of Muzzle and Bluff

streams, the Teredo Limestone Member consists of two distinct units, a lower unit up to 20 m
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thick that consists of massive to cross-bedded calcareous greensand, and an upper unit of highly

bioturbated, very glauconitic, calcareous sandstone (Reay 1993; Hollis e7 /., 2005b).
Paleontology and Age

The Teredo Limestone Member is named for a series of borings that resemble Teredo
worm/bivalve borings, whete it outcrops on the shore platform at Kaikoura. Individual and
clustered horizontal and vertical calcite tubes are abundant through the limestone, and were
originally identified as Teredo borings by Hector (1874) (Figure 2.35B). These were reclassified as
Clavagellid bivalve tubes by Warren & Speden (1978). Macrofossils from the Teredo Limestone
Member consist of a crinoid stem, spatangoid echinoid, mollusc fragments, fish, shark and

cetacean teeth and phosphatised vertebrae and other bones (Reay, 1993).

Microfossils are generally well preserved in the Teredo Limestone Member. The base of the
member is diachronous, with foraminifera, calcareous nannofossils and dinoflagellates, indicating
that the formation ranges from early Teurian (early Paleocene) in the northern middle Clarence
Valley, to early Waipawan (early Eocene) in the south at Kaikoura and Haumuri Bluff (Reay, 1993;
Hollis ez al., 2005b). A significant hiatus occurs below the Teredo Limestone Member in the central
Clarence Valley, with 6 Myr missing at Muzzle Stream and at least 10 Myr missing at Bluff Stream
(Hollis ez al., 2005b). At the Kaikoura Lab section (Kaikoura township), Haumurian-aged Mead
Hill Formation is overlain by late Teurian to early Waipawan Teredo Limestone Member, that in
turn is overlain early Waipawan to Mangaorapan Amuri Limestone (Lower Marl) (C. Hollis,

unpublished data, this study).
Depositional Setting

Foraminiferal evidence suggest that the member was deposited in an inner-shelf environment
(Reay, 1993). Abundant glauconite, phosphate nodules and pervasive bioturbation suggest low to
absent sedimentation under low-energy conditions. Paleocurrent directions from Seymour Stream

indicate a southwesterly current direction (Reay, 1993).

2.6.11.2 Lower Limestone Member, Amuri Limestone
Lithostratigraphy

The Lower Limestone Member is present from the northern Clarence Valley as far south as
Wallow Stream, where it wedges out. The Lower Limestone Member conformably overlies the

Teredo Limestone Member (Hollis ¢7 a/, 2005b) or the Waipawa Formation (Strong e# a/., Hollis et
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al., 2005a) where either are present, or else lies unconformably on the Mead Hill Formation (Reay,
1993). The Lower Limestone Member is dominated by decimetre-bedded siliceous limestone
separated by marly partings (Hollis e a/, 2005a, 2005b). There are thin stringers of chert within
the lower limestone, and the upper ribbon chert immediately above the Dee Marl Member marks
the highest occurrence of chert on the Amuri Limestone (Hollis ez @/, 2005a). The Lower
Limestone Member reaches a maximum-thickness of 82 m at Dart Stream, although it thins
northwards (76 m at Mead Stream, Hollis e# a/. 2005a), and thins southwards to 8.5 m at Muzzle
Stream (Hollis e# al., 2005b), before wedging out between the Bluff and Gentle Annie streams
(Reay, 1993; Hollis ¢# al., 2005b).

Paleontology and Age

No macrofossils have yet been recorded from this member. Trace fossils include Planolites and
Teichichnus traces, rare Thallasinoides, and abundant Zoophycos (Morris, 1987). Teichichnus traces were
only observed at the base of the Lower Limestone Member at Muzzle Stream and further south
(Morris, 1987). The Lower Limestone Member contains numerous forms of bioturbation
including Zoophycos (Nicolo et al., 2010). The Lower Limestone Member is late Paleocene (Teurian)
to Waipawan (early Eocene) in age (Strong ef al., 1995).

Depositional Setting

A gradual change in the proportion of glauconite in the Lower Limestone Member immediately
overlying the Teredo Limestone Member implies a gradual change in environmental conditions
(Hollis ez al., 2005b). The Lower Limestone Member was deposited in a mid-bathyal environment
(Strong ez al., 1995; Hollis et al., 2005a; Nicolo et al., 2010). Sediment accumulation rates (SAR) of
20 m/Myr reflect the low tetrigenous supply duting deposition of the member (Dallanave ef 4/,
2015).

2.6.11.3 Dee Marl Member, Amuri Limestone
Lithostratigraphy

The Dee Marl Member has a restricted distribution, and crops out between the Muzzle and Mead
Stream sections (Nicolo e al., 2010). The Dee Matl occurs within the Lower Limestone Member
and is interpreted to represent the Palecoene—Eocene Thermal Maximum (PETM; Nicolo ef al.,
2010). The lower contact is conformable. The Dee Marl Member refers to a collection of marl

beds that then grade progressively upwards into the limestone (Figure 2.35C; Nicolo e7 a/., 2010).
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A briefly exposed section at the base of the Dee Marl Member showed a 20 cm-thick laminated
dark mudstone that had previously not been observed (Figure 2.35C). The Dee Marl Member is
80 cm thick at Muzzle Stream, 1 m thick in Dee Stream, and 1.89 m thick in Mead Stream (Hollis

et al., 2005a, 2005b; Nicolo e# al., 2010).

Paleontology and Age

Ichnofossil assemblages are dominated by Chondrites and Zoophycos (Nicolo et al., 2010).

Foraminifera and calcareous nannofossil assemblages suggest the marl sits across the Palecoene-

Eocene boundary (Hancock ef al., 2003; Hollis ¢z al., 2005a; Nicolo ez al., 2010).
Depositional Setting

The Dee Marl Member records a benthic foraminifera extinction event at the base, along with the
short-lived occurrences of warm-water planktic foraminifera and calcareous nannofossils, and a
prominent carbon isotope excursion (PETM; Hancock ez a/., 2003; Hollis ez al., 2005a; Nicolo ez
al., 2010). Benthic foraminifera faunas indicate dysaerobic conditions (Hancock ez a/., 2003; Nicolo
et al., 2010), which may relate to a recently observed dark-brown shale at the base of the formation.
This is a significant observation as the PETM is presented by an organic-rich shale in many
northern hemisphere sites (e.g., Boucsein & Stein, 2009; Gavrilov ¢ a/., 2011; Schulte ez al., 2013),
but no such shales have previously been identified in the New Zealand region across the

Paleocene-Eocene boundary.

2.6.114 Lower Marl Member, Amuri Limestone
Lithostratigraphy

The Lower Marl Member is present throughout the Marlborough region, from northern Clarence
Valley to Kaikoura. The Lower Marl Member conformably overlies the Teredo Limestone
Member to the south with a relatively sharp basal contact (Reay, 1993). North of the Bluff River,
the Lower Marl Member gradationally overlies the Lower Limestone Member, marked by an
increasing abundance of marl beds, and diminishing frequency of micritic limestone beds (Figure
2.35D; Reay, 1993; Strong ef al., 1995; Hollis ¢z al., 2005b). The Lower Marl Member consists of
alternating, hard, pale greenish-grey limestone and softer greenish-grey marl (Figure 2.35D, E, I;
Strong ez al., 1995). Matl is more dominant than limestone, with marl forming beds from 20 cm to
1.5 m thick, and limestone forming beds 10 cm to 1 m thick (Strong ef al, 1995; this study). The

Lower Marl Member is differentiated from the Upper Marl Member by its thicker limestone-matl
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alternations and greater hardness contrast between limestone and marl (Strong ez a/., 1995). In the
central Clarence Valley, the Lower Marl Member is 40 m thick (Hollis e /., 2005b). The Lower
Marl Member is 75 m thick at Swale Stream (this study), 112 m thick at Mead Stream (Strong ez a.,
1995), 103 m thick at Branch Stream (this study), and ~30 m thick at Kaikoura (this study).

Paleontology and Age

The only macrofossil identified in the Lower Marl Member is a Propeamussium sp. bivalve, however
the formation also contains bioturbation traces of Planolites and Zoophycos (Mortis, 1987). The

Lower Marl Member is Waipawan to Heretaungan (early to middle Eocene) in age (Strong e al.,

1995).
Depositional Setting

The Lower Marl Member is interpreted as representing the main phase of the Early Eocene
Climatic Optimum and the associated increased terrigenous sediment flux (SAR=50 m/Myt;
Hollis ez al., 2005; Slotnick ez al., 2012, 2015; Dallanave ez al., 2015).
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Figure 2.35: A) View of much of the Amuti Limestone in the Coverham area (BS28/705572), showing

the Lower Limestone Member at the lower right of the cliff outcrop, overlain by the Lower Marl
Member (white band), in turn overlain by Upper Limestone Member. The Upper Marl Member is
hidden beneath tussock in the top-left of image. View is from Mead Hill looking into Swale Stream.
White band in photo is approximately 40 m wide. B) Clavigellid bivalve tubes exposed in a bedding
surface of the Teredo Limestone Member at Haumuri Bluff (BU27/421885). Pen for scale is
approximately 13 cm long. Photo supplied by James Crampton. C) Outcrop of Dee Marl in Mead Stream
(BS28/658544), with previously unexposed datk-coloured shale at the base (near hammer). Hammer is
0.5 m long. D) Outcrop of the Lower Marl Member in Branch Stream. Figures for scale (centre of
image). E) Lower Marl Member in Branch Stream (BS27/585467), displaying the decimetre-scale
alternation of limestone and matl. Figures for scale. Image supplied by K. Bland. F) Possible syn-
sedimentary slumping in the Lower Marl Member cropping out in Swale Stream (BS28/705572),

immediately below the Upper Limestone Member. Field of view is approximately 80 m.
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2.6.11.5 Upper Limestone Member, Amuri Limestone
Lithostratigraphy

The Upper Limestone Member conformably overlies the Lower Matl, although in most exposures
in the Clarence Valley the contact between the Lower Marl and Upper Limestone Member is
disrupted (e.g., Hollis ez al., 2005b; Figure 2.35F). The Upper Limestone Member consists of
uniform, dense, white weathering, light-grey limestone with centimetre to decimetre bedding
(Strong et al., 1995). The Upper Limestone Member is 75 m thick at Mead Stream (Strong e7 a/.,
1995), 48 m thick at Branch Stream (This study), and 31 m thick at Haumuri Bluff, where it overlies
the Teredo Limestone Member (Morris, 1987).

Paleontology and Age

Macrofossils in this member include pectenids, Prionocidaris aft. marshalli and echinoid spines, along
with the trace fossils Thallasinoides and Chondrites (Mortis, 1987). The Upper Limestone Member is

Heretaungan to Porangan (middle Eocene) in age (Strong ez al., 1995).
Depositional Setting

The Upper Limestone Member was deposited in a mid- to lower-bathyal environment (Strong e/
al., 1995), during a period of low terrestrial weathering. Sediment accumulation rates in the Upper
Limestone Member are lower than those of the Lower Limestone Member (SAR=10 m/Myt;

Dallanave et al., 2015).

2.6.11.6 Upper Marl Member, Amuri Limestone
Lithostratigraphy

The Upper Marl Member is present from the northern Clarence Valley as far south as Dart Stream.
South of Dart Stream, the Upper Matrl Member is truncated by the Fells Greensand. The Upper
Marl Member conformably overlies the Upper Limestone Member. The middle Eocene top of the
formation is unconformably overlain by the early Miocene Weka Pass Formation with a strongly
bioturbated contact marking the Marshall Paraconformity (Figure 2.36; Reay, 1993; Strong 7 al.,
1995; Hollis e al., 2005a). The Upper Marl Member consists of approximately equal proportions
of marl and limestone, alternating as 0.2—0.75 m-thick beds (Figure 2.36; Strong ef al., 1995). The
Upper Marl Member is 125 m thick in Mead Stream (Strong e7 a/., 1995), and 84 m thick at Branch

Stream (this study).
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Paleontology and Age

A number of indeterminate oysters have been recovered from the Upper Marl Member at
Kaikoura, along with a Terebratulid brachiopod and a crinoid stem (Morris, 1987). Ichnofauna
includes Planolites, Chondites, Zoophycos, and Thallasinoides (Mortis, 1987). The Upper Marl Member

is Bortonian (middle Eocene) in age (Strong ef al., 1995).
Depositional Setting

The Upper Marl Member of the Amuri Limestone is interpreted to have been deposited at lower
bathyal depths, greater than 1300 m, based on foraminiferal faunas (Strong ef a/., 1995). The timing
of the deposition of the Upper Marl Member is coincident with the Middle Eocene Climatic
Optimum (MECO), and with an increase in terrigenous sediment supply (SAR=40 m/Myr;
Dallanave et al., 2015).

2.6.11.7 Fells Greensand, Amuri Limestone
Lithostratigraphy

The Fells Greensand has a restricted distribution in the central Clarence Valley, between Seymour
Stream and Dart Stream, the lower Awatere Valley, and from Kekerengu to the Ure River in coastal
Matrlborough (Mortis, 1987; Reay, 1993; Townsend & Little, 1998). The greensand is locally
intercalated between the Upper Limestone and Upper Marl (Morris, 1987). The Fells Greensand
consists of centimetre- to decimetre-bedded greensand beds. Flute casts are rarely preserved on
the soles of beds. Internal structures include laminations, normal grading and possible hummocky
cross-stratification (Mortis, 1987). The type section is in Bluff Stream where it reaches 11.4 m thick

(Morris, 1987).
Paleontology and Age

Thallasinoides is the only ichnotaxa identified in the Fells Greensand (Morris, 1987). The Fells

Greensand is eatly to mid-Bortonian (middle Eocene) in age (Mortis, 1987).
Depositional Setting

The Fells Greensand was deposited in bathyal settings with a low sediment accumulation rate.
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Figure 2.36: Upper Marl Member of the Amuri Limestone (Bortonian/middle Eocene), overlain by the

Weka Pass Limestone (Eatly Miocene) in Mead Stream (BS28/654546). Figute for scale. Image supplied
by K. Bland.

2.7 Haumuri Bluff
2.7.1  Okarahia Sandstone

The Okarahia Sandstone has a distribution restricted to the Haumuri Bluff area. The formation is
included in the Eyre Group, and the type section is at Haumuri Bluff (Warren & Speden, 1978;
Browne & Field, 1985).

Lithostratigraphy

The Okarahia Sandstone unconformably overlies Pahau Terrane basement, and consists of weakly
indurated, quartzose sandstone (Warren & Speden, 1978; Crampton e# a/., 2000). The formation is

approximately 80 m thick (Roncaglia e a/., 1999; Crampton et al., 2000).
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Paleontology and Age

Inoceramid bivalves indicate a Piripauan mid-Late Cretaceous age for the formation, with
Inocerammus pacificus identified at the base of the formation, indicating a Teratan to earliest Piripauan
(late Coniacian) age for the base of the formation, and Inoceramus anstralis indicating an early
Piripauan (late Coniacian to middle Santonian) age for the top of the formation (Warren & Speden,
1978; Roncaglia ez al., 1999). Dinoflagellate faunas restrict the age of the formation to late Teratan

to early Piripauan (late Coniacian to early Santonian; Roncaglia ez /., 1999).
Depositional Setting

The formation is interpreted to have been deposited in a high-energy, nearshore, paralic to inner-
shelf depositional environment (Warren & Speden, 1978; Roncaglia ¢# al., 1999). Palynomorphs

suggest deposition in a marginal-marine environment (Crampton e# al., 2000).

2.7.2  Tarapuhi Grit

The formation has a distribution restricted from Ferniehurst (Canterbury) to Kaikoura (Browne
& Field, 1985). The formation is included in the Eyre Group, and the type section is Haumuri
Bluff (Browne & Field, 1985).

Lithostratigraphy

The Tarapuhi Grit unconformably overlies the Okarahia Sandstone, and is comprised of green-
grey, calcareous, glauconitic, fine sandstone with granule-sized polished quartz and chert clasts
(Roncaglia ¢ al., 1999). The formation is 4 m thick at Haumuri Bluff, and is conformably overlain

by the Conway Formation (Roncaglia e# a/., 1999).
Paleontology and Age

The bivalves Inoceramus matotorus and Ostrea lapillicola, and the belemnite Dimitobelus hectori, suggest
an early Haumurian age for the Tarapuhi Grit (Warren & Speden, 1978). This is consistent with
dinoflagellate assemblages that indicate an early-middle Campanian age for the Tarapuhi Grit

(Roncaglia et al., 1999).
Depositional Setting

The formation is interpreted as having been deposited in a shallow-marine, nearshore

environment (Warren & Speden, 1978).
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2.7.3 Conway Siltstone

The Conway Siltstone extends from Haumuri Bluff to the Waipara River area in northern
Canterbury. The formation belongs to the Eyre Group (Field & Browne, 1985; Field & Browne e7
al., 1989), with the Conway River mouth designated as the type section (Warren & Speden, 1978).
The Conway Siltstone is synonymous with the Whangai, Mirza, Woolshed and Herring formations
(e.g., Crampton ez al., 2000). The unit has been of significant interest, particularly at Haumuri Bluff,
due its rich macrofossil faunas, particularly marine reptiles. This has resulted in the formation being
called a number of names over the past century, including; Saurian Sands (Haast, 1871a; Wilson,
1963), Septaria Clays (Haast, 1871b), Sulphur Sands (Hector, 1874; Thomson, 1920; Mason, 1941;
Wilson, 1963), Boulder Sands (Hector, 1874; McKay, 1877a), Saurian Beds (McKay, 1877b;
Thomson, 1920; Wellman, 1959; Wilson, 1963), Concretionary Sands (Mason, 1941), Laidmore
Formation (Webb, 1966, 1971; Welles & Gregg, 1971), and Conway Formation (Browne & Field,
1985).

Lithostratigraphy

The Conway Siltstone conformably overlies the Tarapuhi Grit at Haumuri Bluff, though further
south, at Waipara River, the formation overlies the Broken River Formation (Warren & Speden,
1978; Browne & Field, 1985; Roncaglia ez a/., 1999). The formation is soft, medium-grey, massive,
jarositic, slightly glauconitic, siltstone or silty sandstone (Roncaglia ¢z a/, 1999; Crampton ef al.,
2000; Wilson et al, 2005). Bioturbation is pervasive, and has destroyed primary sedimentary
structures in most outcrops (Wilson e a/, 2005). The unit contains a number of large, sub-spherical
concretions up to 5 m in diameter, which are a characteristic feature of the formation,
approximately 25% of which are reported to contain reptile bone (Warren & Speden, 1978; Wilson
et al., 2005). The formation is typically 100—300 m thick (Roncaglia ez a/., 1999).

Paleontology and Age

The formation is richly fossiliferous in many localities, particularly Haumuri Bluff, where
plesiosaur and mosasaur bone, shark teeth, ammonites, belemnites and various molluscs are
common (Wilson ez al., 2005). In other outcrops of the Conway Siltstone, the formation is quite
decalcified, and calcareous-shelled invertebrates, brachiopods, fish remains, and plant fragments
are less common (Wilson ez a/, 2005). Foraminifera are rare in the formation (Webb, 1960),

although rich, well-preserved dinoflagellate assemblages are present (Roncaglia ez a/., 1999).
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There is good control on the age of the Conway Siltstone due to rich dinoflagellate assemblages.
The base of the formation at Waipara River identified as younger (A. acutulum zone; c. 71.3—

69.4 Ma) than at Haumuri Bluff (I, spinulosa zone; c. 80.5-79 Ma) (Roncaglia ¢ al., 1999).
Depositional Setting

In the Haumuri Bluff area, the Conway Siltstone is interpreted to have been deposited in an
offshore, likely outer shelf environment, but with a high influx of terrestrial organic material
(Roncaglia ez al., 1999). Further up the section, an increase in leaf cuticles and terrestrial organic
matter suggests progradation of the coastline (Roncaglia ¢f a/., 1999). In the Waipara River area,
the Conway Siltstone is interpreted as representing the transition from a non-marine to nearshore
environment with occasional marine intrusions (Broken River Formation), to a marginal- to

shallow-marine environment (Roncaglia ez a/., 1999).

2.74  Claverley Sandstone

The Claverley Sandstone extends from Kaikoura to Conway River, though as discussed previously
in this chapter, it is a lateral correlative of the Branch Sandstone mapped in the Clarence Valley.
The formation belongs to the Eyre Group Field & Browne, 1985), and the north side of Haumuri
Bluff was designated the type section (Warren & Speden, 1978). The Claverley Sandstone is

regarded here as being synonymous with the Branch Sandstone (e.g., Mortis, 1987).
Lithostratigraphy

The Claverley Sandstone gradationally overlies the Conway Siltstone (Browne & Field, 1985). The
formation is a moderately indurated, locally calcareous, bioturbated, glauconitic, pootly-sorted,
quartzose, fine sandstone (Warren & Speden, 1978; Browne & Field, 1985). The formation is 45 m
thick at Conway River mouth, thinning to 32 m thick at Haumuri Bluff (Browne & Field, 1985;
Crampton ef al, 2000). At Haumuri Bluff the Claverley Sandstone is unconformably overlain by

the Teredo Limestone Member (Roncaglia ¢ a/., 1999).
Paleontology and Age

Foraminiferal and dinoflagellate faunas indicate a middle to late Campanian (latest

Cretaceous/Haumurian) age for the formation (Browne & Field, 1985; Roncaglia ¢z a/., 1999).
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Depositional Setting

The formation is interpreted as being deposited in a shallow-marine environment (Warren &
Speden, 1978). The Claverley Sandstone records fully marine conditions, coastal progradation, and

shallowing up-section with a nearby source of terrestrial debris (Roncaglia & Schioler, 1997).
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2.8 Discussion
2.8.1  Ovwerview

A scarcity of calcareous benthic taxa and the general absence of planktic foraminifera is typical of
latest Cretaceous and Paleocene sedimentary rocks of eastern New Zealand. These absences are
apparently independent of the water depth in which the rocks were deposited (Moore 1988b;
Schioler e al., 2010). In the absence of age-definitive foraminiferal faunas, the presence of
dinoflagellates, and the finer-scale division offered by their Cretaceous biostratigraphic zonation,
provide a useful tool for assigning ages to the Whangai and associated formations. Recent revisions
to the dinoflagellate zonation scheme (Figure 2.37; Schioler & Wilson, 1998; Roncaglia ez a/., 1999;
Schioler ez al., 2002; Crampton e al., 2004a, 2004b; Schioler & Crampton, 2014), now enable

diachronous transitions between and within formations to be resolved.

The adopted age and lithostratigraphic relationships between formations in the East Coast Basin
across three transects (Figure 2.38) are presented as chronostratigraphic panels in Figures 2.39,
2.40 and 2.41. Where resolved utilising the best-available biostratigraphy, unconformities have
been identified on the chronostratigraphic panels. In a number of places there is lithological
evidence for unconformities or paraconformities (e.g., condensed shellbeds, coarse basal facies,
manganese, siderite and phosphate nodular horizons, dolomitised or phosphatised horizons,
greensands), but unconformities are often not resolved at the resolution of the biostratigraphic
evidence in a particular area. These features are noted, and referred to in the sequence stratigraphic
divisions presented in Chapter Seven. A number of intra-zone and intraformational
unconformities are likely to be present, particularly within formations that span broad time
intervals (e.g., Karekare, Glenburn, Whangai, and Wanstead formations), but are not resolved at

the sampling resolution available (Crampton e7 a/., 20006).
2.8.2  Synonymy & Revised Age Control

Stratigraphic nomenclature throughout the East Coast Basin has been complicated by successive
generations of geological mapping, applying individual names to sedimentary packages based on
restricted locations or restricted mapping areas. Revision of the stratigraphic nomenclature across
the East Coast Basin has drawn parallels between a number of similar units, as well as drawing
upon recommendations and correlations of previous authors in the region. Moore (1988a)
completed a detailed review of the latest Cretaceous succession throughout the East Coast Basin,
which is largely adhered to here. As such, many of the synonymies identified here are in the

Cretaceous succession, or arising from a recent, detailed review of the stratigraphy of the Tora-
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Glenburn area (Hines ez al., 2013), and correlating this with the Paleogene succession elsewhere in
the East Coast Basin. The Champagne Formation (Crampton ez al., 2004b; Rattenbury ez al., 2000)
and the Tentpoles Conglomerate and Bluff Dump members of the Split Rock Formation identified
by Reay (1980, 1993) in the middle Clarence Valley are synonymised as the Champagne Formation
herein. The Ouse Siltstone Member of Ritchie (1986) and the Cold Stream Member of Reay (1993)
are synonymised here as the Ouse Siltstone Member. Likewise, the Wharf Sandstone Member of

Ritchie (19806) is synonymised with the Black Rock Member of Reay (1993).

The Glenburn and Tikihore Formations are considered synonymous herein, on the basis of age
and lithological characteristics (Figure 2.9). Likewise, the Tapuwaeroa Formation that overlies the
Tikihore Formation is considered synonymous with the Glenburn Formation in this study, as it
shares a number of age, lithological and environmental characteristics with the uppermost
Glenburn Formation of Piripauan to Haumurian age (““T'e Mai facies” of Moore, 1980). The upper
Glenburn Formation is characterised by a coarsening-upwards trend, and including distinctive

cross-bedding and a high terrestrial organic carbon content (Crampton, 1997; Laird ez al., 2003).

The Rakauroa Member is herein considered as synonymous with the Herring, Woolshed and
Conway Siltstone formations in the Marlborough region (as per, Field & Uruski et al, 1997;
Crampton ez al., 2000, 2003, 20006; Figures 2.39, 2.41). This stratigraphic interval represents a period
of widespread sedimentation of siliceous, micaceous sediments into a broadly passive-margin
setting. Two distinct age modes are apparent in palynological studies of the Claverley sandstone at
Conway River; a late Campanian, and a late Maastrichtian age (e.g. Roncaglia ez 2/, 1999; Wilson ez
al., 2005; Crampton et al., 20006). There is little evidence for an unconformity, although there is a
thin mudstone unit separating the distinct ages. Although previously not differentiated, here, the
lower, older sandstone is correlative to the Whangai (Herring) Formation in deeper parts of the
basin, and the upper sandstone is tentatively correlated with the Branch Sandstone of the same
age. Therefore, the name Claverley Sandstone is retained for the lower, older unit, and Branch

Sandstone is used to describe the substantially young, upper sandstone unit at Conway River (e.g.

Morris, 1987; Reay, 1993).

In the Tora area of southeastern Wairarapa, the Manurewa and Awhea Formations represent a
locally restricted submarine-fan environment (Hines e# a/, 2013) that may correlate with the late
Haumurian-aged Butt Formation in northeast Marlborough (Figure 2.41). The Manurewa
Formation is equated with the initial progradation and development of the Awhea Formation
submarine-fan system, that initiated with avulsion and channelisation apparent in the Manurewa

Formation, and are considered here as a single, continuous complex (Figure 2.39; Hines e7 al.,
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2013). Herein, the Porangahau Member (Whangai Formation) and the Manurewa and Awhea
formations in the Tora area are considered synonymous, both being bathyal flysch facies that span
the latest Maastrichtian M. druggii dinoflagellate zone (latest Cretaceous) to the early Teurian T.
evittii zone (earliest Paleocene) and the calcareous nannofossil NP1-3 zones (Figure 2.39; Laird ez

al., 2003; Hines et al., 2013; Crouch e# al., 2014; Kulhanek ¢z /., 2015).
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Figure 2.37: Late Cretaceous to early Paleocene international timescale from Gradstein ez a/. (2012)
alongside the New Zealand geological stages (Raine e @/, 2015), showing the revised dinoflagellate
biozones used herein (Roncaglia ef al., 1999; Crampton ez al., 2000, 2001, 2004, Schioler et al., 2002;
Schigler & Crampton, 2014; Raine ¢t af., 2015).
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This study agrees that the Mungaroa Limestone in the Tora area, and the Kaiwhata Limestone in
the Glenburn area, are synonymous, as previously suggested by a number of authors (van de
Hueval, 1960; Webby, 1969; Browne, 1987; Field & Uruski ef al,, 1997; Lee & Begg, 2002; Hines
et al., 2013). These rocks likely represent a northward thinning and lateral extension of the Mead
Hill Formation from the Marlborough region in to southern North Island (Browne, 1987; Hines

et al., 2013).

Immediately above the Waipawa Formation in a number of sections in the southern Hawke’s Bay
and southern Wairarapa, lies late Teurian, pootly-calcareous, variably glauconitic flysch at the base
of the Wanstead Formation (Figure 2.39). Late Teurian flysch also occurs at Tora, associated with
the deposition of the Awheaiti Formation, which has a limited thickness and a restricted
distribution. The Awheaiti Formation occurs at approximately the same stratigraphic position (i.e.
late Teurian, above the Waipawa Formation), leading to the interpretation that this unit may
represent the basal facies of the Wanstead Formation. Immediately overlying the Awheati
Formation is the mud-rich facies of the Pukemuri Siltstone, (and Huatokitoki Formation further
north) in the Tora-Glenburn area of southeast Wairarapa, that are generally included in the broadly
defined Wanstead Formation (Figure 2.39; Field & Uruski e a/. 1997; Lee & Begg, 2002; Begg &
Johnston, 2000; Hines ez a/., 2013). The Wanstead Formation spans late Paleocene to late Eocene
time, and incorporates a wide range of lithofacies such as non-calcareous mudstone, smectitic marl,
and flysch. The Pukemuri Siltstone at Tora is considered here to be a coarser, syn-sedimentary
slump-affected facies of the Wanstead Formation. In places there are significant intra-formational
unconformities within the Wanstead Formation and correlatives. For example, Waipawan and
Porangan-aged strata are largely removed from the Tora area (Figure 2.41; Hines ef al, 2013).
Likewise at Pahaoa River mouth (coastal southeast Wairarapa) is lies within calcareous nanofossil
zone NP9 (Kulhanek e al., 2015). These unconformities are discussed in detail in the sequence

stratigraphy chapter (Chapter Seven).

2.8.3  Implications of Revised Age Control

Reassessment of the New Zealand Late Cretaceous timescale and particularly dinoflagellate
zonation (Roncaglia ez al., 1999; Crampton ez al., 2000, 2001, 2004) has allowed this study to provide
a higher-resolution assessment of the diachroneity at the base of the Rakauroa Member (Whangai

Formation). Application of the revised dinoflagellate zonation demonstrates that the base of the
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Rakauroa Member is strongly diachronous across the basin, ranging from early Campanian to
Maastrichtian (NZ Haumurian Stage; ~82 Ma to ~70 Ma, Figure 2.39). The base of the Whangai
Formation often demonstrates an unconformable surface, marked by nodular horizons (e.g.
Owhena Stream, Nidd Stream), thick sandstone beds (e.g., Angora Stream, Packtrack Stream;
Francis, 2001; Crampton e al., 2006), or conglomerate beds (Mangaotane Stream, Glenburn area;
Moore, 1980, 1988a; Schioler et al, 2001). Similarly, the base of the Conway Siltstone is
diachronous between Haumuri Bluff and Waipara River (Roncaglia ez 4/, 1999).

The geographical distribution of the Porangahau Member is partitioned by, and overlain by the
background sedimentary processes represented by the Upper Calcareous Member (Whangai
Formation), suggesting the Porangahau Member represents a series of discrete fans. The basal
progradation of the Porangahau Member fan systems occur during the lower M. druggii zone (Laird
et al., 2003; FRED), coincident with the deposition of the Branch Sandstone between the Whangai
(“Herring”) and Mead Hill formations in Marlborough (Figure 2.41). This has sequence

stratigraphic implications discussed in Chapter Seven (Sequence Stratigraphy).

Deposition of the Mungaroa Limestone occurred in the Paleocene between calcareous nannofossil
zones NP3—4 and NP6 (Figure 2.39; Hines ¢ al., 2013; Kulhanek ¢7 al., 2015), occupying the same
temporal range as the Upper Calcareous Member in sections where it overlies the Porangahau
Member (e.g., Angora Stream, southern Hawke’s Bay; Crouch e 4/, 2014; Kulhanek ez 4/, 2015;
Figure 2.39). The implication is that eastern areas of the basin are marked by deposition of
calcareous sediments between NP3—4 and the NP6, suggesting an increase in carbonate
productivity or a decrease in terrigenous sedimentation. This is consistent with the composition
of lower parts of the Te Uri Member in the Whangai Range, which are characterised by glauconitic
sandstones and mudstones between NP4-5 (Figure 2.40; Leckie ez al., 1992; Rogers et al., 2001;
Kulhanek ef al, 2015), indicative of reduced terrigenous sedimentation. The late Paleocene
Waipawa Formation marks a distinct transition from the siliceous and weakly calcareous facies of
the Whangai Formation to the more calcareous mudstones typical of the Wanstead Formation. A
similar transition is observed in Marlborough, where the strongly siliceous facies of the Mead Hill
Formation grades into the pure micrites and marls of the Amuri Limestone. The age of the
Waipawa Formation, and by definition the above-mentioned lithofacies transition, has been

refined to 58.7-59.4 Ma (Hollis ez al., 2014).

The 6-10 million year extent of Cretaceous—Paleogene erosion at the base of the Amuri
Limestone, marked by the distinctive Teredo Limestone Member (Amuri Formation; Figure 2.41)

can be determined with the aid of refined dinoflagellate biostratigraphy for the Haumurian
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(Roncaglia e al. 1999; Crampton ez al., 2000 Schieler ez al., 2002), and detailed biostratigraphy across
the Muzzle Group (Strong ez al., 1995; Hancock ez al., 2003; Hollis ¢ al., 2003a, 2005a, 2005b, 2014;
Dallanave et al., 2015).

In the Whangai Range (southern Hawke’s Bay) and Mangatu (Raukumara Peninsula) areas, the
boundary between the Wanstead and Weber formations is generally marked by a basal greensand
facies of Bortonian to Kaiatan age (Kenny, 1984, 1986; Leckie e a/, 1992; Field & Uruski ez al.,
1997; Morgans, 2016; Clowes, 7z prep.). This interval corresponds to peak paleodepths in the
Wanstead Formation during the Bortonian (Hines e a4/, 2013). The latest Eocene to early
Oligocene represents peak transgression and maximum flooding of the New Zealand region

(Black, 1980; Field & Uruski e a/., 1997; King, 2000b; Landis e a/., 2008).
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Figure 2.39: Chronostratigraphic panel for the North Island East Coast Basin transect A-A’ (Figure 2.38). Italicised names refer to synonymised formations (see discussion in text). Asterisked numbers refer to the complied revised age control in Appendix 1.
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2.8.4  Stratigraphic Variation between the Eastern & Western Sub-belts

Early to mid-Cretaceous formations in the East Cape and Marlborough areas occur in disparate
outcrops that demonstrate abrupt vertical and lateral facies transitions, attributed to local
deposition in restricted, tectonically controlled basins (Field & Uruski e a/, 1997; Laird &
Bradshaw, 2004). The stratigraphy of the East Coast Basin, particularly the Late Cretaceous
stratigraphy, has historically been divided into two characteristic motifs that occur in two fault-
bounded, elongate, northeast—southwest-oriented domains named the Eastern Sub-belt and
Western Sub-belt (Moore, 1988a; Crampton, 1997; Crampton e# al., 2006). The division into the
Eastern and Western sub-belts was based on notable changes in lithofacies and stratigraphic
relationships in the Late Cretaceous—Paleogene succession, as well as the distribution of
Cretaceous volcanic units (Moore ez al., 1986; Moore, 1988b). Conventionally, the Fastern Sub-
belt is considered to comprise sedimentary strata of the East Coast Allochthon and strata east of
the Adams-Tinui Fault, whereas the Western Sub-belt comprised autochthonous sedimentary
rocks in western Raukumara and west of the Adams-Tinui Fault (Moore 1988b). Marlborough has
conventionally been considered part of the Western Sub-belt (Crampton, 1997; Field & Uruski ez
al., 1997, Crampton ez al., 2003), based largely on lithological affinities between the Karekare,
Springhill, and Swale Siltstone formations of Late Cretaceous age. However, within the Paleogene
succession, rocks of the Eastern Sub-belt, particularly those in southern Wairarapa, share the
greatest lithological affinities between the Mead Hill Formation and the Mungaroa Limestone and

the Awhea and Butt formations.

The identification of both the Glenburn Formation and Te Uri Member (Whangai Formation) in
Hukarere-1 (Figures 2.39, 2.40; Westech Energy New Zealand Ltd, 2001), a petroleum exploration
drillhole located at Port of Napier, has indicated a previously unresolved transition between the
Eastern and Western sub-belts. Traditionally, the Te Uri Member is a key defining unit of the
Western Sub-belt (e.g., Moore, 1988a), whereas the Glenburn Formation is considered restricted
to the Eastern Sub-belt (e.g., Crampton, 1997). Other formations and members, such as the
Rakauroa and Upper Calcareous Members (Whangai Formation), and the Waipawa and Wanstead

formations extend across both sub-belts, with little apparent lithological differentiation or change.

There is a pronounced contrast between the approximately coeval Ngaterian Springhill and
Glenburn formations across the western and eastern sub-belts. The Springhill and Glenburn
formations likely record deposition in shelf and slope setting, respectively, and the juxtaposition
of these formations across sub-belt boundaries may arise from some degree of Neogene

shortening. This transition is better preserved in the western sub-belt in western Raukumara, where
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the transition between shelf to slope settings is more intact, coherent and stratigraphic
relationships are better preserved, with shelfal mudstones of the Karekare Formation
interfingering with the flysch facies of the Waitahaia Formation (Mazengarb & Harris, 1994;
Mazengarb & Speden, 2000; Crampton ez al., 2001)

Some of the strongest stratigraphic basis for the division of the Eastern and Western sub-belts in
the Hawke’s Bay-Wairarapa regions are the differentiation of the Tangaruhe Formation,
Cretaceous Upper Calcareous Member and the Paleocene Te Uri Member (Whangai Formation),
all of which are largely restricted to the Whangai Range area (Figure 2.40). The Upper Calcareous
Member is diachronous across its east—west extent, being Late Cretaceous (Haumurian) in the
west, and Paleocene (early Teurian) in the east of the basin (Figures 2.39, 2.40), under the prevailing
stratigraphic framework for the Whangai Formation established by Moore (1988a). Assessment of
regional stratigraphic relationships and unconformable surfaces in this study, along with a review
of existing data, suggest that this is simply a sedimentary response to facies variations, rather than
diachronous deposition across the basin. Cretaceous-aged Upper Calcareous Member within the
Western Sub-belt only occurs in the Whangai Range. Elsewhere, including the Western Sub-belt,
the Upper Calcareous Member is of Paleocene age (e.g., at the Waipawa Standard section,
Puketoro; Kenny, 1986; Moore 1988a). This contrast may explain differences in the carbonate
content of the Upper Calcareous Member across the basin; the Cretaceous Upper Calcareous
Member in the Whangai Range has notably lower carbonate content (<3%; Moore, 1988a),
compared to the Paleocene Upper Calcareous Member (10—20% carbonate; Moore, 1988a). Where
the Paleocene Upper Calcareous Member is not present, the stratigraphic interval is instead
represented by the Te Uri Member, or in sections where the Waipawa Formation immediately
overlies the Rakauroa Member, there is often several metres of greensand that likely corresponds
to the Te Uri Member, such as at Te Hoe River (northwest Hawke’s Bay), and Mangawarawara
and Otane streams (central Hawke’s Bay), or an unconformity between the Rakauroa Member and

the Waipawa Formation (e.g., Rakauroa Stream (Raukumara Peninsula); Moore, 1988a; 1989a).

The likely interpretation to explain the above stratigraphic relationships is that, in North Island,
the Sub-belt boundary represents a zone of likely Neogene shortening, resulting in the
juxtaposition of dominantly shallow-marine (Western Sub-belt) with deeper-marine (Eastern Sub-
belt) strata. This is certainly the case across the Raukorere Thrust, where there has been tens to
hundreds of kilometres of shortening across the basal decollement of the East Coast Allochthon
(Rait ez al., 1991; Mazengarb & Speden, 2000; Cluzel ¢/ al., 2010). The Marlborough region similatly
shows series of transitions from shallow- to deep-marine strata, consequently displaying affinities

with rocks of the Eastern and Western Sub-belts in the North Island East Coast Basin. In the
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Hawke’s Bay-Wairarapa regions, there is minimal evidence for dextral displacement between the
Sub-belts, implying little disruption of paleogeographic or depositional relationships from west to
east (Crampton ez al., 2000). Irrespective of this, a working chronostratigraphic framework (Figures
2.39, 2.40, & 2.41) and sequence stratigraphy can be developed and applied without the strict

application of Sub-belt divisions (see Chapter Seven; sequence stratigraphy).
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Chapter Three

OCEAN REDOX CONDITIONS OF THE SOUTHWEST PACIFIC DURING THE LLATE

PALEOCENE

“Today I resolved to discuss with the neighbour the subject of the boundary fence. Result: fisticuffs!”

—Taylor White, Christmas Day, 1912. Paraphrased excerpt from Taylor White’s diary,

after whom the Taylor White section is named. Quotation courtesy of Hugh Morgans.

Sample transect through the Waipawa Formation at Taylor White, Angora Road, Wimbledon.
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PREFACE TO CHAPTER THREE

The Waipawa Formation forms an important, isochronous surface across the East Coast Basin,
and the wider Southwest Pacific, allowing direct correlation of the sequences across the various
facies associations of the East Coast Basin, as well as forming a distinctly recognisable, pre-

Neogene timeplane across the basin, which has utility in tectonic reconstructions.

Despite significant interest as a petroleum source rock, the depositional conditions of the
formation have been widely debated. In particular, the application of a chemostratigraphic and
sequence stratigraphic interpretation across the Waipawa interval has required a multi-disciplinary
study to assess the deposition conditions of the Waipawa Formation and correlatives within, and
beyond, the Fast Coast Basin, presented here. Chapter Three acts as a detailed case study through
the Whangai, Waipawa Formations in six specific sections. This chapter expands beyond these
sections, focussing primarily on changes in the Waipawa Formation across the various facies

associations in the East Coast Basin.

This chapter has been prepared in manuscript format for submission to the journal Chemical
Geology, and as such, follows formatting and structural conventions in line with the submission
requirements of this journal. The development of this manuscript has been a collaborative process,

with the contribution of the co-authors outlined below:

®  Ben Hines — Measured sections, sample collection and preparation, bulk rock portable XRF

analyses, data interpretation manuscript preparation.
o Michael Gazley — Provision of portable XRF instrumentation and standards.
o Todd Ventura — Source Rock Analyses.
o Katie Collins — Editorial process, statistical analyses.
®  Kyle Bland — Project supervision, editorial process, funding for analyses.

o James Crampton — Project supervision, editorial process.
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Abstract
The depositional mechanism for late Paleocene, organic-rich, 8"C,-enriched shales across the
Southwest Pacific is poorly understood. Using a multi-proxy and high resolution
chemostratigraphic approach, we assess paleoceanographic conditions, including paleo-redox
states and productivity during the Late Cretaceous to Paleocene in the East Coast Basin, eastern
North Island, New Zealand. Our new data provide insights into the depositional conditions and

the petroleum potential of prospective source rocks in this basin.

Paleogene strata in the basin are dominated by a thick, largely homogenous succession of siliceous
to moderately calcareous mudstone (Whangai and Wanstead formations). These formations are
separated stratigraphically by the organic-rich Waipawa Formation, which was deposited under
dysoxic to anoxic conditions during a period of sea level regression. Six key sections have been
sampled, and a large number of hand samples were analysed by portable X-ray fluorescence for
multi-element geochemistry (# = 372) and bulk pyrolysis (# = 220). These data enable correlation
across the basin, and principal components analysis (PCA) and Bayesian mixture-modelling cluster
analysis reveal vertical and lateral variations in chemical compositions. Redox-susceptible trace
metals (e.g. U, Mo, V) and indices based on elemental ratios (e.g., Th/U, V/Sc, Ni/Co) are also

measured to assess paleo-redox conditions.

Elemental indices show no significant change in detrital source from the Whangai to Wanstead
formations, and an increase in sedimentation rate during deposition of the Waipawa Formation.
We show that the organic-rich Waipawa Formation, of late Paleocene age, was deposited under
dysoxic to anoxic conditions, likely associated with sea-level fall and regression. We infer that
regression in the late Paleocene resulted in erosion on the shelf and/or sediment bypassing into
deeper water, and increased delivery of nutrients and terrestrial organic matter to the site of
Waipawa Formation deposition. This in turn caused a modest increase in marine productivity,
which resulted in an expansion of an oxygen minimum zone, enhanced preservation and delivery
of organic matter to the sea floor, and subsequent burial and preservation of organic matter within

anoxic sediments.

Keywords: East Coast Basin; paleo-redox; Waipawa Formation; portable X-ray fluorescence

(pXRF); principal components analysis (PCA); chemostratigraphy
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31 Introduction

The Late Paleocene Southwest Pacific oceanographic-climate system is not well understood.
During this time, a relatively short-lived event (cz. 0.7 Myr) resulted in the widespread deposition
of organic-rich mudstones across many sedimentary basins around New Zealand, and reaching as
far west as the Tasmanian shelf (Figure 3.1; Hollis ez 4/, 2014). The drawdown of organic carbon
over such a broad area must have resulted from a notable perturbation of the ocean-climate system
that has not left any known definitive imprint in global carbon isotope records. Integrated organic
and inorganic geochemical approaches have the ability to refine our knowledge of the depositional
environment and paleoceanographic changes that resulted in the abrupt, widespread preservation

of organic carbon across the Southwest Pacific.

The Late Cretaceous to Paleogene succession of the East Coast Basin, North Island, New Zealand
(Figure 3.1), contains the most extensive, and richest onshore outcrops of organic-rich mudstones
in the Southwest Pacific. This provides a unique opportunity to study the depositional conditions
in detail. Thick, siliceous to slightly-calcareous hemipelagic mudstones of Late Cretaceous—
Paleogene age (Whangai Formation, ~600 m thick (~82 — 59 Ma), and Wanstead Formation ~500—
600 m thick (57 — 37 Ma)) are separated stratigraphically by the relatively thin (~1.5 — 70 m thick;
typically <30 m), organic-rich mudstone of the Waipawa Formation (59.4 — 58.7 Ma; Moore,
1988a, 1989a; Field & Uruski ez al., 1997; Hollis ef al., 2014).

The Waipawa Formation has been studied extensively, particularly in regard to its petroleum
source rock potential (e.g. Moore, 1988a, 1989a; Field & Uruski e a/, 1997; Killops et al., 1997,
2000; Hollis & Manzano-Kareah, 2005; Schioler ¢z a/., 2010), and also due to its significance for
understanding global drivers for ancient environmental and climatic changes (e.g. Leckie e7 al.,
1995; Hollis ez al, 2005a, 2014). Although the Waipawa Formation is thermally immature in
outcrop, over 300 oil and gas seeps have been recorded within the FEast Coast Basin (Field &
Uruski ez al., 1997; Hollis & Manzano-Kareah, 2005; and references therein). Oil — source rock
correlation studies based on organic 8”°C and &S isotopic systems, as well as biomarker
abundances, indicate that the formation, at least in part, is the likely source of some of these
petroleum seeps, especially in the Southern Hawke’s Bay-Wairarapa regions (Moore ez al., 1987,

Moore 1988a; Rogers e# al., 1999, 2001; Schieler ez al., 2010; Sykes et al., 2012).

It has been argued that the Waipawa Formation represents dysoxic to anoxic seafloor conditions,
on the basis of increased total organic carbon (TOC) preservation (0.5 — 13 % TOC), in
comparison to the immediately-underlying Whangai Formation (<1.5 % TOC), as well as poor-

to-absent foraminiferal and macrofaunas, and outcrop appearance (Moore, 1988a; Killops ef al.,
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2000; Rogers et al, 2001; Hollis & Manzno-Kareah, 2005; Hollis e# a/, 2014). The organic
geochemistry of the Waipawa Formation and its correlative units have been addressed by Moore
et al. (1987), Moore (1988a), Leckie ef al. (1992, 1995), Killops ez al. (1996, 1997, 2000), Rogers ez
al. (1999, 2001), Hollis and Manzano-Kareah (2005), Schioler ¢f al. (2010), and Hollis ez a/. (2005a,
2005b, 2014). However, despite this body of literature, bulk rock and trace element geochemical
analyses and the application of widely applied paleo-redox proxies to our knowledge have not been
reported and, as such, previous interpretations of the Waipawa Formation have not incorporated
these important sources of information. These proxies are studied here across six stratigraphic
sections (Figure 3.2) in order to provide a rigorous assessment of paleoenvironmental and

paleoceanographic conditions.

The high sample throughput potential of portable X-ray fluorescence (pXRF) technology allows
for high spatial and stratigraphic resolution sampling and, thus, detailed examination of
geochemical and associated paleoenvironmental changes within depositional systems. The
development of pXRF technology allows for the rapid collection of large datasets, and has become
a widely accepted tool for data collection in diverse geological settings (e.g. Gazley ef al., 2011,
2015; Rowe et al., 2012; Dahl et al., 2013; Durance ¢ al., 2014; Piercey & Devine, 2014; Ross ¢t al.,
2014; Simandl et al, 2014). The application of rigorous quality assurance and quality control
(QA/QC) protocols to pXRF workflows to produce reliable and robust datasets for quantitative
applications means that data collected via pXRF analyses compare favourably with conventional
laboratory analyses (Fisher ez al., 2014; Gazley & Fisher, 2014). By integrating organic and inorganic
geochemical approaches we present a refined depositional model and report how Late Paleocene
paleoceanographic changes resulted in the abrupt, widespread preservation of organic carbon

across the Southwest Pacific.
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(Heron, 2014).
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3.2 Geological Setting
3.2.1 Regional Stratigraphy

There is a general fining-upward trend within the Late Cretaceous-Paleogene stratigraphic
succession of the East Coast Basin. This represents infilling of one, or more, trench-slope basins
following the cessation of Mesozoic subduction, which was followed by thermal subsidence and
passive margin sedimentation through the Late Cretaceous and Paleogene (Moore, 1988b; Field &
Uruski e# al., 1997). This first-order depositional sequence was interrupted by the inception of the
modern Hikurangi subduction margin in the Late Oligocene to Early Miocene. The western edge
of the basin has since been uplifted and exposed as a forearc basin-accretionary wedge complex
during Neogene deformation, providing exposures of the Late Cretaceous to Paleocene strata

examined in this study.

The Late Cretaceous—Paleocene succession of eastern North Island is represented, in order of
decreasing age, by the Whangai, Waipawa and Wanstead formations, which share the same broad
spatial distributions (Moore, 1988a; 1989a; Field & Uruski ef al., 1997; Lee & Begg, 2002, Lee ¢ al.,
2011). The Late Cretaceous to Paleocene Whangai Formation forms a widespread, thick (~600
m), fine-grained, siliciclastic unit, with correlatives identified in New Caledonia, DSDP Site 207
and DSDP Site 275, Northland, Marlborough (as the Herring and Woolshed Formations), and the
Canterbury Basin (as the Conway Formation) (Crampton, 1988; Moore, 1988a; Laird, 1992; Field
& Uruski et al., 1997; Maurizot, 2011). Although it is rather homogeneous, the Whangai Formation
is divided into several members across its lateral and vertical extent in the East Coast Basin; the
Rakauroa, Upper Calcareous, Porangahau and Te Ui members (Figure 3.2; Moore ef al., 1986;
Moore 1988b; Field & Uruski ez al,, 1997). Likewise, the Waipawa Formation is an extensive unit,
identified in Marlborough, as well as the Northland and Taranaki basins, with the correlative
Tartan Formation in the Canterbury and Great South basins (Killops ez a/., 1997; 2000; Schioler ef
al., 2010; Hollis e al., 2014). In the East Coast Basin the Waipawa Formation is laterally equivalent
to the Te Uri Member of the Whangai Formation (Figure 3.2; Rogers et al., 2001), and both are
typically underlain by either the Upper Calcareous or the Porangahau members of the Whangai
Formation, and each, in turn, is overlain by calcareous and smectitic mudstones of the Wanstead

Formation (Figure 3.2).

The Waipawa Formation has been defined from onshore outcrops in eastern North Island, where
it typically comprises poorly-bedded, dark-brown to grey to brownish-black carbonaceous

mudstone with moderate to high TOC (0.5-13%), (Moore, 1988a; 1989a). However, the definition
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of the Waipawa Formation has been extended to include dark-grey, siliceous, organic-rich
mudstones in Marlborough (Hollis ¢z a/, 2005a, 2005b), and Northland, New Zealand (Isaac ¢z /.,
1994; Hollis e7 al., 2006), and dark-coloured mudstones of Paleocene age encountered in offshore
petroleum wells in the Northland, northern Taranaki, and Canterbury-Great South basins, as well
as beneath the East Tasman Rise (ODP site 1172; Figure 3.1). All of these occurrences of Waipawa
Formation-like rocks have been recently referred to collectively as the “Waipawa Organofacies”
(Figure 3.1; Schieler e al, 2010; Hollis ez al., 2014). Existing biostratigraphic data suggest that
deposition of the Waipawa Organofacies in the East Coast Basin occurred in the upper part of
NZP5 Dinoflagellate Zone and calcareous nannofossil zones NP5-NP7, indicating a Selandian to
Thanetian age (late Paleocene; Crouch, 2001; Kulhanek ez 4/, 2015), and likely restricted to 59.4 —
58.7 Ma (Hollis ez al., 2014).

The Upper Calcareous and Porangahau members of the Whangai Formation were deposited at
upper to middle bathyal depths (400-1000 m) (Wilson ez af., 1989; Leckie ez al, 1995), and is
interpreted as being deposited during a transgression (Hollis ¢ a/., 2014). Paleodepth indicators for
the Waipawa Formation are sparse and poortly constrained, but generally indicate an upper bathyal
depositional setting. Pervious workers have described a ‘double pulse’ of organic matter in the
Waipawa Formation, where two noticeable peaks in TOC enrichment are apparent in the
formation (Leckie ez a/., 1995; Killops et al., 2000; Hollis ez al., 2014). Increased concentrations of
TOC (Moore, 1989a; Leckie 7 al., 1995; Killops e# al., 2000), S, and trace metals (in particular Mo
and U) in the Waipawa Formation has previously been suggested to indicate reducing conditions
during deposition (Hollis ez a/, 2014). Killops et al. (2000) suggested the Waipawa Formation
represented prolonged upwelling of a warm, saline, nutrient-rich but oxygen-depleted bottom-
water mass during the Late Paleocene. However, this interpretation is difficult to reconcile with
the coeval deposition of the Waipawa Organofacies in multiple sedimentary basins in the
Southwest Pacific Ocean and western Tasman Sea. Leckie ¢z a/ (1995) interpreted the Waipawa
Formation as being deposited during a marine transgression, although more recently, Hollis ez a/.
(2014) proposed that the deposition of the Waipawa Formation occurred in response to a two-
phase regression in eustatic sea level, associated with an influx of terrestrial organic matter, and

high marine productivity.

The Wanstead Formation is considered to be the deepest depositional environment in the Late
Cretaceous-Paleogene East Coast Basin, with foraminiferal paleodepth indicators suggesting mid-

bathyal depths (Moore & Morgans, 1987; Field & Uruski ez a/., 1997). The typically clay-rich, and
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pervasively bioturbated fabric suggest that the formation was deposited at low sedimentation rates

at the peak of a marine transgression (Field & Uruski e a/., 1997).
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Figure 3.2: A) Stratigraphic relationships between the sections examined in this study (see Figure 3.1 for
location of studied sections). Dashed lines indicate formation boundaries. B) Late Cretaceous to

Paleocene chronostratigraphic relationships between members of the Whangai Formation and the

Waipawa and Wanstead Formations in the East Coast Basin.
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3.3 Paleo-redox Conditions

The accumulation of organic-rich sediments such as the Waipawa Formation requires either
elevated reducing conditions (Demaison & Moore, 1980), high primary productivity (Pedersen &
Calvert, 1990; Caplan & Bustin, 1999), high sedimentation rates (allowing burial and preservation
of organic matter before it is oxidised in surface sediments or reworked by bioturbation), or a
combination of these factors (Tyson & Pearson, 1991; Ingall ¢7 a/., 1993; Arthur & Sageman, 1994;
Ingall & Jahnke, 1994; Murphy ez a/., 2000; Katz, 2005).

The redox state of marine sediments is controlled by the availability of dissolved oxygen, and may
be subdivided into the following divisions; oxic (>2.0 ml/L O;), dysoxic (2.0 — 0.2 ml/L O»),
suboxic (0.2 > 0.0 ml/L Oy), anoxic (0.0 ml/L O,), and euxinic (0.0 ml/T. O, and free HzS in the
water column) (Tyson & Pearson, 1991; Arthur & Sageman, 1994).

The concentration and ratios of redox-sensitive trace elements provide insight into paleo-redox
conditions and associated paleoenvironmental variability. Various elements are enriched by organic
carbon drawdown (e.g. Ni, Cr), and elements precipitated in association with authigenic mineral
complexes in reducing environments (e.g. V, U, Mo) can be used to determine an index for the
oxygenation state of the water column and seafloor sediments at the time of deposition. Redox-
sensitive trace elements are more soluble under oxidising conditions, therefore authigenic

enrichment of these elements generally occurs in oxygen-depleted sedimentary facies.

Commonly used trace element proxies for paleo-redox conditions include Ni/Co, V/Crt,
V/(V+Ni) and Th/U (Jones & Manning, 1994; Zhou ¢t al., 2012). Concentrations of many of the
transition metals are influenced by Mn-Fe cycling, and given that beneath an anoxic water column
several trace elements display an enrichment factor relative to the average shale, it is useful to
normalise data and consider enrichment factors relative to average shale values (Wedepohl, 1971;
Morford et al., 2001). Enrichment factors for trace elements were determined by normalising to Al
to remove the influence of detrital input, then divided by values determined for the average shale

of Wedepohl (1971):
XEF = (Xsamp]e/Alsamp]e)/(’Xan sha]e/Alavg sha]e)

An enrichment factor of 1 indicates values in proportion to the average shale, whereas Xgr > 1 is
enriched, and Xgr <1 is depleted relative to average shale values. The authigenic uranium (8U)
component of sediments is estimated following Jones and Manning (1994), whereby the total Th
is divided by three and subtracted from the total U, providing an index for paleo-redox conditions.

However, whereas authigenic enrichments of Mo require sulphide concentrations exceeding ~10
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uM (Helz ez al., 1996; Erickson & Helz, 2000), authigenic enrichments of U are decoupled from
ambient sulphide concentrations (e.g., Klinkhammer & Plamer, 1991; McManus ef al, 2005;
Tribovillard e al, 2006). Similarly, V can be enriched under anoxic sulphide-poor conditions but
strong enrichments require high dissolved sulphide concentrations, i.e. euxinic conditions (Breit
& Wanty, 1991). Vanadium is preferentially enriched under reducing conditions and V/Sc can be

used to differentiate between oxic and anoxic conditions (Gallego-Torres ef al., 2007).

In marine environments, U and Th typically exhibit similar geochemical behaviour, except under
oxidising conditions (Chang e 4, 2009). This is because Th has a single oxidation state, Th*',
whereas uranium may exist as either insoluble U*" under reducing conditions, or soluble U°" under
oxidising conditions, resulting in the enrichment of U relative to Th under reducing conditions
(Tribovillard e# al, 2006; Chang et al., 2012). As such, Th/U is a widely applied proxy for

differentiating between oxic and anoxic marine environments.

Both Mo and U form authigenic precipitates under reducing conditions. However, U is retained
and sequestered directly into sediments, whereas Mo requires export from the surface ocean via
adherence to Mn-thiomolybdates (MoO,S4* where x= 0-3), before being subsequently released
for secondary reactions by reducing conditions in sediments (the ‘particulate shuttle’ of Algeo and
Tribovillard (2009) and Tribovillard ez a/. (2012)). Formation of Mn-thiomolybdates requires the
availability of free hydrogen sulphide (i.e. anoxic to euxinic conditions), thereby U enrichment may
occur independently and irrespectively of Mo enrichment (Tribovillard ez 2/, 2012). A dominant U
enrichment typically characterises suboxic to anoxic conditions, whereas Mo enrichment is

characteristic of anoxic to euxinic conditions (Tribovillard ez a/., 2012).

The enrichment of S in mudstones is common under low oxygen conditions, and can be attributed
to seafloor microbial reduction, which produces two moles of S for every mole of C consumed
(Luckge et al., 1999). Because of this, partial digestion of organic matter during or immediately
following deposition results in an enhanced proportion of S. On this basis, the proportion of

organic matter flux at the time of deposition can be derived by;
TOCor = TOCy + TOCsr

where TOCor is the original TOC deposited, TOCy is the measured TOC value, and TOCq is the
amount of organic carbon mineralised through sulphate reduction, which is determined by
multiplying the measured S value by 0.75 to account for the molar ratio of C to S. This is multiplied

again by 1.33 to account for a ~ 25% diffusion of S into porewater or the water column following

the method of Veto ez a/. (1997, 2000, 2007) and Luckge ez 4., (1999).
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TOCsk = Sx 0.75x 1.33

Productivity proxies include Zn, Ba, Cu, Ni, P and Cd. Phosphorous and Ba may be remineralised
under reducing conditions, making them poor proxies, and Ni and Cd concentrations are typically
below the detection limit of the pXRF instrumentation used in this study. However, trace metals
(e.g. Ni, Cu, Zn, Pb, Cd and Co) are almost entirely delivered to the sediment in association with
organic matter and are retained in association with sulphides (Brumsack, 2006; Tribovillard ez al.,
2000), providing a proxy for organic matter flux, and therefore surface productivity. In marine
systems, Ni, Cu and Zn are micronutrients, and their removal from the water column is associated
biological productivity. The formation of organo-metallic complexes between Ni, Cu, Zn and
organic matter can increase scavenging in the water column and the subsequent accumulation of
these trace elements in sediments (Calvert & Pederson, 1993; Piper & Perkins, 2004). On this basis,
these form good proxies for organic carbon sinking flux (i.e. paleo-productivity) as they are
dominantly deposited in association with organic matter; therefore, enrichment occurs from
passive accumulation in proportion to TOC regardless of the oxygenation state of seawater.
Additionally, these elements are retained in solid solution in seafloor sediments by sulphides, while
organic matter may be remineralised by bacterial activity under oxic conditions (Tribovillard ez .,

2005).

Normalising these elements to Al accounts for detrital flux; Cu/Al Zn/Al and Ni/Al can be used
as a proxy for autochthonous (e.g., surface marine) productivity and TOC drawdown and
preservation (Calvert ez al., 1996; Beckmann ez a/., 2005; 2008). Changes in sediment provenance
and sedimentation rate can enhance primary productivity, particularly if there is a shift to a more
mafic source, whereby more nutrients (e.g. P, Mn, Fe) are delivered to the ocean (Cox ez al., 2016).
Silicon, Ti, K and Al are primary major element constituents of sediments and are independent of
TOC complexes, and can therefore inform of changes in sediment supply, provenance and
mineralogy. Titanium/Al informs of changes in provenance and sediment accumulation rate (e.g.
Sageman ef al., 2003a; Turgeon & Brumsack, 2006), as both elements are biogeochemically inactive
and only controlled by the detrital flux. However, mafic rocks have higher Ti contents and a shift
in provenance to more mafic will be manifested in increasing Ti/Al Similarly, changes in K/Al
can be used to determine shifts in the bulk clay mineralogy, between illite and smectite + kaolinite
(Hofmann ¢ al., 2003; Turgeon & Brumsack, 20006). Variation in Si/Al is indicative of changes in

sediment accumulation rates (Hofmann e a/, 2003; Sageman e# al., 2003a; Beckmann ef al., 2005).
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34 Methods

Six sections in the East Coast Basin were sampled, located between Hawkes’s Bay in the north,
and Wairarapa in the south (Figure 3.1 & 3.2). Five sections were measured in detail (Whangai
Bluff, Old Hill Road, Taylor White, Kerosene Bluff and Triangle Farm; Figure 3.2) with a
stratigraphic sampling resolution typically of 0.2 — 0.7 m. Archived samples from the Angora
Stream dataset of Leckie ef a/ (1992, 1995) held at GNS Science, Lower Hutt, New Zealand were
also included. In the measured sections, ~1 kg of fresh bulk rock was collected at each sample
interval throughout the stratigraphic thickness. In some instances, a duplicate sample of weathered

material was collected from the same sample horizon.

3.4.1  Portable X-Ray Fluorescence

All of the pXRF data presented here were obtained by whole rock XRF of 372 samples using a
Olympus Innov-X™ Delta pXRF unit with a 10-40 kV (10-50 uA) Rh X-ray tube and a high-
count rate detector. Portable XRF methods are consistent with the approaches outlined in Fisher
et al. (2014) and Gazley and Fisher (2014). Samples were washed in distilled water to remove any
adhering detritus and oven dried for 72 hours at 50 °C. They were then crushed using a Boyd
Crusher with the plate gap set to 2 mm. The <1 mm sieved fraction was presented to the pXRF
unit covered with polyethylene-free Glad Wrap™. Analyses of Glad Wrap™ placed over a SiO,
blank showed that no contamination resulted from this medium. The pXRF unit was calibrated at
the start of each sample run (20 samples per run) to a variety of research-grade, matrix-matched
standards using the same analytical procedures for the standard as for the samples. Standards used
were: BCS 267, BIR-1, G-2, GSP-1, JG-1 and PCC-1. The standards were selected to be matrix
matched across the expected broad compositional space of the samples. The analytical uncertainty
on each analysis is a function of run-time. To limit this uncertainty, but still maximise throughput,
the total analysis time was set to 60 seconds (30 seconds per beam). Analytical uncertainties were
typically < 3% as reported by the pXRF unit. To check for contamination, SiO; blanks were
analysed periodically (every 20 analyses).

Repeat analyses of the six standards were routinely collected during the analytical run, and show
that the pXRF unit was very stable throughout. The median value for these standards was used to
calculate a correction factor for each element. For most elements this took the form of y =mx + ¢
however, for some trace elements that have values that converge on 0, a y = zx correction is often
more appropriate (Fisher e# al., 2014). These standards were also used to calculate a lower limit of
quantification (LOQ) following the approach of MacDougall and Crummett (1980), utilising

repeated standard analyses. The majority of elements analysed return values above the lower limit
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for quantification (LOQ). These values are presented in Appendix 3 along with summary statistics

for each element in the dataset.

3.4.2  Inductively Coupled Plasma Mass Spectrometry and Atomic Emission Spectrometry

Throughout the sections sampled, U, Cr, Ni, Mo and S in the Whangai Formation, and particularly
the Wanstead Formation, were below the detection limit of the pXRF methodology employed in
this study for many samples. These are particularly important redox-sensitive elements, so whereas
these elements can still be used to assess intra-formational variability in paleo-redox systems, their
inter-formational variability was assessed using laboratory (ICP-MS and fusion XRF) analyses on

sample splits from the Taylor White section.

A subset of nineteen samples from the Taylor White section were analysed by ALS Laboratories,
Perth, Australia, for comparison to the pXRF data generated in this study (Appendix 3). Base
metals (Ag, Cd, Co, Cu, Li, Mo, Ni, Pb, Sc, Zn) were determined using a by four-acid digestion
method, where the sample was dissolved in a solution of perchloric, nitric, hydrofluoric and
hydrochloric acids (ALS method ME-4ACD81), then analysed by inductively coupled plasma —
atomic emission spectrometry (ICP-AES). Arsenic, Bi, Hg, Sb, Se, Te, and Tl were determined by
a 45 minute digestion in aqua regia, dilution to 12.5 ml with deionised water and analysed by
inductively coupled plasma-mass spectrometry (ICP-MS; ALS method ME-MS42). Whole rock
analysis was performed by sample addition to a lithium metaborate/lithium tetraborate flux, fused
in a furnace at 1025°C then major element abundances (ALLO;, BaO, CaO, Cr,0Os, Fe,Os, KO,
MgO, MnO, Na,O, P,Os, SiO», SrO, TiO,) determined by borate fusion XRF (ALS method ME-
XRF26), and Ba, Ce, Ct, Cs, Dy, Er, Eu, Ga, Gd, Hf, Ho, La, Lu, Nb, Nd, Pr, Rb, Sm, Sn, Sr, Ta,
Th, Tm, U, V, W, Y, Yb, and Zr, determined by ICP-MS after dissolution in a nitric, hydrochloric
and hydrofluoric acid mixture (ALS method ME-MS81). Total carbon values were determined by
sample combustion in a LECO induction furnace and quantitative detection of emitted CO: by
infrared spectrometry (ALS method C-IR07). Total sulphur values were measured by a LECO
gravimetric sulphur analyser, where SO, measured by an infrared detection system (ALS method

C-IR08).

3.4.3  Comparison between pXRE and laboratory-based instrumentation

Many of the major elements (Al, Fe, Mn, Ti), and some trace elements (Zn, Str, Rb), analysed by

pXRF provide strong coefficients of determination (R?) >0.8 with corresponding sample splits
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analysed by ICP-MS and fusion XRF (Appendix 3). Other elements (Si, K, As, S, Pb, Cu) produced
reasonably comparable results (R* values >0.6), despite low absolute concentrations (<10 ppm)

for some elements (e.g., As, Pb).

Zirconium, Cr, Mo and U measured by pXRF correspond pootly with laboratory based fusion
XRF and ICP-MS measurements, giving R* values between 0.3-0.6 (Appendix 3). For Mo and U,
values are typically below 10 ppm, approaching the detection limit of the pXRF unit. Despite this,
when U is normalised to Th, the ratios obtained are comparable to ratios derived from laboratory-
based instruments. This may be due to matrix effects in the measurement of a sediment sample by

pXRF and by solution ICP-MS.

Nickel performs poorly by pXRF, giving an R* value of <0.06 with lab data, and therefore pXRF
analyses of Ni are excluded from geochemical indices in this study. Despite poor slopes, Th and
V reproduce well (Appendix 3). Vanadium by pXRF corresponds moderately well with laboratory
data (R* = 0.54), although it applied with the caveat that there is spectral ovetlap with Ti and Ba.
When normalised against Cr and Ni, V values compare well to laboratory derived data for redox

studies.

3.4.4  Bulk pyrolysis
Pyrolysis measurements were made using a Source Rock Analyzer (SRA) from Weatherford
Laboratories housed at GNS Science, Lower Hutt, New Zealand. Approximately 100 mg of
powdered rock were used for each bulk pyrolysis sample measurement. The pyrolysis program was
set with the sample crucible entering the pyrolysis oven where it was held isothermal at 300°C for
3 minutes under a continuous stream of He carrier gas using a 100 ml/minute flow rate. This was
followed by a 25°C/minute ramp to 650°C. The S1 and S2 signal intensities were recorded with a
Flame Ionization Detector (FID) operated under a 65 ml/minute stream of H, gas and 300
ml/minute air. The pyrolysis cycle was then followed by an oxidation cycle performed at 630°C
for 20 minute during which time the oven and crucible were flushed with dry air at 250 ml/minute.
The generated carbon monoxide and carbon dioxide gases were measured by the instrument’s IR
cells. All sample sequences were run with three IFP 160000 analytical standard replicates (from
Vinci Technologies, Institut Frangais du Pétrole) placed at the beginning, middle and end of each

sample sequence.

3.4.5  Multivariate data exploration
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High-dimensional data are challenging to interpret and visualise. Element-element pairwise plots
are not always useful for identifying correlations in data. Ordinations using principal components
analysis (PCA) allow linear combinations of variables that summarise the highest amount of dataset
variance in the fewest dimensions and show correlations that are easier to interpret. Twenty-two
elements were analysed by pXRF, of which thirteen elements had continuous representation
throughout the dataset, necessary for PCA. A value of 0.22 x LOQ was substituted for samples
that recorded less than the limit of detection (LOD) for elements that had less than 5.5% of their
samples with data below LOD, assuming LOQ = 3LOD. This substitution for <LOD is consistent
with the recommendations of Martin-Fernandez e a/ (2012). The geochemical data are
compositional and thus were log-ratio transformed prior to multivariate analysis to solve the
closure issue (Aitchison, 1982, 1986; Aitchison ez al, 2000; Grunsky ez al., 2014; Mueller &
Grunsky, 2016). Aitchison’s centered log-ratio transformation was applied using the ‘clr’ function

in the R package ‘Hotelling’ (Curran, 2013; R Development Core Team, 2017).

Sparse robust PCA is less sensitive to outliers and was designed for chemometric applications
(Croux et al., 2007; Filzmoser e al., 2014). Sparse robust PCA was performed on the log-ratio
transformed data using the ‘PCAgrid’ function in the R package ‘pcaPP’ (Croux ef al, 2007;
Filzmoser et al, 2014; R Development Core Team, 2017). Principal component analysis
summarises variation in a multivariate dataset in terms of linear combinations of covarying input
variables. This reduces data dimensionality, and clarifies intrinsic dataset structure. Principal
component (PC) axes can be interpreted in terms of the original variables, are mutually orthogonal

(assumed to be statistically independent), and are suitable for subsequent statistical analyses.

Scores from the first two PCs were input to Bayesian mixture-modelling cluster analysis using the
‘Mclust’ function from the R package Mclust (Fraley ez a/., 2012; R Development Core Team, 2017)
to identify objective subgroups of geochemically similar samples. Each sample was plotted along

stratigraphic height within its section, coloured by subgroup, to recover a geochemical stratigraphy.

3.5 Results

3.5.1  Principal component analysis

There is a marked variability in major element composition up-section across formation
boundaries, particularly in the measured values of K, Ca, Mn, Ti and Si. Principal Components
Analysis of Al, Ti, Si, K, Fe, Pb, As, Zn, Sr, Mn, Zr and Rb has one statistically significant

component identified using a broken-stick distribution (Figure 3.3a; Jackson, 1993); this
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component explains 42% of the variance in the dataset. Positive values on PC1 are associated with
covariance between K, Al and Ti, and negative values with a covariance between Mn and Sr (Figure
3.3). This is likely driven by the bulk mineralogy. The second principal component (PC2) explains
16% of the variance in the dataset. Positive values on PC2 are associated with covariance between

Zn and As, and negative values with covariance between Si and Zr.

We chose to use both of the first two PCs (which explain ~60% of the variance in the dataset) in
the cluster analysis in order to improve resolution and allow clearer visualisation of the data
structure using an x-y scatterplot, rather than a univariate distribution. Cluster analysis on the first
two PC axes found three clusters (Figure 3.3b). Clusters 1 (red) and 3 (blue) show negative and
positive relationships to As and Pb, respectively, and Cluster 2 (green) occupies an intermediate
position. Other notable patterns include Cluster 1 (red) showing a strong positive relationship with
Mn and Zr, and a strong negative relationship with Zn. Cluster 2 (green) shows a positive
relationship with Mn, Sr and Zn, whereas Cluster 3 (blue) displays positive correlation with As,

Fe, Al, Rb, Ti and K.

Plotting geochemical groups by stratigraphic height within each section (Figure 3.3c), Clusters 1
and 2 comprise the Whangai and Wanstead Formations. Samples from the Upper Calcareous
Member of the Whangai Formation fall dominantly within Cluster 2 (green; Figure 3.3b) and the
Waipawa Formation is covered by Cluster 3 (blue; Figure 3.3b). The Porangahau Member of the
Whangai Formation, and the Wanstead Formation, are described by a mix of Clusters 1 and 2 (red
and green) and are dominated by Cluster 1 (red). Relationships between samples in the dataset that
are not apparent in element vs element plots are revealed by the multivariate ordination.
Significantly, spatially coherent clusters (Figure 3.3b, ¢) are identified. Although at this broad scale
the Waipawa Formation is geochemically distinct from the Whangai and Wanstead formations,
both which are shown to share geochemical affiliations, and furthermore, the members of the

Whangai Formation can also be differentiated by PCA.
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Figure 3.3: Principal Component analysis of pXRF data across the Whangai, Waipawa, and Wanstead formations, in
sections sampled for this study. A) Broken stick model showing one significant component. B) Loadings plot of
principal components 1 and 2, which together explain ~60 % of variance within the dataset (42% on PC1, 16% on
PC2). Eigenvectors show the CLR-transformed variables relative to the PC axes. C) Samples coloured by cluster and
plotted against stratigraphic height (normalised to base-Waipawa Formation). Dashed lines indicate formation

boundaries.

3.5.2 Bulk pyrolysis

Within the studied sections, the Waipawa Formation has a variable TOC content, ranging from
1.0-6.0 wt. % (Figure 3.4), with the majority of samples forming a distinct organic-rich group (2—
6 wt. %). The underlying Whangai Formation displays lower organic matter contents (0.2—1.5 wt.
% TOC). The Whangai and Waipawa formations are thermally immature (T values ~410-435
°C; Figure 3.4a), suggesting that these rocks have not yet generated and expulsed hydrocarbons. A
negative relationship between Tmw and TOC in the Upper Calcareous Member, Waipawa
Formation and Wanstead Formation (Figure 3.4a) is organofacies controlled as the thicknesses of
these sections is not sufficient enough to cause elevated maturation. The low Thax values (<380°C)
are likely to be inaccurate measurements caused by very low S2 peak heights. Total organic carbon
values for the Porangahau Member at Old Hill Road are low (<0.5 wt. % TOC). The recorded
hydrocarbon concentrations are positively correlated to the organic matter content of the strata
sampled; as such, the S1 and S2 parameters are positively correlated with TOC for the Whangai

and Waipawa formations in all sections (Figure 3.4b, c).
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A cross plot of the oxygen index (OI) and the hydrogen index (HI) provides an approximation of
the kerogen source of organic matter. The Waipawa Formation typically falls within the Type 1I
to Type III kerogen fields (Figure 3.4), indicating a mixed marine-terrestrial, respectively, organic
matter kerogen source. The Upper Calcareous Member of the Whangai Formation, as sampled at
Taylor White and Kerosene Bluff, falls almost exclusively within the Type III kerogen field,
indicating a terrestrial source. The Porangahau Member of the Whangai Formation, as sampled at
Old Hill Road, and the Wanstead Formation sampled at Triangle Farm, have exceptionally low HI
values (<20 mg HC/g TOC), indicating a Type 1V, inert kerogen soutce.
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Figure 3.4: Bulk pyrolysis data for the Whangai, Waipawa, and Wanstead formations as sampled in this study.
TOC vs. A) Trmax, B) S1, C) S2, with generative potential indicated, D) Pseudo-van Krevelen diagram indicating
kerogen classification by hydrogen index (HI) and oxygen index (OI) values.
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3.5.3  Redoxc-sensitive trace element envichments

Several trace elements are enriched in the Waipawa Formation with respect to the Whangai and
Wanstead Formations. Strong enrichment factors are shown for TOC, S, and Mo. There are mild
enrichments in Cd, Bi, U, Cr, As, Zn, and Ba (Figure 3.5). Enrichment factors for V, Pb and Fe
are proportional to the average shale values of Wedepohl (1971), whilst Cu, Ni, P, Mn, Co, Sb and
Tl are depleted (Figure 3.5). The Upper Calcareous Member of the Whangai Formation shows
similar trace element enrichments and depletions with respect to the average shale as the Waipawa
Formation, although with notably lower enrichments in TOC, S, Mo, and Cd (Figure 3.5). The
majority of elements in the Wanstead Formation are in relative proportion to average shale values
(Mo, As, Cu, Pb, Fe, Mn) or only weakly enriched (TOC, Bi, U, Cr, Zn, V, Ba) or depleted relative
to the average shale (S, Ni, P, Co, Sb, TI; Figure 3.5).

Trace metals that act as proxies for primary productivity, organic carbon drawdown and
preservation (Ni, Zn, and Pb) have average enrichment factors (EFs) of 0.6, 1.4, 1.0 respectively,
and average enrichment factors vary minimally (+0.2), showing little, to no, enrichment or
depletion between the Whangai, Waipawa, and Wanstead formations. The largest offsets in
enrichment factor across formation boundaries is demonstrated by TOC, S, Mo, U and Mn (+17,
0, 4, 2, 0.8 respectively; Figure 3.5). Strong enrichment factors for TOC and S indicate that these
two components are integral in deciphering trace metal affiliations and redox conditions during
the deposition of the Waipawa Formation. Manganese depletion in the Waipawa Formation
(typical EF ~0.2; Figure 3.5; Table 3.1) in relation to both the average shale and the Whangai and
Wanstead formations implies the removal of reduced Mn*", consistent with anoxia. Below the
chemocline, reducing conditions produce soluble Mn** which diffuses away from the site of
reduction, resulting in Mn depleted sediments. Because of the difference in the solubility of its
different oxidation states (Mn** and Mn*"), Mn is actively cycled across redox boundaries, with the
greatest concentration occurring in suboxic sediments, near the suboxic-anoxic interface

(Tribovillard ef al., 2006; Chang et al., 2009).
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Figure 3.5: Mean enrichment factors normalised to average shale values from Wedepohl (1971), for TOC, sulphur,
and selected redox-sensitive trace metals in the Whangai, Waipawa, and Wanstead formations across the sections
sampled in this study. Lines indicate overall mean values for each formation. Data measured by ICP-MS are plotted
in bolder colours than corresponding pXRF values. Several elements measured by ICP-MS were not detected by

pXRF (Cd, Bi, Ba, P, Co, Sb, and TI).

3.5.4  Organic carbon — sulphur relationships

Decreased oxygenation and the associated increased reducing conditions in either the water
column or sediment pore waters result in increased organic carbon burial and preservation in
marine basins, with concomitant microbial sulphate reduction leading to syngenetic and diagenetic
pyrite formation (Rimmer, 2004; Brumsack, 2006). These processes facilitate the export and
sequestration of trace metals in sediments and are responsible for the majority of trace metal

enrichments under dysoxic to anoxic conditions.

In this context, the chemical composition of bulk sediment, particularly trace element distributions
and S—Fe—TOC relationships, can be employed to distinguish past depositional environments and
paleo-redox conditions (Rimmer, 2004; Brumsack, 2006; Rowe e# al., 2008, 2012). Paleoredox
conditions can be assessed by the proportion of S relative to Fe (Raiswell ¢# a/., 1988; Lyons &
Severmann, 2000; Georgiev e¢7 al., 2012). The ratio of S to Fe for the Waipawa Formation suggest

the degree of pyritisation lies within the oxic to anoxic fields of Raiswell ez a/. (1988) (Figure 3.6a).
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Values for the Whangai and Wanstead formations suggest a very low degree of pyritisation, sitting
well within the oxic field (<0.52; Figure 3.6a). Increased terrigenous sediment supply, however,
may limit the availability of reactive Fe, resulting in lower degtrees of pyritisation and lower S/Fe
for anoxic and euxinic settings. In addition, diagenetic effects, particularly outcrop weathering can
also lower the elemental concentrations of S and Fe, with Fe being leached more rapidly than S,
which could yield artificially elevated redox conditions. Because of these caveats, S/Fe alone
cannot provide a clear insight into paleo-redox conditions, requiring the application of additional

proxies.

Despite high enrichment factors, S and TOC in the Waipawa Formation are only weakly correlated
(R*> = 0.3), and S/TOC relationships for the Waipawa Formation are variable. A substantial
proportion of samples analysed lie within the range of normal marine S/TOC, although a
significant number also plot above normal marine conditions (Figure 3.6b). This discrepancy in
the S/TOC ratio is attributed to sulphate reduction through bacterial decomposition of organic
matter. The broad variability in S/TOC values is attributed to the two-phase increase of S/TOC
ratios in the Waipawa Formation. Redox proxies show that the formation was deposited under

oxygen deficient conditions, and higher TOC in the unit result in a greater TOC/S ratio.

The TOCor estimated for the Waipawa Formation is approximately 1.4—2.0 wt. % higher than the
preserved (measured) TOC values (Table 3.1), implying that there was substantial syndepositional
or early diagenetic degradation of organic matter by bacterial sulphate reduction. Microbial
degradation within the water column preferentially removes marine organic carbon (predominantly
comprised of simple lipids and carbohydrates), resulting in preferential preservation and the
relative enrichment of terrestrial organic matter (e.g. Veto ez al, 1997; Luckge ez al., 1999). This
explains, in part, the observation by various authors of an enhanced terrestrial signature in the
Waipawa Formation and correlatives, recorded as higher proportions of terrestrial kerogen, and
elevated 8"C.,, (Killops ez al, 2000; Rogers et al., 2001; Schioler e al, 2010; Hollis e al., 2014;
Clowes, 7n prep.).
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3.5.5  Paleo-redox proxies

In order to provide a direct indication of paleo-oxygenation, the trace metal proxies Ni/Co, V/Crt,

V/(V+Ni), Th/U, Uuum, V/Sc, Mo/TOC, and Mo/U were used as indices of redox potential of

the water column and sediments during deposition. Thotrium/U is a widely applied proxy for

differentiating redox conditions, with values from 0-2 representing anoxic environments, and

values from 2-8 representing oxidising environments (e.g. Gallego-Torres ¢z al., 2007; Chang ez al.,

2009; 2012). Thotium/U values in the Waipawa Formation range from 1.3-2.5 (average 2.0),

whereas the Whangai and Wanstead formations range between 2.5-3.2 (average 2.9), indicating

that anoxic to weakly oxic conditions prevailed during deposition of the Waipawa Formation, and

fully oxic conditions during deposition of the Whangai and Wanstead formations (Figure 3.7a).

Authigenic U values derived from ICP-MS measurements for the Waipawa Formation average 1.4

ppm, which is above the threshold of 1.0 ppm for dysoxic conditions (Zhou ez al., 2012), and

170



substantially elevated relative to average values for the Whangai and Wanstead formations (0.12

and 0.08 ppm, respectively; Figure 3.7a).

Vanadium is preferentially enriched under reducing conditions and a V/Sc value greater than 9.1
can also be used to differentiate between oxic and anoxic conditions (Gallego-Torres e al., 2007).
The Waipawa Formation gives V/Sc ratios ranging from 8.6-10.7 (average 9.8), whereas the
Whangai and Wanstead formations range from 7.5-9.25, with average values of 8.6 and 8.4,
respectively (Figute 3.7b). V/Cr values in the range of 0-2 represent oxic conditions, whereas
values in the range from 2—4 indicate dysoxic conditions. V/Cr values in the range of 4-10 are
representative of suboxic to anoxic environments (Jones & Manning, 1994). There is generally very
little differentiation in V/Cr between the Whangai, Waipawa and Wanstead Formations, with
values of 0.95-1.06 (average 0.99) for the Whangai Formation, 0.74—1.66 (average 0.98) for the
Waipawa Formation and 0.90-1.23 (average 1.2) for the Wanstead Formation. Another commonly
used redox proxy is V/(V+Ni), where values >0.84 are indicative of euxinia, values in the range
of 0.54-0.72 indicate anoxic water column conditions, 0.46—0.60 indicate water column dysoxia,
and values <0.46 represent oxic conditions (Hatch & Leventhal, 1992). Vanadium/(V+Ni) has
patchy spatial coverage, due to the poor Ni resolution and low counts by pXRF, although lab data
tfor Taylor White gives values for the Whangai Formation of 0.67-0.87 (average 0.76), a range of
0.63-0.95 (average 0.80) for the Waipawa Formation, and a range of 0.86—0.91 (average 0.85) for
the Wanstead Formation. The efficiency of V based proxies (V/Ct, V/(V+Ni)) is reduced under
high sedimentation rates, as the rate of V diffusion is reduced and trace metal concentrations are

diluted (Arthur & Sageman, 1994).

Mudstones deposited beneath an oxic water column typically have a Ni/Co ratio <5, with values
from 5-7 reflecting dysoxic conditions and values >7 indicating anoxic conditions (Jones &
Manning, 1994; Gallego-Tottes ez al., 2007). Nickel/Co ratios for the Waipawa Formation range
between 2.0 and 8.4, with an average of 4.0, suggesting a range of oxic and dysoxic conditions
(Figure 3.7b). The Whangai Formation ranges from 2.7-5.6 an average ratio of 4.3, whereas the
Wanstead Formation is substantially lower with a range of 1.7-3, and an average Ni/Co of 1.6

(Figure 3.7b).
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Molybdenum-TOC relationships for the Whangai and Waipawa formations largely plot within the
range of values given for modern anoxic sediments deposited in weakly restricted basins (Figure
3.7¢), which is consistent with the deep, open marine depositional setting of the East Coast Basin
during the Paleogene (e.g. Field & Uruski ez al, 1997; King ez al., 1999; Hines ez al., 2013). The
relative enrichment of Mo with respect to U in the Waipawa Formation is interpreted as being
indicative of water column anoxia (Mo:U approximately 5:2; Figure 3.7d). Based on patterns of
trace element enrichment in modern reduced oxygen marine settings (Algeo & Tribovillard, 2009;
Tribovillard e al., 2012), anoxic conditions prevailed during deposition of the Waipawa Formation,
as the Mo enrichment factor is disproportionately higher than the U enrichment factor than would

otherwise be anticipated under unrestricted marine settings (Figure 3.7d).

173



Table 3.1: Average values for source rock analyses, trace element enrichments, redox proxies and additional

proxies for depositional conditions for each unit and locality sampled in this study. POM = Porangahau

Member, UCM = Upper Calcareous Member.

Section ng';lur}%al OII;(I)? dI“ Angora Stream Taylor White Kgﬁls;ne TE:P[%Ie
s s s s s s
@] @) © @) O © O I Ee) O © © o
2 a =1 2 2|2 2 S| 2 3 e S
. © © © = © © -
Unit ‘T ‘T = '© T 2 T 2 2 ‘T 2 = 2
e |g |2 g2 |2 & |2 £|8 ¢
© I ; I o] ; I ; ; ] ; ; 3
N N ey = e <
= = = =2 = =
Source Rock Analysis
TOC (wt. %) 1 2 0 1 4 1 3 0 1 3 1 0
Tmax (°C) - 388 410 | 403 423 410 | 425 415 408 | 429 411 | 414 376
HI - 14 111 | 111 229 300 | 105 207 103 | 103 179 | 30 13
Ol - 75 78 18 34 10 | 102 57 165 | 75 56 | 124 67
Enrichment Factor
U 45 34 23 - - 34 | 02 25 03 - 27 | 22 18
Mo 2.8 21 51 - 27 62 |04 73 21|38 54|82 12
S 0.9 0.3 51 4.1 78 239 | 11 7.0 0.0 2.6 15 1.2 1.4
TOC - 28 17.7| 05 102 494 | 99 228 16 |120 269 | 3.7 28
\Y 14 13 10 (18 17 13|11 09 02|10 09|21 20
Cu 1.6 09 10|12 08 11 |06 07 04| 06 06 | 08 36
Ni 1.0 13 07|07 07 11|08 08 02| 06 08 - 11
As 1.1 1.3 1.7 0.9 14 2.0 1.2 15 0.3 0.6 15 1.4 1.4
Cr 2.7 27 18 - 22 22|16 17 05|16 19| 16 19
Fe 1.2 1.2 0.7 1.0 1.1 1.1 0.9 0.9 0.2 1.0 1.1 0.7 15
Mn 1.6 08 01|09 05 02|04 02 02|04 05]02 22
Zn 2.0 1.6 15 15 1.7 2.6 1.6 1.6 0.3 1.8 1.1 0.7 1.7
Pb 1.4 1.1 1.0 1.1 1.1 1.1 0.9 1.0 0.2 1.1 1.1 0.9 1.4
Redox Proxies
V/Sc - - - - - - 86 98 85 - - - -
Ni/Co - - - - - - 44 50 16 - - - -
VICr 0.8 0.7 0.9 - 08 10|08 08 09 |09 07|18 1.0
V/(V+Ni) - 07 07|08 07 07|08 07 07|07 07 ] 10 09
Th/U 21 20 31 - - 21 - 22 27 - 20 | 25 -
Uauth 15 29 21 - - 31|18 23 21 - 23 | 25 27
Mo/TOC - 3.9 45 - 42 20 - 46 25| 39 251|208 44
S/ITOC - 01 04|10 10 06 | 01 04 - 03 05| 02 00
Fe/S 18.4 285 26 | 02 04 11 |173 38 - 01 05| 20 19
Depositional Conditions
Ti/Al 0.1 01 01}01 01 01|01 01 01|01 01]01 01
Si/Al 8.9 75 52|59 82 55|69 45 76| 77 48 | 54 716
K/AI 0.3 03 02|03 02 02|02 02 02|02 0202 02
Cu/Al 9.9 49 52 | 60 43 74 |32 36 44|29 31| 43 183
Ni/Al 7.9 106 59 | 57 56 81| 76 64 52| 44 6.2 - 8.4
Pb/Al 3.2 26 23 |25 25 25|21 23 20| 24 24| 21 32
Zn/Al 21.8 173 225|162 181 275|178 175 128|190 121 | 71 181
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3.5.6  Inorganic proxies

Various trace element indices and ratios are used to inform interpretations of paleoenvironmental
and redox conditions during deposition. Titanium/Al values are constant throughout the Whangai,
Waipawa and Wanstead formations. The lack of any discernible trend in in the distribution of
Ti/Al values, suggests that there is no change in detrital source across the spatial and temporal

extent of the sections studied (Figure 3.8a).

Potassium/Al provides an index for the bulk clay composition. The Waipawa Formation shows a
slight increase in illite over smectite + kaolinite relative to the Whangai and Wanstead formation,
with the exclusion of samples from the Porangahau Member at Angora Stream and Old Hill Road,
and the flysch facies of the Wanstead Formation at Taylor White (Figure 3.8a), which are attributed

to grain-size variability.

The Si/Al ratio can inform changes in terrigenous sedimentation rate, with a decrease in Si/Al
demonstrating an increase in the sedimentation rate. Across the sections studied, the Whangai and
Wanstead formations have a similar range of Si/Al (typically 6 — 10), whereas the Waipawa
Formation has notably lower Si/Al (typically 3.7 — 5.5), indicating an increased sedimentation rate
relative to the Whangai and Wanstead formations (Figure 3.8b). There is a broad range of
variability in Ti/Al and Si/Al from the Porangahau Member at Old Hill Road, which is attributed
to grain size variation (and associated changes in mineralogy) in the turbidite sequence sampled
(Figure 3.8). The highest TOC preservation typically occuts in association with the lowest Si/Al
values, suggesting that preservation of organic matter is associated with increased sediment
accumulation rates (Figure 3.8b). Proxies for productivity and organic carbon drawdown and
preservation (Ni/Al, Cu/Al, Zn/Al) are highly variable, and show similar proportions through the
Whangai Formation and into the Waipawa Formation. However, they display a weak up-section

co-variation with TOC (e.g. Figure 3.9).
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Figure 3.8: A) Potassium and Ti normalised to Al as provenance indicators. B) Sediment accumulation rates

represented by Si/Al relative to TOC values.

3.5.7  Stratigraphic variability — Taylor White case study

Complete stratigraphic exposure through the Waipawa Formation, where both upper and lower
contacts are exposed is rare. At the Taylor White section, both are well exposed, and therefore, we
use this section as a representative example of changes in geochemical relationships across
formation boundaries (Figure 3.9). The sampling resolution across all sections in this study is
considerably higher than previous studies, with 77 samples collected for pXRF analysis across the
80 m of outcrop measured at the Taylor White section. These are supplemented by a further 20

ICP-MS and fusion XRF analyses evenly distributed across the sample suite from this locality.

Titanium/Al values measured by pXRF lie within the same range of values across the Whangai,
Waipawa and Wanstead formation at Taylor White. Lower resolution fusion XRF values also
demonstrate no change in Ti/Al up-section (Figure 3.9). K/Al ratios show no change across the
Whangai and Waipawa formations, but considerable variability across the Wanstead Formation
(Figure 3.9). This is attributed to the alternating sandstone-mudstone of the Wanstead Formation
sampled at this locality, and is attributed to mineralogical changes associated with grain size
changes. Notably, mudstones samples from the Wanstead Formation have similar K/Al to the
Whangai and Waipawa formations, showing that there is no noticeable change in clay mineralogy,
and therefore provenance across these formation boundaries. This is consistent with the Ti/Al

measured.

There is a decrease in Si/Al through the Whangai Formation, reaching a prolonged low in the

Waipawa Formation (Figure 3.9), indicating increasing sediment supply/tetrigenous influx leading
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up to deposition of the Waipawa Formation. Changes in sediment accumulation, as measured by
Si/Al, increases through the Waipawa Formation, before decreasing notably in the Wanstead
Formation. The systematic variation in Si/Al through the Wanstead Formation arises from
alternating sandstone-mudstones at Taylor White. Silicon/Al and the alternating sandstone-
mudstone of the Wanstead Formation at Taylor White are indicative of higher sedimentation rates

at this locality, associated with locally restricted turbidite deposition.

Nickel/Al, Cu/Al and Zn/Al demonstrate a small degree of covariance with TOC, however there
are no substantial changes across formation boundaries. Nickel/Al and Zn/Al appear to
demonstrate a stronger association with TOC than Cu/Al, suggesting that they are more
responsive to changes in productivity. Changes in productivity proxies occur independently of
changes in provenance and mineralogy. Iron values are relatively stable across all formations,
although the Whangai and Wanstead formations generally have low S values, producing low S/Fe
and S/ TOC.

There is a distinctive broad double peak evident in the Uwm, Th/U, Ugr, HI and S/TOC trends,
which fits the description of a ‘double pulse’ of organic carbon preservation across the Waipawa
Formation described by previous authors (Leckie ez al, 1995; Hollis e al., 2014). The top of the
Waipawa Formation has a pronounced peak in Mogr, as measured by pXRF (EF = 15-18),
however the ICP-MS measurements are somewhat lower (EF = 6), and demonstrate a double
peak, consistent with other redox proxies. Calculation of TOCor suggest that as much as 40-50%
of TOC has been remineralised, producing the elevated S concentrations within the Waipawa

Formation.

177



K/Al Nifal (x10%) Zn/Al (x10%) HI [mg HC/g TOC)
10

a0 0.15 025 0.35 045 0 s 15 0 200 400 0 100 200 300 400
7 - ] T " .
E :l L8 Ty -b—-_é—- EvL'_;é’-- I i #pERF -
48[ _ Jis'—' E— . - 1’. Laborsory <
s &= E:':" ﬁ" " ¥ 3
o= = - i 3
3 I | ~ ==
= i — . |
g % = | | v 'Eif_‘
o b | ¥ = -
2 4048 | ] ol =
i S . = =
I d I
(=] -
= n 1 | -
& —|| ! ' ,
@ —| Smectite. | llite t | i | {
204 & [ | oljnit \ -
§’ i | Y .\., > | ,l I [ . { [
o e | N A L~ | |
HEIRR - . S A * >
— i i Increased |J Decreased \ } 4 o«
od = 4 Tk SAR4— 7 —% SAR i ' '
400 600 80D 4 8 12 16 0 2 4 6 8 0 2 4 6
Ti/al SifAl Cu/fAl (x10%) TOC {wt. %)
U, 5U 5/Fe
01234 012345 02 06 10
80 o [l t T T
B WRF ] |
§ i |
2=l A [
i | L |
_ 601 == ! .
= o™ |
= |3
£ a2 I .
2 44 B | ;
s = |
g i
e Iy M
E — I |
“ — 4l I I
20 51— | I
E i | [
s =\ |} K
(= I/ Lo
o- e B e e e o e e e e e &
0 10 20 30 012345 0 04 08 12 0 2 4 6 &
Mo, Th/u s/Toc TOC,, (%)

Figure 3.9: Selected elemental, and bulk pyrolysis data, enrichment factors and paleo-redox proxies against
stratigraphic height in the Taylor White section, Southern Hawke’s Bay. Shaded area indicates the Waipawa
Formation, which here is underlain by the Upper Calcareous Member of the Whangai Formation and

overlain by the Wanstead Formation. SAR = sediment accumulation rate.

3.6  Discussion
3.6.1  Chemostratigraphic framework

High-resolution sampling and multi-element geochemical analyses across the six sections studied
here enable the correlation of geochemical trends. Principal component analysis reduces data
dimensionality, summarises geochemical relationships as linear combinations of elemental data,
and greatly facilitates interpretation, especially within lithologies. Cluster analysis successfully
differentiates units at the formation and member levels and demonstrates that, despite small scale

geochemical variability within and between sections, the lithostratigraphic units identified in this
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study also represent chemostratigraphic divisions, with no significant intra-unit geochemical

changes identified.

Cluster analysis differentiates three groups within the 372 samples analysed by pXRF. Cluster 1
(red; Figure 3.3) almost exclusively reflect samples from the turbidite sandstones in the Porangahau
Member and the Wanstead Formation, and is differentiated on an increased Si and Zr content,
consistent with the preferential partitioning of quartz and zircon in the coarse-grained (sand and

silt) sediment fraction (Garcia ef al., 1994).

The Upper Calcareous Member is dominated by Cluster 2 (green, Figure 3.3), and to a lesser extent,
the Porangahau Member and the Wanstead Formation. Cluster 2 is pulling out on the Mn, Sr and
Zn eigenvectors, and as these all form cations that substitute into the carbonate matrix, we suggest

that this cluster is differentiating (mildly) calcareous samples within these units.

Cluster 3 (blue; Figure 3.3) is almost entirely represented by samples from the Waipawa Formation,
with the Fe, As and Pb eigenvectors likely associated with the strong sulphide component of the
formation. Likewise, we suggest that the Ti and Al eigenvectors in Cluster 3 are representative of
the increased sedimentation rate relative to other units (as shown by Si/Al), and the Rb and K
eigenvectors responding to a shift in clay mineralogy across the formation (as shown by K/Al as
proxy for bulk clay mineralogy). This chemostratigraphic framework demonstrates that the
depositional conditions of the Waipawa Formation represent a broad deviation from the
background depositional trends of both the underlying and overlying Whangai and Wanstead

formations.

3.6.2  Redox Conditions
The deposition of black shale events represents a change in oceanographic conditions or
depositional setting, creating a deviation from the background sedimentary signal (Algeo, 2004).
This may be controlled by local upwelling, shifts in bottom water circulation, increased marine
productivity, changes in sedimentation rate and burial, or a combination of these factors (Arthur
& Sageman, 1994; Katz, 2005; Brumsack, 2006; Algeo & Maynard, 2008). Increased productivity
during the time of deposition of the Waipawa Formation has been suggested by some authors as
the cause for increased TOC (e.g. Killops ez al, 2000; Hollis ez al, 2014). Increased marine
productivity requires an influx of bioavailable nutrients (e.g., Fe, Mn), requiring either upwelling
to provide nutrient-rich waters or, alternatively, increased terrestrial discharge (Katz, 2005;

Brumsack, 2006). This is difficult to reconcile with the inferred paleogeography of the region
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during the Paleocene: a low-lying landmass with low erosion rates (Field & Uruski e# 4/, 1997; King
et al., 1999). In addition, paleo-productivity proxies (Ni/Al, Zn/Al, Cu/Al) considered in this study
suggest a minor increase in marine productivity and preservation (Figure 3.9). Proxies for marine
productivity and organic matter accumulation (Ni, Cu, Co, and Pb) show little relative enrichment
or depletion between the Whangai, Waipawa and Wanstead formations (Figure 3.5; Table 3.1), yet
there is significantly lower preservation of TOC in the Whangai and Wanstead formations. This
indicates that a similar degree of marine productivity was present throughout the deposition of the
Whangai, Waipawa and Wanstead formations. However, sediment accumulation rates (shown by
Si/Al) show an increase during deposition of the Waipawa Formation, consistent with the changes
in sedimentation rates across the Waipawa Formation determined by Hollis ez 2/ (2014). Increased
sedimentation rates in the Waipawa Formation (shown by decreased Si/Al), suggest that the
elevated terrigenous flux was associated with increased supply of terrestrial organic matter shown
by palynomorph studies of the Waipawa Formation (Clowes, in review). Therefore, the increased
terrigenous sedimentation was accompanied by high terrestrial organic matter export, burial and
preservation in slope-basin sediments. As Si/Al track an increase in sedimentation rate through
the Waipawa Formation, enhanced organic matter preservation can be attributed to reduced
oxygenation, as well as increased settling velocities and rapid burial preventing organic matter

degradation.

3.6.3  Paleo-depositional setting

The broad distribution of the Waipawa Organofacies around the proto-New Zealand subcontinent
suggests a regional influence for the deposition of organic-rich mudstone in shelf-slope sediments
during the late Paleocene. Therefore a change in oceanographic conditions is the most plausible
scenario for a regional change in depositional conditions that resulted in the deposition of the
Waipawa Organofacies. Recently, two authors have suggested that a regression in eustatic sea level
(e.g., Schioler ez al., 2010; Hollis ¢z al., 2014) at this time may have been the causal mechanism. This
would be consistent with increased sedimentation rates across the Waipawa Formation, whereby
terrigenous sediments largely bypass exposed shelf areas, resulting in increased sediment

deposition at bathyal depths.

The Upper Calcareous Member of the Whangai Formation is interpreted as being deposited during
a transgression (Hollis ez a/, 2014). Trace metal indices in the Whangai Formation indicate an oxic
water mass during deposition, suggesting that anaerobic respiration was restricted to pore fluids

below the sediment-water interface (Figure 3.10).
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Some authors have described the Waipawa Formation as a two-phase depositional event, with a
double pulse in TOC values (Killops 7 a/., 2000; Hollis ez al., 2014). Total organic carbon values
measured through the sections sampled in this study are variable, and the ‘double pulse’ trend is
not always apparent in the TOC data. However, there are two broad peaks present within HI,
S/TOC and U, data from this study (Figure 3.9), suppotting a two phase shift in
paleoceanographic conditions during deposition of the Waipawa Formation, superimposed with
variable preservation of organic carbon. In other coeval sections (for instance, Mead Stream) there
is a very conspicuous double occurrence of black mudstone (Strong ez al., 1995; Hollis ez al., 2005a,

b; Hines ¢# al., 2013).

A fall in eustatic sea level during the Late Paleocene is recorded in the Cenozoic sea level records
of Haq et al. (1987), Hardenbol (1998) and Schmitz ez a/. (2011), with decreases in eustatic sea level
across the known age range of the Waipawa Formation (59.4-58.7 Ma; Hollis ef al, 2014)
corresponding to the Sel2/Th1 and Th2 sequence boundaties in the European succession (Hollis
et al., 2014). Estimates of the magnitude of this sea-level fall vary between ~12 and >50 m (Hollis
et al., 2014 and refs therein). This relative fall in sea level that coincided with the deposition of the
Waipawa Formation, may have resulted in the exposure of large portions of the shelf.
Consequently, terrigenous sediment largely bypassed shelf areas, increasing the delivery of
terrestrial organic matter and increased nutrient flux to distal margins of the basin (Figure 3.10).
The increased nutrient flux amplified marine productivity, increasing aerobic respiration in surface
waters and creating an enhanced oxygen minimum zone, thereby facilitating the increased export
of organic carbon and trace elements to the seafloor. The lithological contact between the Whangai
and Waipawa formations is typically abrupt (over several centimetres); however, a gradual increase
is apparent in TOC, S and trace metals concentrations across 1-2 metres between the Whangai

and Waipawa formations, suggesting that this was a gradational transition.

The short-term sea-level record of Haq (2014) suggests a regression occurred c. 59.5 Ma, which
may correspond to or immediately precede the first ‘pulse’ of TOC in the Waipawa Formation.
This was subsequently followed by peak regression at c. 59.1 Ma, which assuming a linear
sedimentation rate through the Waipawa Formation (as per Hollis e a/., 2014), would correspond
with the middle of the Waipawa Formation where there is a notable decrease in reducing
conditions and TOC preservation. Redox conditions fluctuated between anoxic to oxic/dysoxic
during deposition of the Waipawa Formation. Full anoxia was only achieved within the Waipawa
Formation for two brief petiods (demonstrated by the double pulse in HI, U, Th/U, S/TOC),

and separated by a period of oxic to dysoxic conditions. Multiple records demonstrate that this is
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a widespread signal across the basin, supporting the concept of two regressive cycles through the

deposition of the Waipawa Formation.

There is a substantial increase in the HI of the Waipawa Formation relative to the enclosing
Whangai and Wanstead formations, indicating a significant increase in organic matter richness in
the Waipawa Formation. Surface water productivity may have been enhanced during deposition
of the Waipawa Formation due to increased rate of nutrient supply, indicated by HI values
increasing from ~100 mg HC/g TOC in the Whangai and Wanstead formations to ~350 mg HC/g
TOC in the Waipawa Formation (e.g., R6hl & Schmid-Réhl, 2005). This is supported by a degree
of covariance between paleoproductivity proxies (Ni/Al, Zn/Al and Cu/Al) and TOC (e.g. Figure
3.9). Oxygen supply may have been further depleted by biochemical demand for respiration and
decomposition (Katz, 2005), meaning that the rate of organic matter supply exceeded oxygen
supply in the basin, further exacerbating reducing conditions during deposition of the Waipawa
Formation. The high HI and high TOC of the Waipawa Formation is consistent with shales
deposited in a dysoxic to anoxic setting, resulting in increased preservation of Type-II kerogen
(Tyson, 2005). The mixed Type-II and Type-1II kerogen in the Waipawa Formation indicate a
mixed marine algal- terrestrial plant organic matter source. Strongly enriched S concentrations,
S/TOC relationships and calculated TOCor values imply that as much as 40-50% of the original
organic matter was reduced on the seafloor. Increased organic carbon export to the seafloor under
reducing conditions promotes microbial anaerobic reduction, resulting in the formation of free
hydrogen sulphide, which is sequestered into the formation of authigenic sulphide phases in
association with Cu, Fe, Pb, Ni, Cr and Mo (Figure 3.10). This in turn remineralises trace metals

exported in association with organic complexes.

The abrupt transition from the Waipawa Formation into the Wanstead Formation marks marine
transgression and a return to fully oxic conditions within the basin and sediments. Sedimentation
rates during deposition of the Wanstead Formation were substantially lower than during
deposition of the Waipawa Formation, and, as such, pervasive bioturbation of sea floor sediments
resulted in the depletion, and cycling back into the water column of many trace element species,
along with the near-complete degradation of organic matter, with preservation of only residual

inert Type-IV kerogen (Figure 3.10).
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Figure 3.10: Depositional model for the Whangai, Waipawa, and Wanstead formations and the corresponding redox

conditions during sediment deposition. OMZ = oxygen minimum zone, OM = organic matter, TOM = terrestrial

organic matter, MOM = marine organic matter, TE = trace elements. A). Increasing oxidation of marine organic

matter with depth and further reduction at or below the sediment water interface results in the cycling of most trace

elements back into the water column. B). Increased nutrient flux causes increased marine organic matter production

in tandem with terrestrial organic matter influx, resulting in an enhanced oxygen minimum zone. This promotes the

preservation and delivery of organic matter to the seafloor, and anoxia at or below the sediment-water interface, C).

Drawdown of marine organic matter through fully oxic conditions results in near-complete oxidation degradation of

Type II and 1T kerogen. Any remaining organic matter is further degraded by pervasive bioturbation in conjunction

with slow sedimentation rates.

3.7 Conclusions

The application of pXRF instrumentation to multiple sample suites through the latest Cretaceous—

Paleocene succession of the East Coast Basin has generated a substantial amount of major and

trace element data to assess the redox conditions during deposition. When compared to laboratory-

based instrumentation, pXRF typically produces accurate measurements of many major elements
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and trace elements, even at low concentrations, and proves to be a useful tool in the geochemical
assessment of mudrocks. Across the six sections sampled and analysed in this study, PCA based
on elemental data yields a consistent chemostratigraphic subdivision that differentiates the

Waipawa Formation from the Whangai and Wanstead formations.

Redox proxies for the Whangai Formation show that it was deposited beneath an oxic water
column, with a low to moderate sedimentation rate and terrigenous influx that included terrestrial

organic matter.

Decreased Si/Al values show that sediment accumulation rates increased during deposition of the
Waipawa Formation. Redox proxies (Th/U, Uwwm, S/TOC) show two pulses of reducing
conditions in the Waipawa Formation, which fluctuated between states of anoxic to dysoxic
conditions in tandem with short-term changes in sea-level, with peak anoxia and organic carbon
preservation coinciding with sea-level fall and regression. We infer that during regression, increased
exposure of the shelf and sediment bypassing resulted in increased sediment and nutrient flux to
the sites of Waipawa Formation accumulation, thereby increasing surface water productivity, and
expansion of the oxygen minimum zone, as well as increasing both the burial rate and the volume

of terrestrial organic carbon exported to the sea floor.

The overlying Wanstead Formation accumulated under slow sedimentation rates, with pervasive
bioturbation and fully oxic conditions resulting in low TOC values comprised of Type-IV (inert)

kerogen and trace element enrichment factors that deviate little from average shale values.

Changes in sea level explains the broad distribution of the Waipawa Formation, both within the
basin and throughout the Southwest Pacific. Sea level regression accounts for the influx of
increased terrestrial organic matter and increased sedimentation rates, particularly during a period

of passive margin sedimentation in the New Zealand sector of the Southwest Pacific.
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Chapter Four
DEPOSITIONAL FRAMEWORK FOR THE WAIPAWA FORMATION,

EAST COAST BASIN, NEW ZEALAND:

The information available in the case of Gisborne [and the East Coast region] is practically linited to the
classification of strata in a few areas and some general speculations in geology. .. Compared with Taranaki and
the Kotuku and Lake Brunner districts, Gisborne is exceedingly difficult conntry in which to conduct survey

works. My summary of the survey results is, consequently, not quite satisfactory.

—J. D. Henry of the Colonial Oil Authority in: Oil Fields of New Zealand (1911).

View overlooking the Mead Stream gorge from Mead Hill. The range crest marks the

approximate position of the Waipawa Formation.
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PREFACE TO CHAPTER FOUR

The Waipawa Formation forms an important, isochronous surface across the Fast Coast Basin,
and the wider Southwest Pacific, allowing direct correlation of the sequences across the various
facies associations of the East Coast Basin, as well as forming a distinctly recognisable, pre-

Neogene timeplane across the basin, which has utility in tectonic reconstructions.

Despite significant interest as a petroleum source rock, the depositional conditions of the
formation have been widely debated. In particular, the application of a sequence stratigraphic
interpretation across the Waipawa interval has required a multi-disciplinary study to assess the
deposition conditions of the Waipawa Formation and correlatives within, and beyond, the East
Coast Basin, presented here. Chapter Three acts as a detailed case study through the Whangai,
Waipawa Formations in six specific sections. This chapter expands beyond these sections,
focussing primarily on changes in the Waipawa Formation across the various facies association sin

the East Coast Basin.

This chapter has been prepared in manuscript format for submission to the journal Marine and
Petroleum Geology, and as such, follows formatting and structural conventions in line with the
submission requirements of this journal. The development of this manuscript has been a

collaborative process, with the contribution of the co-authors outlined below:

o  Ben Hines — Measured sections, sample collection and preparation, bulk rock portable XRF

analyses, data interpretation manuscript preparation.
o James Crampton — Project supervision, editorial process.
e  Kyle Bland — Project supervision, editorial process.
o Michael Gazley — Provision of portable XRF instrumentation and standards, XRD analyses.
e Katie Collins — Editorial process, portable XRI analyses.
®  Yulia Uvarova — XRD analyses.
o  Todd Ventura — Source Rock Analyses.
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4.1 Introduction

The East Coast Basin is situated along the eastern margin of New Zealand’s North Island, from
East Cape, through to the Kaikoura Peninsula in the South Island (Figure 4.1). It covers
approximately 75,000 km®, half of which lies offshore. It is bounded to the west by the NE-SW-
trending axial ranges of North Island, and extends eastwards offshore to the Hikurangi Subduction
Margin. The basin itself has been partially uplifted by modern convergent tectonics; present-day
elevations area are up to 2880 m above sea level, and water depths of offshore parts are in places
more than ~1000 m. Sedimentary fill within the basin ranges from Early-mid-Cretaceous through
to the Quaternary, and is on the order of 10,000 m-thick in the thickest and most complete sections

of the basin (Grindley, 1960; Field & Uruski e# al., 1997).

Oil and gas seeps are common across the East Coast Basin, with more than 300 seeps documented
within the onshore portion of the basin (e.g., McLernon, 1978; Francis, 1992, 1994, 1995; Francis
& Murray, 1997; Francis ¢ al., 2004; Ventura ez al., 2014). Sixty-two wells have been drilled onshore,
and only three offshore. Despite the large number of seeps across the basin, none of these wells
have proven to be productive, although oil and gas shows have been encountered in several wells.
Analysis of outcropping potential source rocks of late Paleocene age suggest their thermal
maturities are just below the oil window in most places, although in the subsurface, burial depths
indicate that source rocks may be in the oil window, or have passed through it (Leckie ez a/, 1992).
However, most wells are too shallow to encounter this interval, with only a handful wells reaching

strata older than Neogene.

These late Paleocene source rocks termed the Waipawa Formation (Hollis ef a/., 2014), have been
extensively studied in terms of source rock potential and organic geochemistry (e.g. Moore, 1988a,
Moore, 1989a; Field & Uruski e al., 1997; Killops et al., 1997, 2000; Rogers ¢t al., 2001; Schioler ez
al., 2010; Hollis et al, 2014; Ventura et al, 2014). However, depositional conditions and
environments are poorly characterised, with a wide range of paleoenvironmental interpretations
and varied paleoredox conditions ascribed to the formation. Deeper marine, distal facies
associations of these source rocks in the southern Wairarapa and Marlborough regions form
important analogues for understanding the source potential and petroleum systems of the adjoining

Pegasus Basin (Uruski & Bland, 2010; Hines ez a/., 2013; Bland ez al., 2015).

In the East Coast Basin (Figure 4.1), thick siliceous to slightly calcareous hemipelagic mudstones
of the Late Cretaceous to Paleogene sequence are divided by the relatively thin (~1.5-70 m thick),
but distinctive Waipawa Formation. This is underlain by the Whangai Formation and its various

members, and overlain by the Wanstead Formation. The Waipawa Formation forms a distinctive,
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approximately isochronous stratigraphic plane across the East Coast Basin, making it particularly
useful for identification of facies associations, as a marker horizon in sequence stratigraphic

interpretations, and for identifying potential piercing points in tectonic reconstructions.
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Figure 4.1: Location of outcropping Cretaceous and Paleogene strata in the East Coast Basin, and the
location of source rock analyses, foraminiferal samples and measured sections referred to in text. Inset:
Map of the Southwest Pacific showing the distribution of the Waipawa Organofacies (modified from
Killops et al. 2000; Hollis e a/. 2014). Base map data sourced from Heron (2014). Key to abbreviations;
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ECB = East Coast Basin, RB = Raukumara Basin (pink), PB Pegasus Basin (purple), TB = Taranaki
Basin, NB = Northland Basin, GSB = Great South Basin, CB = Canterbury Basin, WCB = West Coast
Basin; 1172 = ODP Site 1172

4.1.1  Geological Setting

The Late Cretaceous-Paleogene stratigraphic succession of the East Coast Basin has a general
fining-upwards trend, and records the cessation of Mesozoic subduction, followed by thermal
subsidence and the onset of passive margin sedimentation (Moore, 1988b; Field & Uruski e al.,
1997; King ez al., 1999; King, 2000b). This first-order depositional sequence was interrupted by the
inception of the modern Hikurangi subduction margin in the Late Oligocene to Early Miocene
(King, 2000b; Nicol e al., 2007). The western edge of the basin has been uplifted and exposed as
a fore-arc basin-accretionary wedge complex during subsequent Neogene deformation, providing
exposures of the Late Cretaceous to Paleocene strata examined in this study (Pettinga, 1982;
Berryman, 1988; Ballance, 1993a; Lewis & Pettinga, 1993; Field & Uruski ez al., 1997; Nicol ef al.,
2007).

The basement of the East Coast Basin primarily consists of Triassic to latest Early Cretaceous
metasedimentary rocks of the Torlesse Supergroup, which were deposited along with associated
volcanics in probable deep marine basins adjacent to the eastern Gondwana subduction margin
(Moore & Speden, 1979, 1984; Field & Uruski e al., 1997; Mortimer e7 al., 2014). Subsequently,
sedimentation in the basin during the Late Cretaceous was dominantly marine sandstones and
mudstones in environments ranging from shelfal to lowermost slope settings, with sediments in
the eastern portion of the basin likely representing infilling of one or more trench-slope basins in

the stalled eastern Gondwana subduction system (Crampton, 1997).

The Upper Cretaceous to Oligocene sedimentary succession consist of variably siliceous and
calcareous mudstone with localised occurrences of glauconitic sandstone and turbidite sequences
(Moore, 1988b, 1989). This period is believed to have been tectonically stable, representing a time
of quiescence and passive margin sedimentation, although there may have been instances of
localised tectonic activity (e.g. Moore, 1980, 1989b; Isaac & Mazengarb, 1994; Crampton & Laird,
1997; Hines e# al., 2013). The late Piripauan to Teurian Whangai Formation is 100 to 500 m thick
and occurs throughout the east coast (Moore, 1988a), with the Herring, Woolshed and Conway
formations identified as correlative units in the Marlborough region (Crampton e al., 2003, 2000).
Further afield, lithologically similar correlatives have been identified in New Caledonia, DSDP sites

207 and 275, Northland, and the Canterbury and Great South Basins (Crampton, 1988; Moore,
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1988a; Laird, 1992; Isaac ez al., 1994; Isaac e al., 1996; Field et al, 1997, Maurizot, 2011). Despite
being largely homogeneous in appearance, the Whangai Formation has been subdivided into
several lithofacies-based members across its lateral and vertical extent in the East Coast Basin: the

Kirk’s Breccia, Rakauroa, Upper Calcareous, Porangahau and Te Uri members (Figure 4.2; Moore

¢t al., 1986; Moore, 1988a; Field & Uruski ez al., 1997).

Whangai Formation is overlain by 10-50 m of brown-black, micaceous Waipawa Formation, of
late Paleocene age. The Waipawa Formation is a regionally-extensive unit, and has been identified
in Northland, offshore Taranaki Basin, and Marlborough, with the correlative Tartan Formation
in the offshore Canterbury and Great South Basins (Isaac ef al, 1994; Isaac ¢ al., 1996; King &
Thrasher, 1996; Killops ez al., 1997, 2000; Schioler ez al., 2010; Hollis ez al, 2014). Waipawa
Formation was originally defined from onshore outcrops in eastern North Island, where it typically
comprises pootly-bedded, dark-brown to grey to brownish-black carbonaceous mudstone with
moderate to high total organic carbon (TOC = 0.5-13%), and a positive shift in 8"°C (Moore,
1988a, 1989; Rogers ez al, 2001; Hollis e al, 2014). However, the definition of the Waipawa
Formation has been extended to include dark-grey, siliceous, organic-rich mudstones in
Matrlborough (Hollis ez al., 2005a, b), and Northland, New Zealand (Isaac ¢ al, 1994; Hollis ez al.,
2000), and dark-coloured mudstones of Paleocene age encountered in offshore petroleum wells in
the Northland, northern Taranaki, and Canterbury-Great South basins, as well as beneath the East
Tasman Rise (Figure 4.1). All of these occurrences of Waipawa Formation-like rocks have been
recently referred to collectively as the “Waipawa Organofacies” (Figure 4.1; Schioler ez al., 2010;
Hollis ef al, 2014). Organic carbon isotopes and TOC enrichments across the Waipawa
Organofacies display a distinctive ‘double pulse’ of what is inferred to represent enhanced organic
carbon preservation (Leckie ez al., 1995; Hollis ez al., 2014). Existing biostratigraphic data suggest
that deposition of the Waipawa Organofacies in the East Coast Basin occurred in the upper part
of NZP5 Dinoflagellate Zone and calcareous nannofossil zones NP5-NP7, indicating a Selandian
to Thanetian age (late Paleocene), and likely restricted to 59.4-58.7 Ma (Crouch e al., 2001; Hollis
et al., 2014; Kulhanek e 4/, 2015). In some parts of the Fast Coast Basin, correlative facies of the
Waipawa Formation have been identified in the upper Te Uri Member in the Western Sub-belt
(Rogers et al., 2001), within the Kaiwhata Limestone at Pahaoa River mouth (Tayler, 2011;
Kulhanek e¢f a/., 2015), and within the Mead Hill Formation in Marlborough (Strong e# al., 1995;
Hollis ef al., 2005). Correlatives of the Waipawa Formation have also been identified in sections
along the southeastern Wairarapa coast (Hines e a/, 2013) in association with Paleocene
limestones. The infaulted Paleogene sedimentary succession cropping out on the Wairarapa coast

has been interpreted as an allochthonous block that likely provides the closest analogue of the
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sedimentary succession in the offshore Pegasus Basin (Moore, 1988a; Uruski & Bland, 2010;
Adams ef al.,, 2013a; Hines et al, 2013; Bland ez al., 2015). The offshore extent of the Waipawa
Formation in the East Coast Basin is unknown, as exploration wells have yet to penetrate the
Paleogene succession (Schioler ef al, 2010). No evidence of the Waipawa Formation has been
identified offshore in the East Coast Basin, although this interval is likely removed by a sedimentary

hiatus or unconformity in ODP Site 1124 on the Hikurangi Plateau (Davy e7 a/., 2008).

In much of the northern part of the East Coast Basin, the Waipawa Formation is overlain by Upper
Paleocene to Upper Eocene Wanstead Formation, a smectitic, micaceous, calcareous, often highly
bioturbated mudstone with isolated occurrences of micritic limestone and glauconitic sandstones.
Although Wanstead Formation slumps readily in outcrop, and as such, is poorly exposed, its
stratigraphic thickness is estimated to be between 100 and 500 m (Cole e 4/, 1992). Wanstead
Formation is truncated locally by Oligocene and Miocene unconformities. The Whangai-Waipawa-
Wanstead succession grades laterally southward into the Awhea Formation and the Kaiwhata and
Mungaroa Limestones in Wairarapa, and then into the Mead Hill Formation and Amuri Limestone

in Marlborough.

From the Late Oligocene to Recent, the East Coast Basin has been tectonically active, and
consequently has been deformed extensively and re-oriented following the inception of the
Hikurangi Subduction Margin through the basin in the Late Oligocene to Early Miocene. Miocene
strata in the East Coast Basin vary in thickness from 2000 m to 8000 m, and consist of mudstones
and turbiditic sandstones (Grindley, 1960; Field & Uruski ez a/., 1997; Begg & Johnston, 2000; Lee
& Begg, 2002). There are several Miocene and Pliocene slope and forearc basins, which typically
have dimensions of 30 km by 10 — 20 km, likely formed near the trench-slope break (Pettinga,
1982; Neef, 1992; Lewis & Pettinga, 1993). The Miocene-Pliocene boundary is typically
represented by an unconformity, above which there is a general shallowing trend. In the Hawke’s
Bay-Wairarapa, the Pliocene to Pleistocene is represented by shelfal mudstones and shallow marine

coquina limestones (Beu ¢z a/, 1980; Beu, 1995; Field & Uruski e al., 1997; Bland e al., 2013).

Figure 4.2: Lithostratigraphic and chronostratigraphic framework for the late Cretaceous to early
Eocene East Coast Basin. Measured sections from this study and Moore (1988a). Inset shows key
measured sections from Figure 4.1 and Figure 4.4, and the location of the section line. ATF = Adams-
Tinui Fault, UCM = Upper Calcareous Member, TUM = Te Uri Member. Base map data sourced from
Heron (2014). New Zealand stage abbreviations: Mp = Piripauan, Dw = Waipawan, Dm =
Mangaroapan, Dh = Heretaungan. International Stages: San. = Santonian, Maast. = Maastrichtian, Sel.

= Selandian, Than. = Thanetian.
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4.2 Methods

The mechanism for carbon drawdown and enrichment in the Waipawa organofacies has not been
satisfactorily explained, and models are variable, or focused on disparate aspects of the depositional
system. Likewise, the type and quality of kerogen has not been satisfactorily explained by previous
models, particularly with regard to the depositional environment of the Waipawa organofacies in
the East Coast Basin. To address variability in previous interpretations, we apply a multidisciplinary
approach to characterising source rock potential, paleo-redox conditions, environmental
conditions, including depth and depositional environment, to provide an integrated model of
depositional mechanisms. Multiple methods were applied to several measured sections to
determine these characteristics, including foraminifera and ichnofacies assemblage characterisation
to determine paleobathymetry, bulk rock inorganic geochemistry (portable X-ray florescence,
pXRF; X-Ray diffraction, XRD) and organic chemistry (source rock analyses; SRA) to characterise
paleo-redox states, sediment composition and relative accumulation rates, sediment provenance
and source rock characteristics. This allows the characterisation of facies and depositional
architecture for the Waipawa Formation and associated lithofacies (and organofacies), in a rigorous

and consistent framework.

Five sections of typical Waipawa Formation (Old Hill Road, Taylor White, Angora Stream,
Kerosene Bluff and Triangle Farm) from Hines ¢ 2/ (Chapter 3) have been used as a starting
dataset for the present study. The Hines e# a/. (Chapter 3) dataset comprises 372 pXRF analyses
and 100 SRA analyses. To these data, here we add a further 461 pXRF, 162 SRA and 66 XRD
analyses, from the five sections mentioned above and a further eight localities across the southern
Hawke’s Bay—Marlborough region (Table 4.1). An additional ten sections (Table 4.1) are included
in the dataset in order to geochemically characterise and encompass the various depositional facies

bracketing the Waipawa Organofacies within the East Coast Basin.
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Table 4.1: List of measured sections and number of analyses run. Section numbers refer to Figure 4.2. Key
to abbreviations: RAK = Rakauroa Member, POM = Porangahau Member, UCM = Upper Calcareous
Member, TUM = Te Uri Member.

Locality L(();‘?{l;.tzftilz\l)o. l\éan;/I ;igo Formation pXRF SRA XRD
Waimarama 5 W22/526439 Whangai (POM) 51 - -
Ongaonga Road V22/131337 Whangai (UCM) 15 - -
Old Hill Road 6 V24/162954 Whangai (POM) 55 24 -

Waipawa 16 11 -
Taylor White 8 U24/044767 Whangai (UCM) 9 8 10
Waipawa 44 36 20
Wanstead 25 12 10
Angora Stream 7 U24/051785 Whangai (RAK) 10 2 -
Whangai (POM) 8 3 -
Whangai (UCM) 12 15 -
Waipawa 6 6 -
Tawanui U24/969863 Whangai (TUM) 17 - -
Wanstead 1 - -
Big Saddle U26 760342 Whangai (UCM) 17 - -
Kerosene Bluff 12 U26/784331 Whangai (UCM) 19 17 1
Waipawa 40 40 1
Wanstead 1 1 1
Triangle Farm 13 T26/670291 Waipawa 25 13 3
Wanstead 21 7 5
Bull Gully U26/786326  Whangai (UCM) 26 -
Blairlogie Road 14 T26/647232 Waipawa 4 - -
Wanstead 5 - -
Pahaoa River 18 T28/373751 Kaiwhata Limestone 1 - -
Waipawa 8 - -
Wanstead 7 - -
Manurewa Point 19 S28/213638  Mungaroa Limestone 45 - 1
Waipawa 6 6 1
Pukemuri Stream S28/178615 Whangai (RAK) 96 - 1
Manurewa 10 - 1
Pukemuri Siltstone - - 1
Wanstead - - 1
Cleft Section S28/125566  Mungaroa Limestone 14 8 1
Waipawa 8 8 1
Te Kaukau Point 20 S28/126 565 Mungaroa Limestone 25 - -
Waipawa 10 10 -
Opouwae River S28/124570  Mungaroa Limestone 19 19 -
Waipawa 9 9 1
Woodside Creek P30/996192 Mead Hill - - 1
Benmore Stream P30 932164 Herring 8 - 1
Swale Stream P30/800189 Amuri Limestone - - 1
Mead Stream 21 P30/758160 Mead Hill 37 2 1
Waipawa 7 5 1
Amuri Limestone 8 - -
Branch Stream 030/685086 Amuri Limestone 85 - -
Kaikoura 031/668642 Herring 3 - 1
Total 833 262 66

196



4.2.1  Measured Sections and Sampling

Twenty-three sections in the East Coast Basin were sampled, located between Hawkes’s Bay,
Wairarapa, and Marlborough (Figure 4.1 & 4.2). Sections were measured using the tape and
compass method, with sampling resolution accurate to 0.05 m; bed thicknesses were restored to
true thickness trigonometrically. Twelve sections across the Waipawa Formation were measured
in detail with a typical stratigraphic sampling resolution of 0.2—0.7 m, including six sections in
Hawke’s Bay and Wairarapa across the Whangai-Waipawa-Wanstead transition, and described in
detail in Hines ez a/. (Chapter 3). In the measured sections, ~1 kg of fresh bulk rock was collected
at each sample interval by removing ~20 cm of outcrop surface. In some instances, a duplicate

sample of weathered material was collected from the same sample horizon.
4.2.2  Paleontology

Paleo-water depth estimates are based on selected benthic foraminifera species with calibrated
minimum upper depth ranges (Figure 4.3; Appendix 5). These calibrations are derived from several
sources, including the depth distribution of New Zealand Recent benthic foraminifera (Hayward,
et al., 2010), calibrated depth limits from New Zealand petroleum exploration wells (Hayward,
1986), and Deep Sea Drilling Project (DSDP) and Ocean Drilling Program (ODP) sites (Tjalsma
& Lohmann, 1983; Van Morkhoven e7 a/., 1986). Benthic foraminifera typically occupy a range of
depths, although the upper depth limit of a species can be a particulatly useful paleoenvironmental
and paleobathymetric tool (Van Morkhoven ez a/., 1986). In addition, benthic foraminifera can also
provide an indication of bottom water oxygenation (epifaunal species) and the oxygenation state

of seafloor sediments (infaunal species) (Kaiho, 1994).

Foraminiferal census data were recovered from 947 samples from the New Zealand Fossil
Record File (www.fred.org.nz), spanning the Whangai, Waipawa, Wanstead, Kaiwhata Limestone,
Mungaroa Limestone, Manurewa, Pukemuri Siltstone, Awhea, Huatokitoki, Amuri Limestone,
Teredo Limestone and Mead Hill formations. In reviewing the foraminiferal data from the late
Cretaceous to Paleocene East Coast Basin, foraminiferal faunas of various workers and vintages
were encountered, and careful vetting and editing of data was required in order to identify

taxonomic synonyms and obsolete names (H. E. G. Morgans, pers. Comms. 2016).
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Figure 4.3: Paleoenvironmental classifications used in text, along with calibrated bathymetric ranges of
benthic foraminifera species identified in the Cretaceous — Paleogene sediments of the East Coast Basin.
Paleodepth ranges from Tjalsma & Lohmann (1983), Hayward (1986), and Van Morkhoven et al. (1980).
Common foraminifera species from the Cretaceous — Paleogene East Coast Basin, with broad

environmental preferences are included in Appendix 5. Paleodepth divisions from Morgans (2009) and

Hayward ez al. (2010).

4.2.3  Portable X-Ray Fluorescence

The pXRF data presented here were obtained by XRF analysis of 595 samples using an Olympus
Innov-X™ Delta pXRF unit with a 1040 kV (10-50 pA) Rh X-ray tube and a high-count rate
detector. Portable XRF methods follow those of Hines e a/ (Chapter 3), and are consistent with
the approaches applied in Fisher ez 2/ (2014) and Gazley and Fisher (2014). Samples were washed
in distilled water to remove any adhering detritus and oven dried for 72 hours at 50 °C. They were

then crushed using a Boyd Crusher with a 2 mm plate gap. The <1 mm sieved fraction was

198



presented to the pXRF unit covered with polyethylene-free Glad Wrap™. Analyses of Glad
Wrap™ placed over a SiO; blank showed that no contamination resulted from this medium.
Standards were run every 20 samples to allow the pXRF unit to be re-calibrated; they were a variety
of research-grade, matrix-matched standards processed using the same analytical procedures as for
the samples. Standards used were: BCS 267, BIR-1, G-2, GSP-1, JG-1 and PCC-1 (these are the
same as utilised by Hines ez 2/ (Chapter 3), which resulted in good correlations between laboratory
and corrected pXRF data). The analytical uncertainty on each analysis is a function of run-time.
To limit this uncertainty, but still maximise throughput, the total analysis time was set to 60 seconds
(30 seconds per beam). Analytical uncertainties were typically = 3% as reported by the pXRF unit.

To check for contamination, SiO; blanks were analysed periodically.

Repeat analyses of the six standards were systematically collected during the analytical run, and
show that the pXRF unit was very stable throughout. The median value for these standards was
used to calculate a correction factor for each element. For most elements this took the form of y
=mx + ¢ (where m is the slope and ¢ is the offset); however, for some trace elements that have
values that converge on 0, a y = zx correction is often more appropriate (Fisher ez al., 2014). These
standards were also used to calculate a lower limit of quantification (LOQ) following the approach
of MacDougall and Crummett (1980), utilising repeated standard analyses. The majority of
elements analysed return values above the lower limit for quantification (LOQ). These values are
presented in Appendix 5, along with summary statistics for each element in the dataset (Appendix

5).
4.24  X-Ray Diffraction

A total of 66 samples were analysed by XRD in order to determine bulk rock modal mineralogy.
This included a combination of detailed sampling in the Taylor White section, and spot samples
from various localities (Table 4.1). X-ray diffraction (XRD) spectra of powdered samples for modal
mineralogy were collected with a Bruker D4 Endeavor instrument fitted with a Co tube, Fe filter,
and a Lynxeye position-sensitive detector, situated at the Australian Resources Research Centre,
CSIRO, Perth, Australia. The measured 2-0 range was 5-90°, with a step size of 0.02° and a

divergence slit of 1°.

4.2.5  Source Rock Analysis

Prior to this study, source rock analyses of the potential source rocks of the Whangai and Waipawa

formations was limited to 172 analyses (Ventura et al, 2014), largely from Moore (1988a) and
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Leckie ez al. (1992). With the exception of a few studies (e.g., Leckie ef al, 1992; 1995; Hollis 7 al.,
2014), these source rock analyses have been limited to reconnaissance-scale spot sampling across
the basin. Sampling and analyses conducted for the present study has resulted in 226 new,

stratigraphically constrained source rock analyses from eleven measured sections.

Pyrolysis measurements were made using a Source Rock Analyzer (SRA) from Weatherford
Laboratories housed at GNS Science, Lower Hutt, New Zealand. Approximately 100 mg of
powdered rock were used for each bulk pyrolysis sample measurement. The pyrolysis program was
set with the sample crucible entering the pyrolysis oven, where it was held at 300°C for 3 minutes
under a continuous stream of He carrier gas at a flow rate of 100 ml/minute. This was followed
by a 25°C/minute ramp to 650°C. The S1 and S2 signal intensities were recorded with a Flame
TIonization Detector operated under a 65 ml/minute stream of H, gas and 300 ml/minute air. The
pyrolysis cycle was then followed by an oxidation cycle performed at 630°C for 20 minutes, during
which time the oven and crucible were flushed with dry air at 250 ml/minute. The generated
carbon monoxide and carbon dioxide gases were measured by the instrument’s infrared cells. All
sample sequences were run with three IFP 160000 analytical standard replicates (from Vinci
Technologies, Institut Francais du Pétrole) placed at the beginning, middle, and end of each sample

sequence. Each sample sequence comprised 25 samples.

Important parameters derived from the source rock analyser include the S1 peak, which shows the
volatile portion of geologically generated bitumen, the S2 peak, which shows the bitumen that
would be generated if burial and maturation continued, Trmas, which provides an estimate of thermal
maturity of the rock, hydrogen index (HI) which allows the type of organic matter to be estimated,
and the oxygen index (OI), which allows the thermal degradation of the kerogen to be estimated
(Carroll & Bohacs, 2001).

Immature kerogen types can be determined using HI values, whilst in samples that have entered
the oil window, kerogen type can be distinguished using a cross-plot of HI and O, referred to as
a pseudo-van Krevelen diagram, or using a cross-plot of HI vs T (Carroll & Bohacs, 2001).
There are four kerogen types, which reflect the organic matter type and the generative potential of
the kerogen (Carroll & Bohacs, 2001). Type I kerogen is characterised as being derived from
lacustrine algal matter. Type II kerogen is a derived from marine organic matter, primarily algae.
Type III kerogen has a terrestrial source, and is dominantly plant derived. An additional kerogen

type, Type IV refers to inert, oxidised organic matter that has little to no volatile matter remaining.
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4.3 Results
4.3.1  Stratigraphy and Sedimentology

The Waipawa Formation is typically a dark-brown to grey-black, micaceous, siliceous, non-
calcareous, massive to weakly-bedded siltstone. The formation varies from 5 to 70 m-thick across
the basin (Figure 4.4). Framboidal pyrite is common in thin-sections of the Waipawa Formation,
and jarosite and gypsum are commonly observed on weathered outcrop surfaces (Appendix 5).
Greensands are commonly associated with the Waipawa Formation, either as discrete beds within
the formation (e.g. Okau Stream), or immediately underlying or overlying the formation (e.g. Otane
Stream, Taurekaitai Stream, Mangatarata Valley; Mangawarawara Stream; see discussion). The base
of the formation is typically gradational with the Upper Calcareous Member of the Whangai
Formation, although in some localities it unconformably overlies Rakauroa Member (e.g. Rakauroa
Stream, Taurekaitai Stream, Mangawarawara Stream) or disconformably overlies the Porangahau
Member (e.g. Old Hill Road, Waimarama; Figure 4.4). In many outcrops the top of the formation
is marked by an unconformable surface. Deformed beds, presumably formed by syn-depositional
slumping, have been observed within the Waipawa Formation or sedimentary rocks immediately
underlying the Waipawa Formation, in multiple localities (e.g. Old Hill Road, Kaiwhata Stream, Te
Mai; Moore, 1989a; this study). Bathysiphon sp. foraminifera are common in the Waipawa
Formation, and rare, largely decalcified and fragmentary bivalves and gastropods have been
recovered (e.g. Moore, 1988a; Clowes ¢7 al., 20106). Bioturbation is common and often pervasive in

the formation, although it is often indistinct meaning individual traces are rarely identifiable.

The southeast Wairarapa coast between Glenburn and Te Kaukau Point contains outcrops of dark-
coloured mudstones and shales within mid- to late Paleocene micritic limestones of the Kaiwhata
and Mungaroa Limestones. Along with dark mudstones at Mead Stream Marlborough, these dark-
coloured rocks have been correlated with the Waipawa Formation on the basis of age and organic
carbon content (Hollis e a/., 2005a, 2014; Hines ¢ al., 2013; Kulhanek ¢7 a/., 2015). These sections
include Pahaoa River Mouth, Manurewa Point, Opouwae River mouth and Te Kaukau Point, and
are typically only 1-3 m-thick (Browne, 1987; Hollis & Manzano-Kareah, 2005; Hollis e a/ 1998
[unpub], Tayler, 2011; Uruski & Bland, 2010; Hines, 2012, 2015; Hines e a/., 2013; Hollis ez al.,
2014; Kulhanek ez al., 2015). Centimetre to dm-bedding and lamination are present at Pahoa River
mouth, Manurewa and Te Kaukau points, and Mead Stream. Large (<8 cm) pyrite nodules and
pyrite infilled Ophiomorpha burrows are reasonably common the Waipawa Formation at Te Kaukau

Point (Appendix 5).

201



The uppermost beds of the Te Uri Member of the Whangai Formation have been geochemically
correlated with the Waipawa Formation based on increased TOC and a positive 8"°Co,, excutsion
relative to underlying sedimentary strata (Rogers ez a/., 2001; Hollis ¢ al., 2014). The Te Uri Member
is typically comprised of poorly-bedded glauconitic sandstone and mudstone, and varies from 5 to
40 m thick. Sedimentary structures include tool marks, cross-bedding and bioturbation (Leckie ez

al. 1992; this study).

4.3.2  Paleo-water depth Determinations

Foraminifera

Foraminiferal assemblages in the Whangai and Waipawa Formations are dominated by low-
diversity, dominantly agglutinated faunas. Paleo-depositional depths of the Whangai Formation
vary across the lateral extent of the basin. At Te Hoe River, a locality interpreted to mark the
paleoshoreline in the Late Cretaceous (Piripauan; Isaac e a/, 1991), foraminifera from the latest
Cretaceous to Paleocene Rakauroa and Te Uri members (e.g., Ammodiscus cretaceons, Bolivinopsis
spectabilis) favour depositional depths between 200 and 500 m. Further north in the East Cape area,
these depositional depths are better constrained to between 500—600 m in the Rakauroa and Upper
Calcareous members, likely representing a deepening trend to the northeast. South of Te Hoe
River, in the southern Hawke’s Bay to northern Wairarapa regions, upper depositional depths for
the Whangai and Waipawa formations are constrained to between 400 and 600 m, largely based on
assemblages containing Dorothia oxycona, Alabamina sp. and Ammodiscus cretaceons. The Upper
Calcareous Member in the Whangai Range produces foraminifera-based paleo-water depth
estimates of ~200 m, shallower than the ~500 m paleo-water depths recorded for the Whangai
Formation elsewhere in the surrounding area (Figure 4.4b). Although foraminiferal faunas from
the Te Uri Member are poor, there is a notable reduction in inferred paleo-water depth from 500—
600 m to 100—-200 m between the Upper Calcareous Member and the Te Uri Member. Ichnofacies-
based paleo-water depth estimates from the Te Uri Member at Tawanui imply an outer shelf (200—
300 m) paleo-water depth (Leckie ¢# a/., 1992; see below), consistent with foraminifera-based depth
estimates, and notably shallower than strata of the same age outside of the Whangai Range. In
southern Wairarapa, paleo-water depth estimates for the Whangai Formation, Waipawa Formation
and the correlative Paleocene strata range between 600 and 1000 m, constrained to 800—1000 m
paleo-water depth in the Tora Block, based on assemblages containing Stensioina beccariiformis,
Nuttallinella florealis, Rzehakina epigona and Kalamopsis grzybowskii. Paleocene paleo-water depths from
the Mead Hill Formation and Amuri Limestone are estimated to be between 800 and 1200 m,

based on assemblages that include Szensioina beccariiformis, Nuttallinella florealis, and Rzebakina.
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Almost all of the foraminiferal taxa recovered from the Waipawa Formation are comprised entirely
of agglutinated forms, and are generally interpreted as opportunistic browsers or scavengers that
quickly occupy a niche when it becomes unfavourable for cosmopolitan, calcareous species (Jones
& Charnonk, 1985; Leckie e al., 1992). Across a north—south transect of 30 foraminiferal faunas
sampled from the Waipawa Formation, the minimum upper depth limit for foraminifera notably
decreases southwards. Despite the broad paleo-water depth ranges inhabited by many species
within these faunal assemblages, this provides some indication of changing paleo-water depth, as
bottom water anoxia and environmental stressors likely suppress the maximum depth limit of these
species. The poor faunas recovered from the Waipawa Formation likely resulted from syn-
depositional poor bottom-water oxygenation. Species that are found in Waipawa Formation faunal
assemblages are typically colonising species, the most obvious being Bathysiphon sp. The occurrence
of clusters of Bathysiphon tests in the Waipawa Formation is commonly noted (e.g. Moore, 1980,
1987b, 1988a, 1989a; Leckie e al, 1992, 1995; Appendix 5), although elsewhere they
characteristically occur in association with turbidite/flysh deposits (e.g. Hines e a/, 2013; Miller,
1995, 2005). The large Bathysiphon individuals observed in the Waipawa Formation (¢f B. boucoti)
preferred a seafloor environment receiving high-sedimentation and nutrients and are believed to
have been able to exploit a pulsed delivery of organic material in a lower bathyal setting (Miller,

2005).

There is a substantial deepening trend observed across the transition into the Wanstead Formation
(e.g. Hines et al., 2013). Eocene sections of the Wanstead Formation often yield well-preserved,
diverse deep-marine foraminiferal faunas (H. E. G. Morgans, pers. comms). Middle to Late Eocene
faunas from the Wanstead Formation and Amuri Limestone have been ignored in this study, as
they produce substantially deeper paleo-water depths than Teurian to Mangaorapan (Paleocene to
Early Eocene) faunas and are not relevant to understanding of the Waipawa Formation and

correlatives.
Bioturbation fabrics and Ichnofacies

An independent indication of paleo-water depth can be provided by trace fossil assemblages. The
Waipawa Formation, in places, demonstrates evidence of bioturbation, although typically traces
are indistinct and unidentifiable. However, the underlying units provide good indications of paleo-
water depth, particularly in the Porangahau Member at Old Hill Road and Waimarama, the

Mungaroa Limestone at Manurewa and Te Kaukau points, and the Te Uri Member at Tawanui.

Ichnofaunas of the Whangai Formation commonly include Planolites, Chondrites and Zoophycos,

particularly the Porangahau Member and the Upper Calcareous Member directly underlying
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Waipawa Formation, indicative of the Zogphycos ichnofacies (e.g. Ekdale, 1988). Trace fossils in the
Mungaroa Limestone at Te Kaukau Point and Manurewa Point are well characterised as belonging
to the deep marine Zogphycos to Nerites ichnofacies, indicating a mid-bathyal depositional setting
(Hines, 2012; Hines ez al., 2013), and these ichnofacies are generally characteristic of the Cretaceous
to Paleogene succession of the East Coast Basin. The depth ranges inferred for these ichnofacies
support the paleo-water depth interpretations provided by benthic foraminiferal assemblages. The
Zogphycos ichnofacies is typically developed in fine-grained sediments deposited in bathyal, oxygen-
depleted environments (Ekdale, 1985; Ekdale & Mason, 1988; Leckie ¢/ a/., 1992; Bromley, 1996;
Savrda e al., 2001; Algeo & Maynard, 2004).

The uppermost Te Uri Member is, in places, intensely bioturbated with Planolites, Thallasinoides,
Teichichus and Skolithos (Moore, 1987a; Leckie et al., 1992; Rogers ez al., 2001), taxa that characterise
the Cruziana ichnofacies. The occurrence of Zoophycos and Teichichnus bioturbation in the Te Uri
Member indicates an assemblage of opportunists that colonise inhospitable zones on the limit of
habitability (Bromley, 1990; Leckie ef al, 1992), and the Crugiana ichnofacies is inferred to be
indicative of outer shelf depths (Ekdale, 1985).

Depositional Model Development

Few outcrops of the Waipawa Formation expose both the upper and lower contacts. Because
Waipawa Formation is situated between the soft rocks of the overlying Wanstead Formation and
comparatively competent rocks of the underlying Whangai Formation, it tends to accommodate
deformation, in particular shearing and brittle deformation, between the two units. However,
where complete sections are observed (e.g. Taylor White, Old Hill Road), they appear to define a
distinct clinoform-like trend in stratigraphic thickness along an approximately north-south transect
(Figure 4.4). It is important to remember that this transect is likely to be orientated obliquely to
the paleo-slope, and that this trend may reflect the fact that the modern-day outcrop extent is
arrayed somewhat obliquely to original depositional strike. At Te Hoe River, there is 10 m of
Waipawa Formation overlying 10 m of Te Uri Member. Foraminiferal fauna here suggest that
depositional depths may have been as shallow as 200 m, which is consistent with the shallow- to
marginal-marine strata immediately underlying the 40 m of Whangai Formation at this locality. At
Kerosene Bluff, one of the easternmost Waipawa Formation localities, there is 70 m of Waipawa
Formation, with a depositional depth of 500-800 m. Further south, at Tora, the Waipawa
Formation is only 1.8 m thick and has a minimum depositional depth of 800 m. At the
southernmost outcrop of Waipawa Formation in the East Coast Basin, there is a 3 m-thick interval

in Mead Stream, with a depositional depth of 900-1500 m (Strong ez a/., 1995). Based on paleo-
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water depth and lithofacies associations, Waipawa organofacies in the Fast Coast Basin can be

divided into three distinct depositional facies:

1. Proximal Waipawa: Proximal Waipawa has a restricted outcrop distribution, identified only
at Te Hoe River and the Whangai Range. It is defined here as the uppermost beds of the
Te Uri Member cropping out in the Whangai Range that demonstrate a characteristic
positive 8"°C.y, excursion, and Waipawa Formation that was deposited in association with
the Te Uri Member (Te Hoe River) that has a comparatively shallow depositional depth
(200—400 m; likely outer shelf, Hollis e a/., 2014). The shallow-marine, clastic-starved Te
Uri Member, the ‘proximal’ Waipawa, which is characterised by thick (>5 m) sections, with
comparatively low-sedimentation rates, paleo-water depths of typically 200-600 m, and
which are underlain directly by Whangai Formation and overlain by Wanstead Formation.
Although the Te Uri Member in the Whangai Range is not strictly proximal, it shares a
characteristically shallower depositional setting with the Te Hoe River section (see
discussion).

2. Typical Waipawa: characterised by the ‘typical’ dark-coloured mudstones of the Waipawa
Formation deposited in association with the Whangai and Wanstead formations (e.g. as at
Taylor White, Angora Stream, Old Hill Road, Triangle Farm, Kerosene Bluff, Blairlogie
Road). Typical Waipawa Formation is characterised by a stratigraphic thickness of 10-50 m
in the Western Sub-belt, and depositional depths of 400-500 m. In the Coastal Block of
the Eastern Sub-belt, thicknesses range up to 70 m, although typically 50 m or less, and
have foraminiferal faunas that indicate depositional depths of 500-600 m, although
perhaps as much as 800 m in southern areas, such as Tora.

3. Distal Waipawa: characterised by thicknesses typically <5 m, paleo-water depths of
>800 m, and deposition in association with deep marine micritic limestones (e.g. Pahaoa
River, Manurewa Point, Te Kaukau Point, Opouwae River and Mead Stream). Across the
Adams-Tinui Fault, in the Tora Block of the Eastern Sub-belt, there is an abrupt change in
facies association from typical Waipawa to distal Waipawa, and depositional paleo-water
depths shift to 600—1000 m. Depositional depths at Tora, constrained by foraminiferal
faunas, indicate depths >800 m, whereas further south, at Mead Stream, the depositional
depth of the Waipawa Formation is between 9001500 m, likely in the range of 1000—
1200 m.
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Figure 4.4: Development of a depositional model for the Waipawa organofacies across the East Coast
Basin, produced through the compilation of thickness and paleo-water depth data. A) When arranged
by geospatial position, stratigraphic thickness and paleo-water depth, a distinct clinoform profile
emerges for the Waipawa Formation in a northeast—southwest transect of the Fast Coast Basin, as
highlighted by the orange polygon. Section numbers refer to locality numbers in Figure 4.2. Note that
there has been substantial early Neogene shortening across the Adams-Tinui Fault. B) Maximum and
minimum paleo-water depth constraints on the Whangai and Waipawa Formation across the East
Coast Basin. The orange polygon highlights maximum and minimum paleo-water depth constraints
for the Waipawa Formation determined from benthic foraminiferal faunas. C) Schematic depositional
model for the Waipawa Formation (shown in orange) in the East Coast Basin, showing the transition
from shallow, shelfal depositional facies, through to slope and basin-floor depositional settings.
Representative outcrops of the Waipawa Formation in the East Coast Basin are shown in relation to
their proposed depositional setting. C1) Te Uri Member of the Whangai Formation at Tawanui,
representing a correlative of the Waipawa Formation in condensed, shallow marine sections. C2)
Waipawa Formation at Taylor White, showing a thick section of massive, dark-coloured mudstone
characteristic of ‘typical’ Waipawa. C3) Waipawa Formation at Manurewa Point, where dark-coloured
mudstones are associated with turbiditic sandstones and micritic limestones, interpreted as a base-of-
slope setting. C4) Waipawa Formation at Mead Stream, interpreted to represent a bathyal, basin-floor

setting. Note the double layer of dark mudstone in photos C3 and C4 separated by micritic limestone.

4.3.3  Organic Chemistry

Proximal Waipawa, represented in outcrop by the uppermost Te Uri Member at Tawanui and the
Waipawa Formation at Te Hoe River, has TOC values of <0.5wt% and 1.16-3.1 wt %,
respectively (Rogers e al., 2000; Killops e al., 2001; Hollis e al., 2014). Typical Waipawa has variable
TOC content, usually in the range of 1.0-6.0 wt %, although sometimes as low as 0.5 wt. % (Figure
4.5), with the majority of samples analysed from the unit forming a distinct organic-rich group (2—
6 wt %). There is a negative relationship between T and TOC in the Waipawa organofacies
(Figure 4.5a). Thmax values for the Waipawa organofacies generally range from ~410-435°C (Figure
4.52), with typical Waipawa producing lower Tmu values (generally 400—435°C), than distal
Waipawa (generally 420—435 °C).

The recorded hydrocarbon concentrations are positively correlated with the organic matter
content; as such, the S1 and S2 (mg HC/g rock) parameters are positively correlated with TOC in
all sections (Figure 4.5B, 4.5C). The S2 peak can be used to assess the generative quality of a
prospective source rock. Proximal Waipawa has poor source rock characteristics, with an inert

kerogen source determined by bulk pyrolysis (Figure 4.5¢). Typical Waipawa produces a good to
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excellent, primarily gas and wet gas source rock, whereas distal Waipawa produces poor to fair, dry

gas-prone source rocks or an inert kerogen source (Figure 4.5c).

Samples from the Waipawa organofacies typically fall within the Type II to Type I1I kerogen fields

(Figure 4.5), indicating a mixed terrestrial-marine organic matter kerogen source. Proximal

Waipawa from the Tawanui produces low HI (73-89 HC/g TOC) and OI (33-200 mg CO./g

TOC) values indicative of a Type IV, inert kerogen source. Typical Waipawa produces a broad

range in HI (5-370 HC/g TOC) and OI (5-195 mg CO,/g TOC) values, indicating a range from

Type I to Type IV kerogen, though dominantly falling between the Type II and Type III fields

(Figutre 4.5d). Distal Waipawa generally has similar HI and OI values (2-100 HC/g TOC; 10-125

mg CO,/g TOC, respectively) to proximal Waipawa, indicating a Type IV kerogen.
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Figure 4.5: Source rock analyses of typical Waipawa (pale blue samples are from Hines ez a/., Chapter 3),

distal Waipawa (coloured circles) and all values measured for the Waipawa Formation as compiled in

Ventura ez al. (2014; open circles).
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4.3.4  Inorganic Chemistry

In paleo-redox studies, the chemical composition of bulk sediment, particularly trace element
enrichments, S—Fe—TOC relationships, and elemental indices, can be employed to distinguish past
depositional environments and paleo-redox conditions (Jones & Manning, 1994; Rimmer, 2004;

Brumsack, 2006; Rowe ¢7 al., 2008, 2012).
Sulphur — Iron — Carbon Relationships

Reduction of organic matter under reducing conditions leads to the formation and preservation of
iron pyrite, making S—Fe—TOC relationships particularly informative of paleo-redox conditions
and early stage sedimentary diagenesis. A number of trace elements that typically occur in enhanced
concentration in organic-rich shales are commonly hosted by pyrite, or other sulphide mineral
phases, as well as organic matter (Schoepfer ez a/., 2017). On this basis, paleo-redox conditions can
be assessed by the proportion of S relative to Fe (Raiswell ez 2/, 1988; Lyons & Severmann, 2000;
Georgiev et al., 2012). Therefore, in order to understand trace element enrichments across the
highly variable lateral extent of the Waipawa Formation, it is important to consider S-TOC-Fe

relationships to assess the source and chemical association of trace element enrichments.

The degree of pyritization, estimated from Fe-S relationships, can be used to interpret paleo-redox
conditions. Proximal Waipawa sampled at Tawanui produces exceptionally high Fe with respect to
S, indicating a high proportion of an Fe-bearing mineral phase (other than pyrite), and consequently
all samples plot well within the oxic field with a degree of pyritization (DOP) of <0.52 (Figure
4.6a). Proximal Waipawa Formation samples dominantly plot in the oxic field, but also extend into
the anoxic (DOP 0.52-0.75), and to a lesser extent, the euxinic fields (DOP >0.75) of Raiswell
(1988). Samples from the distal Waipawa facies all plot within the oxic field (DOP <0.52) (Figure
4.6a).

Sulphur—TOC relationships provide information about reduction of organic matter in a marine
setting and the source of pyrite sulphur. Samples from proximal Waipawa at Tawanui plot above
the normal marine S/TOC line (Figure 4.6b). Samples from typical Waipawa are faitly evenly
distributed across the normal marine S/TOC line, and samples from distal Waipawa facies have
low (typically <1%) TOC, and proportionally high S values, plotting above the normal S/TOC line
(Figure 4.6b). Because only a minor portion of Fe is present in the form of pyrite (demonstrated
by weak Fe-S relationships; Figure 4.6a), and the organic carbon compounds are likely to be

refractory, the accumulation of sulphide compounds can be shown on a ternary diagram (Figure

209



4.6c; Rowe et al, 2008; Schoepfer et al, 2017). A ternary diagram of S-TOC-Fe broadly

demonstrates an increasing proportion in S, corresponding to a comparative reduction in Fe/TOC.
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Figure 4.6: A) Sulphur and Fe relationships for the Waipawa Formation in proximal settings (pale blue)
and distal settings (coloured circles). Lines represent the degree of pyritization (DOP) values for paleo-
redox states. Redox divisions after Georgiev ez a/. (2012). B) Sulphur and TOC relationships for proximal
and distal Waipawa Formation. The modetn, normal marine S/TOC line is plotted, showing the oxic-
dysoxic trend of Berner & Raiswell (1983) and Algeo & Maynard (2004). C) Ternary diagram showing
the normalised relative proportions of S, TOC, and Fe. The normal marine line trend of Berner &
Raiswell (1983) and Algeo & Maynatrd (2004) is plotted, along with the stoichiometric pytite line (Fe/S
= 1.15) and the S/TOC line of Schoepfer ¢# a/. (2017) oxidative and sulphide oxidation zones.

Enrichment factors

The Waipawa organofacies displays a distinctive pattern of trace-element enrichment that holds
true even in atypical (proximal and distal) facies associations of the Waipawa Formation, whereby
the most enriched trace elements are Mo and U, and the most depleted element is Mn. Element
the pattern of

Mo>U>Cr=As=27Zn=V>Cu=Pb=Ni=Fe>Mn, although absolute values for enrichment factors

enrichment factors follow characteristic
vary (Figure 4.7). Proximal Waipawa displays similar enrichment factors to typical Waipawa, with
the exception of a relative depletion in Cugr and enrichment in Fegr and Crgr. Distal Waipawa
Formation sampled at Pahaoa River, Manurewa Point, Opouwae River and Te Kaukau Point, form

a spectrum of trace element enrichment factors between the typical Waipawa Formation
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enrichments of Hines ¢# a/. (Chapter 3) and those measured at Mead Stream, the paleo-deepest and

most distal site.

Total organic carbon and S enrichment factors across the Waipawa organofacies behave differently
in different settings. Enrichment factors (EF) for TOC in proximal Waipawa at Tawanui (EF=4.8)
are lower than typical Waipawa (EF=21), although are substantially elevated relative to average
shale values of Wedepohl (1971). Distal Waipawa generally has lower TOCkr relative to typical
Waipawa, although Mead Stream has an average TOCkgr of 26 (Figure 4.7). Sulphur enrichment
factors in proximal Waipawa at Tawanui (EF=0.6) are comparable to average Sgr in typical
Waipawa (EF=06.7). Distal Waipawa Sgr is lower than the average value for typical Waipawa, except
for Mead Stream, which has an Sgr of 14 (Figure 4.7). Weathered samples of typical Waipawa from
Triangle Farm and Blairlogie Road give low Sgr of 1.2 and 2.5, respectively (Figure 4.7).
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Trace Elemment Paleo-redox Proxies

Compared to the proximal Waipawa Formation, enrichment factors are considerably lower for
TOC and S in the distal Waipawa facies, suggesting that organic carbon preservation was lower,
and reducing conditions were not as prevalent. However, the distal Waipawa Formation typically
exhibits greater enrichments in other redox-sensitive elements assessed in this study. The
application of additional redox proxies is required to disentangle paleo-redox conditions from
paleo-productivity and preservation signals. Widely applied paleo-redox proxies are assessed here
to supplement interpretations drawn for S-TOC-Fe relationships, and provide a direct indication
of paleo-oxygenation. The trace metal proxies V/Cr, V/(V+Ni), U/Th, Uua, and Mo/U were
used as indices of redox potential of the water column and sediments during deposition, and enable

direct comparison to proxies used in Chapter 3.

The enrichment of Mo with respect to U in the Waipawa Formation can be indicative of water
column anoxia (Mo:Uj; Chapter 3; Figure 4.8a). Comparison of Mo and U enrichment factors show
that Mogr is disproportionately higher with respect to Ugr in all settings of the Waipawa
organofacies in the East Coast Basin, than would be expected in unrestricted marine settings,

suggesting anoxic conditions were prevalent across the basin.

Uranium is removed from seawater and precipitated under reducing conditions, whereby U®" is
reduced to U*" which is precipitated or adsorbed into solid sediments, producing an authigenic
enrichment of U with respect to Th, which occurs in a single oxidation state (Th*") under both
oxidising and reducing conditions (Zheng ¢t al., 2002). Uranium/Th is a widely applied proxy for
differentiating redox conditions, with values from 0.75—-1.25 representing dysoxic environments,
and values >1.25 representing anoxic environments (e.g. Gallego-Torres ez al., 2007; Chang e al.,
2009; 2012). Proximal Waipawa has U/Th values from 1.44-5.6 (average 2.69) indicating anoxic
conditions. Uranium/Th values in typical Waipawa range from 0.24—1.4 (average 0.57), and in
distal Waipawa range from 0.33—0.89 (average 0.58; Figure 4.8c), indicating that oxic to anoxic
conditions prevailed during deposition of the Waipawa Formation. Authigenic U was calculated
following the method of McManus ez /. (2005), where the authigenic fraction is estimated using
lithogenic U/Al and the Al of the sediment, with any excess U taken to represent authigenic U (i.e.
U™ Usampie—(Uave. shale/ Alave, shaie) X Alamplc). Authigenic U values of 5-12 are indicative of dysoxic
conditions, whereas values >12 indicate anoxic conditions (Jones & Manning, 1994; Gallego-
Torres et al., 2007). Proximal Waipawa at Tawanui gives U, values of 5.6-10.8 (average 9.0)
indicating deposition under dysoxic conditions. Authigenic U values for distal Waipawa lie within

the range of values determined for typical Waipawa in Chapter 3. A number of the values derived
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are above the threshold of 5 for dysoxic conditions, although typical Waipawa tends to have slightly
higher U values (3.2-11.6; average 5.3) relative to distal Waipawa (3.2-8.8, average 4.0; Figure

4.8¢), although given the range of values no significance is ascribed to this interpretation.

Vanadium is preferentially enriched under reducing conditions and can also be used to differentiate
between oxic and anoxic conditions (Jones & Manning, 1994; Gallego-Torres et al., 2007).
Vanadium/Cr values in the range of 0—2.0 represent oxic conditions, values in the range from 2.0—
4.25 indicate dysoxic conditions, and V/Cr values >4.25 are representative of suboxic to anoxic
environments (Jones & Manning, 1994). The Waipawa organofacies has V/Cr values that cover
the oxic to anoxic fields (Figure 4.8d). Proximal Waipawa from Tawanui plots within the oxic field.
Typical Waipawa primarily lies in the oxic field, whereas distal Waipawa typically falls in the dysoxic

field, although some samples from Mead Stream lie in the anoxic field (Figure 4.8d).

There is generally very little differentiation in V/(V+Ni) between proximal and distal Waipawa
Formation. The V/(V+Ni) proxy characterises euxinia at values >0.84, whereas, values in the range
of 0.54-0.72 indicate anoxic water column conditions, 0.46—0.60 indicate water column dysoxia,
and values <0.46 represent oxic conditions (Hatch & Leventhal, 1992). For V/(V+Ni), all values
plot within the dysoxic to anoxic fields, with almost all values in the anoxic field (Figure 4.8d).
With V/(V+Ni) there appears to be no substantial separation in redox state between the proximal,

typical, and distal Waipawa Formation.
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Figure 4.8: Trace element proxies for paleo-redox conditions from pXRF analyses of the Waipawa Formation,
subdivided into proximal and distal Waipawa Formation. A) Uranium enrichment factor plotted against Mo
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index of degree of pyritization, S-TOC-Fe relationships, and paleo-redox conditions. C) Authigenic U vs U/ Th.
D) V(V/Ni) vs V/Ct.

Major element ratios

Various elemental indices and ratios are used to inform interpretations of paleoenvironmental and
redox conditions during deposition. Of particular interest are K/Al, Zr/Al, Ti/Al, and K/AL
Potassium/Al provides an index for the bulk clay composition, particulatly illite, smectite and
kaolinite clays. An increase in Ti/Al and Zr/Al represent an increase in material derived from a
mafic soutrce, whereas a decrease in Si/Al is interpreted to demonstrate an increase in the

sedimentation rate (Sageman e/ al., 2003a).

215



Proximal Waipawa from Tawanui give high K/Al ratios, between 0.3 and 1.5, whereas both typical
and distal Waipawa fall within the range of generally 0.15-0.30, which is the same range of values
of the underlying Whangai Formation (Figure 4.9a). There is no strong differentiation in Zr/Al
values between proximal, typical and distal Waipawa (Figure 4.9a), and values from the Waipawa
organofacies sampled are within the range of Whangai Formation sampled (Figure 4.9a). There is
substantial variation in Zr/Al values from the Mungaroa Limestone, Porangahau Member, and
some outcrops of the Wanstead Formation, all associated with flysch-type sediments, and such
variability is attributed to changes in grain size and therefore mineralogy (Figure 4.92). Micritic
limestones from the Mead Hill Formation, Mungaroa Limestone, Kaiwhata Limestone and Amuri

Limestone generally give low Zr/Al and K/Al values indicative of carbonate dilution (Figure 4.9a).

Proximal Waipawa from Tawanui produces high Si/Al values (10.5-13), in compatison to typical
Waipawa (Si/Al = 3.5-6; Figure 4.9b). Distal Waipawa gives a broad range in Si/ Al values (5-28),
with the majority giving higher values than typical Waipawa (Figure 4.9b). There is no significant
shift in Ti/Al values between the proximal, typical and distal Waipawa, or the Whangai Formation

(Figutre 4.9b), consistent with Zr/Al values.
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Bulk Mineralogy
The Waipawa Formation displays a distinctive dark-grey/brown-black colouration in outcrop,
regardless of whether it has an organic carbon content of 0.5 % or 5 %, whereas the underlying
Whangai Formation may have TOC contents of 2 % and remain a pale-grey colour. This suggest
that a mineralogical control, rather than carbon content, controls the distinct colouration of the
Waipawa Formation. Bulk modal mineralogy, determined by XRD, was applied to 67 samples from
the Waipawa Formation and surrounding units to assess changes in mineralogy, both across

formation boundaries and across the geographic extent of the formation.

Forty samples from the Taylor White section were analysed across the Whangai (10), Waipawa
(20), and Wanstead (10) formations. The modal mineralogy is dominated by quartz, albite and
illite/ muscovite (illite and muscovite are largely indistinguishable by XRD). Albite shows a general
increasing trend up-section, and illite/muscovite and chlorite display a corresponding decrease up-
section (Figure 4.10A). There is a notable absence of orthoclase in samples from the Upper
Calcareous Member of the Whangai Formation. Montmorillonite is entirely absent from the
Waipawa Formation, although low abundances are present in the Upper Calcareous Member and
the Wanstead Formation. Montmorillonite, as determined by XRD, could be a number of different
clay minerals, although there is a distinct spectrum present, and montmorillonite has previously

identified as a major constituent of the Whangai Formation clay mineral content by Moore (1988a).

Eight samples were analysed across the Waipawa to Wanstead formations at Triangle Farm. Three
samples from the Waipawa Formation at Triangle Farm show similar proportions of quartz, illite,
albite, orthoclase and montmorillonite to Taylor White, but a lower proportion of chlorite, and no
detectable jarosite or gypsum (Figure 4.10B), despite the increased weathering apparent in outcrop
at this locality. The Wanstead Formation at Triangle Farm has a similar proportion of quartz, illite,
chlorite and montmorillonite to Taylor White, despite the distinct differences in lithology between
the two locations (non-calcareous alternating sandstone-mudstone with minor greensand beds at
Taylor White, and calcareous, clay-rich mudstone at Triangle Farm). The differences in
mineralogical composition between Taylor White and Triangle Farm are apparent in the high (20—
40%) carbonate content of the Wanstead Formation at Triangle Farm, with a corresponding

decrease in albite, and an absence of orthoclase.

Across a north-south transect, the Upper Calcareous and Rakauroa members of the Whangai
Formation and the correlative Herring Formation display comparable proportions of albite and
chlorite (Figure 4.10C). The proportion of illite/muscovite is similar in the Upper Calcareous

Member at Taylor White and Kerosene Bluff and the Herring Formation at Benmore Stream,
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though notably lower than the values measured for the Rakauroa Member at Pukemuri Stream and
the Herring Formation at Kaikoura (Figure 4.10C). Montmorillonite was only observed in samples
from the Upper Calcareous Member (Figure 4.10A, C), suggesting either a spatial or temporal

restriction as these are also the youngest samples from the Whangai Formation analysed by XRD.

Compared to proximal facies, distal Waipawa Formation becomes increasingly dominated by
quartz and contains a smaller total number of mineral species identified by XRD (Te Kaukau Point,
Opouwae River and Mead Stream; Figure 4.10D). The increasing proportion of quartz relative to
clay minerals is consistent with increased Si/Al trend across the more distal sections of the

Waipawa Formation (Figure 4.9).

Figure 4.10: Changes in the bulk modal mineralogy determined by XRD through the Taylor White (A)
and Triangle Farm (B) sections. C-F, North to south transects through the Whangai Formation,
Waipawa Formation, Wanstead Formation and Paleocene—Eocene limestones in the East Coast Basin,
showing changes in the bulk modal mineralogy determined by XRD. Values for the Whangai, Waipawa
and Wanstead formations at Taylor White and Triangle Farm represent averaged values for the data
presented in Figure 4.10a and 4.10b. Members of the Whangai Formation are represented by: RAK =
Rakauroa Member, UCM = Upper Calcareous Member, HF = Herring Formation. PS = Pukemuri
Siltstone. For Paleocene—Eocene limestone, ML. = Mungaroa Limestone, MH = Mead Hill Formation,

AL = Amuri Limestone.
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4.4 Discussion
4.4.1 Paleoenvironment and Depositional Setting

Paleo-water depth assessments based on foraminiferal faunal assemblages demonstratably change
across the geographical extent of the Waipawa Formation, and across bounding units. The
shallowest depositional environment for the Waipawa Formation in the East Coast Basin lies
around the Te Hoe River area, and progressively deepens both north-eastwards towards East Cape,
and southwards towards Marlborough where it reaches its greatest paleo-water depths. Paleo-water
depths determined from foraminiferal assemblages from the Whangai Formation, support the
southward-deepening trend of the Waipawa Formation assemblages, albeit with better constraints
on the maximum paleo-water depths. This trend is discernable despite the often large range of
paleo-water depth values attributed to any given foraminiferal fauna assemblage; depth
interpretations are also consistent with observed ichnofaunas at scattered localities. Similarly,
changes in facies associations related to the Waipawa Formation conform with interpretations of
depositional depth. The Waipawa Formation is thin in comparatively shallow settings, ranging
from 5—10 m-thick, increasing to 50-70 m thick in inferred slope settings, before becoming notably
thinner (3-5 m thick) in deeper, more distal settings. The two layers, or “pulses” of the Waipawa
Formation in distal portions of the basin (e.g. Manurewa Point, Mead Stream) is an exaggeration
of the double pulse of organic matter and clastic sediments observed in the proximal Waipawa

Formation (Chapter 3).

Applying this assessment of spatial and stratigraphic trends, the Waipawa Formation in
comparatively shallow settings (e.g. Te Hoe River) and deeper marine, distal settings (e.g. Pahaoa
River, Te Kaukau Point, Mead Stream) represent condensed sections. Condensed sections are
typically characterised as thin, arealy extensive units, comprised of pelagic to hemipelagic sediments
with high organic carbon content and authigenic minerals (e.g. glauconite, phosphorite, and
siderite) and, in many instances may be associated with high degrees of bioturbation and

hardground formation, and located at the base of prograding clinoforms (Leckie e# a/, 1992).

In individual sections, K/Al through the Waipawa Formation demonstrates a slight increase in
illite over smectite and kaolinite relative to the Whangai and Wanstead formations (e.g. Chapter 3).
However, when all data from across the transect is plotted, there is no significant change in K/Al,
suggesting no notable deviation in the supply of either illite or smectite and kaolinite (Figure 4.9a).
Similarly, the limited variability in K/Al, Zr/Al and Ti/Al values across the Whangai, Waipawa
and Wanstead formations suggests that there is no change in the provenance of the terrigenous

sediment supply (Figure 4.9a). Samples from the Te Uri Member have high K/Al values, along
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with high Fe and Cr enrichment factors, attributed to the increased proportion of glauconite in
these samples (Figure 4.92). Potassium/Al values in the Te Uri Member suggest that glauconite
was moderately evolved (K/Al = 4-6) indicative of suboxic pore waters (Amorosi ¢ al., 2007; Essa
et al., 2016). The development of glauconite is often a reliable indicator of low sedimentation rates,
typically associated with condensed sections (Amorosi, 1995). Proximal Waipawa at Tawanui has
high Si/Al values, interpreted here to be indicative of decreased sedimentation rates with respect
to the underlying Whangai Formation (Figure 4.9b). In comparison, Si/Al values in typical
Waipawa are low, indicating higher sediment accumulation rates, and in distal areas Si/Al values

are substantially higher, indicative of decreased terrigenous sedimentation rates.

Applying the age model for the Waipawa Formation based on biostratigraphic and paleomagnetic
evidence presented in Hollis ¢# 2/ (2014) and Kulhanek e a/. (2015), linear sedimentation rates for
the Waipawa Formation are estimated, with the thickest sections returning sedimentation rates
approaching 10 cm/kyr. The most proximal sections of the Waipawa Formation (and the Te Uri
Member) typically give sedimentation rates of 0.6—1.4 cm/kyr. The more distal sites (Pahaoa River

mouth, Te Kaukau Point and Mead Stream) give linear sedimentation rates of 0.2—0.5 cm/kyr.

The Te Uri Member underlies the Waipawa Formation in the most inboard shelfal areas (e.g. Te
Hoe River). Elsewhere, the uppermost beds of the Te Uri Member are laterally equivalent to the
Waipawa Formation in topographic and structural highs that are isolated from terrigenous
sedimentation. The Te Uri Member is diachronous, in some places underlying isochronous
Waipawa Formation (e.g. Te Hoe River), but in the Whangai Range deposition of the Te Uri
Member persisted and interfingered with the Waipawa Formation (e.g. Otane Stream, Tauekaitai
Stream). The Te Uri Member is 5 to 40 m-thick, but spans from 66 Ma to 58.7 Ma. If the age and
thickness of the entire Te Uri Member are considered, it yields exceptionally low linear
sedimentation rates of 0.06-0.43 cm/kyr, consistent with evidence that the Te Uri Member
represents a Paleocene condensed section, and likely includes an unconformity or sedimentary
hiatus at the base of the upper Te Uri Member. In nearby sections, the correlative interval is
comprised of 100-600 m of sediment (Figure 4.11a). Hardground development within the Te Uri
Member (Leckie e al., 1992; Taylor, 2011), indicates that a sedimentary hiatus or paraconformity
separates the lower and upper (=Waipawa equivalent) Te Uri Member. With the exception of the
Te Hoe River section and the Hukarere-1 well, Te Uri Member is restricted in outcrop to the
Whangai Range area in the southern Hawke’s Bay (Figure 4.11a, b). The uppermost portion of the
Te Uri Member has been correlated geochemically to the Waipawa Formation on the basis of TOC

enrichment and a positive §"C,,, excursion (Rogers ef al., 2001; Hollis e al., 2014).
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The Tangaruhe and Mangawhero anticlines in the Whangai Range area were both active structures
in the late Cretaceous (Crampton, 1997), and may have still been active in the Paleocene, or at the
least were apparently structural highs (Smiley, 2014). Rapid vertical and lateral facies changes in the
Tangaruhe Formation underlying the Whangai Formation, and the juxtaposition of two facies of
the Tangaruhe Formation across the axis of the Tangaruhe Anticline (Crampton, 1997), imply
further folding and shortening post-deposition of the Tangaruhe Formation. Deposition of the Te
Uri Member across structural highs would result in clastic sedimentation bypassing the area,
explaining the restricted outcrop distribution of the glauconitic Te Uri Member in this area, and
account for lateral facies relationships between the Waipawa Formation and Te Uri Member
(Figure 4.11c). These facies relationships have been further reinforced by compression and

structural shortening in the Neogene.
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Figure 4.11: A) Northwest to southeast transect across the Whangai Range, showing the condensed
early to carly-late Paleocene succession across the Whangai Range, and the thinning of the Waipawa
Formation on the western side of the range. B) Map showing the location of sections shown. C) Model
for the coeval deposition of the Te Uri Member and Waipawa Formation in different parts of the
basin. RAK = Rakauroa Member, UCM = Upper Calcareous Member, TUM = Te Uri Member, WAI

= Waipawa Formation.
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4.4.2  Kerogen Source

Despite the bathyal setting (>200 m paleo-water depth) for the Whangai and Waipawa Formations,
there is a strong terrestrial kerogen source indicated by multiple proxies, including source rock
analyses, organic biomarkers, thin-section analyses, and palynomorph studies (Killops e# a/., 2000;

Schioler ez al., 2010; Gehlen, 2012; Hollis ez al., 2014; Clowes, 2016).

Bulk-rock pyrolysis parameters indicative of kerogen type measured in this study are quite low (HI
= <300; OI <200), suggesting a mixed terrestrial-marine to dominantly terrestrial kerogen source.
The data from the distal Waipawa Formation (except some samples from Mead Stream) plot close
to the origin of the Type III and Type IV maturation pathways, indicating a dominantly terrestrial
to inert kerogen source (Figure 4.5). Indication of a dominantly terrestrial kerogen source in distal
settings is consistent with typical Waipawa Formation (e.g. Hines e a/, Chapter 3), although given
the likely deep-marine setting it is surprising that a stronger marine kerogen component is not
present. Concordant up-section variability in TOC and §"C,, in multiple sections suggest that the

Waipawa organofacies contains at least two discrete terrestrial organic carbon preservation events

(Hollis et al., 2014).

Changes in the organic matter source result in variations in the bulk organic 8"°C composition, or
in individual compounds. Compound-specific 8"°C analyses of the aromatic and saturate source
rock kerogen fractions for late Cretaceous and Paleocene strata in the East Coast Basin
demonstrate a dominantly terrestrial, to mixed terresttial-marine source (Killops e# a/., 2000). §"Cox,
and C/N values from the Waipawa Formation at Te Hoe River (Hollis ¢f a/, 2014), represent an
intermediate value between values derived for modern marine and lacustrine algae and C3 plants

(Meyers, 1994), suggesting a mixed kerogen signal, consistent with bulk pyrolysis analyses.

The Waipawa Formation and correlative late Paleocene sedimentary rocks of the Waipawa
Organofacies (e.g. uppermost Te Uri Member, Waipara Greensand, Tartan Formation)
demonstrate a distinctive positive shift in 8"°Cy relative to units above and below, indicative of
increased terrestrial organic matter flux into the basin during this time. Carbon isotope analyses
through the Waipawa organofacies and bracketing units demonstrate a correlation with TOC, with
isotopically lighter 8"°C.,, values associated with higher TOC values (Figure 4.12). This is the
inverse of the trend typically exhibited by marine shales, suggesting that isotopically lighter 8"Cos,
values in the Waipawa Formation are associated with an influx of terrestrial organic carbon (e.g.,
Hollis ¢ al.,, 2014). Alternatively, a positive shift in 8"°Cy, has previously been shown to represent
an increase in burial flux of organic matter (Arthur ez a/., 1987, 1988; Sageman e7 al,, 2003b), which

is consistent with increased sedimentation rates across the Waipawa Organofacies, and avoids
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assumptions about the isotopic composition of Paleocene organic matter. The elevated terrestrial
organic matter loading observed in the Waipawa Formation likely occurs in tandem with the

increased terrigenous sedimentation rates across the formation.
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Figure 4.12: Cross-plot of TOC against 8'3C,, for the Waipawa Formation and associated sediments. Data
sourced from Hollis e a/ (2014). Waipawa organofacies identifies lateral correlatives of the Waipawa

Formation.

Palynofacies analysis of the Waipawa Formation also demonstrates a strong terrestrial component,
however, typically shows little or no evidence of amorphous organic matter (AOM), which is an
indication marine organic matter (Gehlen, 2012; Clowes, 2016). Herein lies one of the great
paradoxes of the Waipawa Formation. Source rock, organic carbon isotopes, and biomarker
analyses of the Waipawa Formation tend to indicate a mixed kerogen source, however,

palynological analyses consistently fail to show any amorphous organic matter (AOM) indicative
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of marine kerogen, instead being dominated by terrestrial plant fragments. One possible answer to
this paradox is that AOM, already low in the underlying Whangai Formation is swamped and
diluted by the increased terrestrial flux, and therefore does not register in point counts. One
possible reason for this is that microbial sulphate reduction in the water column has largely
removed the simpler marine carbohydrates, resulting in a relative increase in terrestrial kerogen (as
per Hines e al, Chapter 3). Although sulphate-reducing bacteria prefer marine-sourced
carbohydrate, they do not exclusively use it as a substrate, and source-rock kerogen classification
systems do not consider diagenetic losses from pre-lithified sediments. Alternatively, low
sedimentation rates in distal settings allow for a higher degree of bioturbation, which may suggest

that biological reduction of organic matter has occurred, resulting in largely inert kerogen.

Assessment of paleo-water depths and proximal—distal relationships in the Waipawa Formation
has allowed the 8"°C,,, data from Schioler ¢z /. (2010) and Hollis e# a/. (2014) to be reviewed in new
light. The Waipawa Formation has been characterised across multiple basins and lithofacies on the
basis of a notable positive 8"°C., excursion (Rogers ez al., 2001; Hollis ef al., 2014). Looking at the
magnitude of this excursion with respect to underlying strata and the paleo-water depths
determined from this study (East Coast Basin) and previous works (Tartan Formation, Canterbury
and Great South basins; Schioler e a/., 2010; ODP Site 1172, East Tasman Rise; Hollis ¢7 a/., 2014),
a strong trend emerges (Figure 4.13). The magnitude of the 8"C.., excursion across the Waipawa
Formation is up to 4.5 %o less in deeper sections (Figure 4.13). The 8"C., excursion is much more
pronounced in shallow settings, suggesting a greater contribution of heavier 8"°C organic matter

compared to deeper settings.
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Figure 4.13: Plot of paleo-water depth against the magnitude of the 83Coy, excutsion across the
transition into the Waipawa Organofacies. Carbon isotope data sourced from Schieler ez a/. (2010),
Tayler (2011) and Hollis ¢z a/ (2014). Paleo-water depths are derived from benthic foraminiferal
assemblages recorded in FRED.

4.4.3  Paleoredox Conditions

The Waipawa Formation has been variously described as forming under either dysoxic, suboxic.
or fully anoxic conditions (e.g. Moore, 1988a; Leckie ¢f al, 1995; Killops e# al., 2000; Rogers ef al.,
2001; Hollis ez al. 2014). Paleo-redox proxies presented here indicate that the Waipawa Formation
varied from oxic to anoxic conditions. These mixed results are attributed to changes in sea-water
oxygenation, pore fluid concentration and composition, and variable early stage diagenesis across
the depositional settings of the Waipawa Formation, and also in part attributed to changes in the
prevailing redox conditions during deposition. Therefore, paleo-redox conditions in the Waipawa
Formation vary both up-section and laterally, making the development of a source rock and

depositional model complicated.

Reducing conditions in sediments are often microbially mediated and range from oxic reducing, to
denitrification (dysoxic conditions) to sulphate reducing (suboxic to euxinic conditions).
Importantly, the heterotrophic activity of nitrate- and sulphate-reducing organisms is much lower
than aerobic hydrocarbon oxidation. Decreased oxygenation and the accompanying reducing

conditions in either the water column, or pore waters beneath the sediment water interface, result
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in increased organic carbon accumulation and preservation in marine settings. During this process,
concomitant microbial sulphate reduction results in syngenetic and early diagenetic pyrite
formation (Rimmer, 2004; Brumsack, 2006). Authigenic precipitation of sulphide complexes
facilitates the export and sequestration of trace metals in sediments and are responsible for the
majority of trace metal enrichments associated with dysoxic to anoxic conditions (Tribovillard ez
al., 2006; Algeo & Maynard, 2009). Pyrite framboids are common in proximal, typical and distal
Waipawa, and along with pyrite nodules and the pyritization of burrows in distal Waipawa are
evidence of early stage diagenesis (Appendix 5). Almost all outcrops of the Waipawa Formation
show traces of Fe-oxides, jarosite and gypsum (Figure 4.10) which are secondary weathering

products of pyrite.

Caveats of redox proxies
Some discrepancies are evident between various proxies and the implied level of anoxia in each
setting. Across the Waipawa organofacies in the East Coast Basin, V/(V+Ni) indicates anoxia,
whereas V/Cr indicates oxic conditions in all settings. Similarly S/Fe as a proxy for DOP suggests
dominantly oxic conditions across all settings. These discrepancies make validation of individual
proxies important, necessitating and assessment of both the syn-sedimentary and diagenetic
processes that affect the distribution of redox-sensitive trace elements (McManus et al., 2005). In
addition to being precipitated in sediments underlying bottom waters with low dissolved oxygen,
U is enriched in sediments with high fluxes of particulate carbon (Zheng e al., 2002). This is
particularly relevant for the Waipawa Formation, where sedimentation rates are high, and the
organic carbon content is proportional to sediment supply (Figure 4.14). Similarly, V is associated
with organic matter, although a fraction may be deposited in association with silicate minerals,
particulatly clays (Jones & Manning, 1994; Tribovillard e# /., 2006). This means that the reliability
of V-based proxies (V/Cr, V/(V+Ni)) is reduced in settings with elevated clastic sedimentation,
as the rate of V diffusion is reduced and trace metal concentrations are diluted (Arthur & Sageman,
1994). Increased terrigenous sediment supply may dilute the proportion of freely available reactive

Fe, resulting in a lower degree of pyritization and lower S/Fe for anoxic and euxinic settings.

V/Cr suggests that the distal Waipawa was deposited under greater reducing conditions than those
in the typical Waipawa (Figure 4.8d). However, Cr is typically bound to organo-metallic complexes;
therefore typical Waipawa, with the highest TOC, will have a disproportionate amount of Cr with
respect to V, resulting in low V/Cr. In addition, in distal areas there will be a greater proportion

of V bound in the clays with respect to Crt, resulting in higher V/Cr indicating reducing conditions.
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Evidence for nitrate reduction
Vanadium is commonly used to reconstruct redox conditions in the nitrate reduction zone (Piper,
1994; Piper & Perkins, 2004), which characterises dysoxic conditions (Schréder & Grotzinger,
2007). Denitrifying bacteria are an important consideration in the reduction of organic matter in
marine systems. Denitrification occurs where deoxygenated water masses are present, such as areas
of increased upwelling, where an increased sinking flux of phytoplankton generates high oxygen
demand in the water column, and high TOC drawdown in underlying sediments (Brumsack, 2000).
Dissolved nitrogen replaces oxygen as the primary electron receptor during bacterially mediated
oxidation of organic matter (Demaison & Moore, 1980; Jenkyns ez al, 2007), creating a stepwise
reduction pathway of nitrate to nitrite, to nitric oxide, to nitrous oxide, to nitrogen, resulting in the
loss of isotopically light N> to the atmosphere (Naqvi ez 2/, 1998). In such circumstances, increases
of TOC are accompanied by comparatively high 8N values, providing a means of assessing
denitrification of organic matter. Similarly, an increase in preserved C/N values may relate to
compositional losses of N during microbial reduction (Ingall & Jahnke, 1997; Sageman ez al,
2003b). A concomitant increase in C/N, 8"°N and TOC across the Waipawa Formation at Te Hoe
River (data from Hollis ez a/, 2014; Appendix 5), suggests that denitrification and nitrate reduction

were occurring in proximal settings during deposition of the Waipawa Formation.

Sulphur/TOC values in proximal Waipawa at Tawanui are elevated with respect to the normal
marine S/TOC, suggesting that the reduction of organic matter resulted in an increase of S with
respect to TOC. The Te Uri Member at Tawanui produces high Fe with respect to S, indicating a
high proportion of an Fe-bearing mineral phase (other than pyrite), attributed to glauconite,
resulting in low S/Fe values (Figure 4.6a). The development of glauconite is associated with
suboxic conditions (Essa ¢# al., 2016), consistent with S-TOC-Fe trace element enrichments and

redox indices in this setting.

Evidence for sulphate reduction

Up-section trends in multiple sections of the Waipawa Formation show that there was temporal
variability and alternation of the redox state during deposition. Sections of typical Waipawa that
have been sampled in greater detail (Kerosene Bluff, Old Hill Road and Taylor White) produce a
range of S-TOC-Fe values that are spread across the oxic and sulphide oxidation zones. This is
attributed to the ‘double pulse’ of the Waipawa Formation, whereby there were two pulses of
enhanced reducing conditions and TOC preservation within the Waipawa Formation, separated

by a brief period where more oxic conditions prevailed. This variation within the formation
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produces a range of TOC, Fe and S values, producing the variation between oxic and sulphate

reduction.

The Mo enrichment factor is disproportionately higher than the U enrichment factor than would
otherwise be anticipated under unrestricted marine settings (Figure 4.8a), suggesting suboxic to
anoxic conditions prevailed during deposition of the Waipawa Formation (Algeo & Tribovillard,
2009; Tribovillard e a/., 2012). This is consistent with Mn depletion across all settings (Figure 4.7),
indicative of suboxic to anoxic reducing conditions during deposition (Brumsack, 2000;

Tribovillard, 2000).

Existing sulphur isotopic analyses provide insight into redox conditions that can be compared to
the inorganic trace element proxies examined in this study and Hines ez /. (Chapter 3). A sample
from the Waipawa Formation at the Waipawa standard section, and a sample from the correlative
uppermost Te Uri Member at Tawanui, yielded S values of -25.5%o0 and -26.9%o (V-CDT scale),
respectively (Rogers ez al., 2001). These values are consistent with those of anoxic and sulphate-
replete conditions, in which the fractionation of sulphur isotopes is restricted to the range of kinetic
isotope effects of sulphate reduction by anaerobic bacteria (-25 £ 10%o; Canfield, 2001; Chambers
et al., 1975; Kaiho et al., 1996). In comparison, 'S values obtained by Kaiho ez a/ (1996) for the
Wanstead Formation at Tawanui give background values of -20 to -42%o. Taking into account the
8S seawater value for the Paleocene (+16.5%0 to +18%o; Claypool ez al., 1980; Kurtz e al., 2003;
Turchyn & Schrag, 2000), this translates to an offset of -36.5%o to -60%o, which is within the range
of values for sulphur fractionation in modern oxic oceanic basins (-50 £10 %), due to reoxidation
of sulphides by aerobic bacteria or by other oxidants subsequent to being incorporated in redox
cycling (Kaiho ef al, 1996). This assessment comes with the caveat that recent studies have
demonstrated that microbial sulphate reducers can fractionate as much as 70%o (Canfield ez a.,
2010; Sim ez al., 2011; Wing & Halevy, 2014). This means that a re-oxidative S cycle is not required
to create a large isotopic difference between sulphate and sulphite, and a re-oxidative S cycle can
only be identified using multiple S isotopes (including »S). However, to a first-order
approximation, 8>S suggest that anaerobic bacterial respiration was occurting in both the
uppermost Te Uri Member and the Waipawa Formation. This may explain enriched S relative to
TOC values (Figure 4.6 & 4.8b), with the contribution of S present under low oxygen conditions
being attributed to sea-floor microbial reduction, which produces two moles of S for every mole
of C consumed (Luckge ¢ al, 1999). Because of this, partial digestion of organic matter during or
immediately following deposition has resulted in the increased proportion of inorganic sulphur

observed.
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There is a strong correlation between S/TOC and S/Fe in distal Waipawa (R* = 0.81; Figure 4.8b),
suggesting that there was significantly greater reduction of organic matter, providing the source of
pyrite sulphur and resulting in the increased proportion of S relative to TOC. The strong
correlation between S/Fe and S/TOC indicates S is retained and preferentially remineralised as
sulphides during early stage diagenesis. Samples of the Waipawa Formation from Mead Stream,
Manurewa Point, Te Kaukau Point, and Opouwae River, all plot within the sulphide oxidation
zone (Figure 4.0), suggesting that despite low TOC and S, sulphide oxidation was occurring in
deeper, more distal settings, although sediment and organic matter supply was lower (compared to
more proximal sections), resulting in lower TOC accumulation and preservation. This observation
would support the low TOC and HI values determined by SRA if sulphate reduction had reduced
the proportion of TOC and increased the proportion of inert, Type IV kerogen in these distal

settings.

More oxic conditions in distal Waipawa, as indicated by paleo-redox proxies, are consistent with
lower preserved-TOC values and lowered sedimentation rates. Trace element concentrations are
progressively enriched in the deep-water distal Waipawa from Pahaoa River mouth to Mead
Stream. Trace metal enrichments indicative of increased marine productivity (e.g. Ni, Cu, Cr, Zn;
Figure 4.7) follow a similar pattern, but kerogen and organic biomarkers for the presence of marine
organic matter are low at these localities. This may indicate that marine organic matter was exported
to the sea floor and subsequently oxidised or, alternatively, these trace metals may be delivered to
deeper portions of the basin as organo-metallic complexes in association with terrestrial organic

matter, which appears to the be the dominant kerogen type in these settings.

Redox-sensitive trace metals and elemental indices display variable evidence for anoxia and
sulphate reduction in the Waipawa Formation. This is in part because the Waipawa Formation has
been demonstrated to contain multiple pulses of reducing conditions (Hines e# a/., Chapter 3).
Despite this, anoxicity was not sufficient to completely remove infaunal or epifaunal biotas and
produce a typical, laminated black shale (e.g. Leckie ez a/, 1992). This would suggest that
sedimentation rates were high enough to promote anoxicity below the sediment-water interface,
but anoxia did not rise into the water column, and likewise, sedimentation rates were not
sufficiently high enough to smother bioturbators. Bioturbators were likely able to cope with a

pulsed delivery of sediment, as suggested by the common Bazhysiphon sp. in the formation.

The increasing oxygenation of bottom waters indicated by redox proxies and organic carbon
preservation fits the upwelling model in the slope setting of the East Coast Basin, whereby an

enhanced oxygen minimum zone in shelf and slope settings (proximal and typical Waipawa)
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produces bottom water anoxia, whilst deeper settings show indications of oxic bottom water

conditions and oxic reduction of organic matter (Figure 4.15).

4.4.4  Depositional Mode!

One of the major complications in characterising the paleo-redox conditions for the Waipawa
Formation is that although being deposited in a marine environment, the source rock kerogen is
predominantly terrestrial in origin, and most paleo-redox proxies and models assume TOC content
to be exclusively marine in origin (Tyson, 2001). This presents a problem in understanding the
depositional mechanisms of units such as the Waipawa Formation, where the majority of the

kerogen is terrestrial, or mixed terrestrial-marine in origin.

In models for the formation of organic-rich shales in marine settings there exists an interplay
between marine productivity (i.e. nutrient supply), and organic matter preservation (i.e. reducing
conditions and/or sedimentation rate). In applying established models to the Waipawa
organofacies, marine productivity is no longer an issue as TOC content is dominantly terrestrial in
origin and likely in proportion with terrigenous sediment delivery to the basin. The quality of
organic matter preservation is determined by time spent in the oxic zone, both suspended in the
water column and in the oxic zone of sea-floor sediments. Areas with increased sedimentation
rates are likely to have the greatest organic carbon preservation potential, as the increased sediment
load in these areas is likely to be associated with an increased sinking flux. Increased sedimentation
rates mean that organic matter spends less time in oxic surface sediments before being preserved
by early stage diagenesis and anoxic pore waters, as well as decreasing the density and volume of

bioturbation.

Uranium uptake in sediments is influenced by both bottom-water oxygen concentration, and the
organic carbon oxidation rate, indicating a relationship between the rate of U uptake and the depth
of oxygen penetration, with the depth of oxygen penetration influenced by the combination of
carbon degradation, bottom water oxygen content, and sedimentation rate (McManus et al., 2005).
Rapid burial also means that there was little to no opportunity for the redox boundary to fluctuate
above or penetrate far below the sediment water interface. This means that U and Mo are not
remobilised into the water column, explaining the notable enrichment of these elements across the
Waipawa Formation, and the depletion in Mn. Pyrite, Fe and Mo accumulate under sulphate-
reducing conditions, but are also influenced by changes in sedimentation rate (Raiswell, 1988;

Piper, 1994). This implies that elevated sea-floor reducing conditions apparent in typical Waipawa
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Formation is associated with higher sediment accumulation and burial rates. Therefore, increased
organic matter preservation in the Waipawa Formation is correlated with sedimentation rate. When
the average TOC value is plotted against formation thickness for each of the measured sections
sampled in detail for this study, a distinct trend becomes apparent, with thicker sections (and
therefore higher sedimentation rates) having higher average TOC values (Figure 4.14). In the more
distal portions of the basin, sedimentation rates were lower, and consequently organic matter
remained in surface sediments and within the oxidation zone for longer, resulting in lower TOC
values and a greater proportion of inert kerogen. The oxidation process may vary, from increased
bioturbation and reworking of sediments, to respiration and oxygen diffusion across the sediment-

water interface, or even sulphide oxidation in pore waters.
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Figure 4.14: Section thickness plotted against average TOC value for the Waipawa Formation in the Fast
Coast Basin, demonstrating a strong correlation between thickness and average TOC. Plotted regression

is for measured sections only.

The identification of the Waipawa Organofacies in multiple sedimentary basins around the

southwest Pacific suggests a broad-scale, regional event resulting in the deposition of organic-rich

234



mudstone in shelf-slope sediments during the late Paleocene. Recent work has proposed that a
regression resulting from eustatic sea-level fall at this time (e.g., Schioler ez a/., 2010; Hollis ez al.,
2014) may have been the causal mechanism, which resulted in the bypassing of shelf environments
and increased sedimentation at shelf depths (Hines e# a/, Chapter 3). The identification of the
Waipawa Organofacies on the East Tasman Rise, offshore Reinga-Northland Basin, and offshore
Taranaki Basin, implies that this was a widespread event not restricted to the eastern margin of the

proto-New Zealand subcontinent.

A eustatic sea-level fall during the late Paleocene is observed in the Cenozoic sea-level records of
Haq ez al. (1987), Hardenbol (1998) and Schmitz ez a/. (2011), and occurs across the known age
range of the Waipawa Formation (59.4-58.7 Ma; Hollis e# al., 2014). This corresponds to the
Sel2/Th1 and Th2 sequence boundaties in the European succession (Hollis ¢# al, 2014). The
magnitude of this sea-level fall is estimated to vary between ~12 and >50 m (Hollis ez a/, 2014,
and references therein). The two layers (“pulses”) of the Waipawa Formation in distal portions of
the basin (e.g. Manurewa Point, Mead Stream) is an exaggeration of the double pulse of organic
matter and clastic sediments observed in the typical Waipawa Formation (Leckie ez a/., 1995; Hollis
et al., 2014; Hines et al., Chapter 3), and may represent a fourth-order sequence stratigraphic

response to sea-level variability.

A fall in relative sea level during the deposition of the Waipawa Formation may have exposed large
portions of the continental shelf. Consequently, terrigenous sediment supply largely bypassed shelf
areas, resulting in the increased delivery of terrestrial organic matter, and increased sediment
accumulation rates and nutrient flux to distal margins of the basin (Figure 4.15). Syn-sedimentary
slumping of the Waipawa Formation or sediments immediately underlying the Waipawa Formation
is observed in multiple localities (e.g. Old Hill Road, Kaiwhata Stream, Te Mai; Moore, 1989; this
study). In Neogene sediments of the Taranki Basin, the incidence of slump folding and disturbed
sediments most likely occurs during late highstand—early lowstand time, induced by a fall in relative
base level (King ez al., 1994; King & Browne, 2001). Such slumping is interpreted to be triggered
by oversteepening or sediment loading of the shelf margin, or by overpressure of pore fluids, which
would have been exacerbated by a fall in relative base level (King ez a/., 2011). This line of evidence
would support sea-level regression during deposition of the Waipawa Organofacies suggested by

Schioler et al. (2010) and Hollis ez al. (2014).

The shallowest depositional setting preserved from the late Paleocene East Coast Basin is inferred
to be represented by Te Uri Member, with estimated paleo-water depths of 200-300 m. As

previously mentioned, Te Uri Member is characterised by exceptionally low sedimentation rates
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(0.6-1.4 cm/kyr), and the development of glaucony. Source rock analyses show that the Te Uri
Member is dominated by terrestrial and inert organic matter (Type III and Type IV kerogen),
suggesting oxidation of organic matter occurred either in the water column or post deposition

below the sediment-water interface (Figure 4.15).

In slope settings, sedimentation rates wete substantially higher (<10 cm/kyt), which is reflected by
the low Si/Al values (4-0). Increased terrigenous sedimentation resulted in an associated flood of
terrestrial organic matter, demonstrated by palynofacies analysis. An associated increase in
terrigenous flux could also induce a notable increase in nutrient supply in the water column,
resulting in increased biological respiration and the development of an enhanced oxygen minimum
zone (Figure 4.15). This would help promote the preservation and drawdown of organic matter
and Mo to seafloor sediments. A portion of this organic matter is reduced by microbially mediated
processes resulting in the formation of H.S in pore fluids, which precipitates as sulphide
complexes, resulting in increased enrichment factors for siderophile and chalcophile elements (e.g.
Cu, Pb, Cr, Ni, As and Mo). Uranium becomes enriched through authigenic precipitation from
seawater beneath suboxic to anoxic conditions. Carbon/N values from the Waipawa Formation at
Te Hoe River suggest denitrification was an important process in shallow (~300 m paleo-water
depth) sections of the Waipawa Formation. Foraminiferal index species for bottom water
oxygenation show that typical Waipawa deposited under dominantly aerobic conditions, although

there were some anoxic and intermediate index species present (Kaiho, 1991).

In more distal settings of the Waipawa Formation (800—1000 m paleo-water depth), although
sedimentation rates were much lower (0.2-0.5 cm/kyr) they reflect a notable increase in terrigenous
sediment flux against a background of otherwise bioclastic-dominated sedimentation. Despite the
low preservation of TOC in these settings (typically 0.5-1.0%), trace element enrichments indicate
increased reducing conditions in these settings. Trace metals associated with sulphide phases and
strong S-TOC-Fe relationships indicate strongly reducing conditions. Visual assessment of pyrite
framboids (>20 um diameter) and large diagenetic pyrite nodules (Appendix 5), suggest that this
may have been restricted to below the sediment-water interface. The low TOC values measured,
and the strong relationship between S-TOC-Fe, may suggest that TOC may have been
remineralised to provide the sulphide source. Another consideration is that the relatively greater
uptake of redox-sensitive elements by sediment in distal settings may be due to the much longer
residence time of particles on the sea floor than in the water column, or possibly due to the higher
sulphide concentrations encountered below the sediment-water interface (e.g. Meyers ¢ al., 2005;

Algeo & Maynard, 2009). Elemental ratios and bulk rock XRD show no apparent shift in sediment
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provenance across the Waipawa Formation that may explain a change in sediment source areas, or
may have promoted marine productivity; this, therefore, implies a change in relative sea level is the
most like driver and explanation for the differential preservation of organic carbon across the

Waipawa Formation.

Source rock analyses suggest a mixed marine and terrestrial kerogen source across the Waipawa
Formation, despite palynofacies analyses showing an almost exclusively terrestrial kerogen. A
potential explanation is that there is a minor component of marine organic matter-derived lipids
preserved in the Waipawa Formation, which can subsequently be identified by SRA but not with
palynological processing methods. Organic carbon isotope excursions across the Waipawa
Formation are consistent with a terrestrially derived kerogen source (Hollis ef a/., 2014), and the
strong relationship between the magnitude of the excursion and water depth would support this
(Figure 4.13). The strong correlation between section thickness (as a proxy for sedimentation rate)
and average TOC suggests that organic matter flux occurs in association with sediment supply, and
supports the 8"’ Cor, to depth cotrelation. This relationship would suggest that during the Paleocene
in the East Coast Basin, sedimentation rate is the primary control on organic matter burial and
preservation, with oxygen availability being a secondary consideration during the deposition of the
Waipawa Formation. This would explain the notable variability of redox proxies within sections

and across the lateral extent of the formation.

During the late Paleocene—Eocene, after Waipawa Formation deposition, a general trend of
Cenozoic marine transgression in the East Coast Basin continued. The paleo-shoreline moved
landward, resulting in a notable reduction in sedimentation rates across the Wanstead Formation.
These lower sedimentation rates result in increased bioturbation, which in turn resulted in the
oxidation and depletion of organic carbon. Consequently, these actions resulted in the low TOC
values and low HI and OI values indicating a Type IV inert kerogen through the majority of

samples analysed from the formation.
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Figure 4.15: Integrated redox and depositional model for the Waipawa Formation across the East Coast

Basin, explaining variations in formation thickness, paleo-water depth, dissolved oxygen availability and

redox reactions, and organic carbon preservation and type.
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4.5 Conclusions

In applying a multidisciplinary approach to over twenty-one outcrops in the East Coast Basin, the
vertical and lateral facies relationships of the Waipawa Organofacies can be disentangled, and some
of the issues regarding its depositional history and petroleum potential answered. The Waipawa
Formation is thin in shelf settings (<10 m), and thickens across slope environments, before
thinning in distal areas of the basin. Proximal sediment-starved areas are characterised by the
deposition of the Te Uri Member, a condensed section dominated by glaucony, and a reduced
TOC enrichment (relative to the Waipawa Formation), but with a positive shift in the 8"°C.., signal
present in uppermost beds that is characteristic of the Waipawa Formation elsewhere. Assessment
of foraminiferal faunas from the Waipawa Formation and the immediately underlying units has
demonstrated a progressive basinward deepening trend across the formation, and has also
highlighted lateral relationships with shallow-marine strata. The Waipawa Formation is thickest
and has the richest source rock potential in slope settings between ~400—600 m paleo-water depth,

with sedimentation rates lowest in both proximal and distal settings.

Source rock analysis, palynofacies assessment and carbon isotopes are indicative of a dominantly
terrestrial kerogen source, in keeping with the depositional model presented herein. Organic
carbon preservation is strongly associated with sediment supply and accumulation rates, and is the
primary control of organic carbon burial and preservation. Paleo-redox conditions are variable
vertically and laterally across basin, forming a secondary consideration in assessing organic carbon
preservation. In proximal settings, denitrification appears to be a key redox process in the Waipawa
Formation, with microbial-mediated sulphate reduction becoming increasingly important with
increasing paleo-water depth. Bulk modal mineralogy and elemental ratios show no change in
sediment provenance, ruling out changes in sediment source or productivity as a factor in increased

TOC across the Waipawa Formation.
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Chapter Fipe

TECTONIC RECONSTRUCTION OF THE EAST COAST BASIN AND WIDER ZEALANDIA

"Essentially, all models are wrong, but some are useful.”

- George Box (1987) Empirical model building and response surfaces.

Surface expression of the Clarence Fault, tributary or Mead Stream. Photo: James Crampton.
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PREFACE TO CHAPTER FIVE

Statement of Authorship

This chapter represents entirely my own writing, and all figures — unless otherwise credited — are
my own. Model development has been an iterative process and I have been involved in that process
from inception, although this generation of the model is the intellectual property of Hannu

Seebeck.

The contributions from external soutrces are as follows:

e Hannu Seebeck — The base model output from GPlates for the 0—40 Ma reconstruction,
lengthy discussion on plate kinematics, geophysical modelling for key parameters that
govern model kinematics (not shown or discussed herein). Hannu has built the wider
Gplates model for the entire SW Pacific-Antarctic region, which provides the context and

boundary conditions in which the detailed model sits.

My contributions are as follows:

e The application and testing of the geological model are my own work, except where
outlined or otherwise explained

e The basic East coast structural division was substantially my own, although it has been
simplified in this rendition of the model.

e The concept, data preparation, application and interpretation are my own intellectual
property.

e The testing and application of the model demonstrated is entirely my own work,
incorporating the development of paleomagnetism-model rotation comparisons, detrital

zircon clusters, heavy mineral groupings, and crustal volume calculations.
Chapter Outline/Overview

This chapter explains the initial assumptions in the development of the model, followed by testing
and application of the model against geological, geochemical and geophysical datasets. The ultimate
purpose of the model is to develop a palinspastic framework upon which the stratigraphic and
paleoenvironmental development of the Late Cretaceous—Eocene East Coast Basin can be

assessed.
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Chapter Fipe

TECTONIC RECONSTRUCTION OF THE EAST COAST BASIN AND WIDER ZEALANDIA

5.1 Introduction

The propagation of the Australian-Pacific plate boundary through the New Zealand region in the
late Eocene to early Miocene resulted in the development of a number of major physiographic
features in the southwest Pacific region (Figure 5.1). The position and geometry of the East Coast
Basin prior to the inception of the modern plate boundary between the Australian and Pacific plates
continues to be a contentious issue in paleogeographic reconstructions of the proto-New Zealand
subcontinent (Zealandia; Mortimer e7 a/., 2017) and the Southwest Pacific region (Figure 1.2). The
ultimate purpose of the structural model developed herein is to derive a palinspastic framework
upon which the stratigraphic and paleoenvironmental development of the Late Cretaceous—Eocene
East Coast Basin can be assessed. In order to produce a pre-Neogene model base, varied Neogene
deformations must be sequentially backstripped. Placing the East Coast Basin within a palinspastic
model framework requires consideration of the structural trends of the wider New Zealand region.
To do this, multiple geological and geophysical datasets are integrated to provide a holistic overview

of regional and basin structural evolution during Neogene plate boundary propagation.

The East Coast Basin is a Cretaceous-Cenozoic sedimentary basin that initiated in a dominantly
passive margin setting, but has evolved within a convergent plate boundary setting during the
Neogene (Field & Uruski ez /., 1997). In many previous reconstructions of New Zealand, the East
Coast Basin is either omitted, or depicted as a broad triangular zone of unconstrained and
unspecified deformation (e.g., Walcott, 1987; Rait e al., 1991; Bradshaw e# a/., 1996; Sutherland ez
al., 2001; Collot e# al., 2009; Reyners, 2013; Mortimer, 2014). Previous reconstructions of the East
Coast Basin tend to treat the region as a single, simple block (e.g., Ballance, 1976; King, 2000a), or
a small series of blocks (Wallace & Beavan, 2004; Lamb, 2011) or deformation zones (Nicol ¢ al.,
2007). Due to the largely unquantified internal deformation and uncertainties in the estimates of
timing and the magnitude of vertical and lateral movement in the Neogene, the East Coast Basin
is often used to accommodate uncertainties in the volume of shortening associated with the

development of the Hikurangi subduction margin in paleogeographic reconstructions.

There is considerable variability in the location of the East Coast Basin in paleogeographic
reconstructions of the southwest Pacific (Figure 1.2; King, 2000a). These reconstructions can be

divided into two general schools of thought: one requiring considerable strike-slip movement and
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a minor rotational component (e.g., Cole, 1986; Ballance, 1976; Carter & Norris, 1976; Cooper &
Tulloch, 1992; Beu, 1995); and the alternative, requiring substantial rotation of the region with a
minor component of strike-slip displacement (e.g., Lamb, 1988; Gray & Norton, 1988; Uruski &
Wood, 1993; Lewis & Pettinga, 1993; King, 2000a; Nicol ez a/, 2007; Wood & Stagpoole, 2007;
Seebeck ez al., 2014). Considering that paleomagnetic studies have demonstrated that there has been
60-110° of Neogene vertical-axis rotation in the East Coast Basin (excluding the East Coast
Allochthon; Walcott & Mumme, 1985; Mumme 7 a/., 1989; Rowan & Roberts, 2008; Lamb, 2011),
this would favour a reconstruction approach with a large rotational component and a comparatively
minor strike-slip contribution. Such an interpretation is also supported by estimates of offset across

major crustal-scale faults in North Island (e.g., Beanland ez 4/, 1998; Nicol ez al., 2007).

The basin can be divided, from west to east, into four major tectonic divisions that reflect the
modern subduction zone. These are the frontal ridge (axial ranges), the inner forearc basin, outer
forearc basin (coastal ranges), and the accretionary wedge (Figure 1.2). The axial ranges mark the
primary boundary from compressional deformation in the east into strike-slip deformation to the
west, whereas the coastal ranges mark the onshore expression of the accretionary wedge, with the
intervening area forming the forearc. In addition, late Neogene to Recent strike-slip faults (the
Carterton, Kamingi and Alfredton faults) are obliquely cutting the NNE-oriented structural trend

of the forearc (Figure 5.2).
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Figure 5.1: Structural and physiographic features in the New Zealand region of the southwest Pacific.
Key to abbreviations: HP — Hikurangi Plateau, EB - Emerald Basin, NP — Northland Plateau, NB —
Norfolk Basin, NCB — New Caledonia Basin, VMFZ — Vening Meinesz fracture zone, HFZ — Hunter
Fracture Zone, FSZ — Fossil Subduction Zone, FZ — fracture zone. Black denotes fossil and relict
structures, red indicates active structures. Basement geology superimposed on New Zealand — see Figure
5.2 for key. Onshore geology from Heron (2014), submarine physiographic and tectonic features from
Schellart ez al. (2000).

Despite well-developed understandings of relative plate motions between the Pacific and
Australian plates, it remains difficult to reconcile the 290° of rotation in the East Coast Basin with
deformation trends across the New Zealand region. Substantial Neogene rotation should result in
substantial crustal shortening in the southern Hikurangi margin, yet seismic interpretation and
balanced cross-sections indicate only ~30 km of Neogene shortening in southern Wairarapa (Nicol

& Bevan, 2003; Nicol e# al., 2007). In addition, the low metamorphic grade of basement strata
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exposed in the central North Island and the axial ranges is inconsistent with a high amount of

crustal shortening.

The East Coast Basin has been deformed extensively, dissected, dislocated and re-oriented
following the inception of the Hikurangi subduction margin through the basin. The post-Oligocene
structural style is primarily compressional, as evidenced by early Miocene emplacement of thrust
sheets in the Raukumara Peninsula and possible thrust sheet emplacement in southern Hawke’s
Bay-northern Wairarapa (Delteil e 2/, 2006). In the northern East Coast Basin, early Miocene NE—
SW shortening in Raukumara is associated with obduction of the East Coast Allochthon from the
subducting Pacific Plate (Rait, 2000). The Northland and East Coast allochthons were emplaced
along with a number of structural assemblages that formed during a brief, vigorous, early Miocene
deformation event during the onset of subduction beneath the North Island and Marlborough
(Rait e al., 1991; Isaac et al., 1994; Rait, 2000). The East Coast and Northland allochthons are
estimated to have been emplaced at 21-24 Ma, in a southwest direction (Rait ez a/., 1991; Isaac ez

al., 1994; Kamp, 1999; Rait, 2000; Mortimer e /., 2003; Furlong & Kamp, 2009).

Post-early Miocene shortening has been interrupted by at least two tectonic reorganisations since
the Late Miocene. Neogene subduction and dextral strike-slip has continued to the present day,
with the largest proportion of dextral faulting occurring since the late Miocene (Cashman ef al,
1992; Beanland ez a/., 1998; Barnes ez al., 2002; Kamp, 1987; Nicol & Wallace, 2007). The Australian-
Pacific Euler pole shifted abruptly south-westward at 6.5-5 Ma, resulting in increased convergence
across the plate boundary, consequently causing the development of the Marlborough fault zone
and the uplift and subaerial exposure of parts of the inner forearc in the Hawke’s Bay-Wairarapa
(Cande ez al., 1995; Kelsey et al., 1995; Sutherland, 1995; Little & Roberts, 1997). The onset of
extension of the Taupo Volcanic Zone at ~2 Ma (Wilson ez a/. 1995; Wallace e/ a/., 2004) and the
initiation of dextral strike-slip displacements on the North Island fault system (Beanland, 1995;
Beanland e al., 1998) resulted in the current tectonic style observed along the margin at the present
day. Many geological and geophysical constraints associated with this varied tectonic evolution of
the Hikurangi Margin should be taken into account when developing an integrated reconstruction

for the region, and are discussed in the following section.
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is depicted in Figure 5. Outcrop distributions of New Zealand’s basement terranes, the Northland and

East Coast allochthons, and the Taupo Volcanic Zone, are plotted for reference (see map legend). Map

data sourced from Heron (2014). Relative plate motion vectors from Nicol ¢f a/. (2007).
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5.2 Model Constraints, Initial Assumptions & Method

The model presented here is synthesised from new and published geological and geophysical
datasets, including sedimentological, mineralogical, structural, plate tectonic, paleomagnetic, and
stratigraphic data. Actual model development is achieved using GPlates open-source plate tectonic
reconstruction software (www.gplates.com; Boyden ez a/., 2011; Qin ez al., 2012). GPlates interacts
with widely available geographic information systems software, and provides a consistent
framework within which block models can be developed to estimate deformation within the plate
boundary zone. One of the key benefits of applying the GPlates software is that the model is easily

adaptable as new data and ideas develop.

The East Coast region is widely considered to have been within a tectonically passive setting from
latest Cretaceous to late Eocene (e.g., Ballance, 1993b; Field & Uruski e# @/, 1997; King, 2000a;
Uruski, 2010). Therefore, the Cretaceous to Eocene geometry of the reconstructed Zealandia
model is assumed to be largely fixed by the Recent to Eocene reconstruction, which in turn, is
derived by retroactively removing Neogene deformation across the plate boundary. The kinematics
of deformation on the contemporary plate margin are best described in terms of spatially
continuous strain (e.g., Beanland & Haines, 1998; Wallace ez a/., 2004; Nicol 7 al., 2007). On the
other hand, paleomagnetic data and GPS block models define large regions of consistent vertical-
axis rotations (e.g. Wallace ez a/., 2004, 2007; Lamb, 2011). Similarly, structural data also provides

evidence for block faulting on scales of 10’s to 100’s of km along strike.

The GPlates software used in the development of this model is limited to a largely rigid-block
model output that does not readily allow for the degree of plastic deformation that is common in
a convergent plate boundary zone. As such, most deformation is implicitly accommodated on faults
bounding rigid crustal blocks (e.g. King, 2000a). A number of assumptions were required in the
initial development of the model. These include: identifying and defining continental blocks,
determining the initial configuration of blocks, establishing finite plate rotations, and assessing
internal rotation of structural blocks within the plate boundary deformation zone. These

considerations are outlined below.

5.2.1  Block Assignment & Definition

Of the assumptions required in order to establish the baseline for the model, arguably the most
important is the definition of continental blocks, and determining the precursor relationships

between these continental blocks (King, 2000a). Block boundaries applied herein are defined
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primarily on the basis of geological and structural considerations, and also changes in gravity and
magnetic data. Preference for structural division was given to faults that demonstrated evidence of
early Miocene or pre-Neogene existence, and structures that form distinctive features within the
geological, structural and physiographical division of the New Zealand region. In most cases, block
divisions are well-defined by discrete structures, although in a few places block boundaries are
considered a diffuse zone of faulting and deformation. The division of structural blocks along
basement-penetrating faults of Early or pre-Miocene age, with consideration of pre-Neogene
geology, has resulted in a similar structural subdivision of the North Island East Coast to that of
Moore (1988b; Figure 5.3A). Although the model presented here draws on previous GPS-based
models (e.g. Wallace ez al, 2004, 2012; Figure 5.3B) and paleomagnetism-based reconstructions
(e.g. Lamb, 2011; Figure 5.3C), block geometries applied here in this study differ substantially from
previous reconstructions (Figure 5.3D). These structural subdivisions have been simplified for
expression within the model, with often moderately complex geometries reduced to simple block
structures and straight boundaries for clarity of presentation. In the present-day offshore region,
the blocks are limited by the 2000 m isobath. In establishing the base model, the wider Zealandia
region is divided into five major crustal blocks, following King (2000a), but with further subdivision
in the Taranaki, Marlborough and East Coast areas. In this model, the East Coast Basin is
represented by a number of separate crustal blocks that move independently within a basin-scale

envelope.
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Figure 5.3: Block models for the East Coast Basin from previous studies, and this study. A) North Island

structural divisions from Moore (1988b), and South Island block divisions from Crampton ez 4/ (2003).

Sub-belts shown for reference from Moore (1988b, modified after Crampton, 1997). New Zealand

broad-scale block divisions of King (20002) shown in inset map. B) Block model from Wallace ez 4/

(2004, 2007, 2012) for Pliocene movements of the East Coast Basin. C) Neogene model from Lamb

(2011). D) The structural block divisions adopted in this study.
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The Neogene structural division of the New Zealand region (excluding the TVZ) appears to be
largely governed by existing, mostly Cretaceous-aged structures. The Alpine Fault formed through
the growth and interconnection of smaller faults as displacement of the boundary increased, until
reaching the present-day length of 600 km; ie. a zone of faults that became progressively
interconnected during Miocene times (Sutherland, 1999a). So it follows that the Alpine Fault as a
continuous structure may be much younger than the Oligocene to early Miocene age generally
accepted for its inception (Sutherland, 1999a). An alternative hypothesis is that the Alpine Fault
was an existing Cretaceous structure that already had hundreds of kilometres of sinistral offset prior

to the Neogene (Lamb ez al., 2010).

Several major faults in North Island were active structures in the Late Cretaceous (Nicol ez al., 2007;
Stagpoole & Nicol, 2008; Reilly ¢# @/, 2015; Crampton, unpublished data). These include the
Mohaka Fault, for which there must have been an eatlier, Cretaceous structure prior to the
Piripauan-Haumurian, as Pahau Terrane is juxtaposed against late Cretaceous Karekare Formation,
both of which are demonstrably overlain by Piripauan-Haumurian Tahora Formation (Crampton
& Moore, 1990; Isaac ez al., 1991). The Adams-Tinui Fault was interpreted as an active structure in
the latest Cretaceous by Moore (1980). In addition to the North Island Fault System, the Waimea-
Flaxmore Fault zone, and the Taranaki Fault run sub-parallel to Mesozoic basement fabrics,
suggesting that many post-Oligocene faults occupy pre-existing planes of weaknesses (e.g. terrane
boundaries, stratigraphic contacts and faults; Barnes & Audru, 1999; Nicol ez al, 2007). The
Clarence Fault is an example of Neogene reactivation of a Cretaceous structure, as it can clearly be
demonstrated that late Cretaceous dikes have intruded a pre-existing shear zone, before being
sheared and deformed during Neogene movements (Figure 5.4). Within the Torlesse basement,
the Clarence Fault forms the southwestern boundary of a ~400 m-wide zone of intense shearing
and brittle deformation that formed prior to a period of mid-Cretaceous dike intrusion at 100 Ma,
before being reactivated in the late Cenozoic with an oblique slip sense (Crampton ef al., 1998,
Nicol & Van Dissen, 2002). While many faults in the North Island were active structures during

the Cretaceous, it is rarely demonstrable at the outcrop scale.
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Figure 5.4: Exposure of the Clarence Fault in a tributary of Mead Stream, showing broad shear zone,
and late Cretaceou