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Sequence stratigraphy of the Nukumaruan Stratotype
(Pliocene-Pleistocene, c.2.08-1.63 Ma), Wanganui Basin,
New Zealand

S. T. Abbott'*, T. R. Naish?, R. M. Carter?, and B. J. Pillans*

Abstract Late Pliocene to Early Pleistocene (c. 2.08—1.63 Ma) strata exposed in
coastal cliffs along Nukumaru and Ototoka beaches near Wanganui, between the top of
the Nukumaru Limestone and the base of the Butlers Shell Conglomerate, comprise 11
depositional sequences of a total thickness of c. 86 m. The sequences consist predomi-
nantly of silicilclastic shoreline facies. Non-marine facies (including palacosols), and a
variety of shallow-marine shellbed facies, are also represented. Patterns in facies com-
position and sequence architecture reveal three sequence motifs (Maxwell, Nukumaru,
and Birdgrove) that represent progressively increasing maximum palacowater depths
within a broadly basin-margin palacogeographic setting. The sequence motif changes
systematically up section and records a lower order tectonic influence on accommoda-
tion that has modulated the stacking patterns of individual sequences. Correlation of the
sequences with oxygen isotope stages 77-57 is achieved using the basin-wide Ototoka
tephra, and indicates that the sequences accumulated in response to obliquity driven (41
k.y. duration) glacio-eustatic sea-level oscillations. Correlation of the Nukumaru coast
sequences with other sections along basin strike, and the global oxygen isotope record
indicates that (i) 500 k.y. (3'30 stages MIS 56-34) is missing at the unconformity be-
tween the Nukumaruan and overlying Castlecliffian stratotypes on the Wanganui coast,
and (ii) the Pliocene-Pleistocene boundary lies within sequence NC7 at the base of the
Lower Maxwell Formation.
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INTRODUCTION

Fleming (1947, 1953, p. 303) recognised that as many as 40 oscillations of “Pleistocene”
sea level were recorded in the shallow-marine strata of the Wanganui Basin, North Island,
New Zealand (Fig. 1), and attributed the cyclicity to “spasmodic diastrophic movements”.
Later, at about the same time as the orbital theory of glacio-eustasy was becoming widely
accepted (Shackleton & Opdyke 1973; Hays et al. 1976), Fleming (1975) suggested that a
glacio-eustatic origin should be considered for the Wanganui cycles.

'School of Earth Sciences, University of Tasmania, Private Bag 79, Hobart, TAS 7001, Australia.

nstitute of Geological and Nuclear Sciences, P.O. Box 30 368, Lower Hutt, New Zealand.

3Marine Geophysical Laboratory, James Cook University, Townsville, QLD 4811, Australia.

“Research School of Earth Sciences, Australian National University, Canberra, ACT 2000, Australia.

*Present address: School of Environmental Science and Management, Southern Cross University,
P.O. Box 157, East Lismore, NSW 2480, Australia. Email: sabbott@scu.edu.au.

R04015 Received 23 August 2004, accepted 13 May 2005, Online publication date 27 July 2005



124 Journal of the Royal Society of New Zealand, Volume 35, 2005

s |A Taupo Volcanic Zone &
NO ;°f‘ &
IStA ,’"&\AA . Napier
Enlarged 7 '///
Whangahui R.
area \p 7S viZiiZZ’eh'u R
Nukumaruan 7, a4ina RN \
—40°S /g // gt’ attQ’ype Rangitikei R.}-..
g ection :
Australian Hs™ . &
/_/0@“@ . Wanganui Q
o .. Basin _ S
e na-" - \0Q
Pacific 8\,&
plate ¥
) A
100 Krit-
1l75E
Taranaki Wanganui Axial Forearc Pacific
A Basin Basin Ranges Basin Ocean A
- — SS——— ¢ 7¢
30 km LA —
. e w. Locked plate acimic
Australia plate interfacep plate
100km
> _—

Fig. 1 Plate tectonic setting of the Wanganui Basin in western North Island, showing the location of
the Nukumaruan stratotype section.

In a study of the Castlecliffian and younger strata at Cape Kidnappers, Kamp (1978) made
the first correlation between the oxygen isotope scale and a New Zealand cyclic sedimentary
succession. Subsequent studies established correlations between the oxygen isotope curve and
Nukumaruan and Castlecliffian cyclothems in Hawke’s Bay, Wairarapa, and Wanganui basins
(Beu & Edwards 1984), and a flight of uplifted marine terraces from the Wanganui hinterland
that overlap in age with the Wanganui Basin cycles (Pillans 1983, 1990).

Abbott & Carter (1994) and Naish & Kamp (1997) undertook detailed stratigraphic and
sedimentological studies of Wanganui Basin cycles exposed in the Castlecliffian stratotype
near Wanganui and the Rangitikei Valley, respectively, and described their development in
terms of the evolving concepts of sequence stratigraphy. Based on this work, Naish et al.
(1998) and Saul et al. (1999) synthesised a Wanganui Basin cyclostratigraphy for the past 3.6
Ma. Carter & Naish (1998) and Carter et al. (1999) have underscored the global significance
of the Wanganui Basin as a late Neogene cyclostratigraphic reference section.

In this paper we detail the sequence stratigraphy of the upper part of the Nukumaruan Stage
(c. 2.08-1.63 Ma) stratotype exposed in coastal cliffs north-west of Wanganui city (Fig. 1).
We apply sedimentary facies analysis within a sequence stratigraphic context following the
approach of Abbott & Carter (1994), Naish & Kamp (1997), and Mclntyre & Kamp (1998).
The sedimentary facies represent coastal plain, shoreface, and shallow shelf environments.
The succession of facies has been resolved into 11 depositional sequences (sensu Vail et al.
1991).

The cyclostratigraphy presented here underpins part of the basin-wide synthesis of glacio-
eustatic sea-level changes in Wanganui Basin since 3.6 Ma (e.g., Naish et al. 1998). This
cyclostratigraphic framework permits identification of the Pliocene-Pleistocene boundary
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(1.81 Ma, 8'80 Stage 65, sapropel “e” at the Vrica type section; Aguirre & Pasini 1985) in the
Nukumaruan stratotoype.

Geological setting

Wanganui Basin is a 200 x 200 km, ovoid sedimentary basin in western North Island, New
Zealand, situated in a behind-arc position with respect to the modern Pacific-Australia plate
boundary (Fig. 1). Although Pliocene-Pleistocene subsidence and sedimentation have been
concentrated in Wanganui Basin, Pliocene-Pleistocene sediments extend across the modern
continental shelf west of the North Island. Wanganui Basin subsidence is attributed by Stern
& Davey (1989) to the presence of a subjacent, locked, subducting plate interface, combined
with foreland basin thrust loading.

Sedimentation kept pace with subsidence throughout much of the basin history, resulting
in a 5 km thick succession of predominantly shelf and marginal marine sediment. The eastern
margin of the basin has undergone gentle upwarping along the plate boundary, resulting in
excellent onland exposures. Fifty-eight Pliocene-Pleistocene sequences, representing oxygen
isotope stages 5 through to MG 6 (Abbott & Carter 1994; Journeaux et al. 1996; Naish &
Kamp 1997; Naish et al. 1998; Saul et al. 1999) have been recognised. An overlapping and
partly younger record of interglacial isotope stages 173 (0.68—0.04 Ma) is represented by a
flight of 13 marine terraces that extend up to 20 km inland and up to 400 m above present sea
level along the Wanganui coast (Pillans 1983, 1990).

The Nukumaruan stratotype

The fossiliferous sands at Nukumaru beach (= Rotella beds of Park 1887) were shown to
contain similar faunas to those of the Matapiro and Petane beds in Hawke’s Bay by Marshall
(1919), who proposed that the North Island-wide biostratigraphic term “Nukumaru Series” be
applied to these strata. The correlation between Nukumaru beach and Hawke’s Bay strata was
confirmed by Marwick (1924), who renamed the unit “Nukumaruan Stage”. While the stage
was originally based on the Nukumaru Brown Sand, a formation of the Nukumaru Group,
sediments occurring within the stratigraphic interval from the base of the Hautawa Shellbed to
the base of the Butlers Shell Conglomerate (upper Okiwa, Nukumaru, and Maxwell Groups)
were classed as Nukumaruan by Fleming (1953).

The incoming of the subantarctic bivalve Zygochlamys delicatula at the level of Hautawa
Shellbed in Wanganui Basin, and other basins of southern and eastern North Island (Fleming
1944; Beu et al. 1977; Orpin et al. 1998), represents the earliest macrofaunal evidence of
climatic cooling in New Zealand Pliocene-Pleistocene marine sequences. Accordingly, for
many years the Pliocene-Pleistocene boundary in New Zealand was placed at the base of the
Nukumaruan Stage.

Beu et al. (1987) estimated an age of 2.4 Ma for the base of the Nukumaruan Stage in
Wanganui Basin, which was considered coeval with the first major Northern Hemisphere
cooling reported by Shackleton (1985). Naish et al. (1996) correlated Nukumaruan strata in
the Rangitikei River valley with the astronomically-tuned oxygen isotope timescale. These
authors demonstrated that the base of the Hautawa Shellbed was best correlated with the
top of 6'%0 Stage 98 (2.46 Ma). This position was three sequences above the location of the
Gauss/Matuyama polarity transition (3'*0 Stage 104, 2.58 Ma), and one sequence above the
880 Stage 100 unconformity (2.50 Ma) considered to mark one of the first major Northern
Hemisphere ice ages. Naish et al. (1998) observed that further work may reveal cold water
taxa from 8'*0 Stage 100 in New Zealand, but also commented that the occurrence of such
taxa may have been precluded by regional environmental factors such as palacoceanography
or sedimentation rate.
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Establishment of the top of the Nukumaruan Stage has been more problematic. It is cur-
rently placed at the base of the Butlers Shell Conglomerate which rests on an unconformity
representing a time break of c. 500 ka (8'%0 Stages MIS 56—34; Naish et al. 2005 this issue).
This raises the question as to whether sequences that were deposited during 6'%0 Stages 5634
(basin cyclothems 22-30) that occur in the Turakina River and Rangitikei River sections
(e.g., Naish et al. 1998; Saul et al. 1999) and drillcore (Naish et al. 2005 this issue) should be
included in the Nukumaruan or Castlecliffian Stages.

The incomplete succession across the Nukumaruan/Castlecliffian Stage boundary was
commented on by Pillans (1991), who recommended repositioning the boundary near the
top of the Upper Maxwell Formation, an interval of marginal marine to non-marine facies
that contains numerous rhyolitic tephras that could be used in any formal redefinition. New
biostratigraphic (Beu 2001) and tephrostratigraphic (Alloway et al. 2004; Pillans et al. 2005
this issue) data indicate that one of the tephras in this interval, the Ototoka tephra, is a basin-
wide marker separating the last appearance of Nukumaruan taxa from the first appearance of
Castlecliffian taxa. Cooper (2004) designates the base of the Ototoka tephra at Ototoka Beach
as the new section stratotype and point for the base of the Castlecliffian Stage. However, Carter
(in press) rejects the recommendation to lower the base-Castlecliffian boundary, and follows
Carter & Naish (1998) in equating it with the base of the Jaramillo subchron (1.07 Ma), close
to its historic position at the base of the Butlers Shell Conglomerate.

The Ototoka tephra (Alloway et al. 2004; Pillans et al. 2005 this issue) is the only basin-wide
rhyolitic tephra that has been identified in the Nukumaru stratotype. It occurs as a reworked
vitric ash in sandy shoreline facies of sequence NC11 (= basin sequence 21) just below the
unconformity at the base of the Butlers Shell Conglomerate. This tephra provides a key tie-
point for correlation of the Nukumaruan coastal sequences into the composite cyclostratigraphy
which has been erected for Wanganui Basin based largely on the Castlecliff, Rangitikei, and
Turakina sections (Naish et al. 1998; Saul et al. 1999). The older Vinegar Hill, Waipuru, and
Ohinagiti Tephras, that occur respectively within sequences 19, 16, and 9 in the Rangitikei
section further east (Naish et al. 1996) have not been recognised at the coast. Rangitikei se-
quences 23, 25, 26, and 30, which enclose the Mangahou Ash, Pakihikura Pumice, Mangapipi
Ash, and Rewa Pumice, respectively, are not present at the coast section because they occur
within the 500 ka time gap represented by the unconformity at the base of the Butlers Shell
Conglomerate.

Study section

The Nukumaruan stratigraphy described herein is exposed in coastal cliffs to the north-west
of Wanganui city. Access to the section is via the walking track from the cliff-top car park at
Ototoka Stream (Fig. 2A). The Nukumaruan strata are exposed in the lower part of the cliffs,
and dip gently towards the SSE (Fig. 2B). The upper part of the cliffs comprise flat-lying late
Pleistocene terrace cover (MIS 5e Rapanui Terrace) that unconformably overlies Nukumaruan
strata. The cliffs are vegetated and fresh exposure is created sporadically by mass wasting.
Consequently, the amount, location, and quality of exposure vary over time. Cliffs comprising
the upper Tewkesbury Formation and the Lower Maxwell Formation are set back from the
beach and are always densely vegetated such that documentation of this part of the section
is indicative only.

The lithostratigraphic units studied (Fig. 2B,C), referred to herein as the Nukumaru section,
comprise the upper part of the Nukumaru Group (Nukumaru Brown Sand and Tewkesbury
Formation) and the overlying Maxwell Group (Lower Maxwell Formation, Pukekiwi Shell
Sand, Middle Maxwell Formation, Mangahou Siltstone, and Upper Maxwell Formation).
We describe the Nukumaru section up to the historical base of the Castlecliffian Stage, at the
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Fig.2 A, Location of the Nukumaruan stratotype (after Topomap R22 Wanganui); B, disposition
of outcrop in the coastal cliffs along Nukumaru and Ototoka beaches (adapted from Fleming 1953);
C, formational lithostratigraphy of the Nukumaruan stratotype section (after Fleming 1953).

base of the Butlers Shell Conglomerate, to provide continuity with the sequence stratigraphic
subdivision of the Castlecliffian stratotype by Abbott & Carter (1994, 1999).

Figure 3 is a composite measured section along the coast from the top of the Nukumaru
Limestone to the basal Castlecliffian unconformity. This succession is ¢. 86 m thick, and
comprises 11 depositional sequences (sensu Vail et al. 1991). Older Nukumaruan strata
represented by undifferentiated formations of the Okiwa Group, together with the Hautawa
Shellbed, Kuranui Limestone, Tuha Sand, and Ohingaiti Sand, do not crop out at the coast,
and are not included in the present study. The Nukumaru Limestone outcrops on the coast but
was not included in this study because sequences are cryptic and further work is required to
resolve them.

The Butlers Shell Conglomerate rests unconformably on the upper Maxwell Group at an
angle of c. 1° (Fleming 1953). The unconformity appears high in the cliff north of Ototoka
Stream, and successively truncates the Pukekiwi Shell Sand, Middle Maxwell, Managahou,
and Upper Maxwell formations before reaching beach level c. 2 km south-east of Ototoka
Stream (Fig. 2B).

Wanganui Basin lithostratigraphy and cyclostratigraphy

A cyclostratigraphic synthesis of the Wanganui Basin by Naish et al. (1998) and Saul et al.
(1999) revealed 58 sequences extending from the present to 3.6 Ma (OIS 1 to MG6). The Nu-
kumaru section comprises basin sequences 12-21 (OIS 77-57). A local sequence nomenclature
is based on the initials of the author or authors who documented the sequences. The sequences
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in the Nukumaru stratotype are designated NC1-NC11 (Fig. 3). This local sequence number-
ing will provide nomenclatural stability against any future renumbering of the basin-wide
cyclostratigraphy. The context of the Nukumaru section within the formational lithostratigraphy
and cyclostratigraphy of the Nukumaru Stage in the Wanganui Basin is shown in Fig. 4. To
assist the identification of lithostratigraphic units and sequences in the field, five cliff views,
annotated to show formational and sequence stratigraphy, are included (Fig. 5-9).

SEDIMENTARY FACIES ANALYSIS

Palacoenvironmental interpretation of the Nukumaru section is based principally on standard
sedimentary facies analysis. Eleven lithofacies are recognised on the basis of sedimentological
and macrofossil features. The lithofacies are grouped into three associations: siliciclastic shore-
line, shellbed, and non-marine. Facies characteristics are summarised (Table 1) and illustrated
(Fig. 10—12). The distribution of facies in the Nukumaru section is indicated (Fig. 3).

The siliciclastic shoreline association (Fig. 10) comprises a spectrum of facies, ranging from
open and protected shoreface sand and muddy sand, to innermost shelf mud. Mud rich facies
in this association are characterised by their heterolithic character, that is, the interlamination
or interbedding of mud and sand in various ratios to produce mud flasers, flaser bedding, and
wavy bedding. Although heterolithic facies are often associated with tidal flat and other estua-
rine settings, the majority of heterolithic facies in the Wanganui Basin are regarded as having
been deposited in a fully marine inner shelf location (see Abbott 1998 for discussion).

The shellbed association (Fig. 11) is characterised by high shell concentration relative to
the enclosing facies (cf. Kidwell et al. 1986). Shellbed facies are distinguished on the basis
of sedimentological characteristics (e.g., the presence of reworked versus in situ fossil as-
semblages) and taxonomic composition (especially the distinction between shoreline and
shelf faunas). Shellbed facies comprise shellbeds that can be interpreted as having sequence
stratigraphic significance (onlap, backlap, compound, and toplap shellbeds) as described in a
later section.

The non-marine association (Fig. 12) consists of lignite, carbon-rich mudstone and sand-
stone, and palaeosols attributed to deposition in a mosaic of coastal plain environments.

MACROFOSSIL PALAEOECOLOGY

Uniformitarian interpretation of New Zealand Pliocene-Pleistocene macrofaunas is possible
because their modern counterparts exist in modern New Zealand shoreline and continental shelf
environments. Abbott & Carter (1997) identified statistical macrofossil associations from the
Castlecliffian stratotype, and palacocommunities within these associations were determined by
comparison of their constituent taxa with modern New Zealand communities. In assemblages
characterised by the presence of articulated valves, the palacocommunity is clearly preserved
in the environment in which it lived. In assemblages that are mixed and transported, several
contributing palacocommunities may be identified, and taphonomic attributes are then used
to discriminate which of these (if any) lived in or near the enclosing facies.

The Castlecliff macrofossil associations have been widely recognised during subsequent
stratigraphic studies in the Wanganui Basin, and qualitative abundance data from the Nuku-
maru section (Appendix 1) reveals the Tiostrea, Cyclomactra, and Paphies associations and
their associated palacocommunities (Table 2). The location of abundance observations, and
the distribution of macrofossil associations in the Nukumaru section, are indicated in Fig. 3.

SEQUENCE STRATIGRAPHY

The Wanganui Basin fill is characterised by sedimentary cycles that generally range between a
few and a few tens of metres in thickness. These cycles are regarded as high order depositional
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sequences in the terminology of Vail et al. (1991) and their origin is attributed to glacio-eus-
tasy. A depositional sequence is defined as a package of genetically related strata, bounded
by unconformities or their correlative conformities, that represents deposition during one
complete cycle of relative sea-level change. High order sequences from the Wanganui Basin
have also been referred to as cyclothems (Fleming 1953; Abbott & Carter 1994) following
the classical terminology of Wanless & Weller (1932). The succession of sedimentary facies
and unconformities in the Nukumaruan stratotype has been resolved into 11 depositional
sequences (Fig. 3) that correspond to basin sequences 12-21 of Naish et al. (1998) and Saul
et al. (1999).

Sequences can be divided into component systems tracts (Vail et al. 1991) that broadly
correspond to segments of the controlling sea-level curve. Sequences deposited in continental
shelf to basin margin settings generally comprise a transgressive, highstand, and regressive
systems tracts associated with the rising, highstand, and falling segments of the sea-level curve,
respectively. Such sequences are deposited dominantly during odd-numbered (interglacial)
oxygen isotope stages. Sea-level lowstands (i.e., glacial stages) may be represented by non-
marine facies, such as palaeosols and lignites.

Sequence-bounding surfaces recognised in Wanganui outcrops are of two types. Sequence
boundaries represent subaerial exposure during sea-level lowerings, and rest on highstand or
regressive systems tract sediments. Ravinement surfaces are cut by erosive shorefaces dur-
ing transgression and occupy a sequence-bounding position when superimposed on sequence
boundaries, as they often are.

The boundary between transgressive and highstand systems tracts are represented by
downlap surfaces that form in response to higher rates of siliciclastic deposition following
transgressive attenuation, and are characterised by sharp contacts of fine-grained siliciclastic
sediment on shellbed facies. Some authors also refer to the boundary between transgressive and
highstand systems tracts as the maximum flooding surface, the stratal surface that corresponds
to the most landward extent of the palacoshoreline (Vail et al. 1991). However, previous work
in the Wanganui Basin has established that the maximum flooding surface, as determined by
palaeobathymetric studies of foraminiferal faunas, does not neccessarily coincide with downlap
surfaces (Haywick & Henderson 1992; Abbott 1997; Carter et al. 1998). We prefer to base
our sequence analysis on surfaces that can be recognised in outcrop, and consequently fol-
low Carter et al. (1998) in regarding the maximum flooding surface as a conceptual horizon.
The boundary between highstand and regressive systems tracts may be conformable, or may
be marked by a regressive surface of erosion that forms when wave-base scours underlying
highstand sediments during sea-level fall.

Importance of shellbeds

Following the definition of Kidwell et al. (1986, p. 228) we regard a fossil concentration (or
shellbed) as any relatively dense accumulation of biologic hardparts. Shellbed facies are of
critical importance for resolving sequence architecture because shelly material is concentrated
at sites within a depositional sequence where stratal surfaces converge (i.e., sequence and
systems-tract bounding surfaces). Shellbeds regarded as significant in a sequence stratigraphic
context are classified following the scheme applied by Naish & Kamp (1997) after Kidwell
(1991, fig. 15), and elaborated upon by Kondo et al. (1998). Onlap, backlap, compound (a
combination of onlap and backlap), and toplap shellbeds are recognised in the Nukumaruan
stratotype, the characteristic features of which are summarised in the following.

Onlap shellbeds, or type A shellbeds of Abbott & Carter (1994), occur in transgressive
settings where stratal surfaces converge against a ravinement surface or sequence boundary.
Here, shell concentration results from siliciclastic sediment bypass. In the Nukumaru section,



130 Journal of the Royal Society of New Zealand, Volume 35, 2005

Table 1 Sedimentary lithofacies of the Nukumaru section.

Environment
Macrofossil Sequence of

Facies code Description association  context deposition

Siliciclastic shoreline association

SI1 Fine to medium sand. Barren to sparsely Paphies HST, “Exposed”
fossiliferous (Zethalia, Tawera, Paphies, RST upper
Fellaster). Vestiges of cross-bedding and ripple shoreface
cross-lamination visible locally. Rare mud flasers.

S12 Sand dominated heterolithic facies. Fine to Paphies HST, Lower
medium sand with mud flasers and wavy laminae. RST shoreface
Minor lenticular bedding. Bioturbated, sparsely
fossiliferous to barren. Rare tephra.

SI3 Mud-dominated heterolithic facies. Blue-grey, Barren HST Innermost
streaky laminated to lenticular-bedded mud and shelf
fine sand. Slightly to intensely burrowed and
bioturbated, unfossiliferous.

S14 Intraformational mud-clast breccia. Channel fill. Barren RST Intertidal

Shellbed association

SH1 Close-packed to dispersed shells in a sand-rich Cyclomactra Onlap  Inner shelf
matrix. Mixed, transported, and sometimes shellbed,
rounded assemblages (e.g., Austrovenus, TST
Maorimactra, Crepidula). Mud-drapes,
and cross-bedding developed locally. Some
occurrences include greywacke pebbles.

SH2 Close-packed to dispersed shells, mainly Cyclomactra Onlap  “Protected”
Austrovenus, in a matrix of mud and sand. shellbed, inner shelf
Abundant paired valves. Bedding defined by shell TST
concentration, including vestiges of cross-bedding.

Fauna indicates a protected but not necessarily
estuarine, environment.

SH3 Abundantly fossiliferous, bioturbated fine sand; Paphies Toplap  “Exposed”
Zethalia, Tawera, Paphies, Fellaster. Shells and shellbed, upper
shell debris are dispersed, in bedding-parallel RST shoreface
concentrations, and burrow-fill clumps. Near
situ assemblages, paired valves present. Fauna
indicates an exposed shoreface environment.

SH4 Close-packed bands, clumps and dispersed Tiostrea Backlap Inner shelf
shell and shell debris in a matrix of bioturbated shellbed,
fine sand. Tiostrea, Tawera, Perna, Lutraria, TST
Purpurocardia). In situ assemblages, paired valves
common. Shellground substrate, rare hardground
development.

Non-marine association

NM1 Mudstone and sandstone. Purple to brown, Barren LST™  Coastal
laminated to structureless. Comminuted organic lagoon
matter and intercalated lignite horizons.

NM2 Lignite beds. Not LST™  Coastal

applicable wetland

NM3 Palaeosol developed on NM facies or SI facies. Not LST™  Coastal
Vertical plant roots, carbonaceous. Prismatic applicable plain

fractures in mud-rich occurrences. Iron staining in
sands.
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Fig.4  Wanganui Basin Nukumaruan lithostratigraphy and cyclostratigraphy (emended from Naish
et al. 1998). The base of the Ototoka tephra has recently been designated as the new section stratotype
and point for the base of the Castlecliffian Stage by Cooper (2004). The Nukumaru section as discussed
herein (shaded on the figure) extends to the historical top of the Nukumaruan Stage at the unconformity
between the Upper Maxwell Formation and the overlying Butlers Shell Conglomerate.

such shellbeds usually comprise reworked and transported assemblages of taxa derived from
open or protected sandy shorefaces, especially Paphies, Austrovenus, and Zethalia. Onlap
shellbeds may be cross-bedded. Backlap shellbeds, or type B shellbeds of Abbott & Carter
(1994), occur in the mid-cycle position where stratal surfaces converge along the seaward
feather-edge (i.e., stratigraphic top) of the transgressive systems tract. Here, shelly material
accumulates in sifu in the near absence of siliciclastic sediment. In the Nukumaru section,
backlap shellbeds are dominated by inner-shelf shellground taxa, especially Tiostrea, Tawera,
and Perna. In attenuated transgressive successions, a backlap shellbed may directly overly an
onlap shellbed, forming a compound shellbed sensu Naish & Kamp (1997). Toplap shellbeds
form at the top of highstand or regressive systems tracts where stratal surfaces converge into the
shoreface. As for onlap shellbeds, shelly material in this stratigraphic context is concentrated
as a consequence of siliciclastic sediment bypass. In the Nukumaru section, these shellbeds
are similar to onlap shellbeds, although shell assemblages may be more dispersed, such as
occurs in the regressive portion of sequences NC1-4.
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i

Fig. 5 Stratigraphy of the coastal cliffs at R22/630482 (see also Fig. 2A, 3). Sequence NC2 at this
locality is the type Nukumaru sequence motif (Fig. 14A).

Leyy kcshur) Eormation

3 - Nices - 3 : - R :
Fig. 6 Stratigraphy of the coastal cliffs at R22/638481 (see also Fig. 2A, 3). Sequence NCS5 at this
locality is a reference example of the Birdgrove motif (Fig. 14B).
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Buitlers Shell
CGongelomerate

Fig. 7 Stratigraphy of the coastal cliffs at R22/667472 north-west of Ototoka Stream (see also Fig. 2A,
3). Sequence NC10 at this locality is the type Maxwell motif (Fig. 14C).

Middle Naxwell [

NE10;

Ruilvelsivvilim

Fig. 8 Stratigraphy of the coastal cliffs at R22/668472, bluff on southern side of Ototoka Stream (see
also Fig. 2A), showing sequences NC10 and NC11. The unconformity at the base of the Butler’s Shell
Conglomerate truncates the Upper Maxwell Formation at this locality.
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e ~ ] APz,

Fig. 9 Stratigraphy of the coastal cliffs at R22/670470 south-east of Ototoka Stream where the up-
permost formations in the Nukukaruan stratotype approach beach level (see also Fig. 2A). The Ototoka
tephra lies within the Upper Maxwell Formation.

Sequence stratigraphic architecture of the Nukumaruan stratotype

The sequence stratigraphic terminology as applied herein is summarised in Fig. 13. Sequences
in the Nukumaru coast section and their component systems tracts and systems tract-bounding
surfaces are indicated in Fig. 3 and described below.

Because the lowstand shoreline was situated many tens of kilometres west of the modern
Wanganui coast, lowstand systems tracts are represented in the Nukumaru section exclusively
by non-marine facies, especially lignites and palaeosols, formed in response to subaerial
exposure. Following Saul et al. (1999), these non-marine assemblages are denoted LST™
to distinguish them from the voluminous marine sediments inferred to have been deposited
offshore, seaward of the contemporary lowstand shoreline (cf. Nodder 1995).

It is usually not possible to identify a single stratal surface that corresponds to sea-level
lowstand, so sequence boundaries are nominally placed within LST™ successions at the bases of
substantial lignite beds or above palacosols. We furthermore acknowledge that LST™™ deposits
may include the non-marine portions of the sub- and superjacent highstand or transgressive
deposits. The lower boundary of sequences NC6—NC9 have been placed following these
conventions.

Ravinement surfaces represent transgressional marine erosion, and consist of a bored or
burrowed disconformity. They are present in all Nukumaru sequences and occupy a sequence-
bounding position in all but NC8 and NC9. When occupying a sequence-bounding position,
erosion at ravinement surfaces has often removed evidence of subaerial exposure at the un-
derlying sequence boundary (except sequences 10 and 11, where the ravinement surfaces rest
on truncated palacosols). For this reason, sequence-bounding disconformities showing these
characteristics are designated SB/RS in Fig. 3.
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Fig. 10 Lithofacies from the si-
liciclastic shoreline association. A,
bioturbated, barren sand of facies
SI1 (Middle Maxwell Formation,
HST/RST of sequence NC10); B,
sand-dominated heterolithic fa-
cies SI2 (Tewkesbury Formation,
HST of sequence NC5); C, mud-
dominated heterolithic facies SI3
(Middle Maxwell Formation, HST
of NC10).

Transgressive systems tracts overlie ravinement surfaces and generally begin with an onlap
shellbed comprising shallow-marine or shoreline shells, mostly but not always reworked, in
a sand-rich matrix (facies SH1, SH2). Onlap shellbeds may be overlain by sand-rich silici-
clastic shoreline facies (facies SI1 or SI2), and capped by a backlap shellbed characterised by
in situ innermost shelf fossils (facies SH4). In some sequences the siliciclastic facies may be
absent such that the onlap shellbed is amalgamated with an overlying backlap shellbed. Such
amalgamated intervals are referred to as compound shellbeds (e.g., sequences NC3, NC4).
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Fig. 11 Lithofacies from the shellbed association. A, Close-packed, broken,
in a matrix of pebbly sand (facies SH1, Nukumaru Limestone); B, close-packed to dispersed Austrove-
nus—note paired valves—in heterolithic sand and mud (facies SH2, Mangahou Siltstone, onlap shellbed,
TST of NC11); C, close-packed to dispersed Zethalia in well sorted fine to medium sand (facies SH3,
Nukumaru Brown Sand, toplap shellbed, RST of NC2); D, close- to loosely-packed shells (Ziostrea,
Perna, Zethalia, Tawera) in fine sand (facies SH4, Nukumaru Brown Sand, compound shellbed of
NC2); E, close-packed shells (Tiostrea, Zethalia, Lutraria) in sand and capped by a polychaete-bryozoa
hardground (facies SH4, compound shellbed, TST of NC3); F, bedding-plane view of hardground in E
showing polychaete tubes.

Downlap surfaces in the Nukumaru section are marked by an abrupt termination of in situ
shell accumulation and by an influx of highstand siliciclastic sediment. Highstand systems
tracts and regressive systems tracts taken together are dominated by the siliciclastic shoreline
association, some of which consist of distinctly shallowing-upward suites of facies (e.g., NC1,
2,5, and 6). In siliciclastic shoreline successions containing a distinct two-fold subdivision
of facies separated by an abrupt gradation or regressive surface of erosion, the highstand and
regressive systems tracts can be resolved (e.g., NC1, 2, 5, and 6). Successions in which there
is no distinction between highstand and regressive components, especially those consisting
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Fig. 12  Palaeosol from the non-marine facies association showing vertical rootlets (facies NM3, LST™
of NC10). Hammer head rests on the sequence-bounding ravinement surface at the base of sequence
NCI11.

of only one facies (e.g., NC3, NC10), are denoted highstand systems tract/lowstand systems
tract (HST/RST).

Sequence stratigraphic motifs

Sequence architecture and facies composition vary according to palacogeographic shelf setting.
Saul et al. (1999) resolved such variation in the Wanganui Basin into seven sequence motifs
into which all 58 sequences from sections across Wanganui Basin can be classified. These
motifs represent palacogeographic localities along a conceptual shore-normal palaeo-profile.
The palacogeographic locality for each motif'is based on a combination of factors such as facies
composition, maximum water depth, and the presence or absence of a backlap shellbed.

Three recurring sequence motifs, the Maxwell, Birdgrove, and Nukumaru, are present in
the Nukumaru section (Fig. 3, 14). Two of these (Birdgrove, Nukumaru) were defined and
briefly described by Saul et al. (1999). The Maxwell motif is new. Sequence motifs that reside
in the Nukumaru section are described below.

Nukumaru motif (emended from Saul et al. 1999, Fig. 144, Fig. 3 sequences NCI-NC4)

This motif'is characterised by the dominance of sandy shoreface facies and a basal compound
shellbed. Nukumaru sequence NC2 is the type example of the Nukumaru motif. Above a
bioturbated and burrowed ravinement surface, the transgressive part of the NC2 begins with
a compound shellbed consisting of open shoreline (Paphies palacocommunity) and inner-
shelf shellground (Tiostrea palacocommunity) faunas. In sequence NC3, the top (backlap
portion) of the shellbed is marked by a polychaete tube and bryozoa hardground (Fig. 11E,F).
Above an abrupt downlap surface, the highstand sediments consist of sparsely fossiliferous,
burrowed and bioturbated, lower shoreface sand. The regressive systems tract rests on a bur-
rowed and bioturbated regressive surface of erosion, and consists of abundantly fossiliferous
(Paphies palacocommunity) upper shoreface sand. The concentration of shells in the regres-
sive deposits represents stratal convergence in the context of toplap. Regressive deposits are
truncated at the sequence-bounding ravinement surface at the base of the overlying sequence.
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Sequence @
SEQUENCE STRATIGRAPHY Regressive systems tract RST
Highstand systems tract HST
AN AU Lowstand systems tract LST™
. 4 (non-marine)
LST Mid-cycle condensed MCS
shellbed
Transgressive systems tract ~ TST
HST/RST Onlap shellbed 0S
o Backlap shellbed BS
Downlap shellbed DS
Toplap shellbed TS
HST CD "\ RS/SB Ravinement surface

- RSE Regressive surface
of erosion

DLS  Downlap surface

TST
I LFS  Local flooding
OS (Type A surface
shellbed) vy
\/\N\/\N\/\N\/\

Fig. 13 Sequence stratigraphic terminology used in this paper (after Abbott & Carter 1994; Naish &
Kamp 1997).

The abundance of shellground taxa (Tiostrea palacocommunity) places the upper, backlap,
part of the compound shellbed, the deepest lithofacies in the Nukumaru motif, at the landward
limit of the inner shelf.

Birdgrove motif (Saul et al. 1999, Fig. 14B, Fig. 3 sequences NC5—-NC9)

The Birdgrove motif is characterised by the dominance of heterolithic siltstone and sand of
the siliciclastic shoreline facies association, and is often capped by assemblages of non-marine
lowstand facies that include carbonaceous mudstone, lignite, and palacosols. Sequence NC5
is nominated as a reference example of the Birdgrove motif in the Nukumaru section. Above
a basal ravinement surface, the transgressive systems tract of NC5 comprises a cross-bedded
onlap shellbed (Cyclomactra palacocommunity). Above a sharp downlap surface, the highstand
systems tract consists of structureless to laminated, blue-grey, barren, inner-shelf siltstone
that grades up into sand-rich heterolithic facies. The highstand systems tract is truncated by a
regressive surface of erosion, overlain by a regressive systems tract of fossiliferous (Paphies
palacocommunity) sand. Non-marine facies are absent from NCS5 as this sequence is truncated
by the sequence-bounding ravinement surface of NC6.

The maximum water depth in the Birdgrove motifis recorded in the highstand shelf siltstone
(facies SI3). Consequently, the palacogeographic position of this motif'is relatively basinward
of the Nukumaru motif. The type example of the Birdgrove motif is located in the Turakina
Valley east of Wanganui (Saul et al. 1999).
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A. Nukumaru motif C. Maxwell motif
(type example, NC2) (type example, NC10)
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Fig. 14 Sequence motifs from the Nukumaru stratotype. See Fig. 15 for legend.
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Fig. 15 Legend for Fig. 14.
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Maxwell motif (new; Fig. 14C, Fig. 3 sequences NC10-NC11)

The Maxwell motif is characterised by a dominance of fine shoreface sand, sequence-capping
non-marine facies, and the absence of a backlap shellbed. The type example of the Maxwell
motif is sequence NC10 in the Nukumaru section. Transgressive deposits in NC10 consist of
shelly shoreface sand with a basal onlap shellbed (Paphies palaecocommunity throughout). The
absence of a backlap shellbed renders it difficult to resolve the highstand and regressive systems
tract architecture in sequences of this type. The middle part of NC10 is dominated by barren
sand assigned to the highstand systems tract. The upper part of NC10, comprising shoreline
sand and mud, and capped by a palaeosol, is assigned as regressive/lowstand™™ systems tract.
The absence of shelfal facies (i.e., backlap shellbed or marine mudstone) places the palaco-
geographic position of the Maxwell motif relatively landward of the Nukumaru motif.
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DISCUSSION AND CONCLUSIONS

The Nukumaru section is dominated by sand and mud facies deposited mainly in siliciclastic
shoreline environments. Subordinate facies include non-marine lignite and palaeosols, and
shallow-marine shellbeds. As for elsewhere in the Wanganui Basin, the succession of facies in
the Nukumaru section can be resolved into depositional sequences following the sedimentary
facies and shellbed approach developed by Abbott & Carter (1994), Naish & Kamp (1997), and
Kondo et al. (1998). These sequences were deposited on the basin margin during successive
interglacial sea-level highs. As a consequence of their basin margin palacogeographic setting,
only the late transgression, highstand, and early fall of the sea-level cycle left a sedimentary
record. Glacio-eustasy during Nukumaruan time was dominated by the 41 ka orbital periodic-
ity. The magnitude of glacio-eustatic variation for Nukumaruan time, inferred from deep-sea
3'80 records, ranges from 30 to 80 m (Naish 1997).

Sequences dominated by shoreline and non-marine facies represent distinctive motifs
(Nukumaru, Birdgrove) within the suite of Wanganui Basin sequence motifs defined by Saul
et al. 1999. The Nukumaru (type example) and Birdgrove motifs (reference example) are
fully described herein. The new Maxwell motif is also fully described. The Maxwell motif
is regarded as the most landward of the Nukumaru (and Wanganui Basin) motifs as it lacks
a backlap shellbed or any other shelfal marine facies, and contains a high proportion of non-
marine facies, including a palacosol. The Nukumaru motif, dominated by shoreline sand, is
relatively seaward. The Birdgrove motif, which includes marine mudstone in its highstand
systems tract, represents the most basinward of the Nukumaru coast section motifs.

The vertical succession of Nukumaru sequence motifs (Fig. 3) reveals a low order accom-
modation cycle of the order of c. 450 ka duration. The upwards succession of Nukumaru motif
sequences (NC1-NC4), Birdgrove sequences (NC5-NC9), and Maxwell motif sequences
(NC10-NC11) records a long-term deepening-shallowing relative sea-level trend. As discussed
by Saul et al. (1999), such low order cyclicity reflects tectonically-driven accommodation
changes that modulate the stacking patterns of 41 ka and 100 ka glacio-eustatic sequences in
the Wanganui Basin.

Saul et al. (1999) correlated stratigraphic sections between the Wanganui coast and the
Rangitikei Valley, and recognised 58 “basin sequences” deposited since c. 3.6 Ma. The
calibration of Wanganui Basin cyclostratigraphy using radiometric and palacomagnetic data
allowed Naish et al. (1998) to correlate the Wanganui cyclostratigraphic record directly with
the orbitally-calibrated oceanic oxygen isotope record. Age estimates can thereby be made for
stratigraphic horizons and events not used in establishing the correlations, e.g., individual se-
quence boundaries or biostratigraphic stage boundaries. In general, each sequence corresponds
to an odd-numbered isotope stage (interglacial), and its erosional basal sequence boundary
marks a hiatus equivalent to the immediately preceding even-numbered stage (glacial). Us-
ing the Ototoka tephra as a correlation tie-point, the 11 sequences in the Nukumaru section
are correlated to odd-numbered OIS 77-57, representing a period of deposition of c. 450 k.y.
between c. 2.08 and 1.63 Ma.

Fig. 16 Correlation between the Nukumaruan stratotype and the succession in Rangitikei Valley.
Rangitikei sequence stratigraphy and lithostratigraphy from Naish & Kamp (1997). Oxygen isotope stage
correlation, tephro- and magneto-stratigraphic tie-points, and basin cycle numbering are from Naish et
al. (1998). Updated tephrostratigraphy by Pillans et al. (2005 this issue). The lithostratigraphic units
Mangamako Shellbed Member, Mangaohono Formation, Vinegar Hill Formation, and Waipuru Shellbed
are based on type localities in Rangitikei Valley, eastern Wanganui Basin (Superior Oil Company 1943;
Naish & Kamp 1995).
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There are correlations between the Nukumaru coast sequences and the Wanganui Basin
cyclostratigraphy via the Rangitikei section compiled by Naish & Kamp (1995) (Fig. 16). The
key tie-point is the Ototoka tephra, which has been geochemically characterised and dated
(1.72 £ 0.32 Ma) by Pillans et al. (2005 this issue). This tephra occurs in basin sequence 21
in the Rangitikei section, and sequence NC11 at the coast. Using the Ototoka tephra tie-point,
coastal sequences NC1-NC11 correspond to basin sequences 12-21 of the composite record
and were deposited during OIS 77-57. The correlations allow the Pliocene-Pleistocene bound-
ary (Zijderveld et al. 1991; Lourens et al. 1996) to be placed at the base of the Lower Maxwell
Formation, at the top of the transgressive part of sequence NC7 (Fig. 3, 16).

Correlations also constrain the length of time missing in the coast section within the un-
conformity between the Butlers Shell Conglomerate and the Upper Maxwell Formation. The
base of the Butlers Shell Conglomerate corresponds to basin sequence 31 (Alloway et al. 2004;
Naish et al. 2005 this issue). Basin sequence 21 is the youngest sequence in the Nukumaruan
stratotype, so basin sequences 2230 are missing from the coast section. The missing sequences,
documented in the Turakina and Rangitikei Valleys to the west of Wanganui, represent c. 500
ka, corresponding to 8'%0 stages 56—34 on the timescale used by Naish et al. (1998). As noted
by Fleming (1953), the unconformity represents erosion after a phase of gentle deformation
(uplift and tilting) that affected the western part of the outcrop belt. It is not yet clear whether
the unconformity formed in response to a single deformation event, or is the cumulative effect
of several, smaller, events. New boreholes and reflection seismic profiles (Naish et al. 2005
this issue, unpubl. data) are expected to yield additional insights into the origin and extent of
this unconformity.
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