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A distinctive organic-rich marine mudstone of Late Paleocene age occurs in most of New Zealand's sedimentary
basins and has been identified as a potential source rock for oil and gas. Identified as the Waipawa Formation in
the East Coast Basin and the Tartan Formation in the Great South and Canterbury Basins, the unit is a relatively
uniform massive mudstone that varies greatly in thickness (2–70 m) and grades laterally into distinctive facies
equivalents, notably greensand and a thin-bedded siliceous mudstone. All these facies are characterised by rela-
tively high TOC (0.5–10 wt.%) and 13C enrichment (δ13CTOC N −24‰), and we refer to them collectively as
“Waipawa organofacies”. Our detailed stratigraphic and geochemical studies refine the age (58.7 to 59.4Ma), dis-
tribution and nature of theWaipawa organofacies. We have determined that deposition occurred in continental
margin settings throughout much of the southwest Pacific under cool, dysoxic conditions associated with a sig-
nificant influx of terrestrial organic matter, high marine productivity, a global fall in sea level, and a regional
unconformity across shallow and deep marine settings. The combination of cool temperatures, lowered sea
level and bathyal erosion suggests that deposition was linked to short-lived growth of an Antarctic ice sheet in
the earliest Late Paleocene (~59 Ma).

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Organic-richmarine sediments are of interest for both economic and
environmental reasons. As well as being important sources of oil and
gas, their deposition signals distinct environmental conditions that
have been associated with global climatic events (e.g. Schlanger and
Jenkyns, 1976). However, in many cases the nature and causes of
these events remain enigmatic (e.g. Barclay et al., 2010; Spofforth
et al., 2010; Jarvis et al., 2011). The widespread occurrence of a Late
Paleocene organic-rich mudstone in the New Zealand region (Fig. 1)
has been the focus of considerable research, both in relation to its
petroleum source rock potential (Moore, 1988, 1989; Field et al.,
1997; Killops et al., 1997; Hollis and Manzano-Kareah, 2005; Schiøler
et al., 2010) and its significance for climatic changes in the greenhouse
world of the early Cenozoic (Leckie et al., 1995; Killops et al., 2000;
Hollis et al., 2005a). However, there has been little agreement on the
depositional setting of the unit, with some arguing for a setting within
a deep-water oxygen minimum zone (Leckie et al., 1995; Killops et al.,
2000; Rogers et al., 2001; Hollis et al., 2005a) and others suggesting a
more restricted, shallow marine setting (Moore, 1988; Schiøler et al.,
2010).

This organic-rich rock unit is identified as theWaipawa Formation in
eastern North Island sedimentary basins, where it has been recorded
from southeastWairarapa (Moore, 1988; Lee and Begg, 2002) to North-
land (Isaac et al., 1994; Hollis et al., 2006) (Figs. 1, 2). In the sedimentary
basins of southeast South Island, a correlative unit is identified as the
Tartan Formation (Cook et al., 1999; Schiøler et al., 2010). Coeval units
in northeast South Island and further afield have been informally corre-
lated with the Waipawa Formation (Killops et al., 2000; Hollis et al.,
2005a). Here we review published records of these units, which we
refer to collectively as “Waipawa organofacies”; we present new
stratigraphic and geochemical data for key sections, and we discuss
the implications for its age, depositional setting and origin. We show
that deposition of Waipawa organofacies is linked to sea level fall and
climatic cooling and we argue that this implies that ice sheets grew on
Antarctica in the earliest Late Paleocene (~59 Ma).
2. Material and methods

2.1. Localities and samples

Four types of stratigraphic record form the basis of this study (Fig. 2):
(i) stratigraphic sections of typical Waipawa Formation from the East
Coast Basin [Te Hoe River and Angora Road (Moore, 1988)]; (ii) sections
with correlative, moderately organic-rich, yet distinct lithotypes from
the East Coast and Canterbury Basins [Tawanui (Moore, 1988; Rogers
et al., 2001), Toi Flat (Crouch et al., 2014), Mead Stream (Hollis et al.,
2005a) and mid-Waipara River (Morgans et al., 2005; Hollis et al.,
2009, 2012)]; (iii) offshore records of time-equivalent intervals in ma-
rine sediment cores [Deep Sea Drilling Project (DSDP) Site 277, western
Campbell Plateau (Kennett et al., 1975; Hollis et al., 1997a), Ocean Dril-
ling Program (ODP) Site 1121, eastern Campbell Plateau (Carter et al.,
1999; Hollis, 2002;Wei et al, 2005) andODP Site 1172, East Tasman Pla-
teau (Exon et al., 2001; Röhl et al., 2004; Bijl et al., 2009)]; and (iv) sec-
tions that include correlated unconformities, primarily in the southern
East Coast Basin [Kaikoura, Muzzle and Bluff Streams (Hollis et al.,
2005b), but also on the subantarctic Campbell Plateau (Beggs, 1978;
Hollis et al., 1997a,b)]. New data are presented for the following sec-
tions, which were logged by tape and compass: Angora Road, Tawanui,
Mead Stream, Kaikoura (Wharf section), mid-Waipara River (Column
2), and Limestone Point (Campbell Island). Petrological, sedimentologi-
cal, paleontological and geochemical studies have been carried out on
Angora, Tawanui, Mead, Muzzle, Kaikoura and Campbell Island sections
(Andrew, 2010; Tayler, 2011; Taylor, 2011). Biostratigraphic and
geochemical studies undertaken here for the Paleocene intervals at
DSDP Site 277 andODP Sites 1121 and 1172 complement earlier studies
(Hollis et al., 1997b; Hollis, 2002; Röhl et al., 2004; Wei et al., 2005; Bijl
et al., 2009, 2010; Taylor, 2011). The Campbell Island and mid-Waipara
sections were also sampled for paleomagnetic study (Lurcock, 2012).
Stratigraphic descriptions of individual sections are provided in the Sup-
plementary materials.

2.2. Age and correlation

Waipawa Formation is typically non-calcareous and its bounding
units are commonly also non-calcareous or weakly calcareous, which
makes dating by foraminifera or calcareous nannofossils difficult. In
this study, we utilise a new Paleocene dinoflagellate cyst (dinocysts)
biozonation (Crouch et al., 2014), which is calibrated to the 2012 Inter-
national Timescale (Gradstein et al., 2012) by means of calcareous
nannofossil datums within calcareous intervals in the Tawanui, Angora
andmid-Waipara sections andODP Site 1121, eastern Campbell Plateau.
Radiolarians and planktic foraminifera provide additional age control at
ODP Site 1121 and Mead Stream (Hollis, 2002; Hollis et al., 2005a,b).
Magnetostratigraphy is used to refine age control at ODP Site 1172
(Röhl et al., 2004; Bijl et al., 2009, 2010), and at mid-Waipara River
and Campbell Island (Lurcock, 2012). Nannofossils are used to date
the Paleocene unconformity at DSDP Site 277. Biostratigraphic and
magnetostratigraphic events are used to develop age models and
sedimentation rate curves for Angora, mid-Waipara River, and ODP
Sites 1121 and 1172.

2.3. Inorganic geochemistry

Elemental data for the mid-Waipara and Angora sections were
obtained using a Spectro X-Lab fully automated X-Ray Fluorescence
(XRF) spectrometer at the University of Waikato. Error for major
elements is ±5% and for minor elements error varies from 1 to 5%
depending on the element and its abundance; errors are b1% for Ba
and S and ~5% for Mo.

2.4. Stable isotopes and TOC

Total organic carbon (TOC) and bulk organic δ13C (δ13CTOC) analyses
were undertaken at two laboratories. Mid-Waipara samples were
analysed at Isotrace, Dunedin, New Zealand. Samples from ODP Sites
1121 and 1172were analysed at the GNS Science Stable Isotope Labora-
tory, Lower Hutt, New Zealand. All δ13C results are reported in per mil
(‰) notation relative to the Vienna Peedee Belemnite (VPDB) standard.
Analytical precision was measured at ±0.15‰ for δ13CTOC.
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2.5. Glycerol dialkyl glycerol tetraethers (GDGTs)

Analysis of samples was undertaken at two laboratories. Samples
from Mid-Waipara and ODP Site 1121 were analysed in the Organic
Geochemistry Unit at Bristol University and results for mid-Waipara
have been reported by Hollis et al. (2012) and Pancost et al. (2013).
Samples from ODP Site 1172 were analysed in the Laboratory of
Palynology and Palaeobotany at Utrecht University and include a low
resolution sample suite reported by Bijl et al. (2009) and a higher
resolution suite presented in this study. Sea surface temperatures
(SSTs) were calculated from GDGTs using the calibrations of Kim et al.
(2010): TEX86

H and TEX86
L . TEX86

H comprises the same combination of
GDGTs as in the original TEX86 proxy (Schouten et al., 2002) but is
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Eocene SST estimates derived from inorganic proxies and demonstrated
that, for Southwest Pacific Paleogene records, SST derived fromTEX86

L ex-
hibits the best fit with SSTs derived from planktic foraminiferal δ18O
values and Mg/Ca ratios. Several issues have been raised with respect
to biological, seasonal or water column biases in the SSTs recorded by
sedimentary GDGT distributions (e.g., Turich et al., 2007; Kim et al.,
2008; Schouten et al., 2013; Taylor et al., 2013). TEX86 values can also
be compromised by the input of terrestrial GDGTs (Weijers et al.,
2007). This influence is thought to be minimal when the branched
isoprenoid tetraether vs chenarchaeol (BIT) index, which is an indicator
of the relative contribution of terrestrial GDGTs, is lower than 0.3
(Hopmans et al., 2004). The distribution of branched GDGTs has been
used to estimate mean annual air temperature (MAAT) in the mid-
Waipara section (Pancost et al., 2013). We use the calibration for the
MBT′–CBT proxy for MAAT described by Peterse et al. (2012).

3. Results and discussion

3.1. Waipawa organofacies

Waipawa Formation sensu stricto is a poorly-bedded to massive,
bioturbated, dark brown-grey mudstone or muddy sandstone, which
is commonly glauconitic and often develops a yellow jarositic coating
on weathered, sheltered outcrops (Moore, 1988, 1989). Because the
type section at Waipawa is poorly exposed, Moore (1988, 1989) desig-
nated several reference sections in Hawke's Bay, including Te Hoe River
(now also poorly exposed) and Angora Road. The formation has
distinctive geochemical characteristics: high TOC (1–12 wt.%, mean of
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adjacent Canterbury Basin (Schiøler et al., 2010). Equivalent units
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Basins (Killops et al., 2000; Hollis et al., 2006).

In addition to these occurrences of typical Waipawa Formation, we
correlate two distinct lithotypes with the formation. In the upper
reaches of the Akitio River at Tawanui, Southern Hawke's Bay, the up-
permost ~2 m-thick sandstone unit in the Paleocene Te Uri Member
(uppermostmember of theWhangai Formation in this section) is corre-
lated withWaipawa Formation based on its geochemistry (Fig. 3c). This
unit differs from typicalWaipawa Formation by being highly glauconitic
and only slightly enriched in TOC. In line with the original study by
Rogers et al. (2001), we find that the basal part of the unit has low
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Hollis et al., 2005a). However, this interval differs from typicalWaipawa
Formation in several respects. It is well-bedded, includes a 3 m-thick
limestone unit, and contains abundant radiolarians and rare foraminifera
(Hollis et al., 2005a). Herein, we refer to the typical Waipawa lithotype
and these two correlative lithotypes as “Waipawa organofacies”. We de-
fine Waipawa organofacies as a non-calcareous to weakly calcareous
mudstone or muddy sandstone of Late Paleocene age with moderately
high to high TOC (0.5–12 wt.%) and relatively enriched in 13C
(δ13CTOC N −24‰).
We have confirmed and refined the primary geochemical character
of Waipawa organofacies at four of these localities (Te Hoe River,
Angora Road, Tawanui andMead Stream) and identified the organofacies
at two new localities (Fig. 3): the mid-Waipara River section, northern
Canterbury Basin (Hollis et al., 2009, 2012), and at ODP Site 1172, East
Tasman Plateau (Röhl et al., 2004; Bijl et al., 2009). At these six localities,
a ~2 to ~40m-thick interval of dark grey to brown-greymudstone orfine
sandstone is identified as Waipawa organofacies based on its geochemi-
cal character and age (Fig. 3). The interval correlated with Waipawa
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organofacies at Site 1172 shows a high γ-ray response and is also
enriched in uranium and thorium (Exon et al., 2001), which is consistent
with high organic content (Röhl et al., 2004). It is significant that several
records of Waipawa organofacies include a zone of lower TOC, more
negative δ13C and usually higher carbonate content. This is most clearly
developed at Mead Stream where there are two distinct mudstone
units separated by siliceous limestone, but Angora Road and ODP Site
1172 also exhibit this feature (Fig. 3).

Waipawa organofacies appears to have been deposited at a wide
range of water depths: from inner to middle shelf in Great South and
Canterbury basins (Schiøler et al., 2010) to outer shelf-upper slope in
much of the East Coast Basin (Killops et al., 2000). Moore (1988) sug-
gested that the Waipawa Formation was deposited on the inner shelf
in the East Coast Basin, based largely on its depauperate agglutinated
foraminiferal assemblage. However, the taxa present are indicative of
bathyal or greater depths (Killops et al., 2000).

3.2. Organic matter: source, preservation and significance

The correlation between TOC and δ13CTOC in the Waipawa
organofacies has lacked a definitive explanation. Killops et al. (2000)
suggested that the correlation may be related to enhanced marine pro-
ductivity, whichwould lead to both an increase in deposition of organic
matter (OM) and a positive excursion in δ13CTOC due to surface water
depletion of CO2 (Hollander et al., 1993). Röhl et al. (2004) suggested
that the positive δ13CTOC excursion at ODP Site 1172 may be related to
a change in the source of OM. Present-day marine OM typically has a
more positive δ13C value than terrestrial OM (Hayes, 1993; Rullkötter,
2000). However, the high pCO2 levels of early Paleogene ocean waters
appear to have resulted in marine OM with much more depleted δ13C
(c. −26 to−28‰) relative to terrestrial OM values of c.−24‰ (Sluijs
and Dickens, 2012). Thus, either enhanced productivity or increased
input of terrestrial OM may explain the positive excursion in δ13CTOC
observed in the Waipawa Formation. Although there is biomarker evi-
dence for increased contributions of marine OM in some settings
(Killops et al., 2000) and palynofacies evidence for increased terrestrial
OM in other settings (Schiøler et al., 2010), neither process appears to
be able to account for the a positive excursion in δ13CTOC in the range
of 5 to 10‰. SinningheDamsté et al. (1998) observed a similar phenom-
enon in the Jurassic Kimmeridge Clay and argued that it was an artefact
of diagenesis. They showed that in sulphur-rich dysoxic sediments,
sulphurisation of organic matter during early diagenesis serves to pre-
serve more of the labile OM fractions, particularly isotopically heavy
carbohydrates (δ13C of −16 to −22‰). These authors also noted that
high amounts of labile OM may be delivered to marine sediments by
increased terrestrial runoff, increased marine productivity, or a combi-
nation of both.

We investigated the relationship between δ13CTOC, total sulphur (S)
and indicators for anoxia (Mo) and marine productivity (Ba/Ti, U/Ti) in
the Angora and mid-Waipara sections, which represent two contrasting
lithotypeswithinWaipawa organofacies (Fig. 4). Significant positive cor-
relations are observed between δ13CTOC and S (mid-Waipara: r2 = 0.71,
n = 30; Angora: r2 = 0.69, n = 24). Positive correlations are also
observed between δ13CTOC and the proxies for anoxia and productivity
at mid-Waipara (Mo: r2 = 0.76, Ba/Ti: r2 = 0.34, U/Ti: r2 = 0.39;
n = 30). Some of the peaks in TOC at Angora correspond with peaks in
U/Ti, but neither productivity proxy is correlated with δ13CTOC. This
may reflect a higher degree of diagenesis at Angora, due to greater burial
and compressional tectonism within the East Coast Basin (Field et al.,
1997), which may cause some overprinting or migration of geochemical
signatures.

Palynology and biomarker analysis also help to identify the relation-
ship between TOC and environmental changes at mid-Waipara (Fig. 4).
A gradual increase in TOC from ~5 m below the base of the Waipawa
organofacies parallels an increase in peridiniod dinocysts, which are
thought to represent primarily heterotrophic dinoflagellates. There is
also a general increase in terrestrial palynomorphs in the upper
Waipara Greensand; pollen and spores dominate palynomorph assem-
blages (N70% of the assemblage) from ~15 m below the base of the
Waipawa organofacies. A stronger correlation is evident between TOC
and the BIT index (r2 = 0.45, n= 21), which is a geochemical indicator
of terrestrial input (see above). These correlated trends suggest that the
increase in TOC in the upper Waipara Greensand was mainly due to a
gradual increase in terrigenous input but was coupled with an increase
in marine productivity.

The gradual increase in TOC and accompanying positive shift in
δ13CTOC observed at Tawanui (Fig. 3c) warrants further consideration
because it lies within a fining-upwards unit with a highly bioturbated
and erosional base. There are three possible explanations for the pro-
gressive development of Waipawa organofacies characteristics in this
unit. The unit may record the onset of organofacies deposition following
an erosional event. However, the low TOC in the lower part of the
section may also be explained by oxidation as a consequence of
bioturbation. A third possibility, that the entire unit is a mass flow
deposit with the OM being redeposited and concentrated in the upper
finer-grained sediments, seems unlikely because it does not account
for correlation between TOC and δ13CTOC: if the OM was redeposited it
should have a more uniform δ13CTOC signature.

We infer thatWaipawa organofacies deposition occurred under con-
ditions of moderate dysoxia associated with moderate to high marine
productivity, whichwas at least partly a response to increased terrestri-
al OM input as shown by Schiøler et al. (2010). The correlation between
δ13CTOC, S and Mo indicates that dysoxic conditions during Waipawa
organofacies deposition facilitated early diagenetic sulphurisation that
could have preserved isotopically heavy carbohydrates, leading to a
positive excursion in δ13CTOC.

3.3. Timing of deposition

Precise dating of Waipawa organofacies deposition is complicated
by several factors: unconformities, variation in the geochemical
signature between sections, patchy distribution of fossils (especially
calcareous nannofossils), poor age control for dinocyst bioevents, and
scarcity of reliable paleomagnetic data. However, we have utilised
available biostratigraphy and magnetostratigraphy to develop initial
age models for the key sections. Dinocyst assemblages indicate that
Waipawa organofacies can be correlated with an interval that extends
from upper Zone NZDP7 to lower NZDP8 (Crouch et al., 2014). We use
two primary events to identify this interval: the lowest occurrence
(LO) ofManumiella rotunda (upper NZDP7) and the highest occurrence
(HO) of Deflandrea foveolata (base of NZDP8). Respectively, these two
events occur near the onset and near the top of organofacies deposition
in the Angora and mid-Waipara sections (Fig. 3b, e). The LO of
M. rotunda also occurs in lowermost Waipawa organofacies at Tawanui
(Fig. 3c). Nannofossil biostratigraphy in the Angora section indicates
that Waipawa organofacies deposition began near the base of
nannofossil zone NP6 and endedwithin zone NP7 (Fig. 3b). At Tawanui,
Waipawa organofacies is bracketed by ZoneNP6directly below andNP8
in the overlying Wanstead Formation (Fig. 3c). One sample within the
organofacies is also dated as NP6. This implies that, although the base
of the organofacies is highly burrowed, the hiatus between the unit
and underlying Te Uri Member must have been relatively short-lived.
These results also confirm that the base of the Waipawa organofacies
is within NP6. This correlation is consistent with magnetostratigraphy
at ODP Site 1172 where Waipawa organofacies deposition begins in
uppermost Chron C26r and terminates at an unconformity eitherwithin
or above Chron C26n (Fig. 3f). Limited magnetostratigraphic control for
the mid-Waipara section (Lurcock, 2012) also indicates that Waipawa
organofacies deposition beganwithin a reversed polarity interval tenta-
tively correlatedwith upper Chron C26r. The Paleogene dinocyst assem-
blages described from ODP Site 1172 (Bijl et al., 2013) lack reliable
bioevents to enable subdivision of the Paleocene dinocyst zone
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(SPDZ1), and the species D. foveolata and M. rotunda were not
recognised.

The biostratigraphic and magnetostratigraphic datums for the three
most complete sections (Angora,mid-Waipara andODP Site 1172) have
been used to create age–depth plots (Fig. 5) according to the following
conditions: (i) the line of correlation should lie above HOs and below
LOs; (ii) nannofossil datums arewell-constrained by age but not by stra-
tigraphy as they occur sporadically in the sections; (iii) dinocyst datums
are well-constrained by stratigraphy but not by age; (iv) the uppermost
peak in organofacies characteristics is well-defined in all sections and is
used as a tie point at 58.75 Ma. Crouch et al. (2014) placed the LO of
M. rotunda at ~59 Ma. Our age-depth plots for the Angora and mid-
Waipara sections (Fig. 5) allow us to confirm a date of 59.3 Ma for this
datum. These plots indicate contrasting patterns of sedimentation. At
Angora Road, an increase in sediment accumulation rate during
Waipawa organofacies deposition (from 16 to 55 m/Ma) is consistent
with the large increase in TOC (from ~0.75 to ~6 wt.%) being due to ad-
ditional terrigenous input. At mid-Waipara, background sedimentation
rates are similar to Angora but Waipawa organofacies deposition is not
accompanied by an increase in accumulation rate. This is consistent
with the smaller increase in TOC (from ~0.5 to ~1.75 wt.%), suggesting
a smaller increase in terrigenous input. An increase in sediment
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accumulation rate at ODP Site 1172 is also consistent with the marked
increase in TOC (Fig. 5).

Although these age models are relatively poorly constrained, there
seems little reason to doubt that Waipawa organofacies deposition
occurred as an isochronous event over a relatively short period of time
(~700,000 years) in the late Middle to early Late Paleocene (59.4 to
58.7 Ma), spanning the Selandian–Thanetian Stage boundary.
3.4. Climatic cooling

It has been difficult to derive paleotemperature data from New
Zealand Paleocene marine sediments that tend to be non-calcareous
and sparsely fossiliferous, features that have also hampered biostrati-
graphic correlation (Hornibrook, 1992). Indeed, the absence of calcareous
microfossils has been used to infer relatively cool water temperatures for
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the Paleocene (Jenkins, 1968). Similarly, the localised proliferation of
diatoms and radiolarians on the Campbell Plateau and at Mead Stream
has been used to infer cool conditions during the Late Paleocene (Hollis,
2002; Hollis et al., 2005a), either related to climatic cooling or enhanced
upwelling of southern-sourced deep water. The abundance of siliceous
microfossils in the pelagic sequence of eastern Marlborough has also
been used to infer prolonged climatic cooling following the Cretaceous–
Paleogene boundary event (Hollis, 2003). However, both approaches
are qualitative and depend on uniformitarian assumptions.

GDGT-based temperature proxies provide a means to extract a
paleotemperature record from carbonate-lean Paleocene marine sedi-
ments. In the mid-Waipara section, the TEX86 proxy has been used to
derive sea surface temperature (SST) (Hollis et al., 2012) and the
MBT′–CBT proxy has been used to derive mean annual air temperature
(MAAT) (Pancost et al., 2013). The TEX86

L calibration for SST indicates
that deposition of Waipawa organofacies was associated with 2 °C of
cooling from an average Paleocene SST of 15 °C to a minimum of
~13 °C in upper Waipawa organofacies (Fig. 6). Warmer average SSTs
are indicated by the TEX86

H calibration but the degree of cooling is great-
er (3 °C for a background SST of 21°). The paleo-calibration (pTEX86) is
used to assess which of these two modern calibrations provides the
most robust guide to absolute SST values. As pTEX86 values are signifi-
cantly cooler than TEX86

H , but within the calibration error of TEX86
L , we

conclude that TEX86
L provides the best guide to SST changes at

mid-Waipara and ODP Site 1172. The MBT′–CBT proxy also records
minimum MAAT values in the upper Waipawa organofacies at
mid-Waipara. The large calibration errors for the TEX86

L and MBT′–CBT
proxies (±4° and 4.9 °C, respectively) affect the absolute temperature
estimates but not these trends in relative temperature. Significantly,
both SST and MAAT proxies indicate that cooling began at the first pos-
itive shift in δ13CTOC. This implies a close link between cooling and depo-
sition of Waipawa organofacies.

Partly due to higher resolution sampling, the TEX86 record at
ODP Site 1172 exhibits an even clearer relationship with Waipawa
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organofacies was associated with cooling of almost 6 °C from a back-
ground temperature of 20 °C. The two peaks in δ13CTOC and TOC corre-
spond to SST minima within this generally cool interval. Equivalent
trends are seen in TEX86

H and pTEX86.
We have used the TEX86 proxy to investigate the SST trends through

the deep marine Paleocene record at ODP Site 1121 on the eastern
margin of the Campbell Plateau (Fig. 7). Sediments at this site span
the interval of Waipawa organofacies deposition but its geochemical
signature is not seen, presumably because of the deep-water setting. A
lower bathyal–abyssal water depth is inferred for the Paleocene at Site
1121 whereas Waipawa organofacies deposition appears to have been
restricted to mid-bathyal or shallower depths (Moore, 1988; Hollis
et al., 2005a; Schiøler et al., 2010). An interval of reduced carbonate con-
tent is tentatively correlatedwithWaipawa organofacies because it is of
equivalent age (Nannofossil zones NP6-7) and includes a zone of higher
carbonate content and more negative δ13C values as seen at Angora
Road and Mead Stream (Fig. 3). GDGT recovery was too low to derive
TEX86 values for the uppermost part of this interval. However, below
this level, the proxy shows a clear cooling trend that parallels the de-
cline in carbonate content. It is notable that offsets between the three
TEX86 calibrations are different from those observed at mid-Waipara
and ODP Site 1172. TEX86

L and TEX86
H values are generally in good agree-

ment whereas pTEX86 is significantly cooler. This tends to support the
argument that GDGT distribution in sediments is strongly affected by
water depth (Taylor et al., 2013). In this deep water site, agreement
between the two standard calibrations indicates they are performing
as observed in modern core-top studies (Kim et al., 2010). However,
the cause of calibration offsets in the two samples that record coolest
temperatures in TEX86

L is uncertain. Consequently, we infer a relative
cooling at ODP Site 1121 at the time of Waipawa organofacies deposi-
tion but cannot be certain of the magnitude of the cooling.

If we plot the data from Angora Road, mid-Waipara, ODP Site 1172
and ODP Site 1121 in the time domain (see Supplementary figure for
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age-depth plot for ODP Site 1121), we can examine the relationship
between temperature and organofacies development in more detail
(Fig. 8). The Angora section is too thermally mature to yield GDGT
data, but provides a complementary record of Waipawa organofacies
development, extending from ~59.4 to ~58.7 Ma. A weak cooling
trend in SST and a distinct ~1.5 °C cooling step in MAAT is seen at the
onset of organofacies deposition at mid-Waipara. Both proxies record
~2 °C cooling in the upper phase of Waipawa organofacies deposition,
resulting in minimum values of 12.5 °C for SST and 10.5 °C for MAAT.
Waipawa organofacies deposition is closely correlated with SST at
ODP Site 1172. The initial positive shift in δ13CTOC is associatedwith pro-
nounced cooling of 6 °C over 0.4Myrs (from 20° to 14 °C). In contrast to
mid-Waipara, SST is coldest (14 °C) in the lower peak in organofacies,
warming by 4 °C within the organofacies trough and then cooling by
2 °C in the uppermost part of the upper peak.

The TEX86 record from ODP Site 1121 is problematic. It is hard to
envisage a situation where oceanic SST is ~3 °C warmer than coastal
SST at a lower latitude (Fig. 1), which is the case for Site 1121 and
mid-Waipara when using the TEX86

L calibration (Fig. 8). Although SSTs
determined using the TEX86

H calibration are in closer agreement
between the three sites (Supplementary Figure S3), we have previously
shown that the TEX86 calibration overestimates absolute temperature
by N4 °C at mid-Waipara and ODP Site 1172 (Hollis et al., 2012). More-
over, the MAAT estimates support the use of the TEX86

L calibration
for absolute temperature reconstructions (Pancost et al., 2013). We are
left to conclude that the close correspondence between TEX86
L and

TEX86
H -based SSTs at Site 1121 is because both proxies are overestimating

mean annual SSTs and pTEX86 is the better guide to absolute mean
annual temperature at this site. Certainly, SSTs derived from pTEX86 for
Site 1121 agree well with the TEX86

L -based SST records from the other
two sites, with a minimum SST of 13–14 °C at ~59.15 Ma (Fig. 8).

Offsets in the correlation of peaks and troughs between sectionsmay
be an artefact of the age model. Higher resolution data for the mid-
Waipara and Angora sections may allow for tuning the three sections
using tie points in the δ13C or TOC records. Nevertheless, some general
features of the temperature record appear to be genuine differences
between proxies and records. Firstly, the ~2 °C offset between SST and
MAAT at mid-Waipara is plausibly explained by a summer bias in the
SST proxy (Hollis et al., 2012; Pancost et al., 2013). However, this im-
plies that already cool conditions (MAAT of 13 °C) in the Middle
Paleocene of mid-latitude (53°S) New Zealand cooled a further 2–3 °C
during the coolest phases of Waipawa organofacies deposition
(10–11 °C). These temperature estimates are no warmer than present
day cool temperate southern New Zealand (MAAT of 11 °C at 45°S;
NIWA climate database, cliflo.niwa.co.nz). Secondly, SSTs at ODP Site
1172 are ~2–4 °C warmer throughout the Paleocene apart from the in-
terval spanning the lower organofacies peak (59.3–58.9 Ma). This im-
plies that initial cooling may have caused westward expansion of a
cool watermass that subsequently contracted for the remainder of the
event. The final phase of the preserved cooling event appears to have
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been most pronounced in New Zealand, with equivalent effects on the
land and in the ocean. Because erosion truncates the cooling event in
all of these sections (Fig. 10), it is possible that further cooling occurred
above the preserved record.

The regional cooling recorded in SW Pacific SST andMAAT proxies is
correlated with the peak in a long-term positive excursion in the deep
sea δ18O (Fig. 8), which is well documented at north Atlantic DSDP
Site 384 and at north Pacific ODP Site 1209 (Berggren et al., 2000;
Westerhold et al., 2011). A positive δ18O excursion of 0.8‰ represents
a cooling of 4 °C or an 80 m fall in glacioeustatic sea level (Pekar et al.,
2002).

Some additional lines of evidence support periodic but significant
climatic cooling during the Paleocene. Kennedy (2003) used physiog-
nomic analysis of leaf fossils for Paleocene sites in western and eastern
South Island to infer a cool temperate climate with a mean annual air
temperature (MAAT) of 9–11 °C, which is consistent with the results
from the MBT′–CBT proxy. Analysis of pollen assemblages from ODP
Site 1172 also shows pronounced cooling fromwarm to cool temperate
conditions coincident with Waipawa organofacies deposition, with
MAAT of ~10 °C (Contreras et al., 2014).

Growth of Antarctic ice sheets and calving of icebergs have also been
used to explain the occurrence of bands of lone‐stones in the Paleocene
Whangai Formation at Angora Road and Riversdale, coastal Wairarapa
(Leckie et al., 1995). We have confirmed the Angora Road occurrence
and found further lone‐stones in theWaipawa Formation at this locality
(Tayler, 2011). We have also found a comparable band of lone‐stones
near the top of the Garden Cove Formation on Campbell Island
(Andrew, 2010). Although petrographic studies are so far inconclusive,
it remains possible that these exotic clasts are ice-rafted drop-stones
and record discrete ice-rafting episodes in the Paleocene (~64.5 Ma at
Campbell Island, ~62 and 59.3 Ma at Angora Road).

The occurrence of Paleocene biosiliceous sediments at ODP Site 1121
and Mead Stream (Hollis, 2002; Hollis et al., 2005a), glauconitic
condensed sections within the Paleocene pelagic sequence in other
parts of eastern Marlborough and Kaikoura (Hollis et al., 2005b;
Fig. 10), and a condensed phosphatised and biosiliceous Paleocene sec-
tion on northern Chatham Island (Campbell et al., 1993) suggests cool
water upwelling intensified in this region during theMiddle and Late Pa-
leocene. The radiolarian assemblages in sediments of this age at ODP Site
1121 contain abundant Cycladophora (Hollis, 2002), a genus typical of
cool water masses in the Cenozoic (Lombari and Lazarus, 1988).
3.5. Related climatic and biotic events

The onset of Waipawa organofacies deposition appears to have
occurred at the same time as a short-lived enigmatic event, termed
the Early–Late Paleocene biotic event (ELPE) or mid-Paleocene biotic
event (MPBE), which is reported in central Pacific and south Atlantic
ODP sites (Hancock and Dickens, 2005; Petrizzo, 2005; Westerhold
et al., 2008, 2011) and at Zumaia, northern Spain (Bernaola et al.,
2007; Schmitz et al., 2011). This short-lived (~50 kyr) biotic turnover
event occurs at the top of Chron C26r within nannofossil zone NP6,
directly below theMiddle–Late Paleocene boundary (Fig. 10). Although
the event has some similarities with biotic turnover events during
hyperthermals, such as the Paleocene–Eocene Thermal Maximum
(PETM), only the record at Zumaia shows evidence for warming associ-
atedwith a negative δ13C excursion. In central Pacific deep sea cores, the
ELPE is a condensed interval characterised by carbonate dissolution
(Hancock and Dickens, 2005; Petrizzo, 2005). It does not appear to be
associated with negative excursions in either δ18O or δ13C in central
Pacific ODP Site 1209. However, Westerhold et al. (2011) suggest
that this is an artefact of dissolution as CaCO3 concentration falls to
~65 wt.% (Hancock and Dickens, 2005). Significantly, the ELPE marks
the base of an extended interval of maximum δ13C (N1.5‰) at this
site, which is correlated with the Paleocene carbon isotope maximum
(PCIM) (Shackleton, 1986; Corfield and Cartlidge, 1992; Thompson
and Schmitz, 1997; Hollis et al., 2005a). At Site 1209, the ELPE is also
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located within the extended interval of relatively positive δ18O values
noted above (Westerhold et al., 2011).

3.6. Sea level changes

The early Paleogene is commonly considered to have been “ice-free”
(Zachos et al., 2001, 2008) because there is little direct evidence for the
presence of polar ice sheets prior to the Late Eocene. However, broad-
scale correlation of unconformities across geographic regions and the
general correspondence between global sea-level reconstructions and
the deep-sea oxygen isotope record through the Late Cretaceous and
early Paleogene has been taken as evidence that small ice sheets
waxed and waned through this time period (e.g. Rhodes et al., 1999;
Miller et al., 2005; Crampton et al., 2006; Browning et al., 2008; Harris
et al., 2010; Cramer et al., 2011; Miller et al., 2011). Moreover, recent
geophysical models suggest that Antarctica may have had sufficiently
high elevation for substantial ice sheets to form in upland areas during
cool episodes within the early Paleogene (Wilson and Luyendyk,
2009; Wilson et al., 2013).

When reconstructing sea-level change from sedimentary records
across the globe we need to take into account the influences of:
(i) regional basin subsidence changes (ii) regional isostatic adjustments
due to the redistributions of mass as a result of sea level change and ice
buildup and (iii) the effect of self-gravitation that the newly formed
Antarctic glaciers have on regional Southern Hemisphere sea-level
change. All of these effects are strongly dependent on the locus of ice
sheet formation. Moreover, the expression of the resulting regional
sea-level change is strongly dependent on the regional thickness of
the lithosphere, i.e., the ‘flexibility’ of the local lithosphere to respond
to the forcing. For instance, it has been shown from the combination
of regional sea-level reconstructions around Antarctica and numerical
modelling that during the Eocene–Oligocene continental ice expansion
on Antarctica, regional Southern Ocean sea level rose by up to more
than two times the predicted eustatic sea-level fall (Stocchi et al.,
2013). If the primary locus for ice formation was East Antarctica in late
Paleogene, these three factors are inferred to have been counterbalanced
at the latitude of ~60–65°S. Further north, sea-level fall is predicted to
have been greater than the eustatic (global average), although still
subject on regional paleogeographic controls. Paleogene New Zealand
was situated within the range of latitudes for which a eustatic sea-level
fall is a reasonable estimate, albeit with local variation due to proximity
to the locus of ice accumulation and lithosphere thickness.

Four lines of evidence indicate that typical Waipawa organofacies
was deposited during a regional fall in sea level: (i) foraminiferal assem-
blages indicate that paleodepth shallows from middle to outer shelf in
the underlying unit to inner shelf within Waipawa organofacies, both
in the East Coast Basin (Moore, 1988) and Great South Basin (Cook
et al., 1999; Schiøler et al., 2010); (ii) palynofacies record an increase
in terrestrial OM, consistent with closer proximity to the shoreline in
East Coast, Canterbury and Great South Basins (Schiøler et al., 2010);
(iii) the distribution of the Tartan Formation in the Great South Basin
is consistent with a fall in base level, with deposition in the deepest
parts of the basin and erosion or non-deposition in shoreward parts of
the basin (Schiøler et al., 2010); and (iv) the wide geographic extent
of the equivalent facies, reported here from eastern New Zealand
to the eastern margin of Tasmania (regions separated by an active
spreading ridge), indicates that this is more likely to be a response to
global changes in sea level rather than local tectonic uplift.

There iswidespread evidence for a significant fall in relative sea level
or a series of falls occurring within the latest Middle to early Late
Paleocene. Waipawa deposition is most closely associated with the
two falls in sea level represented by the Sel2/Th1 and Th2 sequence
boundaries in the European Basin sequence (Haq et al., 1987;
Hardenbol et al., 1998; Schmitz et al., 2011). These two sequences
have been correlated with the New Jersey Coastal Plain succession,
where they are named Pa2a and Pa2b (Browning et al., 2008; Kominz
et al., 2008; Harris et al., 2010; Cramer et al., 2011). Estimates for the
magnitude of sea-level fall associated with these sequences range
from N50 m (Haq et al., 1987) to ~25 m (Kominz et al., 2008) to
~12–15 m (Harris et al., 2010; Cramer et al., 2011). A range value of
15–25 m would be sufficient to explain the changes in palynofacies
and foraminiferal assemblages observed in the East Coast and Great
South Basins.

Sequence stratigraphic interpretation of Waipawa organofacies de-
position is complicated by the recognition of two distinct depositional
motifs. Typical Waipawa organofacies deposition, as seen at Angora
Road, is consistent with a regressive motif and comprises a coarsening
upwards sequence capped by an unconformity. Similar patterns are
evident at mid-Waipara and ODP Site 1172. In other sections, Waipawa
organofacies is deposited above a sharp contact that is either a possible
unconformity (Mead Stream) or an obvious unconformity with an
intensely burrowed contact (Tawanui). The base of the unit at Mead
Stream is correlated with a regional unconformity overlain by glauco-
nitic sandstone in sections closer to the paleo-shoreline, notably at
Muzzle and Bluff Streams in the middle Clarence valley (Hollis et al.,
2005b) andKaikoura Peninsula (Rattenbury et al., 2006). Thus,Waipawa
organofacies appears to occur at the base of a fining-upwards transgres-
sive motif at Mead Stream and Tawanui: greensand or siliceous
mudstone grading up into calcareous mudstone or micrite. These two
opposing motifs (coarsening-up and capped by unconformity, and
fining-up above an unconformity) are likely to be the result of localised
variations in accommodation space: the regressive motif occurs where
subsidence and sedimentation rates were high and the transgressive
motif occurs where subsidence and sedimentation rates were low. Our
sequence stratigraphic model (Fig. 9) reconciles these two motifs and
also accounts for the two phases of Waipawa organofacies deposition
that are represented by two distinct units atMead Stream and two inter-
vals of peak TOC and δ13C at Angora Road andODP Site 1172.We suggest
that Waipawa organofacies was deposited during two regressive–
transgressive cycles that are uncertainly correlated with the Sel/Th1-
Th2 sequences.

The transgression that follows Waipawa organofacies deposition
continued through the Paleocene–Eocene transition, into the late Early
Eocene (King et al., 1999). This regional sea-level record is consistent
with the long-term Northern Hemisphere sea-level record (Haq et al.,
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1987; Hardenbol et al., 1998; Miller et al., 2005, 2011; Cramer et al.,
2011) in which the sea-level fall in earliest, Late Paleocene (~59 Ma)
is succeeded by prolonged transgression that peaked in the late, Early
Eocene (~52 Ma).
3.7. Regional unconformity

One of the defining features of large-scale Antarctic glaciation in the
Early Oligocene is the development of a major regional unconformity,
the Marshall Unconformity or Paraconformity (Carter, 1985; Fulthorpe
et al., 1996; Nelson and Cooke, 2001; Carter et al., 2004), which occurs
throughout the Southwest Pacific. The combined effects of erosion due
to a fall in base level and scour and non-deposition due to intensified
flows of southern sourced currents is an hiatus that is centred on the
Oi2 glaciation (Miller et al., 1991) in the Early Oligocene, but in some
settings may extend over much of the Cenozoic. One example is ODP
Site 1121, on the eastern margin of the Campbell Plateau, where
Paleocene drift sediments are overlain by a thin veneer of ferromanga-
nese nodule-bearing sediments of late Neogene age (Graham et al.,
2004).

A closely comparable unconformity is associatedwith Late Paleocene
cooling (Fig. 10). The unconformity records maximum regression at the
top of the Waipawa organofacies in settings where both sedimentation
and subsidence rates were high (e.g. Angora, mid-Waipara, ODP Site
1172). In settings where sedimentation rates were lower (e.g. Tawanui),
erosion has removed the regression-related Waipawa organofacies
sediments and, instead, the transgressivemotif ofWaipawa organofacies
is present above an unconformity. At Tawanui, the transgressive phase is
well expressed with an intensely burrowed unconformity overlain by a
dark greensand unit that contains somewhat depleted geochemical fea-
tures of the Waipawa organofacies. In other localities, such as Muzzle
Stream in Clarence valley, more time is missing and the unconformity
has eroded every remnantof theWaipawaorganofacies. Instead, a highly
burrowed surface is overlain by a greensand unit, the Teredo Limestone,
the basal member of the Amuri Limestone (Reay, 1993). At Muzzle
Stream, Teredo Limestone is of Late Paleocene age and grades up into
the Lower Limestone Member of the Amuri Limestone (Hollis et al.,
2005b). A few km to the south and closer to the paleo-shoreline at
Bluff Stream, the unit is of Early Eocene age and is overlain by a thinner
Lower Limestone Member succession, which grades into Lower Marl
Member (Hollis et al., 2005b). A similar sequence is observed on
Kaikoura Peninsula (Fig. 10), which may have been even closer to the
paleo-shoreline (Crampton et al., 2003). Although these sites are closer
to the paleo-shoreline than Mead Stream, the background pelagic facies
suggest at least outermost shelf to upper bathyal water depths (Hollis
et al., 2005a, b). Thus, erosion at the base of the Teredo Limestone is
considered to be due to intensification of currents and deep-sea scour
rather than a direct effect of sea-level fall.

The Middle–Late Paleocene unconformity can be traced further
afield although it is often overprinted by the Eocene–Oligocene
Marshall Unconformity. The northernmost record we have identified
in eastern New Zealand is at Mangahouanga Stream, northern
Hawke's Bay (Fig. 2) (Moore, 1987, 1988; Wilson and Moore, 1988;
Supplementary Figure S1). The section is only a few km from the Te
Hoe River section, but contains no vestige of the Waipawa Forma-
tion. Instead, Paleocene Whangai Formation is unconformably over-
lain by Paleocene–Eocene Wanstead Formation (Wilson and Moore,
1988).

To the northwest of New Zealand, the Paleocene unconformity is
present in Paleogene DSDP cores on the Lord Howe Rise (Figs. 1, 2).
The unconformity truncates Middle Paleocene pelagic strata at DSDP
Sites 206, 207 and 208, with the age of overlying sediments younging
to the northwest: Late Paleocene at Site 207, Early Eocene at Site 206
and Middle Eocene at Site 208 (Burns et al., 1973; Edwards, 1973).
Because these sediments were deposited at bathyal depths, erosion
was probably caused by scour of northwest-flowing bottom currents
(Fig. 1b).

To the south of New Zealand the unconformity is recorded in the
Great South Basin (Schiøler et al., 2010), on Campbell Island (Beggs,
1978; Hollis et al., 1997b) and at DSDP Site 277 on the western
Campbell Plateau (Fig. 10) (Hollis et al., 1997b). On Campbell Island,
the unconformity is a sharp contact between Cretaceous–Paleocene
Garden Cove Formation and Eocene–Oligocene Tucker Cove Formation.
The unconformity is well exposed at Limestone Point, Northwest
Bay, and at Camp Cove (Hollis et al., 1997). Dinocyst biostratigraphy
and magnetostratigraphy indicate that the uppermost Garden Cove
Formation is middle Early Paleocene age (Fig. 10). As the base of the
overlying Tucker Cove Formation is late Early Eocene age, the unconfor-
mity represents a hiatus of ~13million years. At DSDP Site 277, a shorter
hiatus of ~2 m.y. (~59–57 Ma) has been identified by nannofossil bio-
stratigraphy (Supplementary Table S3).

3.8. Conditions for Antarctic glaciation

The Paleocene stratigraphy of the Southwest Pacific contains con-
vincing evidence that a regional sea-level fall coincided with increased
scour by bottom currents on submarine highs and significant cooling
on land and in the oceans over a period of 700 kyrs (Fig. 10). Cooling ap-
pears to have occurred in two pulses separated by ~400 kyrs. Cooling
and sea-level fall at this level of periodicity is typical of glacioeustasy
(Miller et al., 2005). Growth or expansion of an Antarctic ice sheet is
not essential for intensification of deep-water formation but it seems a
plausible cause for a short-lived increase in the strength of bottom cur-
rents sweeping north along the eastern and western margins of New
Zealand and causing erosion from the Campbell Plateau to the Lord
Howe Rise (Fig. 1b). Although there is no direct lithological evidence
for glaciation in the early Paleogene, the absence of glacial sediments
can be plausibly explained by ice sheets being restricted to upland
areas (Wilson and Luyendyk, 2009; Wilson et al., 2013). Modelling
based on these new reconstructions of Antarctic paleogeography has
shown that permafrost may have waxed and waned through the Early
Eocene, contributing to the carbon cycle changes that resulted in
short-lived episodes of extreme warmth, such as the PETM (DeConto
et al., 2012). In a climate regime significantly cooler than background
conditions of the latest Paleocene and Early Eocene, it seems likely
that permafrost would have been covered by ice sheets in the upland
parts of Antarctica.

3.9. Accumulation of organic sediments

Perhaps the most challenging conundrum in interpreting Waipawa
organofacies is to identify the features of the regional environment
and global climatic trends that led to a truly unique depositional
event. The distinctive features of this organofacies have not been
recorded in any other time interval within the geological history of
the Southwest Pacific. The correlation of TOCand δ13CTOC is plausibly ex-
plained by conditions of preservation associated with enhanced marine
productivity and some degree of dysoxia (Sinninghe Damsté et al.,
1998). Marine productivity is likely to have increased as a consequence
of climatic cooling, which would intensify currents from the south and
increase regional upwelling. But how does one account for the accom-
panying increase in terrestrial organic matter described by Schiøler
et al. (2010)? A fall in base level will lead to greater coastal erosion.
However, there is little evidence from other regressive events, such as
at the Eocene–Oligocene transition or during Quaternary glaciations,
that elevated coastal erosion is coupledwith increased deposition of ter-
restrial organic matter. Indeed, the next regional episode of increased
terrestrial carbon burial to follow this Paleocene event was a conse-
quence of extreme global warming at the Paleocene–Eocene thermal
maximum (Crouch et al., 2003), with similar episodes inferred for the
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subsequent Eocene hyperthermals (Nicolo et al., 2007; Slotnick et al.,
2012).

We suggest that a unique set of circumstances led to Waipawa
organofacies deposition:

(i) Mild temperatures through the Middle Paleocene (Fig. 10), pro-
moted regional proliferation of coastal vegetation under warm
temperate to cool subtropical conditions (Crouch et al., 2003;
Contreras et al., 2014);

(ii) Tasman Sea-related extension slowed in the Late Paleocene,
resulting in accelerated, passive thermal subsidence in sedimen-
tary basins around New Zealand (King et al., 1999);

(iii) Pronounced and short-lived cooling at theMiddle–Late Paleocene
boundary, elevated nutrient supplies from both erosion of well-
vegetated coastal areas and enhanced current-driven upwelling
resulting in increased carbon delivery and burial;

(iv) A latest Paleocene to Early Eocene transgression linked to global
warming (Sluijs et al., 2008), and passive margin subsidence led
to deposition of fine-grained smectitic sediments (Field et al.,
1997), preserving the underlying organofacies.

4. Conclusions

The Waipawa organofacies has been identified throughout the
southwest Pacific, from the sedimentary basins of eastern New
Zealand to the East Tasman Plateau, and at least as far north as the
North Slope Basin (Fig. 1). It is present in sedimentary successions de-
posited at upper bathyal (Mead Stream) to inner shelf (Great South
Basin) depths and records mass erosion and deposition of terrigenous
sediments with abundant plant matter and rich in nutrients, which in
some settings promoted highmarine productivity and the development
of dysoxic conditions. Deposition of this facies appears unique to this
region. We suggest that a combination of regional tectonic and global
climate trends may explain the widespread deposition of organic-rich
sediments during a time of climate cooling.

The short-lived but pronounced regressive episode that led to depo-
sition of Waipawa organofacies is associated with climatic cooling and
deep-sea scour locally and a global fall in sea level. The coupling of
sea-level fall and climatic cooling implies a glacio-eustatic driver for
sea-level change prior to large-scale glaciation of polar regions in the
Oligocene. This evidence for Paleocene glaciation supports other lines
of evidence that indicate that circum-polar gateways were not the pri-
mary prerequisite for ice sheet growth on Antarctica (DeConto and
Pollard, 2003; Barker and Thomas, 2004; Stickley et al., 2004; Pagani
et al., 2011; Gasson et al, 2013).

The cause of glaciation at ~59Ma is uncertain. The event lies near the
onset of the PCIM, a time that is associated with high net carbon burial
and low atmospheric CO2 (Komar et al., 2013). It has been suggested
that the PCIM signals recovery of the ocean ecosystem following
extinctions and trophic collapse at theCretaceous–Paleogeneboundary:
enrichment in 13C indicating a general increase in biological production
and carbon burial (Corfield and Norris, 1996; Norris et al., 2001). The
resulting drawdown of atmospheric CO2 may have led to global cooling
and Antarctic glaciation.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.earscirev.2014.03.006.
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