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Abstract Of over 20 known Cretaceous/Tertiary (K/T)
boundary sections in the New Zealand region, 6 in the
northern South Island were selected for detailed
biostratigraphic and paleoenvironmental study because of
their apparent stratigraphic completeness and the range of
depositional environments represented. These sections
represent the only known southern high�latitude (55�60°S)
transect of the K/T boundary transition from continental
slope to terrestrial mire.

The K/T boundary is marked by deposition of an impact
fallout layer in four of these sections, and a disconformity
representing a hiatus of < 100 000 yr in the remaining two
sections (Mead and Branch Streams). In the terrestrial
Moody Creek Mine and shallow marine mid�Waipara
sections, rapid and widespread destruction of forests is
shown by abrupt replacement of mixed forest pollen and
spore assemblages by assemblages dominated by few species
of ground ferns. Foraminiferal and radiolarian
biostratigraphy indicates that within 100 000 yr these ferns
were replaced by a cool�temperate conifer�dominated
assemblage that persisted until c. 63.5 Ma. In the marine
sections, an abrupt decrease in carbonate content reflects a
major decline in carbonate production associated with mass
extinction of calcareous plankton, although several smaller
species of planktic foraminifera persist for c. 100 000 yr into
the Paleocene.

In four sections in Marlborough (Flaxbourne, Woodside,
Mead, and Branch), which represent a transect across a
coastal upwelling zone, paleoproductivity proxies (excess
SiO2, excess Ba, Ba/Al, � 13C) indicate that the decline in
calcareous plankton was partly offset by sustained siliceous
plankton productivity. Extinctions of thermophilic
foraminifera, survival of cosmopolitan foraminifera, and
expansion of diatoms and spumellarian radiolarians indicate
that pronounced cooling occurred across the K/T boundary.
A subsequent decline in planktic foraminifera and in
carbonate content, associated with a progressive increase in
siliceous plankton productivity, indicates that further cooling
resulted in dominantly biosiliceous sediment being deposited
in the core of the Marlborough upwelling zone from c. 64.9
to 63.5 Ma. The onset of this biosiliceous event at c. 64.9
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Ma and a later major increase in biogenic silica in the deep�
water sections (Flaxbourne, Woodside) at c. 64.6 Ma are
correlated with sea�level falls in the shelf section (Branch)
and are also linked to eustatic events recorded in Europe
and North and Central America.

These early Paleocene regressive events within a cool
climatic regime are the probable cause of incomplete K/T
boundary records in most of New Zealand. It remains
uncertain if they are directly related to the K/T bolide impact,
the short�term effects of which may have disrupted the global
climate system for millions of years, or are related to other
factors such as tectonism or fluctuating CO2 emissions from
Deccan volcanism.

Keywords Cretaceous; Paleocene; K/T boundary;
Marlborough; biogenic silica; carbonate; barium; carbon
isotope; diatom; Radiolaria; foraminifera; paleoproductivity;
climate; sea level; eustacy; upwelling

INTRODUCTION

There is now considerable evidence that the primary cause
of mass extinction, widespread destruction of terrestrial plant
communities, and global reduction in oceanic productivity
at the Cretaceous/Tertiary (K/T) boundary was a giant
asteroid impact in northern Yucatan, Mexico (Ryder et al.
1996; Norris et al. 1999; Koeberl & MacLeod 2002). Studies
of the K/T boundary in New Zealand have been important
in the development of concepts relating to the asteroid impact
hypothesis by establishing the worldwide distribution of
impact fallout (Alvarez et al. 1980; Brooks et al. 1986a),
identifying the widespread occurrence of wildfires following
the K/T impact (Wolbach et al. 1988; Heymann et al. 1994),
and demonstrating the global nature of the biological
catastrophe (Strong 2000; Vajda et al. 2001).

The K/T boundary has been identified in over 20
stratigraphic sections in the New Zealand region (Fig. 1). A
review of these sections (Table 1) reveals that northern South
Island has the most complete K/T boundary record across a
range of environments from terrestrial mire to continental
slope. This region is the only known Southern Hemisphere
continental margin transect for this important episode in
Earth history. In order to understand the impact of the K/T
boundary event on regional climate, sedimentation, and
biogeochemical systems, a detailed integrated study has been
undertaken of six sections. The sections have been selected
for their stratigraphic completeness and their potential to
represent a terrestrial�marine continental margin profile (Fig. 2).
The sections and inferred depositional settings are:
Flaxbourne River (pelagic, upper to mid�slope), Woodside
Creek (pelagic, uppermost slope), Mead Stream (pelagic�
hemipelagic, upper slope), Branch Stream (pelagic�
hemipelagic, outer shelf), mid�Waipara River (siliciclastic,
mid�shelf), and Moody Creek Mine (mire, non�marine).
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Fig. 1 Location of K/T boundary sections in the New Zealand region.

The primary aim of this article is to review evidence for
paleoenvironmental changes through the K-T transition in
the four pelagic-hemipelagic Marlborough sections (Hollis
et al. 1995, 2000, 2002, 2003a this issue, 2003b this issue;
Hollis 1996; Crampton et al. 2003, this issue; Field & Hollis
2003, this issue; Su et al. 2003, this issue). In addressing
this aim, the Marlborough record is compared with studies
of the shallower, siliciclastic mid-Waipara section (Hollis
& Strong 2003, this issue; Vajda & Raine 2003, this issue),
the non-marine Moody Creek Mine section (Vajda et al.
2001), paleoclimate indicators in the regional vegetation
record (Kennedy 2003, this issue), and regional studies of
the K-T transition (e.g., Laird et al. 2003, this issue).

REGIONAL GEOLOGY AND PALEOGEOGRAPHY

Uppermost Cretaceous and Paleocene strata in New Zealand
were deposited during a regional transgression between 100
and 45 Ma that was related to thermal relaxation after
subduction ceased at the paleo-Pacific margin of Gondwana
in the early Late Cretaceous (Ballance 1993). Several major
sedimentary basins formed during this time, with the timing
of major facies transitions varying between basins according
to local tectonics (King et al. 1999). The K/T boundary
transition occurs within predominantly terrestrial and
shallow marine facies in sedimentary basins of western and
southern New Zealand (Taranaki, West Coast, and Great
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South Basins) and in predominantly mid-shelf or deeper
marine facies within the Northland, East Coast, and
Canterbury Basins (Fig. 2). Sediments within the
Marlborough sub-basin, which marks the southernmost
extent of the East Coast Basin (Field et al. 1997), record
primarily pelagic deposition at neritic to mid-bathyal depths
across a terrigenous sediment-starved platform, termed here
the Chatham Platform. The biosiliceous nature of the
Marlborough lithofacies, especially in the latest Cretaceous
and early Paleocene, indicates a location within a coastal
upwelling zone (Hollis et al. 2003b). Paleocirculation models
indicate that westerly winds and surface currents prevailed
along the northeastern margin of New Zealand during the
early Paleogene (Barron & Peterson 1991; Huber & Sloan
2001). The combination of prevailing westerlies and the
obstruction formed by the western margin of the Chatham
Platform plausibly explains the development of the
Marlborough upwelling system. Late Cretaceous and
Paleocene biosiliceous sediments at DSDP Site 275 and ODP
1121 (Hollis 2002) suggest that another upwelling zone may
have extended along the eastern margin of the Campbell
Plateau (Fig. 2).

Long-term regional subsidence may also have affected
Marlborough lithofacies by the opening of new seaways.
Subsidence of the western margin of the Chatham Platform,
along the axis of the Marlborough paleo-embayment, led to
the development of a marine connection between the
Canterbury Basin and Marlborough in the latest Cretaceous
or Paleocene (Crampton et al. 2003). However, currents are
unlikely to have been strong enough to promote upwelling
conditions as there is little evidence for major channel
development in this region before the Eocene (Wood et al.
1989).

The paleogeographic setting of the mid-Waipara section
in North Canterbury is problematic (Fig. 2). Palinspastic
constraints imply a location very close to the northeastern
shoreline of the Canterbury Basin, possibly at the mouth of
a narrow trough in the Chatham peninsula and separated
from the Marlborough sub-basin by the emergent Hurunui
high (Crampton et al. 2003). However, foraminiferal
assemblages indicate mid to outer shelf depths in the latest
Cretaceous (Hollis & Strong 2003).

The Moody Creek Mine K/T boundary section, near
Greymouth, lies within the entirely non-marine Upper
Cretaceous-Paleocene coal and mudstone sequence
deposited in the Paparoa Trough (Nathan et al. 1986).

STRATIGRAPHY
Stratigraphic completeness
The two primary indicators of an intact K/T boundary
transition are the presence of a boundary layer that is
enriched in Ir and other elements considered to be mainly
or partly of meteoritic origin (i.e., the siderophiles Ni, Cr,
Fe, and Co; Gilmour & Anders 1989), and earliest Paleocene
microfossil assemblages, including planktic foraminifera
indicative of Zones P0 or Pa (Smit & Romein 1985;
MacLeod & Keller 1991; Berggren et al. 1995; Norris et al.
1999) and a fern spore abundance anomaly (Nichols &
Fleming 1990).

In the majority of siliciclastic, shallow to deep marine
sections in New Zealand, such indicators are lacking and
the K/T boundary is an erosional surface (Moore 1989; Reay
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Fig. 2 Paleogeographic reconstruction of the New Zealand microcontinent in the latest Cretaceous (after King et al. 1999), showing
location of K/T boundary sections. Location of Marlborough boundary sections is based on Crampton et al. (2003). Paleocirculation is
based on general circulation models of Huber & Sloan (2001) and Bice & Marotzke (2002). Abbreviations for sections: BR = Branch
Stream, FX = Flaxbourne River, MC = Moody Creek Mine, MD = Mead Stream, MW = mid-Waipara River, WO = Woodside Creek.

1993; Field et al. 1997; McMillan & Wilson 1997; Laird et
al. 2003). In the eastern basins, fine-grained Cretaceous
sediments typically are overlain unconformably by coarser
grained, glauconitic sediments (Table 1). The age of basal
Paleocene sediments is poorly constrained because planktic
foraminifera are scarce and, although dinoflagellate cysts
are relatively common, the upper limit of the early Paleocene
Trithyrodinium evittii Zone (Wilson 1984) is poorly dated
(Fig. 3). Potentially intact K/T boundary intervals have been
identified in two siliciclastic sections, in Te Uri Stream,
Hawke's Bay, and the mid-Waipara, North Canterbury
section. Poor exposure has hampered detailed studies of the
Te Uri section and the stratigraphic relationship between
records of early Paleocene foraminifera (Hornibrook 1972)
and the siderophile-enriched layer (Brooks et al. 1986b) is
uncertain. Although the mid-Waipara section is well exposed,
detailed studies of the boundary zone are complicated by
intense bioturbation (Hollis & Strong 2003). Two potentially
complete K/T boundary sections in marginal marine facies
on Campbell Island (Hollis et al. 1997) warrant further
investigation as they represent the southernmost record of
the K/T boundary in the Pacific region. Similarly, although
the boundary horizon itself occurs within a break between
two cores at ODP Site 1124, Hikurangi Plateau (Carter et
al. 1999), the Upper Cretaceous and lower Paleocene

sediments recovered from this site provide the only oceanic
record of the K/T boundary transition in the South Pacific
(Fig. 1, 2).

K/T boundary sections in the Marlborough sub-basin of
the East Coast Basin represent deposition across a sediment-
starved carbonate platform. In the inner to mid-shelf sections
of the middle Clarence valley, the K/T boundary is a
bioturbated erosion surface between Upper Cretaceous
limestone and a thin upper Paleocene or lower Eocene
greensand unit, which in turn is overlain by limestone and
marl (Reay 1993). In contrast, outer shelf-bathyal K/T
boundary sections in the northern Clarence valley and in a
narrow coastal zone between Woodside Creek and
Flaxbourne River are relatively complete (Fig. 1; Table 1).

In both Woodside Creek and Flaxbourne River sections,
the K/T boundary impact fallout layer is identified by large
geochemical anomalies at the base of the boundary claystone
(Alvarez et al. 1980; Brooks et al. 1986a; Strong et al. 1987).
Flaxbourne River contains the most complete earliest
Paleocene foraminiferal succession in the South Pacific,
including Zones P0, Pa, and P1a-b (Strong 2000). The
apparent juxtaposition of an impact fallout layer and Zone
Poc-Pla foraminifera in the boundary claystone at Woodside
Creek (Strong 1977; Hollis et al. 2003a) indicates that the
unit contains a hiatus of >30 000 yr (i.e., the duration of
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Fig. 3 Late Cretaceous to early
Eocene time-scale of Berggren et
al. (1995), showing correlation of
low-mid-latitude foraminiferal
and nannoplankton zones with
South Pacific radiolarian zones
(Hollis 1997, 2002) and New
Zealand dinoflagellate zones
(Wilson 1984).
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Zone P0; Berggren et al. 1995), or possibly is extremely
condensed. An earliest Paleocene hiatus of similar duration
is inferred for the Mead and Branch Stream sections,
northern Clarence valley (Fig. 1), as basal Paleocene
sediments lack a well-defined fallout layer and definitive
Zone P0 foraminiferal assemblages (Hollis et al. 2003b).
Changes in siliceous microfossil assemblage across the K/T
boundary, especially in the Branch Stream section, indicate
that the basal Paleocene hiatus was caused by erosion
associated with a relative sea-level fall (Hollis et al. 2003b).
Detailed studies have not been made of three other K/T
boundary sections in coastal Marlborough—Chancet Rocks,
Needles Point, and Wharanui Point (Strong 1984, 1985;
Strong et al. 1988; Hollis 1993, 1997).

The Moody Creek Mine section is the only non-marine
K/T boundary section outside North America to contain a
large Ir anomaly directly below a prominent fern spore
abundance anomaly or fern spike (Vajda et al. 2001). This
record provides convincing evidence for global destruction

of forests following the K/T asteroid impact, either in
response to extreme global cooling or global wildfires.

Stratigraphy of marine sections and sedimentation rates
The K-T transition in Marlborough consists of a succession
of five lithofacies (Fig. 4)—Upper Cretaceous siliceous
calcareous ooze, K/T boundary clay, thin-bedded calcareous
siliceous mud or muddy siliceous ooze, thick-bedded
siliceous ooze, and siliceous calcareous ooze. The K/T
boundary clay is not preserved at Branch Stream and appears
to be preserved only as burrow fill in uppermost Cretaceous
chert at Mead Stream (Hollis et al. 2003b). The siliciclastic
mid-Waipara section also has a carbonate-poor, weakly
siliceous interval in the basal Paleocene (Hollis & Strong
2003).

Although foraminiferal zones provide the best guide to
biostratigraphic completeness in the earliest Paleocene,
radiolarian zones have proven to be superior for correlation
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Fig. 4 Stratigraphy of marine K/T boundary sections in northeastern South Island, showing lithologies and correlation lines based on
first occurrences of radiolarians, planktic foraminifera, and dinoflagellate cysts (Strong 2000; Willumsen 2000; Hollis & Strong 2003;
Hollis et al. 2003a,b).

between marine sections higher in the Paleocene (Fig. 3,4).
This is a consequence of the general paucity of planktic
foraminifera in the early Paleocene of New Zealand (Hollis
et al. 2003a,b), which itself is an outcome of the
paleoenvironmental changes discussed below. Whereas
foraminiferal biostratigraphy indicates that Flaxbourne is the
only Marlborough section with an earliest Paleocene record
that is not very condensed or incomplete to some degree,
radiolarian biostratigraphy indicates that overall
sedimentation (compacted) rates through the early Paleocene
were lowest in this section (c. 15 mm/ka) and highest at
Branch Stream (c. 35 mm/ka), the shallowest of the four
Marlborough sections (Hollis et al. 2003a,b).

PALEOENVIRONMENTAL CHANGES THROUGH
THE K-T TRANSITION IN NEW ZEALAND

Late Cretaceous environmental conditions
Late Cretaceous New Zealand was a time of relatively stable
climatic conditions and tectonic quiescence (Kamp 1986;
King et al. 1999). Regional subsidence at a passive margin

resulted in deposition of a fining-upwards sandstone-
mudstone succession throughout much of the East Coast
Basin (Ballance 1993; Field et al. 1997). In the Marlborough
sub-basin, terrigenous sedimentation gave way to
predominantly pelagic sedimentation in the early
Maastrichtian (about mid Haumurian; Crampton et al. 2003),
which continued into the middle Eocene. Elsewhere in the
East Coast and Canterbury Basins, uppermost Cretaceous
sediments typically are calcareous mudstone or fine
sandstone. Occurrences of slumps, olistostromes, and cross-
bedding in uppermost Cretaceous strata atTora, southeastern
Wairarapa, indicate that local tectonic activity and uplift
occurred in some areas (Laird et al. 2003).

Physiognomic analysis of leaf assemblages (Kennedy
2003) and general features of terrestrial palynomorph (Vajda
& Raine 2003), planktic foraminiferal, and radiolarian
assemblages (Hollis et al. 2003b) indicate cool to mild
temperate oceanic and climatic conditions, with moderately
high precipitation, for latest Cretaceous (Haumurian) New
Zealand. Weak cyclic variation in clay content in uppermost
Cretaceous strata in Marlborough may reflect climatic
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Fig. 5 Palinspastic reconstruction
of central eastern New Zealand in
the latest Cretaceous (after
Crampton et al. 2003), showing
the location of K/T boundary
sections and the centre of
biosiliceous facies deposition that
defines the Marlborough
upwelling zone. Abbreviations for
Marlborough sections explained
in caption to Fig. 2. In light of
uncertainty over location of the
Cape Campbell block (Crampton
et al. 2003), which includes the
Flaxbourne section, this section
has been repositioned directly
seaward of the upwelling zone as
this location is more consistent
with lithofacies trends discussed
in the text. Small arrows on the
Marlborough sections signify the
possible facies change associated
with a relative fall in sea level of
c. 50 m.
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cycles, possibly with Milankovitch-scale periodicity (Field
& Hollis 2003).

The Marlborough sections are inferred to have been
situated within a region of coastal upwelling (Fig. 5). Facies
variations between the sections are consistent with a depth
transect across a continental margin upwelling zone (Ramsay
1977; Hollis et al. 2003b). Cretaceous lithofacies at
Flaxbourne River, within the mid-bathyal distal margin of
the upwelling zone, is radiolarian-bearing calcareous ooze
(Hollis et al. 2003a). Diatoms are absent or rare. Similar
Cretaceous lithofacies at Branch and Mead Streams contain
abundant diatoms, consistent within locations within the core
of the upwelling zone (Hollis et al. 2003b). An intermediate
diatom-bearing lithofacies at Woodside Creek is consistent
with an uppermost bathyal location at the lateral margin of
the upwelling zone (Hollis et al. 2003a).

The last 10 m.y. of the Cretaceous was a time of gradual
global cooling (Wolfe & Upchurch 1987; Huber et al. 1995;
Barrera & Savin 1999), associated with a second order
eustatic fall (Haq et al. 1987; Hardenbol et al. 1998). An
episode of climatic warming at c. 65.6-65.1 Ma (Stott &
Kennett 1990; Barrera & Savin 1999; Abramovich & Keller
2002; Adatte et al. 2002; Wilf et al. 2003) is associated with
a marked increase in pCO2 (Nordt et al. 2002). Increased
CO2 may have been the result of outgassing during the main
episode of Deccan Traps volcanism at 66-65 Ma (Barrera
& Savin 1999; Adatte et al. 2002; Wilf et al. 2003). Rapid
cooling in the last 0.1 m.y. of the Cretaceous (Stott & Kennett
1990; Abramovich & Keller 2002; Adatte et al. 2002; Wilf
et al. 2002) may be related to the end of the main volcanic
episode.

None of these climatic trends have been clearly identified
in the New Zealand sections. Sporadic records of low-
latitude foraminifera (Rosita contusa, Pseudotextularia
elegans, and Globotruncanella spp.) in the uppermost
Cretaceous at Flaxbourne River (Strong 2000) may be a local
effect of late Maastrichtian warming (Olsson et al. 2001;
Abramovich & Keller 2002). These are the only records of
R. contusa and P. elegans from New Zealand. There is no
evidence for a latest Cretaceous cooling episode in the
Marlborough K/T sections. Indeed, the thin marl bed that
underlies the K/T boundary at Flaxbourne River is thought
to represent warmer oceanic conditions than underlying
limestone beds (Hollis et al. 2003a).

The K/T boundary event
Only three of the six sections selected for detailed study
appear to have near-complete K/T boundary records—
Flaxbourne River, mid-Waipara River, and Moody Creek
Mine. All these sections contain the geochemical fingerprint
of the K/T impact fallout layer, albeit somewhat disturbed
in the mid-Waipara section (Vajda et al. 2001; Hollis &
Strong 2003; Hollis et al. 2003a). Flaxbourne, mid-Waipara,
and Moody Creek Mine sections also contain earliest
Paleocene microfossil successions (Strong 2000; Vajda et
al. 2001; Vajda & Raine 2003) equivalent to the most
complete marine and terrestrial K/T boundary records in the
Northern Hemisphere (e.g., Smit & Romein 1985; Nichols
& Fleming 1990; MacLeod & Keller 1991; Norris et al.
1999). Although the fallout layer is preserved at Woodside
Creek, foraminifera indicate that earliest Paleocene Zone
P0 (i.e., 30 000 yr) is missing, possibly due to a hiatus



314 New Zealand Journal of Geology and Geophysics, 2003, Vol. 46

within the boundary claystone (Hollis et al. 2003a). This
hiatus may be related to an earliest Paleocene relative fall
in sea level, which is inferred to have led to erosion of the
K/T boundary layer in the Mead and Branch Stream before
deposition of sediments correlated with Foraminiferal Zones
PO-Poc (Hollis et al. 2003b).

The Flaxbourne, mid-Waipara, and Moody Creek Mine
sections reveal how the K/T boundary event impacted
bathyal, neritic, and terrestrial environments in the New
Zealand region. In addition, findings from the Flaxbourne
section can be meaningfully compared with the less
complete, or less thoroughly studied, K/T boundary records
in other Marlborough sections.

Little evidence is found for a major collapse in plankton
productivity across the K/T boundary at Flaxbourne River
(Hollis et al. 2003a). A significant reduction in carbonate
content is largely compensated for by an increase in biogenic
silica (Fig. 6b). Moreover, while many species of larger
planktic foraminifera disappear at the boundary (i.e.,
Abathomphalus, Rugoglobigerina, Rugotruncana spp.), an
equivalent number of smaller species (e.g. Hedbergella,
Heterohelix spp.) persist through Zone P0 and into Pa
(Strong 2000) (Fig. 6f). Reworking fails to account for this
pattern of differential persistence. The age model constructed
for this section, based on biostratigraphic events, indicates
a major decrease in bulk accumulation rate across the
boundary (Hollis et al. 2003a). As terrigenous content
increases across the boundary, an even larger decrease in
biogenic accumulation rate is inferred (Fig. 6a,b). However,
this decrease in biogenic accumulation may reflect high rates
of dissolution in suboxic conditions rather than low rates of
biogenic flux. The laminated, organic-rich sediments in the
basal 0.2-0.3 cm of the Paleocene are characteristic of
suboxic conditions (Fig. 6a). Suboxic conditions, which also
reduce the preservation of barite (McManus et al. 1998),
may also account for low barium (Ba) concentrations in this
interval (Fig. 6c).

In contrast to an earlier study of the Woodside Creek
section (Hollander et al. 1993), a negative excursion is not
recorded in bulk carbonate or organic 813C across the
boundary at Flaxbourne River (Hollis et al. 2003a). In fact,
a negative excursion has not been verified at Woodside Creek
(Hollis et al. 2003a) and most of the significant variations
in 813C in the basal Paleocene in all four Marlborough K/T
boundary sections appear to be due to diagenetic alteration
in carbonate-poor, organic-rich sediments (Hollis et al.
2003a,b). Lack of evidence for a major decrease in surface
productivity across the K/T boundary is consistent with 813C
records from other high-latitude sites (Stott & Kennett 1990;
Barrera & Keller 1994).

However, the K/T boundary at Flaxbourne River marks
a pronounced restructuring of plankton populations, shown
primarily by a proliferation of smaller planktic foraminifera,
spumellarian radiolarians, and diatoms (Fig. 6d-f). Increases
in these groups may have been opportunistic expansions of
taxa that benefited from extinctions of competitors or from
changes in environmental conditions. Changes in siliceous
microfossil assemblages, which have been documented at
millimetre scale, include a switch from nassellarian to
spumellarian dominance within the basal 5 mm of the
boundary clay and an abrupt increase in diatoms directly
above the boundary clay (Fig. 6d,e).

It is significant that the proliferation of small planktic
foraminifera was relatively short-lived, being largely
restricted to Zones PO-Poc (Fig. 6f). In contrast, the same

radiolarian and diatom groups that appeared in abundance
in the earliest Paleocene continued to dominate siliceous
microfossil assemblages for c. 900 000 yr at Flaxbourne
River (Fig. 6d,e; Radiolarian Zone RP1 to lower RP3) and
for a further 1.5 m.y. in the Clarence valley sections (RP1
to upper RP3; Hollis et al. 2003b). This suggests a connection
between the short-term effects (<30 000 yr) of the K/T
boundary event and longer term (>500 000 yr) trends in
plankton populations and lithofacies within the Marlborough
sub-basin.

In the neritic mid-Waipara section, the K/T boundary is
marked by the last occurrences of all Cretaceous planktic
foraminifera and disappearances of most calcareous benthic
species (Hollis & Strong 2003). Many of the benthic species
reappear much higher in the section (within RP3 at least
30 m above the K/T boundary). Carbonate content also
decreases across the boundary from 20-30% in the
uppermost Cretaceous to <3% in the lower Paleocene. The
absence of calcareous benthic species in the lower Paleocene
is not thought to be due to dissolution as the rare calcareous
species present are relatively well preserved. Therefore, the
changes in foraminiferal assemblages may record two
juxtaposed events: the K/T boundary event that caused the
extinction of planktic species and an earliest Paleocene sea-
level fall that caused the local disappearance of benthic
species.

The terrestrial palynomorphs in the mid-Waipara and
Moody Creek Mine sections record abrupt disappearance
of mixed forest vegetation at the K/T boundary, followed
by rapid expansion of opportunistic fern species (Vajda et
al. 2001; Vajda & Raine 2003). The similarity of these
records to those reported from North America (Nichols &
Fleming 1990) provides convincing evidence for global
destruction of terrestrial vegetation, either by freezing
conditions associated with a post-impact winter (Alvarez et
al. 1980), global wildfires (Wolbach et al. 1988), or a
combination of these (Pope 2002).

Recovery within marine and terrestrial communities
Following selective plankton extinctions and decreased
calcareous plankton productivity across the K/T boundary,
relatively rapid recovery occurred in the Marlborough
upwelling zone. Within Zone P0, parallel increases are seen
in carbonate, biogenic silica, and biogenic Ba concentrations,
and siliceous microfossil abundance (Fig. 6b-d). A
significant increase in diatoms relative to radiolarians is
indicative of a general increase in biological productivity
(Hollis et al. 2003a,b). At Flaxbourne River carbonate
content is relatively high through Zones P0 and Pa but
begins to decline c. 0.3 m above the K/T boundary and falls
to <5% between 1.5 and 4.5 m above the boundary (Fig.
6b). Planktic foraminifera also become rare above Zone Pa
(Fig. 6f). In contrast, excess silica continues to increase
above Zone Pa and culminates in an interval of peak
biogenic silica concentration between 64.6 and 64.1 Ma (Fig.
6b). The trend in silica is inferred to represent a general
increase in biological productivity as it is closely paralleled
by biogenic Ba (Fig. 6c) and to a lesser extent by siliceous
microfossil abundance (Fig. 6d). The decrease in siliceous
microfossil abundance in upper Radiolarian Zone RP1 is
thought to be due to diagenetic destruction of radiolarian
and diatom tests in this chert-rich interval.

Recovery of calcareous plankton above the K/T boundary
in the mid-Waipara section was similarly short-lived.
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Fig. 6 Variation across the K/T boundary at Flaxbourne River in (a) terrigenous sediment (TRG) and total organic carbon (TOC)
concentration, (b) excess SiO2 (Si[exc]) and CaCO3 (Ca[exc]) concentration, (c) excess Ba concentration and Ba/Al, (d) radiolarian
and diatom abundance, (e) relative abundance of spumellarian radiolarians and actinommid spumellarians, and (f) planktic foraminiferal
species richness. Geochemical and siliceous micro fossil data are taken from Hollis et al. (2003) where methods for determining terrigenous
and excess sediment concentrations are explained. In this mid-bathyal section, most excess SiO2, excess CaCO3, and excess Ba is
considered to be biogenic. Foraminiferal data is taken from Strong (2000). Paleoenvironmental phases 1-5 and silica-rich intervals 3-
s1 and 3-s2 are explained in the text and discussed more fully by Hollis et al. (2003a).

Carbonate does not increase in the basal Paleocene, although
a small, short-lived increase in planktic foraminiferal species
richness is observed (Hollis & Strong 2003). From 1.5 to
30 m above the K/T boundary, sediments are barren of
planktic foraminifera and benthic foraminifera are rare.
Diatoms have not been encountered in this section, and
radiolarians are rare in the Cretaceous (Hollis & Strong
2003). However, radiolarians are relatively common in the
Paleocene, despite the shallow setting, and increase in
abundance over the 30 m interval in which planktic
foraminifera are absent. The possibility that the radiolarian
assemblages are reworked, which might explain their
abundance in this neritic setting, can be discounted because
the dominant taxa are Paleocene species. As preservation of
radiolarians and sponge spicules is poor, it is likely that any
diatoms present in the original sediments have been lost
during diagenesis.

The mid-Waipara and Moody Creek Mine sections have
similar records of recovery in terrestrial plant communities
(Vajda et al. 2001; Vajda & Raine 2003). Initial colonising

fern species are replaced by tree ferns within 0.2-0.3 m of
the K/T boundary in both sections. Biostratigraphic control
in the mid-Waipara section indicates that this fern succession
occurred within 30 000 yr of the K/T boundary (i.e., within
Zone P0). There follows an extended interval dominated by
gymnosperms, including common to abundant pollen closely
related to the cool-temperate conifer, Lagarostrobus
franklinii. A return to assemblages similar to that of the
Cretaceous occurs within the upper part of Radiolarian Zone
RP3 of the mid-Waipara section (i.e., c. 63.5 Ma; Hollis &
Strong 2003).

Relationship between trends in biosiliceous
productivity and climate
Age models developed for the Marlborough sections (Hollis
et al. 2003a,b) provide a means of comparing trends in
paleoenvironmental indicators between the sections through
time (Fig. 7). Because they are based on local bioevents,
these models are well suited for comparing trends in local
sections. However, absolute age determinations are poorly
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constrained by relatively few bioevents that can be correlated
to international biozones (Berggren et al. 1995). Variation
in terrigenous sediment concentration and the ratio of
biogenic silica to biogenic carbonate provide general guides
to trends in terrigenous input and biosiliceous productivity.
The sections represent a transect across the Marlborough
upwelling zone from outer shelf (Branch) to upper bathyal
(Woodside) to mid-bathyal (Flaxbourne). The bathyal Mead
Stream is omitted from the figure because the trends are
similar to Branch Stream, although terrigenous sediment
concentration is generally lower.

The combined Flaxbourne and Woodside records indicate
that a progressive increase in biosiliceous productivity during
the early Paleocene (phases 3 and 4) began with four
episodes of high productivity within Radiolarian Zone RP1
(silica-rich intervals 3-s1 to 3-s4 in phase 3; Hollis et al.
2003a). At Branch Stream, three of these episodes are
recorded as steps in the progressive increase in biogenic
silica. The main silica-rich interval (phase 4) may also
include a succession of silica-rich intervals, of which only
two are evident (intervals 4-s1 and 4-s2) owing to low-
resolution sampling through this interval. At Branch Stream,
phase 4 occurs within a much longer silica-rich interval and
is characterised by a significant increase in the frequency
of thin clay-rich beds.

The delayed return to Cretaceous-type lithofacies at
Branch Stream (phase 5b) suggests that environmental
changes at the K/T boundary affected the Marlborough
upwelling system for c. 1.5 m.y. The full extent of these
effects appears to have been recorded in the core of the
upwelling zone (Branch, Mead), while conditions similar
to the Cretaceous (phase 5a) returned c. 600 000 yr earlier
at the distal or lateral margin of the zone (Flaxbourne,
Woodside).

These lithofacies changes may reflect instability in the
global climate system following the K/T boundary event.
Hollis et al. (2003a) argued that progressive increases in
biogenic silica in the Flaxbourne and Woodside sections,
culminating in peak biosiliceous productivity between
c. 64.6 and 64.1 Ma, were best explained by progressive
climatic cooling. Similarities were noted between the stepped
increases in biogenic silica at c. 100 ka periodicity and high-
amplitude sedimentary cycles in lower Paleocene oceanic
sediments in South Atlantic DSDP Site 528 (D'Hondt et al.
1996a) (Fig. 7). Both records suggest that disruption to
biogeochemical feedbacks in the climate system at the K/T
boundary may have enhanced sensitivity of southern high-
latitude climatic regimes to forcing agents operating at the
eccentricity band (D'Hondt et al. 1996a; Hollis et al. 2003a).

General increases in biogenic silica relative to carbonate
in both settings further suggest a climatic regime that was
cooler than the latest Cretaceous. However, the initial
decrease in carbonate at DSDP Site 528 occurs within the
uppermost Cretaceous (D'Hondt et al. 1996a), suggesting
that it might be related to latest Cretaceous cooling. A latest
Maastrichtian cooling event has been identified in mid and
high latitude stable isotope records from the Atlantic Ocean
(Stott & Kennett 1990; Wilf et al. 2003), leaf fossil records
from North Dakota (Wilf et al. 2003), and multiple proxies
in Tunisia (Abramovitch & Keller 2002; Adatte et al. 2002).
This cooling event is thought to represent a return to
relatively cool climatic conditions following CO2 induced
global warming at c. 65.6-65.1 Ma. Paleotemperature

determinations from high-latitude Atlantic stable isotopes
(Stott & Kennett 1990; Barrera & Keller 1994) and North
Dakota leaf fossil assemblages (Wilf et al. 2003) indicate
that, apart from c. 2°C warming directly above the K/T
boundary, similarly cool climatic conditions prevailed for
the first 1 m.y. of the Paleocene. Wilf et al. (2003) argue
that previous evidence for warm climatic conditions in North
America during the earliest Paleocene (Wolfe 1990) is based
on too few species to be considered reliable. The duration
of this cool period in North America is uncertain. Its
termination may be marked by the development of tropical
rainforest in the western interior North America at c. 63.6
Ma (Johnson & Ellis 2002).

Cool climatic conditions for the early Paleocene are also
inferred from low-resolution studies of Antarctic plant fossils
and sediments (Francis 1991; Askin 1992; Dingle & Lavelle
1998) and New Zealand fossil leaf physiognomy (Kennedy
2003). The terrestrial palynomorph record at mid Waipara
(Vajda & Raine 2003) indicates that cool climatic conditions
began within Foraminiferal Zone Pa and persisted into upper
Radiolarian Zone RP3, that is, a duration equivalent to the
inferred cool climate period in Marlborough.

Cool climatic conditions for the first 1 m.y. of the
Paleocene are consistent withpCO2 estimates from paleosols
in Alberta, Canada (Nordt et al. 2002), which indicate
relatively low values of c. 850 ppmv for the latest Cretaceous
and earliest Paleocene, apart from one value of c. 1500 ppmv
that is assumed to represent the late Maastrichtian warm
episode (Barrera & Savin 1999). An extremely high pCO2
value of >2300 ppmv for the earliest Paleocene (Beerling et
al. 2002) is considered unreliable as it is based on a fern
species with uncalibrated stomatal indices (Wilf et al. 2003).
Although this value is unreliable, other evidence indicates
that significant transitory warming occurred in the earliest
Paleocene (Stott & Kennett 1990; Brinkhuis et al. 1998; Wilf
et al. 2003), which might be related to post-impact
greenhouse conditions (O'Keefe & Ahrens 1989; Pope et
al. 1997). Greenhouse-warming may explain the short-lived
(c. 100 000 yr) proliferation of planktic foraminifera in the
earliest Paleocene in New Zealand.

In summary, there is good evidence from many regions
for the first 1-2 m.y. of the Paleocene being cooler than the
last 0.5-1 m.y. of the Late Cretaceous. However, it cannot
be established that this climatic change is directly related to
the K/T boundary event, especially as climatic cooling
appears to have begun in the last 100 000 yr of the
Cretaceous. Although evidence for Cretaceous cooling is
lacking in the New Zealand sections, sporadic occurrences
of thermophilic planktic foraminiferal in the uppermost c. 5 m
of Cretaceous strata at Flaxbourne River is consistent with
the late Maastrichtian warm episode. The absence of similar
warm-water elements in other Marlborough sections may
reflect locations more influenced by coastal upwelling during
the late Maastrichtian.

Biosiliceous productivity, climate, and changes in sea
level
The two largest increases in biogenic silica concentration
in the mid-bathyal Flaxbourne section (phases 3-s1 and 4)
are correlated with relative sea-level falls in the neritic
Branch section (Hollis et al. 2003b) (Fig. 7). The first sea-
level fall occurred within the first 100 000 yr of the
Paleocene (Foraminiferal Zones PO-Poc). It is identified by
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Fig. 7 General trends in terrigenous sediment (TRG) and the ratio of excess SiO2 to excess CaCO3 (Si/Ca[exc]) through the K-T
transition in Branch, Woodside, and Flaxbourne sections, which represent a shelf-slope transect across the Marlborough sub-basin.
Data and age control are taken from Hollis et al. (2003a,b). The Branch Stream age model has been modified to accommodate an
inferred hiatus of c. 50 000 yr in the earliest Paleocene. Other possible unconformities, paleoenvironmental phases (1-5b), and silica-
rich intervals (shaded intervals 3-s1 to 4-s2) are discussed in the text. Also shown are (A) a succession of five carbonate minima
believed to represent cool oceanic conditions in South Atlantic DSDP Site 528 (D'Hondt et al. 1996a), (B) an episode of maximum
cooling based on 818O records from North Pacific DSDP Site 577 (Zachos et al. 1989), and (C) the three sequences (Ma5, Da1, and
Da2) recorded within third-order eustatic cycle TA1.2 (Haq et al. 1987) in European sedimentary basins (Hardenbol et al. 1998).
Triangles represent transgressive-regressive cycles between sequence boundaries (SB), with the apex representing the maximum flooding
surface (MFS).

a basal Paleocene disconformity at Branch and Mead
Streams (Hollis et al. 2003b). A correlative but shorter hiatus
may also be present in the boundary claystone at Woodside
Creek, separating the impact fallout layer and the first
occurrence of Zone Pa foraminifera. The second relative
sea-level fall at c. 64.6 Ma (basal Radiolarian Zone RP3 =
uppermost Foraminiferal Zone P1a) is identified by a
significant increase in the frequency of clay-rich beds within
the lower Paleocene chert unit at Branch Stream (Hollis et
al. 2003b). It is likely that these regressive events amplified
increases in biogenic silica in the deeper sections. A fall in
base level would cause a seaward migration of lithofacies
within the Marlborough upwelling zone and lead to increase
in siliceous microfossils in the carbonate-dominated part of
the zone (Fig. 5). In the biogenic silica-rich shallower
sections, a sea-level fall would result in an increase in
terrigenous input. Sea-level changes are highly unlikely to
be the sole cause of lithofacies changes in the Marlborough
sections as the transition from foraminiferal carbonate ooze

to diatom ooze that occurred in the bathyal Flaxbourne site
would require a sea-level fall of >200 m. Moreover, a sea-
level fall of >50 m would result in far greater changes in
lithofacies in shallow-water sections such as Branch Stream,
mid-Waipara River, andTora (Hollis & Strong, 2002; Laird
et al. 2003).

A correlation between relative sea-level changes and
climatically induced changes in biogenic sediment
composition implies that the sea-level changes were eustatic.
There is now considerable evidence for two eustatic falls
within the early Paleocene part of third-order eustatic cycle
TA1.2 (Haq et al. 1987), which extends from 66.26 to 62.84
Ma (sequences Ma5-Da3 in Hardenbol et al. 1998). The
sequence boundaries that mark the top of the two regressive
episodes are dated at 64.75 and 64.08 Ma (Da1 and Da2;
Hardenbol et al. 1998). Significantly, the timing of the main
siliceous episode in the bathyal Marlborough sections
corresponds closely to the regressive episode that is recorded
by the Da1 sequence boundary (i.e., c. 64.6-64.1 Ma; Fig. 7).
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A sequence stratigraphic interpretation of the K/T boundary
transition is not given by Hardenbol et al. (1998), but it can
be estimated from sea-level changes recorded in Tunisia and
Spain (Brinkhuis & Zacchariasse 1988; Pardo et al. 1996;
Adatte et al. 2002), with an as yet unnamed sequence
boundary in the latest Maastrichtian (c. 65.05 Ma; Fig. 7).
The larger Da2 regression, and rarely the Da1 regression,
has also been identified in Central and North America
(MacLeod & Keller 1991; Smit et al. 1996; Stinnesbeck &
Keller 1996; Olsson et al. 2002).

In summary, a progressive increase in biogenic silica
accumulation in the Marlborough sub-basin during the early
Paleocene appears to have been caused by a combination of
factors: short-term (<30 000 yr) reduction in carbonate
accumulation following K/T boundary extinctions; long-
term (>500 000 yr) climatic cooling, possibly related to
reduced CO2 outgassing from Deccan volcanic centres; and
two or more eustatic falls in sea level at c. 64.9 and c. 64.6
Ma. Significantly, the second event is correlated with a 1‰
positive 818O excursion, representing 4°C cooling of surface
waters, at North Pacific DSDP Site 577 (Zachos et al. 1989)
(Fig. 7). Cool climatic conditions are likely to have promoted
biosiliceous productivity through strengthened offshore wind
flows, long-shore surface currents, and increased flow of
Antarctic sourced deep waters. The correlation between
changes in sea level and climate suggests that significant
continental ice formed during cool climatic episodes (Abreu
et al. 1998), although ice volume is unlikely to have been
large enough to account for sea-level changes of >30 m
(Barrera & Savin 1999). It is not certain if high-amplitude
climatic fluctuations in the early Paleocene were caused by
unstable biogeochemical feedback systems following the K/T
boundary bolide impact (D'Hondt et al. 1996a) or by
fluctuations in volcanic emissions of CO2.

CONCLUSIONS
A central aim of this new phase of K/T boundary research
in New Zealand has been to determine if major changes in
lithofacies across the boundary in Marlborough, as identified
in reconnaissance studies (Hollis et al. 1995; Strong et al.
1995), were directly related to the predicted short-term
catastrophic effects of the impact of a giant asteroid (Alvarez
et al. 1980; Pope et al. 1997; Pope 2002). Detailed
multidisciplinary studies of six sections, four within the
Marlborough sub-basin, have made a great many important
discoveries but have failed to resolve this issue.

There is little doubt that the short-term effects of the
bolide impact devastated New Zealand's forest communities
(Vajda et al. 2001; Vajda & Raine 2003), either through
freezing conditions, extended darkness, or extensive
wildfires (Alvarez et al. 1980; Wolbach et al. 1988; Pope
2002). There is equally little doubt that the bolide impact
caused mass extinction of calcareous plankton and a
significant downturn in pelagic productivity in waters
offshore New Zealand (Hollis et al. 1995, 2000, 2002,
2003a,b; Strong 2000; Hollis & Strong 2003), probably due
to cooling of surface waters and extended darkness (D'Hondt
et al. 1996b). An episode of extreme cooling is indicated by
the differential survival patterns in the Marlborough sections,
with thermophilic species of planktic foraminifera dying out
and many cosmopolitan planktic foraminiferal species and
virtually all radiolarian species persisting into the Paleocene

(Hollis 1996, 1997; Strong 2000). Proliferation of planktic
foraminif era for c. 100 000 yr after the K/T boundary may
represent transitory warming due to an impact-related
increase in greenhouse gases (O'Keefe & Ahrens 1989; Pope
et al. 1997; Brinkhuis et al. 1998).

In isolation, the Flaxbourne River section provides
compelling evidence for a link between the bolide impact
and long-term restructuring of plankton populations
associated with a switch from dominant calcareous to
dominantly siliceous sedimentation (Hollis et al. 2003a).
Within the 5 mm thick impact fallout layer, changes occur
within siliceous microfossil assemblages that are sustained
through the 900 000 yr biosiliceous episode. When tied to
the Woodside Creek record, oscillations in biogenic silica
concentration suggest a Milankovitch-scale build-up in
biosiliceous productivity (Field & Hollis 2003; Hollis et al.
2003a). When related to the Clarence valley records, these
inferred climate cycles are shown to be linked to sea-level
changes (Hollis et al. 2003a). When linked to evidence for
significant relative sea-level changes (Moore 1989;
McMillan & Wilson 1997; Laird et al. 2003) and cool
climatic conditions (Vajda et al. 2001; Kennedy 2003; Vajda
& Raine 2003) during the early Paleocene throughout New
Zealand, a case can be made along the lines proposed by
D'Hondt et al. (1996a). Namely, mass extinction of
calcareous plankton, resulting in greatly reduced CO2
drawdown, coupled with injection into the atmosphere of
massive quantities of CO2 following vaporisation of
carbonate target rock (O'Keefe & Ahrens 1989; Pope et al.
1997), caused long-term disruption to the biogeochemical
feedback systems that influence climate. In southern high
latitudes this resulted in high-amplitude climate cycles within
a generally cool climatic regime (Hollis et al. 2002,2003a).

The problem with this scenario is that evidence from
other regions suggests it may have been the latest Cretaceous
that had an unusual climate, not the early Paleocene. Cool
climatic conditions in the early Paleocene may simply have
been the end result of a long-term climatic trend that began
c. 70 Ma (Huber et al. 1995; Barrera & Savin 1999). In
Marlborough, and perhaps also at mid-Waipara, the
connection between Cretaceous and Paleocene lithofacies
and biota may be obscured by short-lived late Maastrichtian
warming (Barrera & Savin 1999; Adatte et al. 2002; Wilf et
al. 2003). Uppermost Cretaceous foraminiferal assemblages
at Flaxbourne River contain the only known New Zealand
records of two thermophilic species, Rosita contusa and
Pseudotextularia elegans, suggesting that these sediments
were deposited under unusually warm conditions. Similarly,
the uppermost Cretaceous of the mid-Waipara section is the
only Cretaceous interval to contain relatively common
planktic foraminifera.

The crucial evidence that will establish if early Paleocene
climate changes are related to the K/T boundary event or
simply a continuation of Cretaceous trends is so far lacking
in the New Zealand sections. That is, evidence of rapid
cooling after the late Maastrichtian warm episode and
c. 100 000 yr before the K/T boundary. Records of this
event in the South Atlantic (Stott & Kennett 1990) and
terrestrial sections in North America (Wilf et al. 2003)
indicate that surface water temperatures and climate were
similar to the early Paleocene. As the event appears to be
associated with a eustatic fall (Pardo et al. 1996; Adatte et
al. 2002), the interval may have been eroded before
deposition of Paleocene sediments in the New Zealand
sections.
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