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Figure 3.1. Castle Hill Basin. The view encapsulates the geology of inland Canterbury. Oligocene
limestone is in the foreground, with older Cenozoic rocks, and eventually Cretaceous strata, exposed
in the valley of Broken River on the right. Flat terraces in the mid distance represent phases of the
Blackwater advances of the Last Glaciation. These younger strata are faulted against elevated
basement rocks of the Torlesse Range (Triassic) in the far distance. The Canterbury Plains beyond
the mountains. Photo: R Ewan Fordyce.

Day 1 involves 6 km round trip traversing the Broken River section in Castle Hill Basin.
We will do this if weather is fine; river crossings are shallow to knee-deep. Be
prepared to get your boots wet. Moderate fithess and agility is required. Day 2 will also
include “wet boots” stream or river crossings.
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Climatic and Biotic Events of the Paleogene

FIELD TRIP 3: SCHEDULE

Other than daily start times, times are indicative only

Day 1: Sunday 18 January (Christchurch-Castle Hill Basin-Rakaia Gorge-Geraldine)

8.00

9.45

15.30
16.30

18.00

Depart Christchurch hotel(s). Packed lunch.

Broken River section: early Miocene (upstream) to late Cretaceous
(downstream). About 6 km round trip, with repeated river crossings,
dependant on weather.

Depart Cave Stream for Rakaia Gorge.
Rakaia Gorge
Geraldine

Overnight at Scenic Route Motor Lodge, 28 Waihi Terrace, Geraldine

Day 2: Monday 19 January (Tengawai River-Otaio Gorge-Cameron’s Pit-Oamaru)

8.30
9.30
11.30
15.30
18.30

21.00

Depart Geraldine. Packed lunch.

Tengawai River section, some river crossing

Travel to Otaio Gorge, some river crossing

Travel to Cameron’s Pit (Late Cretaceous plant fossils)
Oamaru

Visit to penguin colony, after dinner

Overnight at Ambassador Motor Lodge, 296 Thames Highway, Oamaru

Day 3: Tuesday 20 January (Oamaru-Boatman’s Harbour-Kakanui-Shag Point-

Dunedin)
8.30

8.45

10.30
12.30
14.30

18.30

Depart Oamaru. Packed lunch.

Boatman’s Harbour, coastal section with limestone and pillow lavas (Late
Eocene)

Travel to Kakanui (Campbells Bay section)
[to be advised: Hampden section and/or Moeraki Boulders]
Travel to Shag Point

Dunedin
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Overnight at the Executive Residence, University of Otago, 68 Forth St,
Dunedin; optional tour of Geology Museum, University of Otago, after a BBQ
dinner

Day 4: Wednesday 21 January (Dunedin-Fairfield and EITHER Wangaloa-Kaitangata
OR Middlemarch-Foulden Hills; both options will return to Dunedin International
Airport in time for flights north to Christchurch and Auckland)

8.30

9.00

10.00

15.30

17.00

19.00

Depart Dunedin; those flying out of Dunedin Airport must have all luggage,
documents etc with them during the day. Packed lunch.

Fairfield Quarry (Late Cretaceous-Paleocene; K/T boundary section)

Divide into two groups: Group 1 travels to Wangaloa-Kaitangata (Late
Cretaceous-Paleocene); Group 2 travels to Middlemarch-Foulden Hills
(Early Miocene diatomite with diverse leaf fossils)

Both groups leave to return to Dunedin International Airport
Dunedin International Airport

Dunedin city; those not flying out of Dunedin this day to make own
arrangements from this time on.

EMERGENCY NUMBERS

Ewan Fordyce (mobile) 021 037 3964

Daphne Lee (mobile) 021 100 8926

Geology office, University of Otago 03 479 7519
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Climatic and Biotic Events of the Paleogene

INTRODUCTION

The visitor to the eastern South Island is struck by alluvial plains stretching to the distant
western Southern Alps. The geology of Canterbury Province is dominated by thick
geologically young gravels (Pliocene and mainly Pleistocene) derived from Upper Paleozoic-
Mesozoic basement rocks of the Southern Alps. Cretaceous-Cenozoic sequences of the
large Canterbury basin are largely stripped from the mountains in the west, and are mainly
covered by gravels in the east, but may be seen from North Canterbury (north of
Christchurch) almost to Dunedin in the south. In many places, especially around the foothills
of the Southern Alps, and especially in river and stream sections, there are excellent
exposures of the Cretaceous-Cenozoic Canterbury Basin sequence.

Not all of the Cretaceous-Tertiary sequence has been removed from the mountains. Inland,
there are notable exposures in fault-bounded depressions (intermontane basins), and it was
such intermontane occurrences that led the famous 19" Century geologist Alexander McKay
to propose that the mountains of New Zealand are geologically young — the result of the
“Kaikoura Orogeny” or the development of the active plate boundary. The first major stop on
this trip will involve such an occurrence — a Cretaceous to Miocene sequence in the fault-
bounded Castle Hill Basin.

Because many sections appear to be in superposed sequence, Canterbury Basin sections
were important standards of reference in the early development of New Zealand Cretaceous-
Cenozoic stratigraphy, in the later 1800s. Studies in North Canterbury (e.g. Waipara) and,
some 100s of km further south, around the Waitaki Valley, were particularly significant. Early
stratigraphers did not have much success at long-distance correlation within the Basin. There
are broad regional patterns of sedimentation, below, but early attempts at biostratigraphy
using macrofossils to correlate met little success on a regional level.
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Figure 3.3. Wellman’s (1953) concept of Canterbury Basin transgression and regression, slightly
modified.
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The really important developments in New Zealand Cretaceous-Cenozoic stratigraphy were
made by Harold Finlay and Jack Marwick, who in 1940 and 1947 proposed a micro- and
macrofossil biostratigraphy for recognising local stages and series. Such advances allowed
Harold Wellman (1953) to propose a transgressive/ regressive model for deposition in the
Basin.

The definitive summary of Canterbury Basin geology is that of Field and Browne (1989),
supplemented by reports on detailed stratigraphy (Field and Brown 1986, Browne and Field
1985, Andrews et al. 1987). Notable local studies include, for example, those on the Waipara
district (Wilson 1963), Castle Hill Basin (Gage 1970), Pareora district (Gair 1959), and North
Otago (Gage 1957). The older literature includes many local lithostratigraphic names later
clarified, and often synonymised, in the various contributions by Field and Browne.
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Figure 3.4. Stratigraphy of Canterbury Basin - South Canterbury to North Otago and Dunedin.
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DAY 1 (SUNDAY 18 JANUARY): CASTLE HiLL BASIN

Castle Hill basin is noteworthy for 3 distinct sequences:

o Quaternary glacial deposits and glacial landforms, and postglacial features. These
overlie basement rocks and strata of the Canterbury Basin.

. Cretaceous-Cenozoic strata, mainly marine, in Castle Hill Basin; these strata were
deposited towards the inner margin of the Canterbury Basin. The sequence
unconformably overlies basement rocks.

o Torlesse rocks which form the basement to the Canterbury Basin strata.

The aim today is to introduce the Cretaceous-Cenozoic sequence. As with many other parts
of the Canterbury Basin, and indeed, much of New Zealand, 3 broad phases are present:

1. an older transgressive sequence with nonmarine to paralic coal measures, shallow
marine sandstones, deeper marine greensands and mudstones (Cretaceous-
Eocene);

2. a quiescent phase dominated by limestone, with intercalated basaltic volcanics
(Oligocene);

3. a regressive phase, thinner and spanning much less time than the transgressive

phase, and with obvious terrigenous clastic input (Miocene and younger).

Gage (1970) mapped the region and established the sequence. The sequence is not as thick
or temporally as complete as elsewhere in Canterbury Basin (e.g. Waipara). Gage’s local
formational names are now superseded by more-appropriate names from other parts of the
Canterbury Basin.

The cave of Cave Stream

The area around the “caves” including adjacent Broken River is a scenic reserve
administered by the Department of Conservation, and one should not collect. The cave —
through which flows Cave Stream, is a geologically young feature; the upstream end
descends steeply within a few m of the entrance, leaving the dry and abandoned few 100 m
of the former valley of Cave Stream now perched high above Broken River. Until the cave
broke through, the stream had reached base level, developing marked meanders which have
been figured in several text books. Within the cave, the stream falls rapidly toward the base
level of Broken River, into which it opens in less than 1 km. The cave can be traversed with
ease by fit but not necessarily experienced parties if the water is low; one enters from the
downstream end. High water and/or cold conditions, however, have caused two deaths.

Quaternary - Glacial

Castle Hill Basin was significantly influenced by glaciers from nearby larger catchments: the
Waimakariri Valley to the east and north (Gage 1958, 1977) and the Rakaia Valley to the
west and south. Features are both erosional (plucked and abraded surfaces, melt-water
eroded) and constructional and/or landform features such as moraine, ice-moulded
landforms, and glacigenic sediments, particularly outwash deposits. Features around the
catchment of Cave Stream and Broken River include prominent terraces from the
penultimate or Blackwater advance of the last (Otira) glaciation. The two terraces at Cave
Stream are the higher Blackwater 1 and lower Blackwater 2 levels, dated about 18-26 ka bp.
Elsewhere in the major nearby catchment of the Waimakariri is evidence of both younger
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(Poulter) and older (Otarama and beyond) advances; a look around Castle Hill Basin will
reveal several flat topped hills that mark levels of older (higher) ice advances.

Basement - Torlesse Supergroup/ Rakaia Terrane

Torlesse rocks take their name and identity from type strata at the Torlesse Range on the
south-east margin of Castle Hill Basin — within view of the car park at Cave Stream.
Torlesse-like rocks form much of the Southern Alps; to the west, near the Alpine Fault, and
south they pass into schist. To the north, Torlesse rocks of the Rakaia Terrane are bounded
by the Esk Head Melange, beyond which is the Pahau Terrane. At the local level, Torlesse
strata are commonly faulted into small discontinuous blocks, with disrupted sequences and
laterally discontinuous beds. Torlesse rocks in the traditional sense are often compositionally
immature (quartzo-feldspathic and lithic) sandstones and mudstones, from a granitic source,
but a range of other lithologies has been recorded including pillow basalts and occasional
limestone. Diagnostic fossils are sparse and of patchy occurrence. Macrofossils — particularly
monotid bivalves (e.g. Monotis) and occasional microfossils (conodonts) have given dates of
Triassic (near Castle Hill Basin and North Otago, for example) and Carboniferous and
Permian (in the south). Torlesse strata have been interpreted both as distal marine and
shallow, even nonmarine, in origin (Andrews 1974, Andrews et al. 1977, Cave and
MacKinnon 1981).

Introduction to Cretaceous-Tertiary

Lithostratigraphy here follows Gage (1970), as revised by Field and Browne (1986). Strata
are considered oldest to youngest, but note that we will start at the top of the section and
walk downstream. The target is to reach the unconformity at the base of the Broken River
Formation, then work back up section.

Broken River Formation — Haumurian - Maastrichtian — Late Cretaceous

Sequences in the Canterbury basin typically start with basal coal measures that lie
unconformably over Torlesse strata. Kaolinite and kaolinitic mudstones, silistones and
sandstones are common; coal seams may reach several m. Clay-dominated coal measures,
as seen in Broken River and other northern parts of the Canterbury Basin, represent the
Broken River Formation (of Gage), while sequences dominated by quartz sands and
gravels take the name Taratu Formation (e.g. Aitcheson et al. 1993). We will see the type
section of the Broken River Formation: over 60 m of coal seams, carbonaceous mudstones,
cross-bedded muddy sandstones, and well-sorted bioturbated sands that may be marine
rather than paralic. Occasional large marcasite nodules occur.

Charteris Bay Sandstone — Teurian-Bortonian — early Paleocene-middle Eocene

Brown fine-very fine sandstone with horizons of abundant shallow water marine molluscs
towards the base; two thick Ostrea-dominated shellbeds lie just above the unconformable
base. Rare large prismatic shells from the oyster-beds were long thought to be Inoceramus
(Cretaceous) but Crampton (1988) demonstrated that the shells are Isognomon (file clams;
subtropical-tropical), and that (contra Gage) the age is Paleocene — based on dinoflagellates.
Molluscs other than Ostrea are rare.
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Iron Creek Greensand — Bortonian?-Kaiatan? stages — later middle and late Eocene

Massive greensand and glauconitic quartz sandstone, calcareous where not leached;
sporadic “cannonball” concretions which yield rare macrofossils including Hedecardium cf
brunneri, suggesting a Bortonian age. Elsewhere, in the southern part of Canterbury Basin,
equivalent strata (Waihao Greensand) yield subtropical molluscs (Maxwell 1992). The lower
contact is uncertain.

Coleridge Formation — age uncertain; unfossiliferous

The unit comprises well sorted soft, white, very fine quartz sandstone, with thin interbeds of
silt-mudstone; in Broken River, it forms spectacular badlands weathering. A shallow marine
setting is likely. Elsewhere, early Oligocene fossils are reported (Field and Browne 1986).
The unit has an abrupt basal unconformity with the Iron Creek Greensand.

Amuri Limestone — lower Whaingaroan stage — early Oligocene

Massive to dm-bedded calcareous mudstone with abundant but often squashed planktic
foraminifera (including Subbotina angiporoides). There are no significant body fossils, but the
radiate trace fossil Zoophycos is conspicuous in places. The massive nature, dominant mud,
and abundance of oceanic microfossils suggests a distal, deep (bathyal) setting remote from
terrigenous sediment supply, although as Field & Browne (1986) noted, some authors have
argued for deposition in a shallow shelf setting analogous to the European Cretaceous
Chalk. To the northeast, in the Kaikoura district and beyond, the Amuri Limestone is as old
as Cretaceous, but from Waipara south, the unit is early Oligocene.

Tuffs — in part Thomas Formation of Gage; Duntroonian stage — early late Oligocene

Green massive to dm-bedded basaltic tuffs contain a mix of marine macrofossils, particularly
terebratulide brachiopods and, toward the top, rare small Lingula (Lee and Campbell 1987).
Other taxa of note are echinoids and sparse gastropods and bivalves. The tuffs are probably
part of the Cookson Volcanics — represented by more-extensive sequences further to the
north. This and other occurrences in the Canterbury Basin represent localised Eocene and
Oligocene intraplate basaltic volcanism (e.g. Hoernle et al. 2006). Later in the trip, we should
see examples of Surtseyan volcanism associated with marine limestones near Oamaru.

Otekaike Limestone — Duntroonian-Waitakian stages — later late Oligocene

A regionally widespread bioclastic limestone that can be traced with ease to the type area in
North Otago over 200 km to the south. Here the limestone is cemented and markedly
stylolitic. Planar-bedded and tuffaceous in the base, with large low-angle crossbeds in the
upper. Excellent sections are visible within the Broken River/Cave Stream cave. The
limestone has an abrupt base over tuffs. The Otekaike Limestone has been argued by some
to represent the time of peak submergence and, so it is argued, a time of total submergence
of the NZ region.

Brechin Formation — early to possibly middle Miocene

In base, cross-bedded fossiliferous sandstone, coquina lenses, glauconitic in part. Shallow-
water molluscs are locally common, e.g. the endemic gastropod Struthiolaria. Higher in the
sequence is thick, terrigenous-derived sandstone and mudstone, nonmarine in upper parts,
with lignite (to >0.5 m thick) and cm-laminated sandstones. Elsewhere in NZ, the early

Field Trip Guides
Field Trip Three 101



Climatic and Biotic Events of the Paleogene

Miocene (Otaian-Altonian stages) was a time of warmth, near-tropical in the north. Around
much of the Canterbury Basin — and beyond — the Miocene marks the influx of abundant
terrigenous debris, succeeding Eocene-Oligocene condensed sequences and limestones.
Local uplift reflects the propagation of the active plate boundary into southern New Zealand.
The basal contact is unconformable over Otekaike Limestone; it is planar and bioeroded in
upstream of the cave exit in Broken River, but karsted on a dm-scale nearby.

Depart Castle Hill Basin mid to late afternoon

Rakaia Gorge

Time permitting, we will stop at Rakaia Gorge to look briefly at garnet-bearing rhyolites of the
Mount Somers Volcanics (Oliver et al. 1979). The rhyolite, which forms prominent cliffs in the
gorge of the Rakaia River, was erupted about 95 Ma, probably associated with incipient
rifting of New Zealand away from the Gondwana margin. The Rakaia River outcrops are part
of a suite of occurrences extending about 80 km southwest-northeast along the foothills of
the Southern Alps. Paleomagnetic studies by Oliver et al. indicate that the region was then
within 10° of the South Pole.

Day 1 will finish at Geraldine.
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Figure 3.6. Summary of Cretaceous-Cenozoic stratigraphy, Castle Hill Basin.
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DAY 2 (MONDAY 19 JANUARY): TENGAWAI RIVER — OTAIO GORGE — CAMERON’S PIT
The Marshall Paraconformity

Oligocene limestone strata along the eastern seaboard of New Zealand’s South Island are
punctuated by a mid-Oligocene hiatus known as the Marshall Paraconformity. The Marshall
Paraconformity has been widely identified in the mid-Oligocene sequences around NZ, both
onshore and offshore and the duration and age is variable and often poorly constrained. It
was named a paraconformity because of little or no angular discordance in the strata above
and below as well as the fact that it is generally interpreted to represent a surface of non-
deposition. Its character is variable, but it is typically recognised as a burrowed horizon,
which is overlain by a thin (less than 10 m) greensand and underlain by calcareous
mudstone or limestone.

The Marshall Paraconformity’s mid-Oligocene age has seen its cause attributed to global sea
level fall and/or early inception of the Antarctic Circumpolar Current. The period of the
paraconformity coincides roughly with New Zealand’s deepest subsidence following
separation from Gondwana, which also implies a possible influence from tectonic processes
associated with the early inception of the New Zealand plate boundary.

Tengawai Flat

The Tengawai-1 drillhole recovered a 273 m core across the Marshall Paraconformity only
40 km from the type section at Squires Farm in South Canterbury. At the Tengawai-1 site,
the hiatus is underlain by calcareous fine sand, which includes a mid-inner shelf upper
Bortonian-Kaiatan (>36 Ma) fauna and overlain by a > 6 m thick greensand containing shelfal
Duntroonian (25-27 Ma) fauna which gives way to Waitakian (<25 Ma) glauconitic limestone.
Magnetostratigraphy from the core indicates that deposition of the greensand was relatively
rapid as at least 6 m greensand interval is correlated with Chron C7r (25.496-25.183 Ma).

The duration of the hiatus in the core and the absence of underlying limestone, which is
present at the nearby Squires Farm section suggest that more erosion is associated with the
paraconformity than previously thought, though the erosion may have resulted from intense
inshore currents persisting between 36 and 25 Ma. Post 25.3 Ma, several metres of
reworked glaucony were deposited under a waning current. Resumption of deposition at the
Tengawai-1 site corresponds to both the lowest 'O recorded for the mid-Oligocene (Oi-2b)
as well as suggested initiation of the Antarctic Circumpolar Current.

Tengawai River

We will examine part of the succession cored by the Tengawai-1 drill hole as it crops out
over a 1km stretch of the nearby Tengawai River between east of the township of Cave.
Here, the early Miocene siltstones of the Tokoama Formation dip approx 10° to the east.
When wet, sandy horizons with occasional pyritised burrows can be seen and depict cyclicity
in the otherwise massive siltstone. Underlying the siltstone is the Otekaike Limestone, which
forms a prominent barrier across the River. At low water, the river retreats to discrete
channels and chutes carved into the limestone. Occasional burrows, thin greensands and
phosphatised horizons define the bedding and depict cyclicity in the limestone. The
lowermost unit we will see, although in a discrete outcrop, is the Kokoamu (Squires Farm)
Greensand. At this locality, the greensand is fairly rich in fossils, with brachiopods and
gastropods fairly common, many of which are phosphatised.
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Figure 3.7. Stratigraphic section, Tengawai River.
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Travel from Tengawai River-Cave district to Otaio Gorge.
Otaio Gorge

At Otaio Gorge, uplifted basement (Torlesse) strata upstream of the road are faulted against
gently-dipping Cenozoic strata exposed immediately downstream of the bridge. (The fault,
not seen here, can be localised elsewhere.) A basal unconformity is not visible. There are
parallels with the sequence seen earlier in Broken River.

Coal-measures of the Broken River Formation here include massive kaolinitic clay, bedded
(laminated to cross bedded very fine sand and silt), and lignite which can be parted to reveal
plant megafossils. There is no published formal report on the flora.

Figure 3.8. Coal measures of the Broken River Formation, Otaio Gorge. Photo R Ewan Fordyce.

Figure 3.9. Cross-bedded mollusc-bearing shallow
water Otaio Gorge Sandstone, Kauru Formation, Otaio
Gorge. Photo R Ewan Fordyce.

Above the Broken River Formation, the
succeeding marine sequence is important for
Eocene paleontology and stratigraphy. The top of
the coal is marked by an often-obscured
burrowed unconformity; burrow diameters of >10
mm, depths of >100 mm, and varying orientations
are consistent with a crustacean (probably crab)
origin.

The pebbly carbonaceous sandstone immediately
above the bioturbated coal passes rapidly up into
a significant marine mollusc-bearing unit, the
Otaio Gorge Sandstone member of the Kauru
Formation. The sandstone is cm to dm-bedded,
and sometimes crossbedded; a shallow setting is
likely. The fauna is notable because, unusually, it
contains well-preserved material that is older than
local Bortonian Stage, later middle Eocene.
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Marwick (1960; source of column — Fig. 3.10 here) described the fauna, recording 33 species
of bivalves and gastropods, of which 14 of were new. Of note are are species of Cubitostrea,
Eucrassatella, Glyptoactis, Hedecardium, Costacallista, Colposigma, "Colposigma ",
Perissodonta, Monalaria, Priscoficus, Pseudofax and Athleta (list from Maxwell, in Fordyce et
al. 1985). The late Phillip A. Maxwell, known for his deep insights into the Paleogene of the
southern Canterbury Basin (Beu et al. 2007) commented about age relationships of the
fauna in 2003, citing the determination by E. Crouch of a dinoflagellate age of Waipawan or
Mangaorapan (early Eocene). Thus, Cubitostrea, elsewhere regarded as reliably indicating
an age no older than Lutetian, is clearly older here. The molluscan assemblage is thus
temporally associated with the PETM. Maxwell was studying a diverse and roughly coeval
molluscan fauna from nearby Pentland Hills at the time of his death.
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Figure 3.10. Litho- and chronostratigraphy, Otaio Gorge; column is from Marwick 1960, with
nomenclature and ages as discussed in text.

The relationship between the Kauru Formation and overlying units is not clear at Otaio
Gorge, and an unconformity was suspected by Maxwell. In the Waihao Valley to the south,
Kauru is overlain unconformably by the Waihao Greensand. Maxwell (in Fordyce et al. 1985)
noted substantial evidence from many localities on the east coast of the South Island for an
important hiatus between Bortonian (or in some places, late Porangan) beds and underlying
beds (typically Heretaungan), probably corresponding to one of the major sea-level falls
(49.5 Ma) of Vail et al. It would be of considerable interest if such a break could be detected
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in the Otaio Gorge section, but the poor quality of the outcrops in the critical part of the
sequence makes this unlikely.

Waihao Greensand also occurs up section at Otaio Gorge, where the unit is massive to
indistinctly bedded and, in places, concretionary, muddy calcareous greensand. Bortonian
[later middle Eocene] molluscs occur about 50 m above the Kauru Formation; e.g.
Cubitostrea, Duplipecten, the struthiolariid Monalaria, and turritellids. Other fossils of note
include corals (Balanophyllia), a spiny lobster (Linuparus) and ray teeth (Myliobatis).

Burnside Formation, again a regionally widespread unit, is represented by grey, soft,
massive, glauconitic, micaceous calcareous mudstone with occasional molluscs and a rich
foraminiferal microfauna including Kaiatan stage (late Eocene).

A distal marine setting, probably bathyal, is indicated by fossils. Contact details with the
overlying Earthquakes Marl are uncertain; elsewhere in southern Canterbury Basin — for
example in the Waihao Valley to the south — the contact is marked by an unconformity
overlain by greensand. The Earthquakes Marl is a muddy lateral equivalent of the Amuri
Limestone. In the Otaio Gorge region, there is considerable facies change and only a few km
to the north the unit is a white moderately cemented limestone reminiscent of more-northern
sites in the Canterbury Basin. Less-cemented facies yield rich foraminiferal faunas of the
Subbotina angiporoides zone, lower Whaingaroan stage.

Kokoamu Greensand, a calcareous massive to dm-bedded greensand - is variably
exposed, depending on the state of the river. The contact with the Earthquakes Marl is a
deeply burrowed unconformity, overlain by intensively burrowed greensand. A few km to the
north, at “Squires Farm,” the equivalent horizon is identified as the type locality for the much-
discussed Marshall unconformity of Carter and Landis (1972; “paraconformity,” sic). See
Lever (2007) for a recent review of this and other Eo-Oligocene unconformities. Kokoamu
Greensand is overlain apparently conformably by cemented dm-bedded bioclastic Otekaike
Limestone; note the increasingly steep dips of the upper part of the Otaio Gorge sequence.
Contacts between the Kokoamu Greensand and Otekaike Limestone may be quite variable
on a local scale: gradational over some m, or abrupt and unconformable.

Travel from Otaio Gorge via State Highway 1 to North Otago and Cameron’s Pit.
Cameron's Pit

Cameron's Pit in North Otago includes a diverse leaf assemblage of Late Cretaceous
(Maastrichtian) age (PM2 palynological zone of Raine, 1984). Thick quartzose gravels of the
Taratu Formation are quarried for roading material here, and the leaf fossils come from
siltstone lenses in channel fills within the fluvial gravels. The fossil site is probably from the
upper PM2 Zone, but its exact proximity to the K/T boundary is unknown (Kennedy 2003).
There are some 40 leaf forms of dicotyledonous plants from Cameron's Pit, at least eight of
which have entire margins. Analysis of the leaf assemblage produced a MAT estimate of 7.7-
9.3°C using LMA. The CLAMP analysis of the same flora estimated a MAT of 8.9-11.3°C
(Kennedy 2003). Mean growing season precipitation is estimated to be high (from 1704 to
2376 mm).
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Pole (1992), who detailed Late Cretaceous floras from Otago, listed
10 leaf forms, including Nothofagus praequercifolia (Ett.) Pole 1992,
and N. ulmifolia (Ett.) Oliver 1950. Pole interpreted the material from
Cameron's Pit as representing a high-latitude, mixed deciduous
angiosperm-conifer forest with Araucariaceae as the dominant
gymnosperms (Kennedy 2003). Estimates of the paleolatitude of
southern New Zealand during the Late Cretaceous vary from 50-
60°S (Kennedy 2003) to about 70°S. It is difficult to infer a deciduous
habit from leaf morphology alone, but the broad lamina and long
petiole of some Cameron's Pit leaves is consistent with possible
deciduous leaf form (see Figure 6D in Kennedy 2003).

Figure 3.11. Nothofagus praequercifolia from Cameron’s Pit. Fossil in
Geology Museum, University of Otago. Photo R Ewan Fordyce.

Day 2 will finish at Oamaru.

Figure 3.12. Boatman’s Harbour: hummocky facies (left), with thin band of Ototara Limestone (with
people), succeeded by basalt breccia. Photo R Ewan Fordyce.

DAY 3 (TUESDAY 20 JANUARY): BOATMAN’S HARBOUR — KAKANUI — HAMPDEN/MOERAKI —
SHAG POINT

Boatman’s Harbour is an outstanding locality amongst the excellent coastal exposures of
>200 m of Eocene basaltic Deborah-Waiareka Volcanics. The sequence includes pillows,
volcaniclastics (pyroclastic fall and surge, redeposited sediments), limestone, and clastic
dykes. R.A.F Cas, D.S. Coombs and others have documented the sequence summarised
below. Cas considered such volcanics to have been deposited very rapidly, over a matter of
weeks — as with the modern Icelandic volcano Surtsey. Wave action quickly eroded exposed
and shallow marine parts of the volcano. Bioclastic and reworked horizons, in contrast, may
have formed over thousands of years.
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The sequence, in summary, is:

>50 m of basalt breccia at the top;

~25 m massive to graded to hummocky facies, including bed of bioclastic Ototara
Limestone

~40 m pillows with interstitial fossiliferous carbonate

~80 m bedded to surge cross-bedded lapilli tuffs, occasional breccia, bioclastics, forming the
base.

The basaltic pillow lavas deserve close attention. They were first reported by James Hector
(Hocken 2008), and first formally documented by James Park. The pillows have interstices
infilled with bryozoan-brachiopod limestone. Some are characterized by multiple cooling
rinds parallel to the outer margins, and they vary from 30 cm to 5 m in diameter. Two
possible explanations for the presence of highly fossiliferous limestone between the pillows
have been proposed. Either the pillow lava was introduced into wet calcareous sediments on
the sea floor, or bryozoan limestone filtered down from above the pillows some time after
their formation.

Beneath the pillow lavas are >120 m of thinly
bedded tuffs which are thought to have formed from
a Surtseyan-type eruption on a shallow continental
shelf. Activity produced pyroclastic fall and surge
deposits, splatter deposits, aquatic slides and flows,
turbidity current deposits, and current reworked
volcanics. At a few places in the section, thin beds
of fossiliferous and pebbly limestones, and
sometimes hard-grounds, mark localized
unconformities in the tuff beds. These beds contain
rich faunas of bryozoans, small brachiopods
(including a warm-water thecideid, Kakanuiella),
large foraminiferans, echinoids, and occasional
molluscs including Conus. The pillows, tuffs and
limestones are all Late Eocene (Runangan) in age,
and the entire life of the Oamaru submarine
volcano, may, like Surtsey, have been quite brief.

Figure 3.13. Boatman’s Harbour pillow lavas with Ototara
Limestone in interstices. Photo R Ewan Fordyce.

The Ototara Limestone and the Oamaru Diatomite,

its lateral stratigraphic equivalent a few km further west (Edwards 1991) were deposited in
shallow subtropical waters adjacent to volcanic shoals. Warm-water indicators such as the
large foraminiferans Asterocyclina and Wadella are common in the Ototara Limestone at
various localities between Oamaru and Kakanui (Hornibrook 1961; Lee et al. 1997).

Along Graves Walkway may be seen various kinds of coastal vegetation, including the native
iceplant Disphyma australe (Aizoaceae). Penguin burrows are obvious in the cliff above the
pillow lavas, and the large bull kelp (Durvillea antarctica) is abundant on the shore platform
below. Offshore, spotted shags, Stewart Island shags, and sometimes sooty shearwaters
may be seen with binoculars. We will have an opportunity to visit the penguin colony in the
evening, to see the penguins come ashore. Blue penguins (Eudyptula minor) are the world's
smallest penguins. They stand at 30cm tall, weigh around 1000g as an adult, and live about
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8 years. Blue penguins breed on the coastal mainland and islands of New Zealand and
southern Australia, where they are also known as little penguins or fairy penguins.

Kakanui - Campbell's beach

The sequence at All Day Bay, immediately south of Kakanui River, is more complex than at
first glance, and has attracted much debate from stratigraphers interested in the limestones,
and by geochemists pursuing the Kakanui Mineral Breccia. There are 2 limestones in
succession, each truncated by an unconformity marked by a karst surface. The lower
limestone is the Ototara, characteristic of the Oamaru region of North Otago, while the upper
limestone is the Otekaike, better developed inland and to the north — as seen on previous
stops. Most of the Tertiary sequences thicken to the east (basin-ward); here the Otekaike
Limestone has thinned to the east, indicating a nearby high late in the Oligocene (Field &
Browne 1989).
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Figure 3.14. Sequence at Kakanui-Campbells Beach. From Hornibrook 1982. Note modern use of
names: McDonald Limestone now = Ototara Limestone; Rifle Butts Formation now = Mt Harris
Formation.

Crystalline tuffs (Kakanui Mineral Breccia) of the Waiareka-Deborah Volcanics (sensu
Coombs et al. 1986) form the two headlands north and south of the Kakanui River. These,
and other nearby accumulations of basaltic volcanics in coastal North Otago, have been
attributed to short-lived Surtseyan-like intraplate volcanism (e.g. Cas et al. 1989; see also
comments under Boatman’s Harbour above).
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At Campbell’'s Beach, the basaltic volcanics are closely associated with 5+ m of bryozoan-
rich bioclastic Ototara Limestone, which is muddy and tuffaceous in the base and cemented
toward the top This is also the type locality (and type horizon) for the key zonal planktic
foraminiferan Subbotina angiporoides. Also of note are the zonal Globigerina brevis, and
shallow water benthics such as Amphistegina.

The Ototara is overlain unconformably, at a sub-planar paleokarst with associated apparently
water-enlarged burrows, by <0.5 m of hard, cemented, glauconitic Otekaike Limestone
(Waitakian; Late Oligocene) with a conspicuous macroinvertebrate fauna including
scleractinian corals, octacorals, molluscan moulds, and worn vertebrate bones. Only a few
10s of km inland/ west, the Otekaike Limestone thickens rapidly to more than 30 m. At
Campbell’s Beach, in turn, the Otekaike is also karsted on top and, further, the karst surface
is in places phosphatised and preserves holdfasts of octocorals; an active shallow marine
setting seems likely.

The overlying thin Gee Greensand, which infills karsted pockets in the limestone, includes
little terrigenous debris, and is rich in phosphatic nodules, bone fragments, and shark teeth.
Such features are consistent with a sediment-starved setting. Foraminifera include relatively
common Globoquadrina dehiscens, a zonal fossil for the local Waitakian stage. The Gee
Greensand rapidly becomes more muddy upwards, and within a few m produces foraminifera
characteristic of the early Miocene Otaian stage. The greensand grades up into grey massive
calcareous mudstone of the Mount Harris Formation, which yields the age-diagnostic
benthic Haeuslerella pukeuriensis, and planktics including Globorotalia incognita — both
characteristic of the warm Altonian stage (later early Miocene).
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(Pocknall & Tremain 1988). Pole (1992, 1995) considered the Shag Point plant beds to be
Campanian in age, and (re)described various gymnosperms, including araucarians, and
angiosperms including Nothofagus, from the locality.

The Katiki Formation includes presumed estuarine siltstones, and possibly more-fully marine
strata (massive, carbonaceous, bioturbated, slightly calcareous siltstones) that have
produced plesiosaurs and mosasaurs. One relatively complete plesiosaur is the holotype and
only known specimen of Kaiwhekea katiki, named and described by Cruickshank and
Fordyce in 2002.

For the Katiki Formation, the lack of calcareous foraminifera and ammonites suggests a
setting with restricted access to the open sea, perhaps a sheltered embayment or an estuary
floored with a soft, soupy, oxygen-poor muds. Trace fossils, such as the branched
Thalassinoides (shrimp burrow), and clusters of agglutinated foraminifera are abundant.
Wood occurs frequently. Rare molluscs from sandier horizons include often-decalcified
gastropods and bivalves and a few examples of the age-diagnostic belemnite Dimitobelus;
ammonites are absent. These invertebrates indicate an age of Haumurian Stage, or latest
Cretaceous.

Toward the north end of Katiki Beach, the Katiki Formation is overlain by Otepopo
Greensand, which has long been viewed as probably Paleocene, but has recently produced
at least one specimen of the Haumurian ammonite Kossmaticeras bensoni.

Day 3 will finish in Dunedin.

mudstone (Abbotsford Formation) between Hampden and Moeraki. Photo Uwe Kaulfuss.
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DAY 4 (WEDNESDAY 21 JANUARY): FAIRFIELD QUARRY — WANGALOA — KAITANGATA —
FOULDEN MAAR

Fairfield, Dunedin

il !'. .
--T.: '.'.".;-“:i.i pEY .-. o uF- R 3 o - Er ol % ey
Figure 3.17. Fairfield Quarry: Taratu Formation at the base, succeeded abruptly by Fairfield

Greensand then Saddle Hill Formation, with Abbotsford Formation at the top of the outcrop. Photo R
Ewan Fordyce.

A 700+m thick sequence of lithologically varied nonmarine and marine sedimentary rocks
unconformably overlies the regionally widespread basement of Haast Schist in the East
Otago area. In the Dunedin area, the Cretaceous-Cenozoic sedimentary rocks dip to the
southeast at about 7° (Benson 1968, McKellar 1991) and thus it is possible to see the entire
sedimentary sequence by visiting outcrop in quarries and roadcuts between the Fairfield
Quarry (visited here) and Kaikorai Valley nearer to Dunedin city.

Fossils from the Dunedin sequence and beyond are displayed for the public in the Geology
Museum, University of Otago (www.otago.ac.nz/geology/research/palaeontology/index.html)

The basal sediments at Fairfield are interbedded clay, silt, sand, quartz conglomerate and
lignite of the Taratu Formation (McKellar, 1991), local Haumurian stage, Maastrichtian.
Taratu coal measures are significant at Kaitangata, which may be visited optionally at the
end of this field trip. Within the Dunedin district, a wide range of sedimentary facies overlies
these nonmarine beds, including a shallow-water pebbly limestone at Brighton (Brighton
Limestone) and glauconitic mudstones containing fossiliferous concretions at Fairfield
(Fairfield Greensand and Abbotsford Mudstone).

The youngest beds of the Taratu Formation at the Fairfield Quarry comprise a distinctive,
clay-rich sandstone about 2m thick which contains Ophiomorpha burrows. These extend
some 70cm downward from the upper contact and are interpreted as very shallow marine in
origin. Similar burrows are widespread in similar sediments elsewhere in the upper part of
the Taratu Formation (J.K. Lindqvist, pers. comm. 2008). At Fairfield Quarry, the lower 7.5 m
of marine sediments are referred to as the Fairfield Greensand (McKellar, 1991).
Fossiliferous concretions are most common in an overlying 2 m thick grey siltstone (Saddle
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Hill Formation) which is separated from the 200+ m thick glauconitic Abbotsford
Formation by a thin quartz sand bed.

The Abbotsford (Abbotsford Mudstone of wide former use) comprises massive and
superficially monotonous strata which, however, present significant facies variation
documented by S.G. McMillan (unpublished PhD Thesis, University of Otago). McMillan and
Wilson (1997) presented a dinoflagellate stratigraphy. Abbotsford rocks are overlain by 45 m
of shallow marine Eocene quartz sands (Green Island Sand), 55 m of bathyal Late Eocene
Burnside Formation, 1-3 m of late Oligocene to possibly earliest Miocene Concord
Greensand, and some 230 m of early to middle Miocene Caversham Sandstone. The
marine sequence ended with uplift and erosion of the Caversham Sandstone in the later
Miocene, followed by outpouring of mainly basaltic lavas of the Dunedin Volcanic Group
(16 Ma-10Ma).

The well-cemented concretions in the Fairfield Greensand have been broken apart and the
enclosed fossils collected by staff and students of the Geology Department, University of
Otago for over 60 years, and some 1000 fossil specimens are held in the Geology Museum
collections. However, although a number of species from the Fairfield Greensand have been
described, there is still no comprehensive account of the biota. The fauna and flora are of
significance in that they represent a moderately diverse high southern latitude assemblage of
latest Cretaceous age.

The concretions are non-calcareous and non-phosphatic, and the cementing mineral in one
sample is provisionally identified as opaline cristobalite. The subrounded concretions are
typically between 30 -50 cm in diameter and occur scattered through the weakly cemented,
highly glauconitic silts and muds exposed in the working face of the sand quarry. When
freshly exposed, the matrix of the concretions is light grey in colour, with both plant and
animal fossils preserved as dark grey to blackish carbonaceous impressions. The age of the
Fairfield Greensand Member and the Saddle Hill Formation is Haumurian (Maastrichtian)
from foraminiferal and dinoflagellate evidence (MacMillan and Wilson 1997). The K/T
boundary is well-exposed high in the quarry face. Pi Suhr Willumsen studied Late
Cretaceous/Early Paleocene dinoflagellates for high resolution biostratigraphy across the K/T
boundary at Fairfield Quarry. The widely reported iridium layer which marks the KT boundary
elsewhere in NZ is not apparent in the quarry, and is unlikely to be found in such intensely
bioturbated near-shore sediments.

Figure 3.18. Kossmaticeras bensoni from Fairfield

Greensand. Specimen in Geology Museum,
University of Otago. Photo R Ewan Fordyce.

Macrofossils are generally preserved as
carbonized films and include ammonites, a
large nautiloid, twelve species of bivalve
including Lahillia and Pacitrigonia, rare
gastropods and brachiopods, the benthic
foraminiferan Bathysiphon, and an abundance
of carbonaceous plant remains. The biota
accumulated in a shallow-water, sheltered
shelf or possibly lagoonal environment. The
general lack of bedding could reflect lack of
traction currents (and thus not an open coast setting) or intense bioturbation; dominant clast
size (other than glaucony) of very fine sand to silt is consistent with deposition away from an
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active shore, while the cephalopods, in particular, indicate fully marine salinities.
Paleogeographic reconstructions (e.g. Lawver and Gahagan 2003) have New Zealand at
high southern latitudes (~60°S) in the late Cretaceous.

The preservation has some unusual features in that the external shell ornament of the
ammonites and other molluscs is now preserved or expressed on the internal mould of the
shell (Andrew Grebneff, pers. comm. 1999). Thus, the peculiar exterior ornament of
Pacitrigonia is now seen on the internal mould. Shell material must have been dissolving out
as the shell and overlying sediment was being compressed. The black carbonaceous film is
presumably the remains of the organic component of the shells.

Notable components of the fauna include scaphopods, bivalves (Leionucula, Nuculana,
Neilo, Grammatodon, Entolium, Pacitrigonia, Lahillia, Panopea), gastropods (Protodolium,
?Heteroterma, ?Turbinellidae indet, Eriptycha) and cephalopods (Kossmaticeras, Maorites,
Diplomoceras, Eutrephoceras). Kossmaticeras bensoni is the most common ammonite in the
Fairfield quarry concretions. About 50 entire and fragmentary specimens have been
collected, many of which are somewhat crushed. The holotype is in the Geology Museum,
University of Otago.

Fragmentary araucarian stems and leaves are present in some of the concretions, together
with large, elongate angiosperm leaves. The angiosperm leaves are nearly all irregularly
crenulated (apparently draped over the sediment), rather than lying flat on a bedding plane.
This crenulation may be due to original deposition across ripple marks on the seafloor or
possibly disturbance by post-depositional bioturbation. These large leaves were apparently
soft and fresh when deposited, and therefore must have been buried rapidly as they show no
signs of cracking or drying out (E.M. Kennedy pers. comm. 17.12.99). Thus although the
tough araucarian leaves could potentially have been transported quite long distances, the
large angiosperms leaves must represent trees that grew close to the Fairfield locality.
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Figure 3.19. Wangaloa sequence; from Lindqvist (1986).

The Wangaloa Formation of the South Otago coast includes early Paleocene fossiliferous
near-shore sands, silts, and conglomerates at Wangaloa. Wangaloa Formation overlies
quartzose sandstone, conglomerate and coal measures of the Taratu Formation, and is
succeeded by finer-grained more off-shore strata.

The distinctive Wangaloan molluscan fauna has long been debated because of its unusual
composition; it includes fossils of Cretaceous aspect (Conchothyra, Lahillia, Struthioptera)
and of Cenozoic aspect (‘Venericardia’ = Purpurocardia, Zeacolpus, Magnatica). There are
no clearly age-diagnostic Mesozoic taxa (e.g. reptiles, belemnites, ammonoids), and there
are no significant foraminifera. The Wangaloan Stage was proposed in the early 1900s to
recognise the possible time implications of this distinctive fauna. For some decades, it was
not sure if the unit was Cretaceous or Cenozoic. Those who claimed that it was early
Cenozoic emphasised the unusual mix of fossils, including supposedly survivors of the KT
boundary extinctions.

Hornibrook and Harrington (1957) suggested that the Wangaloan Stage could be
abandoned, because it is merely equivalent in part with the Teurian Stage, and the
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Wangaloan Stage is rarely used in the literature. However, Stilwell (1994, unpublished Ph.D.
thesis - University of Otago) concluded that Wangaloan mollusc faunas are quite distinct and
widespread in eastern South Island, and that the Wangaloan is a clearly recognisable
mollusc-defined stratigraphic interval equivalent to the lower to middle Teurian Stage.
Wangaloan faunas are important in understanding geographic change associated with the
final phases of breakup of Gondwana. Many of the fossils have links with faunas in other
parts of the Southern Hemisphere.

Figure 3.20. Aligned turritellids (Zeacolpus),
Wangaloa Formation. Fossils in Geology
Museum, University of Otago. From Fordyce
(2003).

Molluscs from the Wangaloa Formation
have long been interpreted as of shallow
water aspect (Beu and Maxwell 1990);
they include turritellids (Zeacolpus),
naticids (Polinices), cardiids (Lahillia), and
glycymeridids (Glycymeris). Some of the
shells are oriented by water movement.
Lindgvist (1986) identified sedimentary
structures that indicate shallow subtidal settings, e.g., shell lags are associated with scoured
horizons, and hummocky cross stratification is present. Fossil logs, with teredinid ("ship-
worm") borings, are present. The trace fossil Ophiomorpha is particularly well-preserved in
this shore-face sequence.

Kaitangata: Kai Point Opencut Mine, Kaitangata Coalfield

The Cretaceous — Cenozoic succession in the Kaitangata Coalfield consists of 4 stratigraphic
units, Henley Breccia (mid Cretaceous), Taratu Formation (late Cretaceous — Paleocene),
Wangaloa Formation (late Cretaceous — Paleocene) and Abbotsford Formation.

The coal occurs within the Taratu Formation (Ongley, 1924), a fluvial gravel-dominated unit
some 500m+ thick. West of the Castle Hill fault, in the Benhar Coal Sector, only the upper
part of the Taratu Formation is represented, resting directly on basement.

Harrington (1958), divided the Taratu Formation into 17 coal horizons based on the
recognition of fine grained coal-bearing intervals separated by coarse grained (usually
conglomeratic) sequences. The Kaitangata area has been an important source of coal for
local use, with a number of mines (mostly underground) in operation since 1859. Within the
Kaitangata Sector, exploration by New Zealand Coal Resources Survey (1981-1985) for the
Ministry of Energy, identified an in-ground resource of 322 million tonnes of coal, of which
101 million tonnes were considered recoverable by opencut methods, and 115 million tonnes
were considered recoverable by underground mining. Coal in the Kaitangata Sector is of
sub-bituminous rank, with seams near the top of the Taratu Formation being close to lignite,
and seams near the base borderline sub-bituminous coals.

At Kai Point mine, the upper part of this system is represented in the lowermost strata
exposed in the mine area, on the highbanks cut for the main access road to the mine pit.
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Figure 3.21A. Schematic west-east cross section though the Kaitangata coalfield showing pre-
inversion stratigraphic relationships inferred from drillhole and outcrop geology, and position of Kai
Point Ltd. mine section. Figure by Jon K Lindqvist

A highstand systems tract is magnificently exposed in the mine pits for the Kaituna and
Barclay Seams and in the highwall between these seams. At the Kai Point mine this tract is
characterised by fine-grained flood-basin and well-drained to poorly-drained swamp muds,
single-story sinuous channel sands, crevasse splay sands and coal seams of regional extent.
A zone of maximum flooding may be indicated by mixing of fluvial and marine waters, and
may be evident from flaser mud drapes in tidally influenced channel deposits. These deposits
can be traced with various degrees of certainty to coeval marine strata (Wangaloa
Formation) locally interdigitating with deposits of the Taratu Formation.

The regionally extensive Barclay Seam occurs within the highstand systems tract. It overlies
muddy well-drained and poorly-drained swamp deposits, indicative of a prolonged phase of
rising base level. The extent, longevity and preservation of the peat-forming mires that
developed these seams indicate raised groundwater tables of regional extent, and confined
channel facies sedimentation. The association of inferred high water levels with marine
flooding is supported by the occurrence of dolomite-cemented concretions.
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Figure 3.21B. Kai Point opencut mine. Kaituna Seam overlain by an unusually fine-grained unit of
silty sandstone forming the lower part of the Barclay Member of Taratu Formation. Photo Jon K
Lindqvist

Plant fossils and age. Palynomorphs of Taratu Formation samples from Kai Point mine and
Wangaloa coast are placed within the Late Cretaceous (Haumurian) miospore zone PM2. In
the uppermost part of the Taratu Formation, palynomorphs of earliest Tertiary (Teurian)
miospore zone PM3 are recognized. The Kaitangata coal field is one of the few places in the
Australasian region with common, well-preserved latest Cretaceous plant macrofossils (Pole
& Douglas 1999). The plant samples come from grey or very carbonaceous mud which
separates coal seams, rather than from the coal itself, and the leaves probably represent
vegetation from clastic swamps rather than the peat-forming swamps. The plant material
occurs as well-preserved cuticle in the form of dispersed fragments. At least 13 different
gymnosperms and a similar number of angiosperms have been recognised.

From well-preserved but fragmentary plant debris at Kai Point coal mine, Pole & Douglas
(1999) described a diverse flora consisting of two cycads (Macrozamia and Pterostoma), a
species of Gingko and other possible ginkgophyte taxa, and ten conifer taxa. The conifers
include Araucaria sp, another araucarian which can be compared to Dacrycarpus, two other
podocarps, Kaia and Kakahuia, and representatives of Family Taxodiaceae which are placed
in endemic genera including Otakauia, Paahake, Waro and Maikuku (Pole 1995, Pole &
Douglas 1999). Angiosperms include one representative of Lauraceae, and another with
affinities to Chloranthaceae and Monimiaceae. The plant communities may have included
both deciduous (e.g. Ginkgo) and evergreen components (the conifers), based on the
relative thickness of the cuticle. On a local scale there appears to have been distinct spatial
separation between conifer and angiosperm dominated vegetation. Ecologically, the
vegetation was probably similar to present day northern hemisphere “taiga”, a boggy forest of
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conifers and angiosperms. Temperatures were cool or cold, and conditions ideal for peat
accumulation.
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Figure 3.22. Locality map for Foulden Hills.

A partly eroded Early Miocene maar crater near Dunedin, South Island, New Zealand (Fig.
3.22) is infilled with a thinly laminated diatomite deposit that preserves a remarkable range of
fossil plants and animals. Plant fossils include diatoms, algae, rare pollen-bearing flowers,
bark, stems, fruit, fungi, and numerous leaves with very well-preserved cuticle. The fauna to
date includes siliceous sponge remains, fish, and more than a dozen new undescribed
insects.

The maar volcano erupted through hard schist basement rock that was overlain by thin
Paleogene sandstone. The ~1.5 km diameter maar basin is semi-circular in outline, with no
trace of a tephra ring. Associated basalts of the Waipiata Volcanic Group are dated at 23.2 +
0.2 Myr by “°Ar°Ar. Palynostratigraphy supports an Early Miocene age for the lake
sediments.

Geophysical profiles indicate that the total thickness of diatomaceous sediment may exceed
100 m; this will be tested by a drilling program in May 2009. Two depositional facies are
present in 15.5 metres of fresh diatomite exposed in small mining pits (Figs 3.23-24). The
first, a thinly laminated facies consists of dark brown and white couplets with an average
thickness of ~0.5 mm. A second facies includes speckled, swirly, and breccia beds of gravity
flow origin. Speckled beds up to 15 cm thick interspersed throughout the exposures
incorporate laminated diatomite flecks, woody plant matter, leaves, and minor terrigenous
sand and silt. Breccia beds up to 8 cm thick are composed of cm-sized clasts of laminated
diatomite in a speckled matrix. All are capped by 1-8 mm of white diatomite that is
interpreted as post-flow suspension fall-out. Nodules, spheroids, and films of authigenic
framboidal pyrite are commonly associated with wood and fish remains.
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The lake was a closed system with almost no terrigenous siliclastic sediment input. Pale and
dark laminae consist of frustules from a single pennate diatom species, sponge spicules,
chrysophycean siliceous stomatocysts and indeterminate minor organic matter. The
surrounding area was an evergreen, seasonally dry, subtropical forest and embedded plant
remains probably blew or fell directly into the lake. Plant fossils include flowers with anthers
and in situ pollen and fern fronds with sporangia still containing spores. Most of the
angiosperm leaves have both upper and lower surface cuticles present. They represent a
wide variety of dicotyledonous families, and at least five monocots, including the first records
globally of organically-preserved fossil orchid leaves (Conran et al., in press). The fossils
appear to be mainly forest trees and vines with moderately thick cuticles and over 40% of the
leaves belong to three genera of Lauraceae.

. " 12 Figure 3.23. Log of diatomite from pit exposures.

[P

"B Wood-rotting, saprophytic and epiphylious fungi are

present on bark, wood and leaves. Decalcified, but
complete skeletons of Galaxias, a Southern
Hemisphere genus of freshwater or diadromous fish,
occur throughout. At least 12 different types of insect
have been collected, including scale insects attached
in life position on an angiosperm leaf. Some of the
plants and animals have close living representatives
in the modern NZ biota, but many of the fossil taxa
are now extinct in New Zealand.

Figure 3.24. (A)
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(B) Pale and dark
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As in modern lakes, the white laminae formed from
diatom blooms when light flux, temperature, dissolved
silica, and/or nutrients were optimal during spring-early
summer, with dark laminae accumulating during autumn-
winter. Pinstripe lamination, widespread absence of
bioturbation, and the exquisite preservation of fish, insect
and plant fossils indicate that the profundal lake and floor were anoxic. Periodic variations in
couplet thickness of 2.2-3.0, 4.2-8.6 and 11.0 years respectively, compare with modern
quasi-biennial, ENSO, and Schwabe sun spot frequencies, indicating that Early Miocene low-
altitude New Zealand was seasonal and strongly ocean-influenced, as it is today, albeit much
warmer.

The diatomite deposit infilling the maar crater provides a record of a diverse terrestrial biota
in southern New Zealand, and an exceptional archive of mid-latitude, ocean-influenced,
seasonal climate variation during the Early Miocene.
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Figure 3.25. Fossil flower, insect, leaf, leaf cuticle, and fish (Galaxias effusus) from diatomite, Foulden
Maar. Photos: Jennifer Bannister, Uwe Kaufuss, Jon Lindqvist, Daphne Lee
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