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Abstract

The East Coast Basin of New Zealand contains up to 10,000 m of predominantly fine-
grained marine sediments of Early Cretaceous to Pleistocene age, and widespread oil and

gas seepages testify to its status as a petroleum province. A suite of oils and possible

source rocks from the southern East Coast Basin have been analysed by a variety of
geochemical techniques to determine the hydrocarbon potential and establish oil-oil and

oil-source rock correlations.

Results of TOC and Rock-Eval pyrolysis indicate that the latest Cretaceous Whangai

Formation and Paleocene Waipawa Black Shale represent the only good potential source

rock sequences within the basin. The middle to Late Cretaceous Glenbum and Te Mai

formations, previously considered good potential source rocks, are organic-rich (TOC

contents up to 1.307o and l.52vo respectively), but comprise predominantly TypesIII
and IV (struetured terrestrial and semi-opaque) kerogen and, therefore, have little
hydrocarbon generative potential (HI values < 50). Early Cretaceous and Neogene

formations are shown to have low TOC contents and have little source rock potential.

The Waipawa Black Shale is a widespread, thin (< 50 m), dark brown, non-calcareous

siltstone. It contains up to 1.9% sulphur and elevated quantities of trace metals.

Although immature to marginally mature for hydrocarbon generation in outcrop, it is

organic-rich (TOC content up to 5.69Vo) and contains oil and gas-prone Types II and III
kerogen. The extracted bitumen comprises predominantly marine algal and terrestrial

higher plant material and indicates that deposition occurred under conditions of reduced

oxygen with significant anoxic episodes.

The Whangai Formation is a thick (300-500 m), non-calcareous to calcareous siliceous

mudstone. Although immature to marginally mature in outcrop, the Upper Calcareous'

and Rakauroa members have a TOC content up to l.37Vo and comprise oil and gas-

prone Types II and III (structured aqueous and structured terrestrial) kerogen. Bitumen
extracts comprise predominantly marine organic matter with a moderate terrestrial higher

plant component and indicate that deposition occurred under mildly reducing conditions,

with periodic anoxic episodes indicated for the Upper Calcareous Member.

Two families of oils are recognised in the southern East Coast Basin. The Kerosene

Rock, Westcott, Tiraumea and Okau Stream oils comprise both algal marine and

terrestrial higher plant material and were deposited under periodically anoxic conditions.
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They are characterised by high relative abundances of unusual C3s steranes (C3s indices

of 0.24-O.40) and 28,30-bisnorhopane, low proportions of C4 steranes and isotopically

heavy 6r3C values (-20.9 to -23.0%o). The Waipatiki and Tunakore oils from southern

Hawke's Bay and the Kora-l oil from the northern Taranaki Basin have similar

geochemical characteristics and are also included in this family of oils. These same

characteristics are also diagnostic of the Waipawa Black Shale and an oil-source rock

correlation is made on this basis.

The Knights Stream and Isolation Creek oils are derived from predominantly marine

organic matter with a moderate terrestrial angiosperm contribution, and characterised by

low relative abundances of C3s steranes (C:o indices of 0.06-0.12) and

28,30-bisnorhopane, high proportions of C4 steranes and isotopically light El3C values

(-26.8 to -28.9%o). Also included in this family of oils, with a slightly greater marine

influence, are the major seep oils of the northern East Coast Basin (Waitangi, Totangi

and Rotokautuku). A tentative oil-source rock corelation with the Upper Calcareous

and Rakauroa members of the Whangai Formation is based on their similar geochemical

characteristics.
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Chapter 1

Introduction

l.L General introduction

The presence of hydrocarbons on the East Coast was recorded as early as 1865, from the

Poverty Bay District near Gisborne (Mclernon, 1992). Today it is known that oil and

gas seepages are widespread throughout the East Coast Basin (Field et aI., 1995;

Francis, 1995a). Some 50 wells have been drilled as a direct result of this but to date

there have been no commercial discoveries.

Until recently, one of the major problems encountered by the petroleum exploration

industry during East Coast Basin exploration has been a general lack of information

regarding the possible source rocks for these seeps. Of the data available much are

contradictory or of limited value due to restricted data sets, regionality of studies or the

use of widely differing analytical methods.

This study forms part of a larger geochemical survey of the entire East Coast Basin by

the petroleum research group at Victoria University of Wellington, supported by New

Znaland Ministry of Commerce, Petrocorp Exploration Ltd and Southern Petroleum NL.
Its central aim is to determine the likely source rock(s) for the oil seeps and

impregnations present throughout the East Coast Basin. In this part of the survey some

150 outcrop and six oil samples have been obtained from throughout the southern East

Coast Basin for source rock evaluation and oil-oil and oil-source rock correlation. In
addition, the geochemical characteristics of the oils and possible source rocks (including

source, maturity and biodegradation) have also been investigated.

Geochemical analyses used in this study include total organic carbon (TOC), Rock-Eval

pyrolysis, gas chromatography (GC), gas chromatography-mass spectrometry (GC-MS),

stable carbon isotopes, visual kerogen analysis (VKA), vitrinite reflectance and X-ray
fluorescence spectroscopy (XRF). The intention of the present study is to provide an

overview of the petroleum geology and geochemistry in the southern East Coast Basin

and this is best achieved through the use of a wide range of analytical techniques, but
necessarily limits the detail in which each technique is utilised.
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1..2 Formation of petroleum

1.2.1 Introduction

Certain conditions are necessary for the formation of petroleum. These include the

accumulation and preservation of organic matter, followed by thermal maturation

through burial (Tissot and Welte, 1978). In general, these conditions are limited to those

that exist in sedimentary basins.

Sedimentary organic matter includes both the products (such as faecal material) and

remains of living organisms. Terrestrial organic matter includes predominantly higher

plants whereas aquatic organic matter comprises mainly phytoplankton (such as diatoms,

dinoflagellates and cyanobacteria), zooplankton (such as foraminifera) and bacteria

(Tissot and Welte, 1978).

1.2.2 Production, accumulation and preservation of organic matter

Organic-rich sediments occur sporadically throughout the sedimentary record and it
seems that special conditions are required for the production, accumulation and

preservation of organic matter (Killops and Killops, 1993). At present the primary

productivity of organic matter in aquatic environments is approximately the same as that

in terrestrial environments (Tissot and Welte, 1978). Preservation of organic matter in

the terrestrial environment, however, is minimal, with bacterial activity causing

degradation during exposure to air and moisture (Tissot and Welte, 1978).

Photosynthesis is the basis for the mass production of organic matter (Tissot and Welte,

1978). Primary production is influenced by light, water (important in terrestrial settings),

temperature and water chemistry and these are complexly interrelated to basin

morphology, ocean currents and convergenceldivergence zones (Tissot and Welte,

1978). Regions of high primary production include surface waters near land masses with
nutrient supply from either terrestrial runoff or coastal upwelling, and include continental

margins, upwelling zones, algal beds and reefs, estuaries, swamps and marshes, and lakes

(Killops and Killops, 1993).

Only a small fraction of the organic matter produced in the photic zone reaches the

sediment surface (Tissot and Welte, 1978; Penodon, 1988; Killops and Killops, 1993;

Wakeham and Lee, 1993), the amount depending on the depth of the water column and

the amount of primary production in the photic zone (Killops and Killops, 1993). The
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deeper the water column the longer the travel time and hence exposure to scavenging

and bacterial degradation. Browsing is less efficient in areas of high productivity and,

therefore, proportionally more organic matter reaches the sediment than in low

productivity areas (Killops and Killops, 1993).

Dissolved organic matter is adsorbed onto the surface of clays and carbonate particles,

proportionally more on fine-grained sediments than coarse-grained ones and hence fine-

grained (usually distal) sediments tend to be organic-rich (Killops and Killops, 1993).

Lagoons, estuaries, inland or silled seas or lakes with calm, confined and often stratified

conditions provide favourable environments for organic matter to accumulate without

being carried away by currents (Killops and Killops, 1993).

Preservation of deposited organic matter depends on the sedimentation rate and amount

of oxygen present at the sediment surface and in pore spaces (Tissot and Welte, 1978;

Killops and Killops, 1993). Rapid sedimentation transports organic matter quickly to
greater depths and higher temperatures, thereby limiting bacterial degradation (Perrodon,

1988). Balancing this, however, is the dilution of organic matter by clastic input. Slow

sedimentation favours concentration of organic matter but anoxic conditions are also

required (Tissot and Welte, 1978; Perrodon, 1988). Oxic conditions at the water-

sediment interface, aided by burrowing organisms, encourage scavenging by benthic

organisms or decomposition by bacteria. Grain size dictates the porosity of the sediment

which in turn governs the diffusion of oxygen. Fine-grained sediments restrict diffusion,

creating anoxic conditions which limit bioturbation and the further browsing and

decomposition of organic matter. Decomposition can continue under anoxic conditions

by anaerobic bacteria but this occurs at a much lower rate (Killops and Killops, 1993).

The preservation rate of primary organic production is usually less than 0.l7o but under

favourable conditions may be upto 4Vo (Tissot and Welte, 1978).

L.2.3 Maturation of organic matter

Thermal maturation is achieved through burial of organic matter by sedimentation and

subsequent basin subsidence. Maturation of organic matter is considered to take place in

three stages: diagenesis, catagenesis and metagenesis (Tissot and Welte, 1978)

(Figure 1.1).
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Figure 1.1 The three stages of maturation of organic matter (f'rom Tissot and Welte,
1978).

Diagenesis

Diagenesis of organic matter occurs both prior to deposition and during the stages of
early burial (to depths of several hundred metres), and hence under conditions of low

temperature and pressure (Tissot and Welte, 1978; Killops and Killops, 1993). Microbial

activity is the main cause of change during early diagenesis (Tissot and Welte, 1978)

althou*sh chemical transtbrmations are also possible (Killops and Killops, 1993).

'Biopolymers' (such as proteins, carLrohydrates, lipids, and lignin) iue desfoyed by

microbial activity during the initid stages of burial but these later recombine through

polycondensation and insolubilizltion to form 'geopolymers' that precurse kerogen

(fissot and Welte, 1978). Carbon dioxide, water and methane are released during

diagenesis, which is essentially complete on the formation of kerogen at a vitrinite

retlectance value of 0.57o (Horstield and Rullkdtter, 1994).
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Catagenesis

Progressive burial and basin subsidence lead to organic matter reaching depths of several

kilometres with temperatures of 50 to 150"C and pressures of 300 to 1500 bars,

conditions under which catagenesis, the main phase of hydrocarbon formation, occurs

(Tissot and Welte, 1978). Unlike diagenesis, catagenesis involves thermodynamic rather

than biogenic changes (North, 1990) and is characterised by the thermal degradation of
kerogen by progressive cleaving of aliphatic and aromatic side chains. Oil and later 'wet

gas' and condensate are produced accompanied by significant amounts of methane, the

quantity and composition of which depends on the original composition of the organic

matter (Killops and Killops, 1993). The main phase of oil generation occurs between

vitrinite reflectance values of 0.65 and l.3%o and the end of catagenesis is reached when

all aliphatic side chains are cleaved and an ordering of basic kerogen units begins

(vitrinite reflectance of about ZVo) (Tissot and Welte, 1978).

Metagenesis

Metagenesis is only reached at great depth where temperature and pressure are high.

Organic matter here comprises only methane and carbon residue, where some crystalline

ordering of kerogen units begins to develop (Tissot and Welte, 1978). Metagenesis

continues up to the onset of greenschist metamorphism at a vitrinite reflectance of 4Vo

(Tissot and Welte, 1978; Horsfield and Rullkdtter, 1,994).

Organic maturation

Discussion of organic maturation and level of organic maturity is made complex because

it has been found that kerogen 'matures' and generates hydrocarbons at different levels of
thermal stress according to its chemical composition. Hydrogen-rich kerogen has been

found to mature at a slower rate than oxygen-rich kerogen (Price and Barker, 1985), and

similarly, sulphur-rich kerogen has been found to generate hydrocarbons at a very early

stage of catagenesis compared with sulphur-poor kerogen (Rullkdtter, 1993). Hence a

detailed discussion of the various geochemical maturity parameter values, as indicators of
different stages of hydrocarbon generation, is usually of limited use unless kerogen type

is also discussed. However, it is often more practical to discuss organic maturity

according to these generalised stages of hydrocarbon generation, especially when using

multiple geochemical maturity parameters. While recognising that kerogen types differ
among formations of the southern East Coast Basin (see Section 7.3), it was felt

appropriate that, for ease of description and comparison, the stages of hydrocarbon

generation be 'standardised'. Figure 1.2 shows the different stages of thermal maturation

and oil generation, ranging from diagenesis through to the end of catagenesis, correlated

with vitrinite reflectance (Rj values.
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Figure L.2 Stages ofoil generation correlated
to approximate vitrinite reflectance values
(after Tissot and Welte, l97E; and Peters and
Moldowan,1993).

Unfortunately these common descriptions of stages of thermal maturation have allowed

some confusing terminology to arise in the literature whereby, for example, it is possible

to have an 'immature' oil with maturity below the onset of oil generation (less than

0.67o Ro).
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1.3 Contribution of organic geochemistry to the exploration for
petroleum

Subsurface features that can trap hydrocarbons are located mainly by seismic reflection

techniques. At present however, other than by drilling the structure, there is generally no

sure method of determining whether it actually contains hydrocarbons (Barker, 1979).

Additional, cost-effective exploration tools are required to improve exploration success

by determining whether hydrocarbons are likely to be present. Organic geochemistry is

one such tool and is useful in petroleum snrdies for:

Screening possible source rocks (for quantity and type of organic matter);

Characterising oils and potential source rocks (source/depositional environment,

maturity, migration and post-source alteration (especially biodegradation); and

Oil-oil and oil-source rock correlations.

Source rock geochemistry

Evaluating the source rock potential within a prospective basin is fundamental to any

petroleum exploration programme. A number of criteria regarding source rock potential

must be met before further, more expensive, work is carried out. Four questions must be

answered when assessing the hydrocarbon potential of possible source rocks: (l) Is

sufficient organic matter present in the rock?; (2) Is the organic matter of suitable type?;

(3) Is the organic matter sufficiently thermally mature to produce hydrocarbons?; and (4)

Have hydrocarbons been expelled? (Barker, 1979; Anders, 199 I ). If the answers to these

questions are favourable the prospectivity of the basin is greatly enhanced and further

investigation may be wananted.

Oil geochemistry

It is generally accepted that oil originates from sedimentary organic matter (Anders,

1991). When hydrocarbons are produced in sedimentary rocks only a small percentage is

released, hence both the migrated oil and the resident bitumen contain similar organic

eompounds. Investigation at the molecular level can identify these similarities and this

forms the basis for oil-oil and oil-source rock correlations.

Analytical tools used in organic geochemistry

Through advances in technology and the field of organic geochemistry a host of routine

analytical tools and geochemical parameters have been developed that provide

information regarding the origin and nature of organic matter in both oils and their
possible source rocks. These techniques are well proven and used extensively by the oil
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industry in their exploration programmes. Table l.l lists the analytical tools used in this

study and the derived geochemical parameters and briefly outlines the information that

can be obtained from them.

Total organic carbon and Rock-Eval pyrolysis typically provide a quick way of screening

a large number of samples to determine whether they have any hydrocarbon source

potential. Those samples with > O.SVoTOC and adequate S, and S, values are usually

submitted for further analyses such as VKA, GC, GC-MS, vitrinite reflectance and stable

carbon isotopes. These analyses are designed to provide more detailed information to
help characterise the organic matter in both oils and their possible source rocks to aid oil-
oil and oil-source rock correlations. Clearly there are many interpretive constraints when

considering the results of individual geochemical parameters. Their value becomes

apparent however when a suite of different geochemical parameters are used.

Analvtical tool Geochemical narameters Information

Total organic carbon

Rock-Eval pyrolysis

Gas chromatography (GC)

Gas chromatography-mass
spectrometry (GC-MS)

Stable carbon isotopes

Visual kerogen analysis (VKA)

Vitrinite reflectance (Ro)

X-ray fluorescence
sDectroscoDv fiRF)

TAI

TOC

Sri Sz; S:;HI;OI; Tr*;PI

Pr/Ph; CPI; Prln-Ce;
Ph/n-C 

1 s ; C2 ftC221 C2g+C2e

Identifi cation of numerous
individual biomarker
compounds and ratios, e.g.
C3g index; oleanane;
28,3O-bisnorhopane etc

Sofer Value

S/C;V/Cr;Ni/V; U/Th

Quantity of organic matter

Quantity of carbonate carbon

Quantity of extractable organic
matter

Quantity of kerogen
Type of organic matter
Maturity

Environment of deposition
Maturity

Source
Maturity
Migration
Biodegradation
Oil-oil and oil-source rock
correlation

Oil-oil and oil-source rock
correlation
?Environment of deposition

Type of organic matter
Environment of deposition
Maturity

Maturity

Bottom-water oxygenation
Source rock orovenance

Table 1.1 Methods of geochemical analysis and the information that each can provide.
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1.4 Petroleum exploration history in the southern East Coast
Basin

1.4.1 Introduction

The presence of hydrocarbons in the East Coast Basin was recorded in 1865 from the

Gisborne region, although their existence were known to Maori many generations earlier

(Mclemon, 1992). In the following years three main oil seeps were discovered in the

northem East Coast Basin at Waitangi, Totangi and Rotokautuku. Exploration began in

1874 with the drilling of Waitangi Hill- I and -2, shallow, timber-lined, hand-dug shafrs,

completed by boring with rods (Francis, 1993a). Geological assessments were not

considered important and wells were often sited adjacent to oil or gas seeps (Brooks and

Remus, 1985). The period following 192t, however, saw the entry of larger companies

using modern petroleum exploration methods (Francis, 1993a). Most exploration took
place in the northern part of the basin near the three main oil seeps, but several wells

were drilled in southern Hawke's Bay (Figure 1.3).

$ Hawteeiy-r

ffi' 4f ons"o'no"-''

$-+ nar<ai+fir
{9 Waipatiki-1
' Waipadki-2

&,**,/i;;""".,
Peep-GDay-1

I Masterton

0 100 km

--l

Scale

Figure 1.3 Locations of exploration wells in the southern East Coast Basin.

The history of petroleum exploration in the

Mclernon (1992) and Francis (1993a; 1994;

of the Dannevirke. Gisborne and East Coast

East Coast Basin has been summarised by

1995b). The petroleum exploration history

areas has been discussed by Laing (1961),
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Brooks and Remus (1985) and Simpson and Jarvis (1993) respectively in unpublished

petroleum reports.

L.4.2 Early petroleum exploration

Kotuku Oilfields Syndicate, a Royal Dutch Shell subsidiary, drilled three unsuccessful

wells on the West Coast of the South Island before venturing into the East Coast Basin

(Laing, 196l). Prospects in the southern part of the basin were viewed more favourably

than those in the north (Francis, 1993a) and between l9l2 and l9l3 two wells,

Waipatiki-l and -2, were drilled south-east of Dannevirke. The first was sited near a gas

seep and drilled Paleocene and Upper Cretaceous rocks; the second, 1800 m to the

south-west, spudded in Upper Cretaceous and remained in rocks of this age (Francis,

1993a). Both wells encountered oil and gas shows and gas from Waipatiki-l was piped

to local residents'houses for many years (Laing, 196l; Francis, 1993a). Waipatiki-2 was

subsequently deepened by a local syndicate in 1926.

During 1912-14 Mangaone Oilfields Ltd drilled Tane-1, l3 km east of Eketahuna. The

well spudded in Lower Pliocene rocks and finished in the Upper Miocene. In 1927 the

same eompany also drilled Peep-O-Day- l, 9 km east of Eketahuna which only reached a

depth of 30 m (Francis, 1993a). During the 1920s the Taranaki Oil Company mapped the

Dannevirke area without drilling, and in the middle to Iate 1930s New Zealand Oil

Exploration Ltd mapped much of northern Wairarapa and central and southern Hawke's

Bay. Work comprised mainly reconnaissance geological mapping and no wells were

drilled. In the early 1940s the Superior Oil Company mapped the Dannevirke Basin and

samples were analysed using modern geochemical techniques. Prospects were considered

poor and no further work was done.

In 1957 BP Shell and Todd Petroleum Development Consortium acquired petroleum

prospecting licences covering almost the entire onshore East Coast Basin of the North

Island (Brooks and Remus, 1985; Francis, 1995b). Several farm-in agreements were

reached, firstly with New Tnaland Aquitaine Petroleum and then International Pacific

Exploration. In 1969 BP Shell Aquitaine and Todd Petroleum Development Limited

drilled Taradale-l and Rakaiatai-l in southern Hawke's Bay to test the Te Aute

Limestone, identified in outcrop as an excellent reservoir with high porosity and

permeability (Darley, 1969a:- 1969b). Taradale-l was sited on a structure identified by an

earlier (1959) seismic reflection survey. The well was abandoned as a dry hole in strata

of Paleocene age. No reservoir beds were encountered and no hydrocarbons detected in

an almost entirely mudstone sequence (Darley, 1969a). Rakaiatai-l was sited solely by
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sulface mapping of an anticline. It encountered greywacke below rocks of probable

Nukumaruan age (2.4-l.2Ma) at shallow depth, and was subsequently abandoned as a

dry hole. Reservoir rocks were never encountered and no hydrocarbons were detected

(Darley, 1969b). After drilling some unsuccessful wells in the northern part of the basin,

the consortium relinquished all its onshore East Coast licences.

In l97l a three well programme was concluded by Beaver Exploration New Zealand

Limited and Longreach Oil Limited in a farm-out agreement with BP Shell Aquitaine and

Todd Petroleum Development Limited. Ongaonga-1, Takapau-l and Mason Ridge-1, all

situated in southern Hawke's Bay, were drilled to test the hydrocarbon potential of the

Te Aute Limestone (Leslie, l97la; l97lb; l97lc). Ongaonga-I, located on a closed

subsurface seismic high, penetrated greywacke after drilling through 1460 m of Plio-

Pleistocene sediments. The Tertiary rocks comprised a marine sequence of silty,

fossiliferous mudstone with interbedded coquina limestone. At 1290 m a 105 m thick

limestone was encountered with excellent porosity and permeability but containing fresh

water. No significant hydrocarbons were encountered and the well was abandoned as a

dry hole (Leslie, l97la).

Takapau-l was sited on the crest of a seismically-defined subsurface faulted anticline.

The well terminated in greywacke after drilling 1000 m of Plio-Pleistocene sediments. A
100 m thick reservoir was encountered at 835 m with excellent porosity and permeability

but was water filled. No significant shows of hydrocarbons were detected and the well

was abandoned as a dry hole (Leslie, 1971b).

Mason Ridge- I was located on a north-plunging nose of a surface high which had poor

subsurface seismic expression. The well drilled 1640 m of Plio-Pleistocene silty,

fossiliferous mudstone interbedded with silty sandstone and coquina limestone. A major

unconformity or fault was encountered, below which were 230 m of steeply dipping

Miocene siltstone and mudstone. Strong gas indications were present in the Pliocene(?)

shale but the Te Aute Limestone was missing. The well was abandoned as a dry hole at a

depth of 1870 m (Leslie, 197lc) and the licence subsequently expired in 1972.

BP Shell Aquitaine and Todd Petroleum Development Ltd continued exploration

offshore and conducted a number of seismic reflection surveys off eastern New Zealand

in the middle to late 1960s. One prospect, a large anticlinal feature, was identified in

Hawke Bay, 45 km north-east of Napier in 57 m of water. Hawke Bay-I, the first

offshore well in the East Coast Basin, was drilled in 1976. The primary targets were

porous sandstones and limestones of Pliocene age (equivalent to Te Aute Limestone of

ll
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southern Hawke's Bay) with Upper Miocene sandstone units providing a secondary

target. Drilling revealed a poorly developed limestone. Porosity was 25Vo but there was

no closure at that level and it was water bearing. The Upper Miocene sandstones did not

occur and were replaced by a silry clay, partly turbiditic facies. A major unconformity

was encountered at2255 m underlying Middle Miocene sediments. Sediments below this

gave a gas kick which was determined to be methane only. The well was terminated after

the bottom hole assembly stuck in clays of Whaingaroan age (Heffer et al.,1976) and the

partnership subsequently relinquished the I icence.

Katz (1981) identified a series of anomalous refleetions on seismic records from

offshore, eastern North Island and concluded they were probably gas hydrate

accumulations. If correctly interpreted, the extent of these features suggests huge

amounts of gas hydrate have accumulated along the continental margin below waters

1000-2500 m deep.

1.4.3 Recent petroleum exploration

No further exploration licences were sought until the 1988 licensing round. In 1986,

however, BP conducted a proprietary geochemical SNIFFER survey over 758 line

kilometres in the Cook Strait region. Five areas were identified which had hydrocarbon

levels elevated above background. Two comprised only methane, which were thought to

be indicative of a biogenic origin and were, therefore, omitted from further analyses. The

remaining three anomalous regions contained quantities of ethane and higher molecular

weight hydrocarbons, but these were not of thermogenic character and hence were also

considered to be of biogenic origin (Sigalove, 1986).

The 1988 licensing round resulted in licences being awarded in central and southern

Hawke's Bay, northern Wairarapa and much of the offshore area of southern East Coast

Basin. Croft Exploration Ltd, operating in southern Hawke's Bay, reprocessed existing

seismic, acquired new seismic and subsequently identified a prospect (Croft Staff, 1992).

Unfortunately no partners could be found and the licence was relinquished without

drilling in 1994 (Francis, 1995b). NZ CQX Ltd (Conquest Exploration Co.) conducted a

programme involving seismic, gravity, magnetic and bathometric surveys with additional

seafloor sampling. Detailed geological mapping was conducted on coastal sections

adjacent to the licence areas (see Francis 1993b; 1993c: 1993d). Their licences were,

however, relinquished prior to identification of any suitable structures.

t2
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Following exploration of northern Wairarapa in the early 1960s by BP, Shell and Todd

Petroleum Development Ltd (see Laing, 196l) a consortium, with Lakes Oil Limited as

operator, identified a number of target structures from field work. Reservoir studies were

conducted and three stratigraphic holes were drilled to test the presence of adequate

reservoir beds and establish the extent of beds known to contain oil and gas. Greensands

of the Eocene Wanstead Formation and the Miocene Westcott Formation proved to be

the most oil-stained units (Laing, l99l). No further work was done and the licence was

surrendered.

Amoco New Zealand Exploration Co. Ltd was awarded PPL38318 (offshore from

Castlepoint) in mid 1988. Onshore geological mapping and associated geochemistry

(Hutson, 1989; Lipke, 1989; Zumberge, 1990; Biros er al., 1994), reprocessing of

existing seismic, magnetic and gravity data, a marine geochemical programme and new

seismic led to the drilling of the East Coast Basin's second offshore well, Titihaoa-I. A
farm-in group of Mobil Exploration and Production New 7*aland Inc., Taranaki

Offshore Petroleum Company Ltd and Todd Petroleum Mining Co. Ltd drilled the

Titihaoa Prospect in 1994195. The well was subsequently plugged and abandoned as a

dry hole. Amoco withdrew from the partnership and the licence was relinquished in

1996, without further exploration.

1.4.4 Exploration history in Marlborough

Compared to eastern North Island, the exploration history in Marlborough is brief. In the

late 1950s BP Shell and Todd Petroleum Development Ltd acquired three licences in the

north-eastern part of the South Island and several independent operators held adjacent

licences. Geological mapping was conducted and two oil seeps located at London Hill

and Isolation Creek. No seismic reflection surveys were shot and no wells were drilled.

Striker Petroleum was awarded acreage in north-eastern Marlborough in 1988 but no

work was undertaken and the licence was surrendered shortlv after.

13
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L.5 Previous studies of petroleum geochemistry in the southern
East Coast Basin

Studies of petroleum geochemistry in New Zealand have generally concentrated on the

Taranaki Basin, New Zealand's only commercial petroleum province (e.g. Cook, 1987;

Collier, 1989). Until recently, relatively few such studies have been conducted in the East

Coast Basin.

'Modern' methods of petroleum geochemistry were first applied on the East Coast Basin

in the 1930s by the Vacuum Oil Company, who included a chemist in their exploration

team. Although using a different methodology from conventional present day TOC

analyses, organic carbon analyses of Waipawa Black Shale were obtained which

averaged 8.?Vo with samples of Whangai Formation averaging a modest 1.57o ffrancis,
1994), values similar to those recorded recently (e.g. Moore et a1.,1987).

Lowe and O'Reilly (1980) analysed a number of outcrop samples, well cuttings (from

Mangaone-l and Taradale-l) and oil from the Waitangi seep in the Gisborne area.

Results from vitrinite reflectance, visual kerogen analysis, stable carbon isotope and

soluble extract studies indicated that the only sediments with significant hydrocarbon

potential were Paleocene and Middle Eocene in age. The stable carbon isotope ratios of

the Waitangi oil suggested a marginal marine origin. Isotopic ratios for Waipawa Black

Shale and Middle Eocene sediments indicated a highly marine origin for the kerogen and

suggested these were unlikely to have sourced the Waitangi oil seep; however no source

for the Waitangi seep could be identified. Vitrinite reflectance studies suggested most

samples were immature for hydrocarbon generation. Visual kerogen studies identified

Waipawa Black Shale as having considerable oil source potential and this was supported

by pyrolysis studies.

Gibbons (1980) reviewed studies of maturity and source rock potential in the Gisborne

region and concluded that "...the only potentially significant source in the Gisbome

region and adjacent areas is the Paleocene Waipawa Black Shale". He noted that its
thickness (c. l0 m) was a limiting factor but suggested it should thicken eastwards. All
other formations analysed had little or no potential to source oil and gas, regardless of
maturity level. From this he suggested that the prospects of finding commercial quantities

of oil or even gas, in the Gisbome region, were poor.

Fry (1982) presented the results of geochemical analyses of 17 outcrop samples of Early

Cretaceous to Paleogene age from throughout the East Coast Basin. The samples were

t4
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examined for maturity by vitrinite reflectance and visual kerogen analysis and were found

to be immature for oil generation. The samples were then screened by Rock-Eval

pyrolysis and, where suitable, analysed by pyrolysis GC. Those found to have good

source potential were submitted for further analyses including GC-MS and stable carbon

isotope studies. Waipawa Black Shale samples were found to be dominated by

amorphous kerogen of marine algal origin and demonstrated both oil and gas potential,

although all were immature for hydrocarbon generation. They were found to be

isotopically heavy and contain novel C3g sterane biomarkers. An oil stain (Tunakore

Stream) was shown to be mature and very biodegraded, containing predominantly

isoprenoids with little n-alkane material. It also exhibited novel C30 steranes and

isotopically heavy 6l3C values. Despite observed similarities between the Tunakore

Stream oil stain and the Waipawa Black Shale samples no correlation was described as it
was concluded that the source had not vet been found.

Jackson (1982) presented the results of a geochemical study of 30 outcrop samples of
Cretaceous to Miocene age from throughout the East Coast Basin in a companion study

to that of Fry (1982). Again, most samples were found to be immature with respect to

hydrocarbon generation. Only three samples were considered to have moderate to good

hydrocarbon potential and these were from the Waipawa Black Shale, Whangai and

Karekare formations and were both oil and gas-prone. A number of samples were

thought to contain migrated hydrocarbons. Extracted hydrocarbons gave two signatures,

one indicating a marine source and the other more terrigenous. None of the outcrop

samples examined appeared to source the oillike extracts and no correlation was made

between the oil-like extracts or possible source rocks and the Waitangi oil seep. A
sample of oil from sandstones near Westcott Station was shown to be biodegraded.

Moore et aI. (1987) carried out Rock-Eval pyrolysis on 30 samples in a source rock

investigation as part of a wider study of the uppermost Cretaceous to Paleocene

sequence in eastern North Island. Whangai Formation samples (0.O6-l.46Vo TOC) were

found to have little source potential. By comparison, the Waipawa Black Shale, with 1.8

to l2.3%o TOC, was found to have very high generative potential. Kerogen in the two

formations was determined to consist primarily of mixed Types II (marine) and III
(terrestrial). The Upper Calcareous Member of the Whangai Formation was found to

contain dominantly marine organic matter whereas the Rakauroa Member had a higher

proportion of terrestrially-derived organic matter.

Adams and Ballance (1988) investigated the petroleum potential of the Cretaceous

sequence of southern Hawke's Bay. Results showed the sequence to have moderate TOC

l5
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values, low hydrogen/carbon ratios and low vitrinite reflectance values indicating "...ar

best, marginal oil source beds."

Weston et aI. (1988) conducted a biomarker conelation study of the three main seep oils

in the northern East Coast Basin (Waitangi, Totangi and Rotokautuku) (Figure 2.1) and

a number of rock bitumens. The three oils were found to exhibit similar characteristics:

They were all mature and only slightly degraded. A neritic depositional environment was

indicated with a significant input of tenigenous organic matter. The oils were presumed

to have been derived from Cretaceous shales although biomarker correlation with the

rock bitumens was not possible. Two rock bitumens from southern East Cast Basin were

included in the study: One was a "Paleocene chocolate shale" from Waipawa and; the

other an "Upper Cretaceous black shale" from near Castlepoint. The grid reference for
the latter, however, appears to suggest this too was Waipawa Black Shale. These

samples were uniquely characterised by a relatively low saturate fraction, and high

aromatic, polar and asphaltene fractions, compared with the northern oils and were

shown not to be the source for these oils.

Hirner and Lyon (1989) and Hirner and Robinson (1989) used carbon and sulphur stable

isotopes to correlate between different oils and between oils and possible source rocks

throughout New Zealand. East Coast Basin samples included the three main oil seeps in

the northern East Coast Basin, two oils from the Marlborough region and a Waipawa

Black Shale sample from Castlepoint. The East Coast Basin oils were shown to form a

distinct family, differing from the Taranaki and West Coast oils in that they exhibited

greater marine influence. It was also contended that the Waipawa Black Shale did not

source any of the East Coast Basin oils sampled.

During 1988 and 1989 extensive proprietary research was conducted by Amoco New

7-ealand Exploration Co. Ltd relating to their licences offshore of northern Wairarapa

(PPL 38318) and southern Hawke's Bay (PPL 38323). However, results of their

research, which include detailed organic geochemistry of oil and gas seeps and possible

source rocks from the adjacent onshore region, were not made publicly available until

late 1994/1995. Several geochemical evaluations of oil and gas seeps, bitumen-stained

sandstones and outcrop samples were conducted (e.g. Lipke, 1989; Zumberge, 1990),

based on fieldwork and sampling mainly from southern Hawke's Bay and northern

Wairarapa. Geochemical analyses included Rock-Eval pyrolysis, GC, GC-MS, VKA,

elemental analysis, stable carbon isotope and gas analysis.
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Overall the best potential source rock sampled was the Waipawa Black Shale with TOC
content up to 9.ZVo while, with somewhat less source potential, the Whangai Formation

was found to have up to ZVoTOC. In outcrop, both the Waipawa Black Shale and

Whangai Formation were found to be of low maturity with maximum values of early

peak oil generation. The Waipawa Black Shale was shown to be highly variable in oil-
proneness and this was considered to be due either to differential weathering or to a
change in organofacies. The Oligocene and younger sequences (Figure 2.5) sampled

generally had low TOC contents and were considered to have no source potential.

Wanstead Formation samples, however, had an average TOC content of I .17o, with gas-

prone and immature kerogen. Older Cretaceous units (Figure 2.5) were not adequately

sampled and their source potential was unknown, although it was thought to be much

less than that of the Waipawa Black Shale. Glenburn Formation samples, however,

averaged Z.LVo TOC but the organic matter was determined to be of such poor quality

that, even when mature, gas generation would be minimal.

Two general types of oils were recognised in the East Coast Basin: Predominantly

marine-sourced oils such as the Waitangi, Totangi and Rotokautuku seep oils, and mixed

Type IVIII oils from impregnated sandstones to the south (e.g. Okau Stream, Kerosene

Rock and Waipatiki oils and an oil-stained Wanstead Formation sample). Based on

biomarker and stable carbon isotope ratios, these oils are typically more mature than the

northern marine-sourced oils, biodegraded (with n-alkanes and isoprenoid hydrocarbons

absent), isotopically heavy, often contain the unusual biomarker bisnorhopane, and

appear to be derived from mature Waipawa Black Shale. The gas seeps analysed proved

to be mainly wet gases indicating a possible petroleum source.

Johnston et al. (1992), in a preliminary biomarker study of oil seeps, impregnations and

source rock bitumens from throughout the East Coast Basin, showed the oil seeps and

impregnations to have similar characteristics suggesting a possible common source. The

oils were shown to be dominaurtly mature marine oils with a minor and less mature

terrestrial component. It was suggested that such a source could be a Lower Cretaceous

marine formation, with a minor terrestrial component, or a Lower Miocene formation

buried to sufficient depth for oil generation.

Leckie et aI. (1992) presented the results of a petroleum source rock study involving 190

TOC and Rock-Eval analyses of Late Cretaceous to Paleogene strata throughout the

East Coast Basin. The Whangai Formation, with the exception of the Upper Calcareous

Member, was found to have low TOC values and hydrogen indices (HI). The Waipawa
Black Shale, described as a 50 m thick, "...tnerine condensed section...", was found to

r7
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have TOC contents lp to 5.3Vo wittt Typs II organic mattcr and Iil to 55O, In outcrop)

tho Waipawa Blaek Shale lies just above the oil window but in the subsurfgce was

thought ts be in the oil window or to have just pa$ssd througb it.
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L.6 Thesis objectives

The following represents a brief summary of the key points of the exploration history and

petroleum geochemistry of the southern East Coast Basin that was publicly available

prior to the commencement of the present study:

. Numerous oil seepages and impregnations and gas seeps are present throughout the

East Coast Basin:

. Some 50 wells have been drilled in the East Coast Basin, I I from the southern

region, but to date there have been no commercial discoveries;

' No oil-source rock correlations have been established;

. The seep oils from the northern East Coast Basin (Waitangi, Totangi and

Rotokautuku oils) appear to have similar geochemical characteristics and, unlike the

oils from the Taranaki and West Coast basins, have a predominantly marine

signature;

. Oils with different geochemical characteristics to the northern seep oils are also

present in the basin;

. The Paleocene Waipawa Black Shale represents the best potential source rock with

high TOC and HI values although, in outcrop, is immature for hydrocarbon

generation. The uppermost Cretaceous Whangai Formation, the Upper Calcareous

Member in particular, also represents a good potential source rock;

. Although poorly investigated the older Cretaceous and younger Neogene sequence

appear to have little hydrocarbon potential; and

. The Waipawa Black Shale is not the source for the northern seep oils.

Thesis objectives

The presence of oil and gas seepages prove that effective source rocks exist in the East

Coast Basin, and early oil exploration efforts appear to have concentrated on identifying

hydrocarbon traps rather than establishing the source for the petroleum. Serious efforts

to determine the source rock potential of the basin did not begin until the early 1980s,

but these often involved small numbers of samples and were often restricted in nature.

t9
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No real systematic approach was used with the outcome that no conclusive oil-source

rock correlations were determined and the source rock potential of the basin was not

fully established. The present study was originally conceived with the broad aims of
resolving these two major problems. To achieve this, however, a systematic approach to

the petroleum geochemistry and geology of the southern East Coast Basin was required

and the aims of the present study include the following:

. Geochemically characterise the southern East Coast Basin oils and hence determine

their source, maturity and biodegradation characteristics;

. Geochemically characterise all possible source rock formations and determine the

source of the organic matter and its level of thermal maturity;

. Assess the hydrocarbon generative potential of each of the possible source rock

formations and from these identify potential source rocks; and

. Establish oil-oil and oil-source rock conelations.

The geochemical survey covers the entire onshore East Coast Basin with Rogers (1995)

providing an appraisal of the northern East Coast Basin. The present study is concerned

with the southern part of the basin which extends from Napier, in central Hawke's Bay,

south to Marlborough and approximately Cheviot which borders the North Canterbury

Basin.

20
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Chapter 2

Geology of the southern East Coast Basin

2.1 General geology of the southern East Coast Basin

2.1.1 Introduction

The East Coast Basin (Figure2.l) extends along the eastern margin of New T.ealand

from East Cape in the north-east to Marlborough in the south-west and from the axial

ranges seaward to the Hikurangi Trough. It occupies an area of some 70,000 km2 of
which approximately half is offshore (Ministry of Commerce, 1993) and has been in

existence since the Early Cretaceous. Up to 10,000 m of mainly fine-grained marine

sediments may be present in parts of the basin (Ministry of Cornmerce, 1993).

Eastern North Island and north-eastern South Island have variously been referred to as

the East Coast Fold Belt (Katz, 1976), Axial Tectonic Belt (Walcott, 1978), East Coast

Deformed Belt (Sporli, 1980), Eastern Structural Belt (Moore, 1988a) and East Coast

Region (Laird, 1992). Many of these terms describe the same tectonic province and have

been the subject of debate (see Katz, 1983; Pettinga, 1983 and Sptirli, 1983). The term

'East Coast Basin' has found favour with those in the petroleum industry (e.g. Francis,

1995a), best describing the region as a petroleum province and as such will be used in

this thesis. First used by kslie and Hollingsworth (1972), the East Coast Basin was

defined as the "full length of the eastern side of the North Island from Wellington to

East Cape. It is bounded to the west by the Tararua-Ruahine-Raukumara Ranges and

extends offshore to the east". This has since been enlarged to include Marlborough and

extended eastwards to the Hikurangi Trough (Ministry of Commerce, 1993).

2.1.2 Tectonic Setting

New Zealand is located at the southern end of the Tonga-Kermadec-Hikurangi

subduction zone (Lewis and Pettinga, 1993) (Figure 2.2). Within this, the East Coast

Basin lies on the Hikurangi Subduction Margin (Cutten, 1992) occupying a forearc

position (Figure 2.3). Here the forearc is defined as the region lying between the trench-

slope break and the arc or frontal-arc high (Ballance, 1993b).
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Figure 2.2 Locatlon map showing New
Zealand's posltlon relative to the plate
boundary (from Lewls and Pettlnga, 1993).
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continent. Numbered arrows show rates of
relative convergence In mrn/y. Cross-hatching
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To the north the East Coast Basin forms an "imbricate-thrusted, seaward-thinning

wedge-shaped sedimentary basin complex" compressed against indurated Mesozoic

greywacke forming the axial ranges (Wright et al., 1992). This is associated with oblique

westward subduction of the Pacific Plate beneath the Indo-Australian Plate which began

25Ma ago @allance, 1993b; Lewis and Pettinga, 1993). The rate of relative plate

motion over the last three million years in the Hawke's Bay area has been calculated at

43.5 mmlyr, and this resolves into convergent and transcurrent components of 35 and

25 mm/yr respectively (Cutten, 1992). Plate convergence becomes progressively more

oblique to the south, to the point that in the Cook Strait area the motion consists almost

entirely of strike-slip movement (Kamp, 1992).

2.1..3 Structure of the East Coast Basin

Deformation of the basin occurs at the subduction complex where some of the relative

plate motion is transferred across the plate boundary into the overlying Australian Plate,

and is mainly caused by the drag associated with oblique subduction (Lewis and Pettinga,

1993). Perpendicular motion is taken up by thrusting on the trench slope while

transcurrent movement is accommodated along major strike-slip faults present along the

western side of the basin, adjacent to the axial ranges. Total Neogene displacement along

these faults is estimated at 150-200 km with late Quaternary movement rates of
1-4 mm/yr (Cutten, 1992). Partitioning of the oblique convergence into orthogonal and

transcurrent movement is a characteristic feature of the Hikurangi Subduction Margin

(Erdman and Kelsey, 1992).

Moore (1988a) proposed the division of eastern North Island into seven structural blocks

and two sub-belts based on differences in stratigraphy and structure of the Cretaceous-

Paleogene sequence (Figure 2.4). The following are brief descriptions of the five

structural blocks in the southern part of the basin (from Moore, 1988a) which have been

adopted in the present study.

Woodville Block is bounded by the Tararua and Ruatrine ranges to the west and the

Wairarapa-Makuri-Oruawharo faults to the east. Surface outcrop and oil exploration

wells indicate that the Torlesse Supergroup is directly overlain by Miocene or younger

sediments. The northern boundary is unknown but lies to the north of Mason Ridge-l
south-west of Napier.

Pongaroa Block contains a relatively complete, generally open folded, Cretaceous to
Paleogene 'cover' sequence, overlying the more deformed Lower Cretaceous Pahaoa

22
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Group sediments. A northern and southern segment have been distinguished, with Upper

Cretaceous and Paleogene strata generally absent in the south.

Coastal Block comprises most of the coastal ranges and in south-eastern Wairarapa is

bounded to the east by the Tutu Fault. Its extent offshore is unknown. This block is also

divided into northern and southern segments, based largely on facies changes within the

Whangai Formation.

Tora Block stratigraphy more closely resembles that present in Marlborough. Paleogene

strata are faulted against Early Cretaceous rocks (Pahaoa Group). Eastern and southern

limits of the block are unknown.

In the Aorangi Block Tertiary strata are largely absent, with the oldest rocks overlying

basement being of Late Miocene age. The Cretaceous sequence in the Aorangi Ranges

includes at least two major units: the Whatarangi Formation and the Moikau Formation.

It is unknown whether these are correlatives of the Mangapokia and Springhill

formations of the southern Pongaroa Block.

Western and Eastern Sub-belts

In addition to distinguishing seven major structural blocks, Moore (1988a) divided the

geology of eastern North Island into two sub-belts: The Western Sub-belt is structurally

more simple and comprises a mudstone-dominated Cretaceous sequence and minor

igneous rocks; the Eastern Sub-belt is characterised by much stronger deformation, a

Cretaceous flysch facies, and relatively common igneous rocks. The Western Sub-belt

includes the Motu, Woodville, Pongaroa, and Aorangi blocks. The Eastern Sub-belt

consists of the East Coast Allochthon, Coastal Block and Tora Block. Moore's work was

limited to the North Island and. therefore. excludes the basin's southern extension into

Marlborough.

2.1.4 Stratigraphy

A considerable amount has been written on East Coast Basin stratigraphy with early

reviews by Kingma and Speden (1978), I-ensen (1978a; b) and Suggate (1978). Moore

and Speden (1984) investigated the Early Cretaceous rocks of eastern Wairarapa and

Moore (1988b, 1989) studied the Late Cretaceous to Paleocene sequence of eastern

North Island. More recently, Irwis and Pettinga (1993) and Ballance (1993b)

investigated the stratigraphy and structure of Neogene subduction related sediments and

23
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Chapter 2. Geology of the southern East Coast Basin 24

Ballance (1993a) rcviewed the Upper Cretaceous and Paleogene passive margin

sequence.

The stratigraphy of the East Coast Basin can be divided into three sequences (Francis,

1992b; Lewis and Pettinga,1993; Ministry of Commerce, 1993):

Lower Mesozoic basement

Upper Cretaceous and Paleogene passive margin sediments

Subduction related Neosene sediments

East Coast Basin stratigraphy is reviewed below with the eastern North Island ('North

Island') considered first, followed by a section on Marlborough ('South Island').

Ernphasis is on fine-glained units with possible hydrocarbon source potential. The

generalised stratigraphy of the southern East Coast Basin is shown in Figure 2.5.

North Island stratigraphy

Torlesse Supergroup (after Speden, 1976)

'Basement' rocks of eastern North Island comprise greywacke (Torlesse Supergroup and

Pahaoa Group) of rniddle Pennian to Early Cretaceous age. Middle Permian to Jurassic

age rocks, collectively called Torlesse Supergroup (Speden, 1976), are present in the

Rimutaka, Tararua and western Aorangi ranges. Torlesse Supergroup comprises

structurally complex, well indurated, quartz-veined, quartzofeldspathic sandstone and

argillite with minor conglomerate, spilitic lava and associated volcanogenic sediments

(Moore and Speden, 1984).

Pahaoa Group (after Moore and Speden,1979)

Early Cretacous Pahaoa Group rocks are exposed forming coastal hills extending from

the Whangai Range east of Dannevirke, to White Rock south-east of Martinborough.

Pahaoa Group is composed of several units. Mangapokia Formation comprises

complexly deformed, moderately indurated, alternating sandstone and siltstone. Enclosed

within this formation are the Stronvar Member, a matrix-supported breccia-conglomerate

and the Taipo Formation, a poorly-sorted sandstone (Moore and Speden, 1984).

Mangapokia Formation (after Moore and Speden, 1979)

Mangapokia Formation comprises complexly deformed, moderately indurated, thin to
thick-bedded, carbonaceous, alternating sandstone and siltstone with minor spilitic

igneous rocks with associated volcanogenic sediments and chert (Moore and Speden,

1984). Plant remains are carbonised and coal fragments are common (Moore and



Plate 2.1 Indurated Springhill Formation, White Rock Road
(s28/rs3706).
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Speden, 1979). Thickness is uncertain due to complex folding and faulting but is at least

1500 m (Moore and Speden, 1984). The basal contact is not exposed but the Gentle

Annie Formation unconfonnably overlies Pahaoa Group. Fossil identifications give a

Motuan and possibly Urutawan age (Moore and Speden, 1984). The depositional

environment is thought to be a submarine fan-delta wherc the Mangapokia Formation

represents a middle to outer fan deposit (Moore and Speden, 1979;1984).

Gentle Annie Formation (after Moore and Speden, 1979)

Gentle Annie Formation comprises slightly to moderately indurated, relatively

undeformed breccia-conglomerate (Moore and Speden, 1984). Clasts include

sedimentary and igneous pebbles and concretions in a matrix of soft sandy siltstone or

muddy sandstone (Moore and Speden, 1984). The formation is up to 600 m thick, rests

unconfonnably on Pahaoa Group sediments and confbrmably underlies the Springhill

Formation (Johnston, 1975; 1980). Fossil identifications indicate a Motuan age (Moore

and Speden, 1984). Deposition is considered to be from a mass-flow resulting fiom

tectonic and/or gravity induced slumping (Moore and Speden, 1984).

Springhill Formation (after Moore and Speden, 1979)

Springhill Formation comprises moderately indurated, blue-grey siltstone, with

interbedded thin to medium-bedded alternating sandstone and siltstone (Moore and

Speden, 1984) (Plate 2.1). It is pyritic and contains large barite concretions, abundant

Inoceramus fossils and carbonised plant remains (Moore and Speden, 1984; Adams and

Ballance, 1988). Parallel and cross-lamination is common as are ripple and sole markings

(Moore and Speden, 1984). Formation thickness is uncertain due to folding and faulting

but Johnston (1975;1980) estimated it to be up to l800rn while Adams and Ballance

(1988) determined a thickness of about 350m. The Springhill Formation conformably

overlies the Gentle Annie Formation and is overlain conformably or unconformably by

either the Te Mai or Tangaruhe formations (Adams and Ballance, 1988) and is of
Motuan to Piripauan age (Moore and Speden, 1984). Sedimentary features indicate that

"truction currents in a shelJ environrnent played a major role in deposition" (Moore and

Speden, 1979).

Glenburn Formation (after Moore et a1.,1986)

Glenburn Formation comprises thick-bedded, parallel and cross-laminated carbonaceous

sandstone, conglomerate and breccia-conglomerate, thin-bedded sandstone, and dark

grey siltstone with intraformational slump zones, cyclic sequences and thin coal seams

(Moore, 1980). Dolerite sills and thin dikes of basalt and dolerite intrude the sequence

(Moore, 1980). Sedimentary features include scouring at the top and base of individual

25



Plate 2.2 Alternating carbonaceous sandstone and mudstone of the Te Mai Formation, near Akitio
(u251995634).
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beds and fluid escape structures (Murray, 1992). The Glenburn Formation is up to
1800m thick (Adams and Ballance, 1988), is unconformably overlain by the Te Mai

Formation (Johnston, 1980), and is of Ngaterian to Piripauan age (Moore et al., 1986).

Poorly sorted conglomerates with no clear imbrication suggest emplacement by marine

mass-flow (Moore, 1 980; Murray, 1992).

Te Mai Formation (afier Johnston, 1980)

Te Mai Formation comprises cross-bedded, alternating sandstone and siltstone with

interbedded thick grit and conglomerate beds (Plate 2.2). Glauconite is present,

greensand beds exist and many beds contain carbonaceous material. Thickness is

uncertain but is probably about 1500m (Johnston, 1975). The lower contact is

conformable with the Glenburn and possibly the Springhill formations while the upper

contact is conformable with the Whangai Formation. The age is considered to be largely

Piripauan, possibly extending down to middle Teratan Stage (Neef, l99l; 1992).

Johnston (1980) interpreted the presence of cross-bedding in eastern sections to indicate

deposition in a shallow current-swept environment. Current directions based on cross-

bedding indicate opposing currents, suggesting the Te Mai Formation was deposited in a

narrow tidal strait. Abundant burowing and numerous fossils, including planktonic

foraminifera, also suggest a shelf environment (Johnston, 1980). In contrast, Neef (1992)

described the fonnation in the Pongaroa district as having thickly-bedded alternating

sandstone-mudstone units with sharp bases and rare flute casts, and interpreted this as

deposition from turbidity currents in a bathyal environment.

'fangaruhe Formation (after Moore et al., 1986)

Tangaruhe Formation comprises alternating, mediurn blue-grey, micaceous, slightly

glauconitic sandstone and blue-grey, micaceous, slightly glauconitic siltstone (Moore e/

al., 1986). Sandstone units are graded with sharp bases and sharp to gradational tops.

Sole markings, flame structures, flaser-bedding and load casts are present. Above the

altemating sequence is 20 rn of medium, dark grey, weathering light brownish-grey,

massive, glauconitic and rnicaceous, slightly sandy mudstone. The Tangaruhe Formation

is at least l60rn thick, has a gradational but irregular upper contact with the Whangai

Formation and is of early Piripauan to early Haumurian age (Moore et aI., 1986).

Whangai Formation (after Moore, 1988b)

Moore (1988b) identified the Whangai Formation as comprising three main members:

Rakauroa, Upper Calcareous, and Porangahau, and two local members: Te Uri and Kir*s
Breccia (not present in the study area). In addition two regionally-extensive facies were

distinguished: a Western Facies composed mainly of poorly-bedded, non-calcareous to
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slightly calcareous mudstone, and an Eastern Facies of mostly well-bedded, non-

calcareous to highly calcareous mudstone.

Rakauroa Member comprises hard, poorly bedded, rusty weathering, bioturbated,

medium grey, non-calcareous, micaceous mudstone with thin glauconitic sandstone beds,

calcareous concretions, pyrite nodules ancl calcareous beds (Moore, 1988b). Apart from

fish scales and sparse foraminifera, fossils are rate (Moore, 1988b). Thickness ranges

frorn 40 to 400 m but is generally about 200-300 m (Moore, 1988b).

Upper Calcareous Member consists of hard, poorly bedded, light to bluish-grey

weathering, medium grey, slightly to moderately calcareous, bioturbated, laminated

micaceous mudstone with minor calcareous concretions, pyrite nodules and glauconitic

sandstone beds (Moore, 1988b). Carbonate content generally increases upward. With the

exception of Terebelllirn tubes and fish scales, macrofossils are scarce (Moore, 1988b).

Thickness ranges from 50 to 200 m (Moore, 1988b).

Porangahau Member comprises hard, well-bedded, grey-white weathering, grey to
green-grey, slightly to highly calcareous mudstone with common glauconitic sandstone

beds (Moore, 1988b). Red-brown and green mudstone, and ripple-laminated sandstone,

as well as alternating light and dark grey mudstone 'zebra beds' are also present.

Mudstone beds are usually moderately to highly bioturbated but, other than foraminifera

and trace fossils such as Zooplrycos, fossils are rare (Moore, 1988b). Thickness ranges

from 20 to 300 m (Moore, 1988b; Leckie et ctl.,1992).

Te Uri Member consists of hard, light grey, glauconitic, slightly calcareous, laminated

siltstone with interbedded glauconitic sandstone (Moore, 1988b). Thickness ranges from

20 to 40 m. Te Uri Member appears to be a lateral equivalent of the Waipawa Black

Shale (Moore, 1988b).

The Western Facies conformably overlies the Tangaruhe, Glenburn or Te Mai formations

whereas the Eastern Facies generally overlies the Glenburn Formation (Moore, 1988b).

In most cases both the Eastern and Western facies are overlain by the Waipawa Black

Shale (the exceptions being in the Whangai Range where there was non-deposition or

later erosion and in the Tora Block, which has a stratigraphy similar to that in

Marlborough). The Whangai Formation is Haumurian to Teurian in age based on

foraminifera and dinoflagellates (Moore, 1988b; Ballance, 1993a).
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Plate 2.3 Creamy-weathered Waipawa Black Shale and glauconitic
sandstone. Ro tohiwi Road quarry (U23 1992098).
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The Whangai Formation is known to extend south into Marlborough (Wellman, 1955;

Hall, 1964; Prebble, 1976). Lateral equivalents frorn the Marlborough-North Canterbury

region include the Conway Siltstone, Woolshed Shale, Herring and Mirza formations

(Moore, 1988b). The Whangai Fonnation is recognised in the Northland Allochthon

where it is known as Ngatutuli Claystone and also known fiom the Great South Basin

and New Caledonia (Ballance, 1993a). Deposition is thought to have occurred during a

marine transgression in a slowly subsiding basin or basins (Moore, 1988b). The high

silica content (averagingS3Vo) is attributed to diagenesis of diatom and radiolarian tests

and the restricted fauna considered to indicate deposition in a shelf environment, possibly

under conditions of reduced oxygen levels and subnormal salinity (Moore, 1988b).

Waipawa Black Shale (after Hornibrook, 1959)

Waipawa Black Shale comprises very poorly-bedded, hard to moderately soft, dark

brown-grey to brownish-black, bioturbated, micaceous mudstone and fine sandstone

with common glauconitic sandstone or greensand and intervals of Whangai-like

calcareous mudstone (Moore, 1989) (Plate 2.3). Few macrofossils other than locally

common Terebellirtct tubes and srnall bivalves are present (Moore, 1980). Foraminifera

ilre sparse with agglutinated species dominating whilst dinoflagellates and some

radiolaria have also been identified (Moore, 1989). Chemical analyses indicate the

Waipawa Black Shale has a high silica content (averaging 75Vo). Organic matter is

predominantly of marine origin with TOC content ranging from L8 to l2.3Eo, averaging

6Vo (Moore et aI., 1987). Thickness ranges from a few metres to more than 50m
(Moore, 1989). It conformably overlies the Whangai Formation with a gradational

contact, aind is confbnnably overlain by the Wanstead Formation (Moore, 1989).

Dinoflagellates and foraminifera indicate a middle to late Teurian age (Moore, 1988b).

Moore ( 1988b) interpreted the Waipawa Black Shale to have been deposited in a shallow

marine environment, possibly under conditions of reduced oxygen levels, abnormal

salinity and elevated water temperature. Recent interpretations, however, place

deposition at a water depth equivalent to the Lrpper slope or shelf break (Killops et al.,

1996). Leckie et al. (1992) interpreted the formation to represent a condensed section

deposited at the peak of a marine trtrnsgression, and the high proportion of terrestrial

plant debris to result from the flooding of nonmarine areas and increased supply of land

plant organic matter. The lack of planktonic foraminifera, may indicate deposition under

anoxic conditions (Leckie et al., 1992). The geographic extent of the Waipawa Black

Shale and its lateral equivalents has been extended to include northern Taranaki,

Northland, Canterbury, Great South and possibly southern Westland basins (Killops er

al., 1996) (see Figure 8.1). Both this and a deep-water depositional environment for the
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Plate 2.4 Alternating sandstone and mudstone of the Whakataki
Formation, near Whakataki (U26l817 323).



Chapter 2. Geology of the southern East Coast Basin

underlying and overlying units provide support for the outer shelf/upper slope

depositional environment proposed by KiIIops et al. ( I 996).

Wanstead Formation (after Moore et a1.,1986)

Wanstead Formation comprises very poorly-bedded, moderately hard, light grey

weathering, grey to greenish-grey, highly bioturbated, calcareous, mudstone with sparse,

thin glauconitic sandstone beds (Moore and Morgans, 1987). Scattered nodules and

veins of pyrite are common in places (Leckie et al., 1992). Macrofossils are absent but

foraminifera, dominantly benthic, are abundant (Johnston, 1980). The Wanstead

Formation is up to 490 m thick, confonnably overlies the Waipawa Black Shale and in

turn is overlain conformably by the Weber Formation, and ranges from middle Teurian to

Runangan in age (Moore and Morgans, 1987). Fine-grained sediments, the lack of

macrofossils and the abundant ibraminif'era irnply deposition in moderately deep water,

distant from land (Johnston, 1980). Foraminiferal studies indicate middle to upper

bathyal depths with short periods of outer shelf conditions and possibly a trend towards

increased oceanicity, productivity and paleodepths throughout the Paleogene (Moore

and Morgans, 1987).

Weber Formation (after Johnston, I 975)

Weber Formation comprises dark to light grey, almost white, calcareous mudstone and

siltstone with scattered grit, conglomerate, and hard pure limestone beds (Johnston,

1980). Carbonate content ranges from 23-70Vo, averaging 4O-50Vo (Leckie et al., 1992)

and is of foraminiferal origin (Morgans, 1977). Thickness is uncertain but is about 730 m

in the Tinui-Castlepoint area (Johnston, 1975). The Weber Formation conformably

overlies the Wanstead Formation in southern Hawkes Bay and is conformably overlain

by the Whakataki Formation (Johnston, 1980) and is ?Kaiatan-Runangan to early

Waitakian in age (Leckie et ctl., 1992). The abundance of fine-grained calcareous

sedintents and planktonic foraminifera indicates deposition under quiet conditions distant

from shore (Johnston, 1980) in water depths of about 400-500 m (Morgans, 1977).

Whakataki Formation (after Johnston, 1975)

Whakataki Formation comprises graded, carbonaceous, grit-mudstone beds with minor

lenses of algal limestone, conglomerate and breccia (Moore, 1980) (Plate 2.4). The

lower part of each bed is laminated and the upper part, commonly convolutely-bedded

(Johnston, 1975). Flame structures and flute casts are present (Johnston, 1975; Neef,

1992). The Whakataki Formation is at least 3000 m thick in the Castlepoint coastal area

(Johnston, 1980). It conformably overlies the Weber Formation and is overlain by the

Maunsell Formation (Johnston, 1975). Foraminiferal studies indicate an Otaian to
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Clifdenian age at Whakataki Beach (Turnbull, 1988) and a Waitakian to Otaian age at

Akitio (Neef, 1992). The formation was deposited in inner trench slope conditions from

turbidity cllrrents and coarse-grained sediment gravity flows (Tumbull, 1988). Additional

processes related to fan sedimentation were slumping and down-slope sedirnent creep

with feeder channels supplying the basin.

Early Tertiary Tora Block stratigraphy

Early Tertiary stratigraphy in the Tora Block is considerably different from that in other

structural blocks of eastern North Island and closely resembles that found in

Marlborough. The stratigraphy was resolved by Waterhouse and Bradley (1957) and,

although slightly modified by Alexander (1990), remains in use today.

Manurewa Formation (atier Waterhouse and Bradley,1957)

Manurewa Fonnation cornprises centimetre to decimetre-bedded, alternating fine to
medium, calcareous, glauconitic sandstone and siltstone with common massive

greensand and graded-bedded greensand interbedded with porcellaneous limestone

(Alexander, 1990). Total thickness is estimated to be 3l5m (Alexander, 1990). The

Manurewa Formation disconformably overlies the Whangai Formation with a sharp and

possibly channelled contact and is overlain by the Awhea Formation with a sharp and

non-planar contact, probably as a result of slumping (Alexander, 1990). Fossil

identifications give a Teurian age (Waterhouse and Bradley, 1957).

Awhea Formation (after Alexander, 1990)

Awhea Formation comprises thin-bedded blue-grey, calcareous sandstone and black,

micaceous mudstone (Waterhouse and Bradley, 1957). In some outcrops it includes

heterogeneous blocks ( l- l5 m in size) of greensand, limestone and calcareous siltstone in

a sheared siltstone matrix, resembling an olistostrome deposit (Alexander, 1990). The

Awhea Formation is up to 590 m thick (Alexander, 1990) and is of Teurian age.

Mungaroa Member of Awhea Formation comprises light grey to white, indurated,

thin-bedded, slightly sandy limestone (Alexander, 1990). It is well developed at Te

Kaukau Point, reaching 100 m in thickness, but rapidly thins northwards such that, in the

Tora area, it reaches a maximum thickness of 5 m and is often absent from the

stratigraphy (Alexander, 1990).

Kandahar Formation (after Alexander, 1990)

Kandahar Formation comprises creamy, thin-bedded, soft marl with occasional interbeds

of fine sandstone and red and green pelagic mudstone and common bentonite towards
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the top of the fonnation (Alexander, 1990). Waterhouse and Bradley (1957)

distinguished the Kandahar Formation from underlying chocolate-coloured shales of the

Pukemuri Siltstone, but Alexander (1990) found that, in the Tora area, the'chocolate'

shales interfingered with the Kandahar Formation and therefore did not differentiate

them. The Kandahar Formation is 860 m thick, has a gradational, conformable contact

with the underlying Awhea Formation (Alexander, 1990) and is Waipawan to Bortonian

in age (Waterhouse and Bradley, 1957).

Marlborough stratigraphy

Sawtooth Group (Torlesse Supergroup)

Greywacke of the Torlesse Supergroup forms the basement rocks in the Marlborough

region (Ritchie, 1986). It comprises dominantly complexly deformed and indurated

sandstone and mudstone, but includes conglomerate, rare chert, volcanics and limestone

(Laird, 1992). Due to complexity in structure, the total thickness is unknown. Torlesse

rocks are separated from younger strata by a rnajor regional angular unconformity. The

runconformity, however, represents only about 5 Ma as undeformed Motuan rocks

overlie Torlesse greywacke (Laird, 1992). In the Marlborough region Torlesse

greywacke is latest Jurassic to Early Cretaceous (Motuan) in age (Prebble, 1976;Laird,

t992).

Prebble (1976) recognised the Good Creek Fonnation, a 3600 m thick sequence of

alternating pale grey sandstone and dark grey to black argillite, massive sandstone and

conglomerate in the Kekerengu area. The forrnation appeared to be less indurated than

basement greywacke and was characterised by abundant conglomerate, grit and massive

sandstone. An Urutawan to ?Ngaterian age is indicated based on Inocerarnrs species

(Prebble, 1976). The dominance of angular sand-size clasts and the abundance of thick

conglomerates and massive sandstones indicated rapid deposition near a tectonically

active terrain and Prebble (1976) interpreted the formation to be a redeposited flysch-

type sediment. Ritchie (1986) did not differentiate between Torlesse greywacke and the

Good Creek Formation and mapped all Torlesse Supergroup-like rocks in the

Kekerengu-Coverham area as 'Undifferentiated Sawtooth Group' and concluded that

"structural/deformation characteristics cannot be used as criteria for separating the

Torle s se from non-Torle sse rocks" .

Split Rock Formation (after Ritchie, 1986)

Champagne Member comprises basal conglomerate overlain by moderately indurated,

dark blue-grey to grey-black siltstone and graded-bedded sandstone and siltstone (Hall,

1964). The conglomerate consists of well rounded, indurated pebbles of greywacke,
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Plate 2.5 Alternating carbonaccous santlstone and mudstone of the
Wharfe Sandstone Member, Split Rock Forntation. Swale Stream,
Coverham (P30/823170).
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argillite, quartz, jaspillite and granite up to 15 cm across set in a matrix of indurated

sandstone (Hall, 1964). The Champagne Member is generally about 500-650 m thick but

in the Ouse-Wharfe area is replaced by the Ouse and Wharfe members. The basal

conglomerate of the Champagne Member overlies Torlesse greywacke with an angular

unconformity and there is considerable difference in metamorphic rank across the contact

(Hall, 1964). Fossil identifications give a Motuan age.

Ouse Member comprises brittle, crushed argillite beds at the base, and elsewhere a

moderately soft, dark blue-grey siltstone. Graded-bedded sandstone and siltstone in the

upper part of the member is sheared and contorted. The Ouse Member is 250 m thick,

disconformably overlies the Champagne Mernber with no angular discordance, and is of
Motuan age (Hall, 1964).

Wharfe Sandstone Member comprises alternating, moderately hard, mediurn to light

grey, finely laminated sandstone and moderately hard, dark blue-grey to black,

weathering light grey, siltstone (Hall, 1964) (Plate 2.5). Small slump structures are

apparent and plant fragments and scour casts are common on the base of the sandstone

beds. The Wharfe Sandstone Member is 120 m thick, lies conformably on the Ouse

Member with the boundary arbitrarily placed where sandstone beds dominate siltstone

and is of Motuan age (Hall, 1964).

Swale Siltstone Member comprises rnassive, dark mudstone with abundant large,

spherical, calcareous concretions (Hall, 1964). The upper part of the member comprises

graded-bedded sandstone and siltstone. Plant fragments and scour casts occur at the base

of the sandstone band.s. The Swale Siltstone Member is 500 m thick, conformably

overlies the Wharfe Sandstone Member and is of Ngaterian age (Hall, 1964).

The Split Rock Formation was deposited on deformed Sawtooth Group sediments as

slope basin (fan delta) sediments (Ritchie, 1986). The presence of echinoids and

calcareous foraminifera suggest moderate depths (Ritchie, 1986). The basal

conglomerate of the Champagne Member is likely to have been emplaced by debris flows
attd to have been sourced from erosion of Sawtooth or Sawtooth-like rocks. Reay

(1980) considered the Split Rock Formation to have been deposited by traction currents

in a distributary channel of a shallow marine fan-delta on a fault controlled coast.

Burnt Creek Formation (after Hall, 1964)

Burnt Creek Formation comprises blue-grey siltstone, graded sandstone and siltstone

beds with interbedded conglomerate and a l0 rn basal conglomerate (Prebble, 1976). Ir is
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Plate 2.6 Massive, sulphur-stained Conway Siltstone. Railway cutting, Claverley Road (O32l474442).
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400 m thick, rests unconformably on the Good Creek Formation and based on

Inocerantus species is Teratan in age (Prebble, 1976).

Conway Siltstone (after Warren and Speden, 1977)

Conway Siltstone comprises massive, medium to dark grey, bioturbated siltstone with

minor glauconite and hard, spherical, calcareous concretions, often containing reptilian

bones (Warren and Speden , 1977) (Plate 2.6).It is 240 m thick, conformably overlies the

Tarapuhi Grit and is conformably overlain by the Claverley Sandstone, and is of
Haumurian age (Warren and Speden, 1977). The Conway Siltstone was deposited in a
marine, probably near-shore environment with restricted bottom circulation, possibly a

barred submarine depression (Wanen and Speden, 1977). The high sulphur content is

thought to be caused by bacterial activity in an organic-rich, low-oxygen environment

and the extensive burrowing was due to molluscs tolerant of low oxygen levels (Warren

and Speden,1977). The Conway Siltstone is lithologically similarto the'Sulphur Sands'

of the middle Waipara area and is recognised throughout North Canterbury. It is also a

lateral equivalent of the Whangai Formatiott but is less siliceous and more massive

(Warren and Speden, 1977).

Claverley Sandstone (after Warren and Speden, 1977)

Claverley Sandstone comprises massive yellow-grey, poorly-sorted, glauconitic

sandstone with lenses of grey, very hard, calcareous silty sandstone. The sandstone is

extensively reworked by burrowing organisms. The formation is 43 m thick at Claverley,

and confonnably overlies the Conway Siltstone, is conformable overlain by the Arnuri

Limestone and is Haumurian to Waipawan in age (although there is no evidence of
Teulian rocks (Warren and Speden, 1977). The Claverley Sandstone is considered to

have been deposited very slowly in a shallow marine environment, receiving wind-blown

sand, with intermittent deposition of carbonate mud of local biogenic origin (Warren and

Speden, 1977).

Flags Formation (after Prebble, 1976)

Flags Formation comprises pale brown, convolute and truncate-laminated, quartz

silndstone, graded beds of quartz sandstone and dark nodular siltstone and mudstone

with rninor glauconitic grit and glauconitic pebble conglomerate (Prebble, 1976). The

quartz sandstone often displays sole markings and scour and fill features and frequently

occurs in thick bands interfingering with the Whangai Formation (Prebble, 1976). The

Flags Formation is 200 m thick. No contacts with underlying or overlying strata were

found but it grades laterally into the Whangai Formation from east to west (Prebble,

1976). Foraminifera indicate an Haumurian age (Prebble, 1976). Graded bedding and
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Plate 2.7 Mata Series. S.H. I, opposite Kaikoura Racecourse (031/654660).

Plate 2.8 Cretaceous/Tertiary boundary within the Amuri Limestone. Woodside Creek (P30/988190).
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associated sedimentary features indicate the formation represents a turbidite sequence, a

redeposited facies equivalent of the Whangai Formation and Sulphur Sands (transitional

and shallow water deposits respectively) (Prebble, 1976).

Undifferentiated Mata Series (after Lensen, 1962)

Mata Series sediments (Plate 2.7) comprise lateral equivalents of the Whaurgai Formation

that have slightly different sedimentological characteristics. East of Ward Mata Series

sediments comprise argillaceous siltstone interbedded with lensoidal argillaceous

limestone (Lensen, 1962) and are similar in appearance to the Amuri Limestone. South

of Kaikoura, Mata Series sediments grade laterally into glauconitic and sulphur'-stained

sandstone and become similar in appearance to the Claverley Sandstone and Conway

Silt.stone.

Whangai Formation (after Wellman, 1955)

Whangai Formation comprises poorly-bedded, dark grey or grey-brown, micaceous,

siliceous siltstone with a sulphurous efflorescence, a well developed cleavage with

splintery fracture and abundant large concretions near the top of the formation (Prebble,

1976). Moore's (1988b) subdivision of the Whangai Formation did not include the

Marlborough region and it is, therefore, discussed here as a single unit. The formation is

up to 500 m thick in the Kekerengu area, rests contbrmably on the Paton Sandstone and

is conformably overlain by the Flint Beds of the Amuri Limestone (Prebble, 1976). Fossil

identifications indicate an Haumurian age (Prebble, 1976).

Amuri Limestone (after Hall, 1964)

AmuriLimestone (Plate 2.8) comprises seven members which are, from top to bottom:

Whales Back Limestone

Fells Greensand

Upper Bentonite

Middle Limestone

Lower Bentonite

Lower Limestone

Flint Beds

Whaingaroan-Wai takian

Runangan-Whaingaroan

Porangan-Runangan

Heretau n gan -B orton i an

Man gaorapan-Heretaun gan

Teurian-Mangaorapan

Haumurian-Teurian

60-l l0 m

25m
90-180 m

180 m

90m

120 m

315 m

The limestone members are generally hard, well-bedded white to cream-coloured,

porcellaneous limestone (Prebble, 1976). The Bentonite members comprise alternating

beds of white limestone and greenish-white calcareous bentonitic mudstone (Prebble,

1976). The Fells Greensand Member is a green or greenish-brown, medium to coarse-
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grained, finely laminated, calcareous, highly glauconitic sandstone (Prebble, 1976). The

Flint Beds comprise dark grey to black, hard, lenticular chert. The upper Flint Beds

alternate with thin beds of hard, white siliceous limestone (Prebble, 1976). Formation

thickness is about 1000 m over much of the Kekerengu-Waima region and thins rapidly

to the east (Prebble, 1976). The Flint Beds lie abruptly but conformably over the

Whangai Formation and the Upper Bentonite Member is conformably overlain by the

Woodside Formation (Prebble, 197 6).

The Amuri Limestone is characterised by having rninimalclastic input. The fine grain size

and lack of fossils suggest that the limestone members and the Flint Beds were

chemically deposited (Prebble, 1976). Clastic deposition is restricted to the graded beds

of the Upper and Lower bentonites, interpreted as being the extreme distal end of
turbidites, and to the Fells Greensand, considered to be a more proximal turbidite deposit

(Prebble, 1976). Clastic input is dorninated by clay, quartz and glauconite and indicates

slow deposition from a land of low, subdued relief (Prebble, 1976).

Woodside Formation (after Prebble, 1976)

Woodside Fonnation comprises graded beds of moderately soft, pale grey, slightly

glauconitic sandstone and moderately soft, dark grey or brownish-grey, mudstone with

occiisional bards of slightly harder, massive, pale grey, glauconitic sandstone (Prebble,

1976). The formation is at least 170 m thick and conformably overlies the Upper

Bentonite Member of the Amuri Limestone (Prebble, 1976). The upper contact has not

been found. Foraminif'era indicate a Waipawan to Heretaungan age (Prebble, 1976). The

well developed graded-bedding suggests that the Woodside Formation is a rurbidite

sequence and marks the onset of clastic deposition in the east at a much earlier tirne than

the rest of the Kekerengu-Waima River-Coverham area (Prebble, 1976).

Waima Siltstone (afrer Hall, 1964)

Wairna Siltstone comprises moderately soft, medium blue-grey, slightly micaceous and

glauconitic, calcareous siltstone with rare macrofossils (Hall, 1964; Prebble, 1976). The

lower half of the siltstone is muddy while the upper half is sandier and contains silty

sandstone beds and scattered pebbles. Graded beds of fine sandstone and siltstone occur

near the top of the formation (Prebble, l9l6). The Waima Siltstone is 200-300 m thick

and conforrnably overlies the Whales Back Limestone Member of the Amuri Limestone

and is conformably overlain by the Great Marlborough Conglomerate (Hall, 1964).

Foraminifera indicate the formation is Waitakian to Otaian, and possibly Altonian, in age

(Prebble, 1976). The Waima Siltstone is a moderately deep water (slope or bathyal)

deposit and marks the end of calcareous deposition in the region (Hall, 1964).
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Petroleum geology of the southern East Coast Basin

2.2.7 Petroleum geology

With more thln 400 oil and -ql.s sccps and impre_enltions recorded. the East Coast Basin

has provcn hydrocarbc)n -sencration (Frmcis, 199?b: Field er a/., 1995). This shorvs that

ct'fective source rocks (a combination of potential source rocks and sufllcient thermal

maturity) are present within the buin. The accumulation of hydrocarbons, however,

depends on the tactors such :rs re.servoir, serl, structure and trap. collectively known as

the 'petroleum system' (N1agoon lnd Dorv, 1994). The East Corst Basin petroleum

system has been discussed by Field et al. (1995) (Fi,sure 2.6) and is summarised below.

Figure 2.6 'Ihe East Coust Basin petnrleum sl,stenl (ti'om field et al., \995). lraler sh:rding
in<licute.s lesser certaintv or .signilicunce.

Source rocks

Numerou.s possible sourcc rock.s have becn describcd tiom the sourhcm Easr Comt
Basin. The middle to Late Crctaceous Glcnhurn lnd Te \lai tbrmarions. comprisin_ri

alternating beds clf clrhonaccous mudstonc and stndstone r.vith lbundant temcstrial

org:rnic material. provide signitjcunt .sourcc potcntiirl lithough prohably are

ptedt'rmitltntly gxs-pronc (Nlinistry of Commerce, l99i: Frlnci.s and Jtrhansen. 1996).

Thc latc.st Crctlccou.s \\'hureri FurmaLion, plrticulu'ly rhe Upper Cllc:rrcous urd
Rakaurou mcmhers. hlvc .shor.vn modcrate to hi-sh TOC lnd HI r,'llues (i!1oore, 1988b;

Lcckie er ol., 1992) indicuLing oil and mixed oil and,qas-prone kerogen. The Paleocene

Waiparva Black Shulc has bce n considered thc hest potcnti:.ll source tormation in rhc East
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Chapter 2. Geology of the southern East Coast Basin

Coast Basin (Ministry of Commerce, 1993; Field er aI., 1995) with TOC and HI values

up to l2.3%o and 428 respectively (Moore, 1989). Waipawa Black Shale outcrops often

smell strongly of hydrocarbons, and have given rise to names such as Kerosene Bluff.

The Eocene Wanstead Formation, however, only provides a limited source prospect

(Amoco Staff, 1990) and Miocene flysch sediments (such as the Whakataki Formation),

despite moderate levels of organic matter, appear to be thermally immature.

Maturation
The presence of oil and gas seeps provide obvious evidence that sufficient maturation for

hydrocarbon generation has occurred. Basin thickness is estimated to be up to 7-8 km in

Hawke Bay (Field et al., 1995). The Upper Cretaceous to Paleogene possible source

rock sequence have undergone rapid burial since the Miocene with up to 3-4 km of
Neogene sediments deposited in the southern part of the basin (Field et al., 1995).

Reservoir rocks

Numerous reservoir rocks are present in the stratigraphic sequence (Table 2.1) although

they are predominantly Miocene or younger in age (Field et al., 1995). The Glenburn

Formation provides, in general, a poor reservoir, but its great thickness increases its

significance. Fracture porosity is a possibility in the Whangai Formation in regions of
intense structure (Francis, 1995a). Paleocene to Oligocene greensands in southern

Hawke's Bay and Wairarapa are proven reservoirs, often containing migrated

hydroca.rbons. Miocene flysch sediments and paralic or shelfal sands contain good

porosity and permeability values and are regional in extent (Francis, 1992b). The

Pliocene and Quaternary Te Aute limestones were early recognised as excellent reservoir

units and were the primary drilling target for a number of exploration wells (Francis,

1992b; Ministry of Commerce, 1993).

Seal

Seal rocks are not considered a problem in the East Coast Basin due to a predorninance

of fine-grained marine sediments. Only for shallow exploration targets (such as the Te

Aute Limestone) could the seal be insufficient where Lower Quaternary marine cover is

thin or sandy (Ministry of Commerce, 1993). Seal quality, however, is reduced by the

large number of faults present in the basin. Widespread oil and gas seepages attest to

numerous migration pathways and many of these have been associated with faulting.

Structure

The Woodville Block has been shown to comprise only thin Miocene and Pliocene cover

on basement. The Pongaroa Block, however, comprises a much more complete
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Cretaceous, Paleogene and Neogene sequence (Francis, 1992b). Within the Pongaroa

Block many structures are too intense (disjointed) for significant hydrocarbon

accumulation but there are a number of gentle structures present, especially within the

Akitio Syncline (Francis, 1992b). The Aorangi Block, like the Woodville Block, also has

Miocene resting on btrsement with the possible source rock sequence absent and

therefore is also relatively unprospective.

2.2.2 Occarrences of oil

Unlike the well known and visually spectacular Waitangi, Totangi and Rotokautuku seep

oils of the northern East Coast Basin, oil occurrences in the southern part of the basin

manifest themselves in a somewhat less obvious manner, typically as oil impregnations. A
large nurnber of oil seeps and irnpregnations have been described in the literature (e.g.

Mclernon, 1978), but subsequent fieldwork established that a high proportion of these

are no longer active. At the conclusion of fieldwork six oil samples had been obtained

(Table 2.2). Grid-references for their locations are provided in Appendix 1.

Intbnnal names are given in apostrophes. WBS=Waipawa Black Shale.

Table 2.2 List of oil samples, their locations and geology.

The following is a brief description of each of the oil occurrences.

K-nights Stream oil

This was collected from an outcrop of Whangai Formation (Rakauroa Member) adjacent

to Knights Stream, near Otane in southern Hawke's Bay. The outcrop smelt strongly of
hydrocarbons. The oil appears not to be in sira but to have migrated to its current

location, as biornarker studies (Section 6.5.2) of nearby outcrops of the Whangai

Formation and Waipawa Black Shale indicate they are immature for hydrocarbon

generation.
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Samnle No, Location Phenomenon Geology

NE2TOIL

NEICOL

NEI IOOIL

NEI I5OL

NEI2OOIL

NEl3OOIL

'Knights Stream', Otane

'Isolation Creek'

'Keroserre Rock', Owahanga

'Westcott' Station

'Tiraumea'Vallcy Rd

'Okau Stream'

oil impregnation

oil tllm

oil impregnation

oil impregnation

oil impregnation

oil imnreenation

WhangaiFm, Rak. Mem.

Amuri Limestone

glauconitic sandstone

Miocene sandstone

Miocene sandstone

greensand within WBS



Plate 2.9 Oil-stained sandstone 'Westcott oil' within Miocene siltstone. Adjacent to Mangapuku

Stream at Westcott (U24l888902).
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Isolation Creek oil

This was collected from Isolation Cteek in north-eastern Marlborough. The Isolation

Creek oil seep is well known, being shown on the geological map of Lensen (1962). The

seep appears to be somewhat sporadic in nature, being more active at certain times and

even appearing in slightly different locations indicating multiple migration pathways. The

sample was collected from a thin fihn of oil coating a small pool adjacent to the true right

hand tributary, a short distance upstrcam frorn the hut (refer to NMZS 260 map sheet

P29/Q29). A sulphurous-smelling ooze was also found seeping from a bedding plane in

the host rock (Amuri Lirnestone).

Kerosene Rock oil

This was collected from Kerosene Rock at Owahanga, on coastal north-eastern

Wairarapa. Kerosene Rock is an oil-stained glauconitic sandstone of early Oligocene age

(Hutson, 1989), set in a jurnble of Upper Cretaceous to Eocene strata resulting from

Neogene diapirism (Neef, 1992). This glauconitic sandstone has been accorded 'member'

status and is referred to as the Akitio Sandstone Member of the Weber Formation

(Arnoco Staff, 1990). A strong hydrocarbon smell emanated from freshly broken rock.

Westcott oil

This was obtained from what was formerly Westcott Station (status at the tirne of
fieldwork was unclear) and is commonly refened to as the Westcott oil seep. The sample

was collected from a sandstone bed within a marine siltstone of Early Miocene age

(Plate 2.9) (see Hutson, 1989).

Tiraumea oil

This was discovered while investigating a coal outcrop on Tiraumea Valley Road. The

host rock appeared to be a marine siltstone or sandstone of ?Miocene age.

Okau Stream oil
This was obtained from a tributary of Okau Stream, north of Castlepoint. It was

collected from a c. 1.5 m thick bed of greensand enclosed within the Waipawa Black

Shale (Plate2.10). The location has been previously noted by Moore (1989) and

described more recently by Francis (1992a). The enclosing formation did not appear to

be oil-stained and biomarker studies indicate it is not the immediate source for the oil.

Occurrences of oil referred to as 'Maunga Structure', 'Cook's Tooth' and 'Kerosene BlufT
(see Mclernon, 1978) were also visited but there was no sign of any activity. A number

of the Waipawa Black Shale outcrops, notably those from Taurekaitai and Otoro streams
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Plate 2.10 Oil-stained glauconitic sandstone 'Okau Stream oil'
enclosed within Waipawa Black Shale. Okau Stream (U261817364),
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(samples NE3l and NE33 respectively), smelt strongly of hydrocarbons, but biomarker

results (Section 6.5.2) indicate they are not mature oils and hence they may be the

product of early generation. Gas seeps and mud volcanoes were also encountered during

fieldwork.

Only the Isolation Creek oil was obtained from the Marlborough region; London Hill,
the other known oil seep [also shown on the geological map of knsen (1962)], was

inactive when visited. The landowner commented that his livestock waterhole adjacent to

the seep is often covered by an oily film. It appears that late summer, when much of the

fieldwork was conducted, is not a good time to look for oil seeps as the water table at

this time recedes underground.

40



4l

Chapter 3

Analytical procedures

3.1 Sampling

3.1.1 Sampling strategy

The initial aim of the present study was to sample all possible source formations, both

geographically and stratigraphically. Unfortunately poor exposures meant that the exact

stratigraphic location of samples often proved indeterminable.

Time constraints and the nature of this study precluded detailed geological mapping.

Instead the location and identification of samples were obtained through a literature

survey. Primary sources of information included university theses (mainly from Victoria

University of Wellington but also Canterbury University in regard to Marlborough

stratigraphy), various joumals (notably New Tnaland Journal of Geology and

Geophysics), unpublished open-file Petroleum Reports lodged at Resource Information,

Energy and Resource Division of the Ministry of Commerce, and in-house publications

from the Institute of Geological and Nuclear Sciences Limited (IGNS). References to oil

sample localities were obtained from both Mclernon (1978) and the Geological

Resource Map (GERM) data base.

3.1.2 Sample collection

Meaningful geochemical analyses require minimal alteration or contamination of samples,

and every attempt was made to collect fresh material. This sometimes involved

considerable excavation of the exposure and weathering rinds where present. Soil,

vegetation (particularly lichen and roots) and insects were all carefully removed. Despite

this, some outcrops were in rather poor condition and these were noted. Typically, two

to three kilograms of each sample were collected.

The only seep oil collected was that at Isolation Creek in Marlborough. Here the seep

was situated adjacent to a stream and was most easily collected by skimming a thin oil

film from the surface of the water.
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Unlike the northern East Coast Basin, the southern portion has had relatively few

exploration wells drilled, and these often penetrated sequences that lacked prospective

source formations. Therefore, after consideration, no well cuttings were taken for
analyses and the present study is based on approximately 150 outcrop and six oil

samples.

3.1.3 Sample preparation

Prior to crushing and powdering, damp samples were air-dried at room temperature (to

retain any volatile hydrocarbons present). Any remaining extraneous matter was

removed. The samples were initially broken up in an hydraulic press and then crushed to

a maximum size of -2 to -3 phi (4-8 mm). They were then powdered in a TEMA
(tungsten carbide) swing mill to 200 pm. Approximately 100 g of powdered sample was

obtained.

Due to the different requirements of each analytical method, whole rock, crushed and

powdered fractions were prepared for each sample. Whole rock samples were used in

vitrinite reflectance and VKA. Powdered samples were used in TOC, Rock-Eval

pyrolysis and XRF analyses. Gas chromatography, GC-MS and stable carbon isotope

analyses were also obtained from organic matter extracted from powdered samples.
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3.2 Laboratory procedure

3.2.L Introduction

Total organic carbon, Rock-Eval pyrolysis, GC, GC-MS, stable carbon isotope, VKA,
vitrinite reflectance, and XRF spectroscopy analyses were conducted as part of the

present study. Methodologies of these analytical techniques are not included here but are

discussed within their relevant chapter or section following their introduction.

Gas chromatography (GC), GC-MS and stable carbon isotope analyses of oils and

possible source rocks require the extraction of soluble organic matter (bitumen) and its

subsequent separation into various constituents. Methods used follow those of Collier
(1989), for a biomarker study of Taranaki Basin oils and source rocks, although due to
the lower organic content of East Coast Basin formations, larger samples and hence

modifications to existing equipment were required.

3.2.2 Solvent extraction

Approximately 30 g of sample was used in the extraction process. Extraction was by the

soxhlet method (which allows a continual extraction using only 200 ml of solvent) over a

period of 72 hours. The solvent (dichloromethane) was later removed (to dryness) by

rotary evaporation leaving a concentrated organic extract of the sample

Oil samples required separation from water and/or host rock. In the separation of oil

from water, dichloromethane was added and the resulting mixture shaken. It was then

poured into a separating funnel and allowed to settle. The solvent (containing the

dissolved oil) remained immiscible with the water and was simply drained.

Dichloromethane was removed by rotary evaporation, leaving a concentrated sample of
oil.

Oil-stained samples were crushed to granule (2-4 mm) size or finer and dichloromethane

was added and hand shaken for about 30 seconds. The free hydrocarbons dissolved into

the solvent which was then decanted from the host rock. The solvent was then removed

by rotary evaporation leaving a concentrated sample of oil. The washing process was

deliberately rapid as any in siru organic matter (from the host rock) will also dissolve into

the solvent.
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3.2.3 Separation of organic constituents

Bitumen and oil samples comprise hundreds of complex organic compounds of which

only a few specific compound types are required in GC and GC-MS analysis. The

remaining fraction may interfere in the analysis by coeluting with the compounds of
interest. Therefore, prior to analysis, bitumen and oil samples were separated into their

various components and interfering fractions, such as asphaltenes, aromatics and

n-alkanes, are isolated and then removed, as described in the following.

Precipitation of asphaltenes

Asphaltenes comprise NSO compounds which, if not removed from the GC extract,

would interfere with separation of components during gas chromatography (Muirhead,

1983). Asphaltenes were removed by precipitation in a non-polar solvent (n-pentane),

followed by filtration (Muirhead, 1983). No analyses were done on this fraction.

Separation of aromatic from saturate fractions

Muirhead (1983) described two methods of liquid-solid chromatography for the

separation of petroleum, one of which was suitable for small samples (c. 100 mg), typical

in oil-oil and oil-source rock conelation studies. This was the method used in the present

study.

The aromatic fraction was separated from the saturate fraction in a process of elution

chromatography using a dual silica gel-alumina column. The silica splits the saturates

from the aromatics, while the alumina causes a subseparation of the aromatics

(Muirhead, 1983). A 30 cm x l2 mm I.D. glass column was fitted with an Interflon stop-

cock and a coarse glass sinter above it (Muirhead, 1983). The adsorbents were silica gel

and alumina, conditioned at 150"C and 400"C respectively. The column was initially half-

filled with n-pentane to which 5 g of alumina and 3 g of silica were added. The organic

extract, diluted slightly in n-pentane, was then added to the column. The saturate fraction

was washed through with 100 ml of n-pentane eluant and then concentrated by rotary

evaporation. The aromatic fraction was eluted with 100 nrl of trichloromethane and also

concentrated by rotary evaporation. This fraction was later investigated by stable carbon

isotope analysis. The saturate fraction was split into two. One-half was ready to be

analysed by GC, the other half required further processing prior to analysis by GC-MS.

Removal of n-alkanes by molecular sieve adsorption

N-alkanes interfere with the analysis of biomarkers (they give significant peaks for ions of
low relative abundances, such as mlz I 9 I and 2 l7) because they are considerably more
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abundant than steranes and triterpanes (Collier, 1989). Therefore before the saturate

fraction is analysed by GC-MS the n-alkanes need to be separated from the branched and

cyclic saturates. This was done by refluxing the saturate fraction in

2,2,4-trimethylpentane (isooctane) with a molecular sieve for 12 hours. The Union

Carbide SF 115 molecular sieve (64) preferentially adsorbs the straight-chained

saturates, effectively separating them from the desired fraction which can be decanted

and then concentrated by rotary evaporation.

All samples were stored in small (2 nrl) glass vials at reduced temperature (-7"C), to

restrict biodegradation, prior to GC, GC-MS or stable carbon isotope analyses. Although

the samples degrade with time, if they are analysed within two months of storage, there is

no noticeable affect. The entire extraction and separation process takes approximately

five days and sufficient equipment was available to process nine samples at a time.
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Total organic carbon and Rock-Eval pyrolysis

4.1 Total organic carbon (TOC)

4.1.1 Introduction

An essential requirement for a prospective source rock is the presence of sufficient

organic matter of suitable type (Tissot and Welte, 1978). Total organic carbon (TOC)

analysis, expressed as weight percent of rock, is a quick method of screening large

numbers of samples to determine whether they warrant further, more detailed analyses.

Quantity of organic carbon, as determined from TOC analyses, is a common

classification of source rock quality (Table 4.1).

Certain minimum values of TOC are required before expulsion of hydrocarbons from a

source rock is possible and these are considered to be 0.3V0 for carbonates and 0.5Vo for
shales (Tissot and Welte, 1978), carbonates having a higher concentration of
hydrocarbons per unit TOC than shales (Gehman, 1962).

There are two common methods of determining TOC from rock samples, both of which

are comprehensively reviewed by Jarvie (1991) and Peters and Moldowan (1993). The

first method requires acid treatment of samples to remove carbonate carbon followed by

combustion in an induction furnace at 1200'C under an oxygen atmosphere (Tissot and

Welte, 1978; Jarvie, 1991; Peters and Moldowan, 1993). Evolved CO2 is measured by a
thermal conductivity detector (TCD). A second, increasingly conunon, way to measure

TOC is by the Rock-Eval/TOC method which combines Rock-Eval pyrolysis with an

Classification TOC in clastics
fut. To\

TOC in carbonates
(wt. Vo)

Poor

Fair

Good

Very good

Excellent

0.00 - 0.50

0.50 - 1.00

r.00 - 2.00

2.00 - 5.00

> 5.00

0.00 - 0.20

0.20 - 0.50

0.50 - 1.00

1.00 - 2.00

> 2.00
Table 4.1 Source rock quality as determined by TOC analyses (from Jarvie, 1991).



Formation TOC average
(Vol

TOC range
(9ol

North Island stratigraphy

Whakataki Formation (2)

Weber Formation (2)

Wanstead Formation (5)

Waipawa Black Shale (17)

Whangai Formation:

Te Uri Member (2)

Porangahau Member (4)

Upper Calcareous Member (7)

Rakauroa Member (6)t

Undiff. tN.I.l (l l)
Tangaruhe Formation (2)

Te Mai Formation (5)

Glenburn Formation (7)

Springhill Formation (2)

Pahaoa Group (12)

Torlesse Supergroup (l )

South Island stratigraphy

Waima Siltstone (l)

Woodside Formation (l)

Amuri Limestone (10)

Whangai Formation, undiff. (4)

Mata Series (8)

Flags Formation (l)

Claverley Sandstone (l )

Conway Siltstone (l)

Burnt Creek Formation (2)

Split Rock Formation (5)

Torlesse Supergroupa (6)

0.52

0.22

0.17

2.67

0.3 r

0.17

0.62

0.62

0.872

0.36

0.85

0.72

0.26

0.303

0.19

0.41

0.06

0.09

0.49

0.31

0.52

0.39

0.55

0.33

0.36

0.35

0.44 - 0.60

0.15 - 0.29

o.o3 - 0.24

0.28 - 5.69

0.28 - 0.33

0.03 - 0.32

0.36 - l.l9
0.09 - 1.37

0.19 - 3.50

0.32 - 0.40

0.r9 - 1.52

0.09 - 1.30

0.24 - 0.27

0.05 - r.54

0.03 - 0.15

0.46 - 0.51

0.03 - 0.96

0.25 - 0.41

0.29 - 0.41

0.26 - 0.45
llncludes an oil-stained sample. 2Average would be 0.6l%o if sample with 3.507o TOC was removed
tiom data set. 3Average would be O.l9Vo if sample with l.54Vo TOC was removed from data set.
4lncludes Good Creek Formation. Number in brackets 0 denotes number of samples in data set.

Table 4.2 Summary of selected TOC data obtained from LECO RC-412 Multiphase Carbon
Determinator.
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oxidation cycle (Jarvie, 1991). Here the organic carbon in the pyrolysate (S1+S) is

added to that obtained by oxidising the residual organic matter in a second oven at 600'C

(Jarvie, l99l; Peters and Moldowan, 1993). The advantages of this method are that acid

treatment is unnecessary and both Rock-Eval pyrolysis and TOC data are available from

one analysis.

4.1.2 Methods

Total organic carbon data were obtained from two sources during this study. The first

data set includes results from screening all possible source rocks using a LECO carbon

determinator. The second set includes results from samples analysed by Rock-Eval

pyrolysis which measured TOC using the Rock-Eval/TOC method. These results

provided a check against those determined earlier.

Total organic carbon analyses using the LECO method were conducted on a LECO

RC-412 Multiphase Carbon Determinator in the Analytical Facility at Victoria University

of Wellington. Sample preparation was discussed in Section3.l.3 and a detailed

description of the method used in the LECO analyses is given in Appendix 2. Total

organic carbon analyses using the TOC/Rock-Eval method were conducted at Lanzhou

Institute of Geology, P. R. China.

4.1..3 Results

A summary of TOC data from the LECO analyses appears in Table 4.2. Full TOC results

from both LECO and Rock-EvaUTOC analyses are presented in Appendix 2 with
carbonate content data for carbonate-rich samples.

Relatively few formations in the southern East Coast Basin are organic-rich (Table 4.2).

Only the Waipawa Black Shale demonstrates 'very good' source potential, with the

Whakataki Formation, Upper Calcareous and Rakauroa members of the Whangai

Formation, Te Mai, Glenburn and Flags formations, and Conway Siltstone showing 'fair'

source potential. The Weber, Wanstead, Tangaruhe and Springhill formations, Pahaoa

Group, Waima Siltstone, Woodside Formation, Amuri Limestone, Claverley Sandstone,

Burnt Creek and Split Rock formations, and the Torlesse Supergroup all demonstrate

'poor' source potential based on average TOC content. A Miocene coal sample (NEl09)

recorded 4.70Vo TOC but is very localised in extent and is not considered a possible

source rock for the oils in southern East Coast Basin.
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4.1.4 Discussion

The middle Cretaceous to Paleocene sequence comprising the Glenburn, Te Mai and

Whangai formations and WaipawaBlack Shale has the only significant organic-rich rocks

in the southern East Coast Basin, with both Lower Cretaceous and Neogene strata

appearing to have little source rock potential. Emphasis on sampling was directed at the

Upper Cretaceous to Paleocene sequence and the limited number of analyses from other

formations may not be sufficient to fully assess their hydrocarbon potential; the results

obtained, however, indicate limited hydrocarbon potential. Overall, the results of the

present study are more conservative than those of Moore et al. (1987), Zumberge

(1990), Leckie et aI. (1992) and Rogers (1995) (Table4.3) and this may partially be a

function of different sampling methodologies of different authors (see Section4.2.4).

Number in brackets 0 denotes number of samples in data set. lMoore et al. (1987); 2Zumberge (1990);
3leckie et al. (1992);4Rogers (1995).

Table 4.3 Comparison with TOC results of previous studies.

Results of a source rock geochemistry study arising from the recent drilling of Titihaoa-1

included 25 Whakataki Formation samples which averaged 0.337o TOC (Biros et al.,

1994), somewhat less than that determined from the present study (0.52VoTOC).
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Formation TOC (7o)

Moore et al.l
TOC (Vo)

Zumberse2
TOC (Vo)

Leckie et aI.3
TOC (Vo)

Rosers4
TOC (Vo)

This studvs

Weber

Wanstead

Waipawa Black Shale

Whangai:

Te Uri Mem.

Upper Calc. Mem.

Rakauroa Mem.

5.61 (10)

0.32 (5)

0.66 (l r)

r.ls (8)

3.67 (33)

0.41

3.09

0.39

0.58

0.61

0.08 (2)

0.33 (6)

3.66 (20)

0.66 (8)

0.90 (11)

o.22 (2)

0.r7 (5)

2.67 (t7)

0.31 (2)

0.62 (7)

0.62 (6)
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4.2 Rock-Bval pyrolysis

4.2.1 lntroduction and methods

Total organic carbon analyses determine quantity but not type of organic matter present

in a sample. Optical and chemical methods of determining organic matter type involve

considerable work, requiring kerogen isolation, and are therefore unsuitable for screening

large numbers of samples (Tissot and Welte, 1978; Peters, 1986).

Rock-Eval pyrolysis, a technique developed at the Institut Frangais du P6trole, is a rapid

way of determining the quantity and type of source kerogen, and its degree of maturation

(Tissot and Welte, 1978; Peters, 1986; Philp and Galvez-Sinibaldi, 1991). It involves the

selective detection of both hydrocarbon and oxygenated compounds by pyrolysis of
ground rock samples in an inert atmosphere (North, 1990). The pyrolysis is conducted

under a specific temperature programme so as to capture CO2 from the organic matter

but not mineral (especially carbonate) matter (North, 1990). Powdered samples weighing

approximately 100 mg are pyrolysed at 300"C for 3-4 min. followed by heating at

25"C/min. to 550"C (Peters, 1986). The analysis is completely automated and, including

oven cooling time, takes about 20 min. per sample. Rock-Eval pyrolysis is typically

performed on samples with TOC content greater than0.5Vo.

Three peaks are recorded in the analysis:

The first peak (S1), represents hydrocarbons that have already been generated and

are therefore volatilised at 300"C (Peters, 1986). St is measured in milligrams of
hydrocarbons per gram of rock (mg HClg rock) and is indicative of both in situ and

mi grated hydrocarbons.

The second peak (S2), represents hydrocarbons produced by thermal degradation of
kerogen during pyrolysis to 550'C and is a measure of the residual petroleum

potential of the sample (Peters, 1986). It is also measured in mg HC/g rock.

The third peak (S3) represents CO2 generated from the organic matter during heating

to 390"C (Peters, 1986). It is measured in milligrams of carbon dioxide per gram of
rock (mg CO2lg rock).
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4.2.2 Geochemical parameters derived from Rock-Eval pyrolysis

Geochemical parameters determining quantity, type and maturation of organic matter can

be derived by Rock-Eval pyrolysis. Despite the relative simplicity of the data there are a

number of considerations to be made when making interpretations and these have been

discussed by Espitali6 et al. (1980), Katz (1983), Peters (1986) and Langford and Blanc-

Valleron (1990).

Type of organic matter

One of the most common methods of characterising organic matter is the van Krevelen

diagram (Figure 4.la). Here a plot of atomic FVC vs O/C defines four different types of
organic matter based on differences in elemental composition: Type I very oil-prone;

Type II oil-prone; Type III gas-prone; and Type IV inert (Peters, 1986). Maturation is

along the pathways shown with the most mature samples in the bottom left hand corner

with low FVC and O/C ratios.

Determination of IVC and O/C ratios require elemental analyses, which are both time

consuming and expensive (Peters, 1986; Philp and Galvez-Sinibaldi, 1991). The

development of Rock-Eval pyrolysis provided information that has allowed two new

parameters to be derived. The hydrogen index (Iil), defined as (Sz/TOC) x 100

conelates directly with the IVC atomic ratio. The oxygen index (OI), defined as

(S3iTOC) x 100 correlates with the O/C ratio. A plot of HI vs OI (Figure 4.lb) describes

type of organic matter, similar to the van Krevelen diagram (Peters, 1986).

Figure 4.1 Comparison of maturation pathways between (a) van Krevelen's diagram, IVC vs O/C,
with (b) HI vs OI cross-plot (after Peters, 1986).
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Related to the HI vs OI cross-plot is the S2/S3 ratio, which also gives a measure of the

oil-proneness of the sample. HI and S2/S3 values can be used to show the types of
hydrocarbons generated when organic matter reaches maturity (Table 4.4).

Type HI
(msHC/eTOC)

s2/s3

Inert

Gas

Gas and oil

oil

50

50 - r50

150 - 300

> 300

<l
l-3
3-5
>5

Table 4.4 Parameters describing types ofhydrocarbons generated (after Peters, 1986;
Peters and Cassa, 1994).

Quantity of organic matter

The quantity of organic matter in a sample can be determined by the amount of S1 and 52

recorded in the pyrolysis (Table4.5). (S1+S2) represents total hydrocarbons present and

is a measure of the potential yield of the sample. It is expressed as mg HC/g of rock.

Source rock quality sl
(ms HC/s rock)

s2
(ms HC/e rock)

Poor

Fair

Good

Verv eood

0.0 - 0.5

0.5 - 1.0

r.0 - 2.0

> 2.0

0.0 - 2.5

2.5 - 5.0

5.0 - 10.0

> 10.0
Table 4.5 Parameters describing source rock generative potential (from Peters, 1986).

Maturity of organic matter

The production index (PI), defined as the ratio S1/(SrfSJ, represents the amount of
petroleum generated relative to the amount of hydrocarbons present. With increasing

thermal maturity 51 will increase and 52 will decrease as petroleum is generated from the

organic matter (Philp and Galvez-Sinibaldi, 1991). The production index can therefore be

used as a measure of maturity of the sample (Table 4.6). Tmax, the temperature (in "C) at

which the 52 peak reaches its maximum, has been shown to increase as the maturity of
the sample increases @hilp and Galvez-Sinibaldi, 1991), and therefore can also be used

as a maturity indicator (Iable 4.6). Both parameters are, at best, only crude indicators of
maturity with many influencing factors and are best used in conjunction with other

maturity indicators (Peters, 1986) such as vitrinite reflectance and biomarker ratios.
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Chapter 4. Total organic carbon and Rock-Eval pyrolysis

Maturity Rn
(Vol

PI
(S./tS,+S.l)

T-^*n
(oc)

Immature

Onset of oil generation

Peak oil generation

End of oil generation

Postmature

< 0.6

0.6

0.9

t.3

> 1.3

< 0.1

- 0.1

- o.25

- o.4

> 0.4

<435
43s - 445

445 - 450

- 470

> 470
(*depends on type of organic matter)

Table 4.6 Parameters describing level of thermal maturation, and correlation with
vitrinite reflectance values (from Peters and Moldowan, 1993).

4.2.3 Results

Forty six samples exceeding 0.5Vo TOC were forwarded to Lanzhou Institute of
Geology, P. R. China, for Rock-Eval pyrolysis and a summary of results appears in

Table 4.7. Full results, with the exception of the original Rock-Eval pyrograms, are

presented in Appendix 3.

Quantity of organic matter
'Good' to 'very good'TOC values were recorded for the samples, but these are obviously

not representative of their respective formations due to the nature of the selection criteria

(see above). With the exception of the Waipawa Black Shale, 'poor' average 51 and 52

values were recorded for all the possible source rocks. The Te Mai and Glenburn

formations, in particular, demonstrate little or no source potential despite their

encouraging TOC values. Individual samples of both the Waipawa Black Shale and

Whangai Formation, however, demonstrate'fair'to'very good'source potential.

Type of organic matter

The type of organic matter present in the samples can be characterised by an HI vs OI
cross-plot (Figure 4.2). Waipawa Black Shale samples are widely scattered over this plot

but have a dominant mixture of Types II and III kerogen. Rakauroa Member samples

plot close to the Type II kerogen line, while samples of the Upper Calcareous Member

plot as a mixture of Types II and III kerogen. The Whakataki Formation, Flags

Formation and the majority of undifferentiated Whangai Formation samples plot between

the Type III and Type IV kerogen lines, while the Te Mai, Glenburn and Mangapokia

formations and Conway Siltstone samples all plot below the Type IV kerogen line.
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Iiigule 4.2 l'll vs ()l cross-plot shou,itrg kerogerr types preserrt in the sanrples. I-IV represent
the four ketogetr l1'pes arr<l the liues represent their rnaturatiorr pathways, increasirrg toward
the oligin.

HI and S2/S1 valucs (Tablc 4.7) indicate that the kerogen in samples of Upper

Calcarcous and l{akauroa mcmbcr.s arc oil and gas-pronc. Thc Whakataki Forrnation,

Waipawa Black Shalc, Flags Formation and untli[[crcntiatcd Whangai Formation samplcs

at'e gas-pronc, wltilc thc Tc Mai, Clcnburn and Mangapokia lormations and Conway

Siltstone siurplcs are eithcr poorly gas-prone or inert. Hydrogen indices are shown to
vary con.sidcrahly in thc Waipawa Black Shalc (22-221) witlr.somc samplc.s incrt and

othcm oil-plonc.

Maturity
T',* and PI values (Tahlc 4.7) do not con'clate well, and it appcar.s that T,n* is the mole

rclirble parametcr r.s thc rcsult.s of the present study arc very similar to t.hose obtained in

prcvious studic.s. For cxnmple, thc avcrage T,,.,.o for outcrop .sarnple.s of the Waipawa

Black Shalc dctcrrnincd in thc prc.scnt study is 4l lnC, compued with averages of 414"C

53
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Chapter 4. Total organic carbon and Rock-Eval pyrolysis

and 416"C determined by Moore et al. (1987) and Zumberge (1990) respectively.

Production indices determined in the present study, however, reach 0.42 for the

Waipawa Black Shale and average 0.17, which is well above the onset of oil generation

(at -0.1). Although not shown, the coresponding PI values determined by Zumberge

(1990) average about 0.05 which better correlates with T,n*. It may be possible that

degradation of the organic matter, resulting in the loss of both St and 52, may be the

cause for unreliable PI in the present study, while Tn",* is not greatly affected.

Results show that the Waipawa Black Shale samples are immature to marginally mature

in outcrop (Tru* of 395-436C), with only a few reaching the onset of oil generation

(T-o - 435C or 0.6Vo Ro). Whangai Formation samples are also generally immafure

(T-* of 400-431"C) and have not quite reached the onset of oil generation. Samples of
the Te Mai and Glenburn formations are slightly more mature (T.u* of 42O-447"C), with

a number of samples reaching a maturity equivalent to the onset of oil generation, and

several samples of the Te Mai Formation (NE5l and NE59) reaching a maturity

equivalent to peak oil generation (T,no^ M5-450"C or O.9VoRo). Upper Cretaceous

samples from Marlborough have not reached the maturity of the onset of oil generation.

T.u* values indicate that the majority of middle Cretaceous or younger formations, in

outcrop, have a maturity below the onset of oil generation (T',* - 435"C), which

indicates the assessment of the hydrocarbon generative potential of possible source rock

formations has not been affected by maturity floss of hydrocarbons (S2) with increasing

maturityl.

4.2.4 Discussion

Lower 52 and higher 53 values recorded in the present study differ from those of Moore

et al. (1987), Zumberge (1990) and Leckie et aI. (1992) Clable 4.8). Parameters derived

from 52 and 53, such as Sz/S3, HI and OI are, therefore, also affected. The results of the

present study appear to down-grade the hydrocarbon source potential of the uppermost

Cretaceous to Paleocene sequence compared with these other authors and there are a

number of possible reasons to explain this.

Effect of weathering

The average HI value for Waipawa Black Shale samples determined in the present study

is only 96 mg HCIgTOC, compared with averages of 305, 196 and 280 determined by

Moore et al. (1987), Zumberge (1990) and Leckie et al. (1992) respectively. Some

outcrops sampled during fieldwork had been subjected to severe weathering and this has
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Chapter 4. Total organic carbon and Rock-Eval pyrolysis

the effect of lowering S1 and 52 and raising 53 (Peters, 1986), effectively decreasing HI
and increasing OL NE26 is a highly weathered sample collected from a slip-face near

Paoanui Point, and resulting HI and OI values (42mg HC/g TOC and

320 mg CO/g TOC respectively) (see Figure 4.2) cleuly support this observation.

However, not all samples were weathered and the highest HI value obtained

(221mg HC/g TOC) was still considerably lower than those reported by others. Data

from Zumberge (1990) comprised two sample suites with contrasting results. The second

suite of Waipawa Black Shale samples were found to be significantly more oil-prone than

the first, which was thought to be caused either by differential weathering or a change in

organofacies (Zumberge, 1990). Another possible explanation for the low HI values is

oxidation resulting from the powdering of samples prior to Rock-Eval pyrolysis (Peters

and Cassa, 1994).

Rock-matrix adsorption and the Hydrogen Index

Determination of 52 is complicated by retention of some of the generated hydrocarbons

by the rock matrix (Espitali6 et a1.,1980; Katz, 1983); hence the HI will not give a true

ratio unless corrections are made (Langford and Blanc-Valleron, 1990). By plotting

52 vs TOC, a regression equation for the data can be determined which can then be used

to obtain the true average HI value and measure the adsorption of hydrocarbons by the

rock matrix (Langford and Blanc-Valleron, 1990).

Rock-matrix adsorption is caused mainly by clay minerals and indicates the quantity of

organic matter that must be present before hydrocarbons are released from the rock by

pyrolysis (Langford and Blanc-Valleron, 1990). The matrix effect is indicated by a

positive intercept on the X-axis, with the amount of adsorption given by the value of the

intercept (Langford and Blanc-Valleron, 1990). The Y-intercept gives the adsorptive

capacity of the matrix, i.e. the maximum capacity of the rock matrix to hold

hydrocarbons.

The regression equation for an 52 vs TOC cross-plot of Waipawa Black Shale samples

(Figure 4.3) gives an average HI value of 187 mg HC/g TOC. Although almost the same

as the value obtained by Zumberge (1990), it is still considerably lower than those of

Moore et al. (1987) and Leckie et aI. (1992). More importantly, though, it does indicate

that Waipawa Black Shale is both oil and gas-prone. Accurate regression equations for
52 vs TOC cross-plots of the remaining formations were not possible, but rock-matrix

adsorption is expected to have considerable affect on the predominantly fine-grained

Upper Cretaceous to Oligocene strata.
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Figure 4.3 52 vs TOC cross-plot for the Waipawa Black Shale. HI is determined by multiplying
the slope of the line by 100 (HI = 1E7). The X-intercept gives the matrix adsorption (1.00 mg
HC/g rock) and the Y-intercept gives the adsorptive capacity (1.87 mg HC/g rock). The dashed
Iines indicate the boundary (slopes) between kerogen Types I & II and II & m (from Langford
and Blanc-Valleron, 1990).

Type and maturity of organic matter

A suite of samples with the same type of organic matter and at the same maturity should

have a constant HI value (Langford and Blanc-Valleron, 1990). The 52 vs TOC cross-

plot shows that despite appearing to differ widely in their Rock-Eval parameters,

Waipawa Black Shale samples appear to comprise relatively homogeneous organic

matter. In a recent study, Leckie et aI. (1996) have shown that while HI values of

Waipawa Black Shale fall in a narow band within certain regions, considerable variation

in HI values exists between regions. They suggested that changes in kerogen

composition within each region are less significant than the degree of dilution by

inorganic matter experienced by different regions. However, both marine and nonmarine

organic matter are common in marine depositional environments and while parameters

derived from Rock-Eval pyrolysis would vary according to the relative contributions of

marine and terrestrial organic matter, heterogeneity is largely concealed by bulk chemical

analyses and more diagnostic analyses such as VKA are better at determining the actual

kerogen composition of samples.

Samples of the Te Mai and Glenburn formations contain predominantly Type IV kerogen

(Figure 4.2), indicative of either postmature or highly oxidised organic matter. Tmax
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Chapter 4. Total organic carbon and Rock-Evat pyrotysis

values indicate that the kerogen is not postmature and so it is probably highly oxidised

through severe weathering. Once again, the bulk chemical analyses cannot differentiate

between indigenous and recycled kerogen, and it remains highly likely that both the Te

Mai and Glenburn formations contain a component of recycled kerogen. A single

Glenburn Formation sample analysed by Zumberge (1990) comprised predominantly

vitrinite and had a very low HI value (22) and, therefore, was considered to have very

little hydrocarbon potential.

Sampling

Both the TOC and Rock-Eval pyrolysis analytical techniques require only 100 mg of
powdered sample for analysis and representative sampling becomes very important when

such small quantities are involved. If only a few grams are selectively obtained from an

organic-rich seam then TOC, 51, 52 and HI values may be inflated and not truly

representative of the formation under investigation. While the sampling methodologies of

other authors are unknown, the one used in the present study (described in Section 3.1)

tries to avoid such biases and may partially explain the conservative results compared to

other studies.

4.2.5 Conclusions

Most formations in the southern East Coast Basin are organic-poor; only the

Whakataki Formation, Waipawa Black Shale, Upper Calcareous and Rakauroa

members of the Whangai Formation, Te Mai and Glenburn formations, from eastern

North Island, and the Whangai Formation and lateral equivalents (Mata Series

sediments, Flags Formation and Conway Siltstone), from Marlborough, are shown to

have'fair' (> 0.57o) TOC levels or better;

Of the formations with > O.SVo TOC, however, only the Waipawa Black Shale and

the Whangai Formation have samples that show 'fair' to 'good' hydrocarbon

generative potential (S1 and S/. The Waipawa Black Shale and Whangai Formation

are both oil and gas-prone (HI > 150) and comprise predominantly Types II and III
kerogen;

The Whakataki and Flags Formation comprise gas-prone (HI < 150), Types III and

fV kerogen and have'poor' hydrocarbon generative potential (S, and S2);

The Te Mai, Glenburn and Mangapokia formations, from eastem North Island, and

Conway Siltstone, from Marlborough, contain Type W kerogen and, therefore, have
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Chapter 5

Biomarker studies using gas chromatography (GC)

5.L lntroduction

5.1.1 Biomarkers

Biological markers or biomarkers, also known as geochemical, chemical or molecular

fossils are complex organic compounds derived from once-living organisms (Tissot and

Welte, l9T8; philp, 1985a; 1985b; Peters and Moldowan, 1993). Biomarkers are largely

derived from lipids and include compounds such as steroids, telpenoids, porphyrins and

acyclic isoprenoids (such as pristane and phytane) which are resistant to degradation and

retain their basic structure as they are incorporated into the sedimentary record (Tissot

and Welte, 1978) (see Figure 1.1). Consequently biomarker distributions can provide

detailed information regarding source, maturity, migration and biodegradation

characteristics of hydrocarbons (Seifert and Moldowan, 1986).

The development of biomarker technology has greatly improved our knowledge of

petroleum geochemistry. Total organic carbon, Rock-Eval pyrolysis, VKA and vitrinite

reflectance analyses are useful only in source rock investigations while biomarker studies

permit direct comparison between oils and source rocks, and hence oil-oil and oil-source

rock correlation.

5.1.2 Gas chromatography (GC)

Chromatography is based on the differential migration of sample components in a mobile

phase over the surface of a stationary phase with varying affinity for different compound

types (Pecsok et al., 1976). This differential migration results in the effective separation

of these individual eomponents, which can then be detected and recorded.

In gas chromatography the sample is injected as a solution into the head of the column

where it vaporises in the injector. Once in the column the higher molecular weight

compounds condense again in a process of 'cold trapping' (Peters and Moldowan, 1993).

The column is held inside a computer-controlled oven and the temperature is

programmed to increase at a predetermined rate between an initial and final value. With

increasing temperature the various compounds are progressively vaporised according to
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their boiling points and an inert canier gas (the mobile phase), typically hydrogen or

helium, then moves these compounds through the column where they interact with the

stationary phase which coats the inr.er surtace of the column and has varying affrnity for
different compounds in the sample. Retention times vary for each of the compounds

resulting in their elution at dit-ferent times (Figure 5.1). Eventually all the compounds are

tlushed through the column where they are detected by a tlame ionisation detector (FID)

and recorded. A plot of the detector response versus time shows a series of peaks,

representing either single or multiple components and is called a chromatogram (Peters

and Cassa, 1994). Due to their relative abundance, n-alkanes and acyclic isoprenoids

dominate the chromatograms, with minor cyclic compounds adding to the background

'noisg'.

Ger Chromatograph

-Tlmc-->

Figure 5.1 Diugram of gas chromatograph. The enlargement (bottom)
shorvs tlre separation of compounds during movement through the
column as they interact with the stationary phase (from Peters and
Nloldowan, 1993).
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5.2 N-alkane and isoprenoid biomarker parameters

5.2.1 Introduction

Gas chromatography (GC) is used in the oil exploration industry to investigate the

acyclic saturate fraction of oils and source rocks. Despite their simple structures, normal

(n-) alkanes and acyclic isoprenoids (especially pristane and phytane) have been used as

biomarkers for several decades due to their abundance and ease of detection (Philp,

1985b). N-alkanes have been used primarily in source and maturity studies but are also

affected by migration and biodegradation and are consequently useful for study of these

(Philp, 1985a; Seifert and Moldowan, 1986). Their simple structures, however, mean

that they are not as specific as the structurally-complex polycyclic biomarkers analysed

by GC-MS, and their distribution or occurrence is not easily attributable to source,

maturity, migration or biodegradation alone. Six biomarker parameters, determined by

gas chromatography, were used in the present study and are examined in the following

sections with a discussion of the information they yield and also their limitations.

5.2.2 Carbon preference index (CPI)

Lipids derived from plants show a strong predominance of odd-carbon-numbered

n-alkanes (Tissot and Welte, 1978), but thermal maturation converts high molecular

weight n-alkanes into low molecular weight homologues without odd-carbon

predominance. The carbon preference index (CPD is a measure of the odd-to-even

n-alkane predominance and provides an estimate of the thermal maturity for both oils and

source rocks (Peters and Moldowan, 1993). Numerous CPI equations have been used in

the literature (e.g. Tissot and Welte, 1978; Barker,1979; Moldowan et al., 1985; Philp,

1985a) as they can be adjusted to include any range of carbon numbers. The following

CPI equation, used by Rogers (1995), has been retained in the present study for
compatibility reasons:

CpI = [(c,,+c,&c,,)i(9,,ic-,,+-'c,,)]

The CPI, however, is also dependent on the original source material. Planktonic algae

and bacteria also produce high molecular weight n-alkanes, but these are generally (but

not always) without odd-over-even predominance and therefore the CPI of these samples

is approximately one, regardless of maturity (Tissot and Welte, 1978). The use of the

CPI for maturity studies is, therefore, limited to those samples containing organic matter

of terrigenous higher plant origin.

6l
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Guidelines for CPI interpretation were recently given by Peters and Moldowan (1993):

A CPI value significantly above or below 1.0 indicates the oil or bitumen is thermally

immature; and

Values of 1.0 suggest, but do not prove, an oil or bitumen is thermally mature.

Moldowan et aI. (1985) used the CPI to distinguish nonmarine oils from marine

carbonate oils. Marine shale-derived oils were found to overlap the domains of the other

two and therefore could not be conclusively identified. A CPI > I indicates a nonmarine

oil (particularly in the high molecular weight n-alkanes) while a value < I indicates a

marine carbonate-sourced oil (Moldowan et aL,1985).

5.2.3 N-alkane distribution and C-"*

The n-alkane distribution provides information primarily on source, but is also influenced

by maturity, migration and biodegradation. High molecular weight n-alkanes

(predominantly C27, C29 and C31) are usually derived from terrestrial higher plant waxes,

although certain algae are also known to contain high molecular weight n-alkanes. Low

molecular weight n-alkanes (predominantly C15, C17 and Cle) are generally derived from

marine or lacustrine algae (Tissot and Welte, 1978). The positions of the n-alkane

maxima (C**) can be used as source indicators but care must be taken to recognise

migration and/or biodegradation interference (Philp, 1985a). Expulsion and primary

migration has been shown to favour short chain hydrocarbons (e.g. Leythaeuser et aI.,

1984), and low molecular weight z-alkanes have been shown to move more rapidly than

high molecular weight homologues during secondary migration (Philp, 1985b).

Biodegradation causes the progressive removal of the low molecular weight n-alkanes

and water-washing can have a similar effect (Philp, 1985b). Thermal maturation causes

the cracking of high molecular weight n-alkanes (usually with an initial odd-over-even

predominance), thereby producing short-chained hydrocarbons (without an odd-over-

even predominance).

5.2.4 C26C7y'C2s+Cp

The C21+C2y'C2g+Crs ratio is another measure of the n-alkane distribution and provides

information regarding source material. A sample dominated by n-C2g and n-C2e will have

a low ratio and is likely to be of tenestrial origin, while samples richer in n-C21 and n-C22

are more likely to be marine dominated. A C21+C22lC2s+C2s ratio > 1.5 suggests
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aquatically-sourced material while a ratio < 1.2 indicates terrestrially-sourced organic

matter and these values increase with increasing maturity (Geotech, 1992).

5.2.5 Pristane/phytane ratio

Pristane and phytane (and other isoprenoids below C2s) are thought to be formed during

diagenesis from phytol, derived from the side chain of chlorophyll (Tissot and Welte,

1978). Under oxidising conditions phytol is transformed to pristane by oxidation to

phytanic acid, followed by decarboxylation and hydrogenation. Under reducing

conditions phytane is produced by dehydration and hydrogenation of phytol @owell and

McKirdy, 1973; Tissot and Welte, 1978). Hence, determination of the pristane to

phytane (Pr/Ph) ratio may indicate the depositional environment of source rocks.

Powell and McKirdy (1973) first used the Pr/Ph ratio as an indicator of depositional

environment, differentiating between marine and nonmarine environments. More recent

studies (Alexander et aI., l98l; Moldowan et al., 1985; Volkman and Maxwell, 1986;

ten Haven et al., 1987), however, have shown that the Pr/Ph ratio is not a definitive

indicator and requires corroborating data. Peters and Moldowan (1993) provided the

following guidelines for interpreting Pr/Ph ratios, which are used in the present study:

For samples of low maturity, Pr/Ph ratios are not recommended as indicators of
depositional environment; and

For samples within the oil window:

. Pr/Ph ratios > 3.0 indicate terrestrial organic matter input under oxic conditions;

. Pr/Ph ratios < 0.6 typify anoxic, commonly hypersaline, conditions; and

. Pr/Ph ratios between 0.8-2.5 are not conclusive paleoenvironmental

indicators and need corroborating data.

5.2.6 Prln-C17 and Ph/n-C1s

Pr/n-Cs and Ph/n-C1s ratios have been used for oil-source rock correlations (e.g.

Alexander et al., l98l) but have been found to be influenced not only by the type of

source kerogen, but also the extent of generation and biodegradation (ten Haven et aI.,

1987). Peters and Moldowan (1993) expressed reservations over the use of Pr/n-C17 and

Ph/n-C1s as biomarker parameters and also commented that biodegradation preferentially

affects n-alkanes before isoprenoids, resulting in high ratios. However, they did note that

marine-sourced organic matter tends to have a Prln-Cg ratio < 0.5 while terrestrial

organic matter tends to have a Prln-Cp ratio > 0.6.
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5.3 Methods

The saturate fractions of the oils and rock binrmens were prepared for gas

chromatography analysis by standard methods of organic extraction and separation as

described in Chapter 3. Samples were analysed on a Hewlett Packard 5890 Series II Gas

Chromatograph housed in the Chemistry Department, Victoria University of Wellington.

A J&W DB I (30 m, 0.25 mm I.D., 0.25 pm film thickness) fused silica capillary column

was used for gas chromatographic separation of the saturate fraction of each sample. The

following temperature programme was used:

Initial temperature 130'C (held for 3 min.)

Rate 6'Clmin.

Final temperature 300'C (held for 9 min.)

Total time 40.33 min.

The samples were dissolved in n-pentane and approximately 4-5 pl of the solution was

injected. Helium, the canier gas, was used at a pressure of 80 kPa and a flow rate of
20.0 mUmin.

The gas chromatograph was coupled to a Shimadzu C-R3A Chromatopac (data

processor) which plotted a chromatogram, listed peak retention times and integrated

peak areas. the equipment was not equipped with a disc drive and therefore only the

original hard copies are available. Individual peaks were identified and biomarker ratios,

based on integrated peak areas, were calculated manually.

In addition, approximately 15 samples were analysed on a similar model GC at the

Centre Gdoscientifique de Qudbec (CGQ) in Canada. Peak areas were not integrated,

however, and biomarker ratios were determined by calculating peak heights instead.
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5.4 Results

5.4.1 Introduction

Sections 5.4.2 and 5.4.3 include somewhat tedious descriptions of the gas

chromatograms of the oils and possible source rocks for those interested in the

characteristics of individual formations. Section 5.5 summarises the meaningful results

and discusses them with reference to other geochemical data and previous studies.

A list of samples and their biomarker parameter values appears in Appendix 4. Missing

data are due to uncertainty in peak identification. The interpretation of n-alkane and

isoprenoid biomarker parameter values, in isolation, is necessarily tentative as more than

one explanation for a given distribution is possible, and it is likely that there are several

contributing factors. For example, because the data set comprises only outcrop samples it
is very likely that the n-alkane distributions have all been affected to some degree by loss

of the lower molecular weight component due to weathering. As a result the Prln-Cs

and Ph/n-C1s and possibly the C** parameters may have been affected.

Many samples (e.g. NEl8, Figure 5.3d) record high relative abundances of two unknown

compounds, one eluting between n-Czo and n-C21 and the other coeluting with the

C25 n-alkane; both appear randomly throughout the sample gas chromatograms. The first

compound is easily recognised and does not affect the n-alkane and isoprenoid biomarker

parameter values. It is also present in the gas chromatograms of southern East Coast

Basin samples analysed by Lipke (1989), and determined by GC-MS to be an alkyl

cycloalkane, possibly derived from Recent algal or bacterial fatty acids (Zumberge,

1990). The second compound coelutes with the C25 n-alkane and unless recognised

would inflate the CPI values and, therefore, the maturity indicated for these samples.

Although this compound is of unknown origin, Simoneit (1977) observed a large peak in

the region of the C25 n-a\kane which he attributed to a C3 phthalate. Phthalates have

been reported to leach from plastic containers and rubber-lined caps during storage of
oils (Peters and Moldowan, 1993). Coelution of this compound is easily recognised, and

where it has resulted in the C25n-alkane becoming the dominant peak, Appendix 4

shows an asterisk '*' denoted against what is assumed to be the correct n-alkane

maximum. In such cases the corresponding CPI value (if any) will be unreliable.

This particular study is qualitative in nature with common reference to the 'relative

abundance' of certain compounds. In this case it is meant relative only to the overall

saturate fraction(s) under discussion.
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a. NE2TOIL . Knlghts Strerm oil d. NEllsOIL - Westcott oil

b. NEICOIL - Isolation Creek oil

c. NE!10OIL - Kerosene Rock oll

Figure 5.2 Gas chromatograms showing the saturate fractions of the oils.
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5.4.2 N-alkane and isoprenoid geochemistry of the oils

Gas chromatograms of the Knights Stream, Isolation Creek and Kerosene Rock oils

(Figure 5.2a-c) show the oils to be either nonbiodegraded or only mildly biodegraded,

and a sunrmary of their biomarker parameters appears in Table 5.1. The Westcott,

Tiraumea and Okau Stream oils, however, are at least moderately biodegraded with only

trace n-alkanes and isoprenoids remaining (e.g. Figure 5.2d), and derivation of source

and maturity biomarker parameters from these oils is not possible.

Pr=Pristane; Ph=Phytane. *biodegraded oils.

Table 5.1 Summary of the n-alkane and isoprenoid biomarker parameters of oils from the
southern East Coast Basin.

Knights Stream oil: The chromatogram (Figure 5.2a) is characterised by a unimodal

n-afkane distribution with a maximum at C16 and a high C2,+CrrlCrs+Cg ratio (2.73),

indicative of a predominantly marine, possibly algal source. Howover, n-alkanes

extending to C31 with a slight odd-over-even predominance between Crs and C2s

suggest a minor terrestrial contribution. A moderately high PrlPh ratio (2.57) may

indicate deposition in an oxic environment. High relative abundances of pristane and

phytane resulting in high Prln-Cs and Ph/n-C1s ratios may be the result of a relatively

low maturity, but weathering and/or minor biodegradation of the lower molecular weight

n-alkanes is considered more likely. The latter is supported by the presence of a small

unresolved hump in the region of low molecular weight n-alkanes (< C3).

Isolation Creek oil: The saturate fraction (Figure 5.2b) is very unusual and is likely to

be the result of degradation; the following interpretations are therefore only tentative.

The saturate fraction is characterised by a unimodal n-alkane distribution with a

maximum atC24 and a high Cr1+CrrlCzstCzs ratio (2.14) that indicates a predominance

of marine organic matter. Low relative abundances of pristane and phytane and an

n-alkane distribution that is unusually tightly constrained between C19 and C2e may be
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Oil samples Pr/Ph Prln-Cp Ph/r-C1s CPI z-alkane
mru(

crr+cn
Crn *Cro

Knights Stream

Isolation Creek

Kerosene Rock

Westcott*

Tiraumea*

Okau Stream*

2.57

0.99

2.17

3.66

0.38

6.r2

t.57

0.42

2.tl

t.02

1.05

0.97

l6

24

27

2.73

2.t4

0.38
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caused by loss due to weathering, migration and./or biodegradation of the lower

molecular weight component. The oil is considered to have migrated as it was found

seeping from the Amuri Limestone, which was shown by TOC and Rock-Eval pyrolysis

to have no hydrocarbon generative potential. Contamination is considered unlikely as the

sample locality is in a scenic reserve, distant from the likely use of machinery, and has

been observed for many years.

Kerosene Rock oil: The saturate fraction (Figure 5.2c) is characterised by a unimodal

n-alkane distribution with a maximum at C27 and a low C21+C'rrlCrg+Crt ratio (0.38),

indicative of a predominantly terrestrial source. This is supported by a high Prln-Cg

ratio. The moderately high Pr/Ph ratio (2.17), although not conclusive according to the

interpretive guidelines of Peters and Moldowan (1993), suggests deposition under oxic

conditions. The CPI of 0.97 indicates a mature oil, although a slight odd-over-even

predominance is present in the high molecular weight n-alkanes. The predominance of

high molecular weight n-alkanes is likely to be caused by mild degradation of the lower

molecular weight n-alkanes, which may have the effect of masking a minor algal

contribution. The loss of lower molecular weight n-alkanes also affects the interpretation

of a dominant terrestrial component but this is not considered significant.

Westcott, Tiraumea and Okau Stream oils: The saturate fractions of these oils (e.g.

Figure 5.2d), show an unresolved 'hump' in the baseline with only trace n-alkane and

isoprenoids remaining, characteristic of (at least) moderate biodegradation according to

the guidelines of Peters and Moldowan (1993) (see Table 6.1).

5.4.3 N-alkane and isoprenoid geochemistry of possible source rocks

Sterane and triteqpane biomarkers have shown Neogene samples to be immature for
hydrocarbon generation (see Sections 6.6.1 and 6.6.2) and, therefore, the Pr/Ph,

Prln-Cp and Ph/n-Crg ratios are considered unreliable parameters (ten Haven et al,

1987). Where n-alkanes have either not yet been generated or have been removed

through biodegradation, high Prln-Cs and Ph/n-C1s ratios are probably more indicative

of low thermal maturity or biodegradation than source. In particular, the Pr/n-C17 ratio in

almost every sample is > 0.6 which indicates a predominance of terrestrial organic matter

despite other evidence clearly indicating a marine origin for the organic matter.

North Island possible source rocks

Miocene coal: The saturate fraction (NE109, Figure 5.3a) is characterised by a unimodal

n-alkane distribution with a maximum et C2g, an odd-over-even predominance between
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a. NEI09 - Mlocene coal d. NEIS - Wanstead Formailon

b. NEl12 - Whakatakl Formation €. NB45 - Waipawa Black Shale

c. NE61 - Weber Formatlon f. NE54 - Waipawa Black Shale

Figure 5.3 Gas chromatograms showlng the saturate fractions of the possible source rocks from
eastern North Island.
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C23 and C2e and a low C2r+C22/Cze+Czs ratio (0.18), all clearly indicative of a terrestrial

higher plant source for the organic matter. Lower molecular weight n-alkanes (below

C2l, pristane and phytane are present in low relative abundances. A low maturity is

indicated by the odd-over-even predominance and the low relative abundance of low

molecular weight n-alkanes.

Whakataki Formation: The saturate fraction (NEl12, Figure 5.3b) shows a unimodal

(flat-topped) n-alkane distribution. The higher molecular weight component (> Czo) is

unidentifiable within an unresolved hump, and this may indicate deposition of

predominantly marine organic matter, although an odd-over-even predominance from

Cn-Czq may suggest a terrestrial contribution. High relative abundances of pristane and

phytane are present, resulting in high Pr/n-Cs and Ph/n-Ctr ratios, and this may be due

to low maturity. Moderate relative abundances of low molecular weight isoprenoids are

present and may indicate the presence of marine organic matter.

Weber Formation: Two contrasting gas chromatograms were recorded. NE6l
(Figure 5.3c) has a unimodal n-alkane distribution with a maximum at C14, and an

unresolvable higher molecular weight component (> Czi. This is indicative of marine

organic matter. Pristane, phytane and higher molecular weight isoprenoids are present in

moderate relative abundances. NElg (not shown) is characterised by a unimodal

n-alkane distribution with a maximum at C25 and a low C21+C22lCrg+Crs ratio (0.33),

indicating the presence of terrestrial organic matter. These chromatograms, therefore,

show variable contributions of marine and terrestrial organic matter to the Weber

Formation.

Wanstead Formation: The saturate fractions are characterised by unimodal n-alkane

distributions with maxima at C15716 or Cy124. Half the samples show a unimodal n-alkane

distribution with a maximum at C23 or C2a and low relative abundances of the higher

molecular weight component (> Czd. Moderate relative abundances of pristane and

phytane are present, and low Pr/Ph ratios may indicate deposition in an anoxic

environment. NEl8 figure 5.3d) has a high Czt.ttzy'Czs+Czs ratio (3.35) which

suggests dominantly marine organic matter. The general absence of low molecular

weight n-alkanes may result from loss due to weathering and the background hump may

support this. The remaining samples have abundant n-alkanes and isoprenoids between

n-Ctq and n-C19 with n-alkane maxima at C15 or C16, characteristic of a marine, possibly

algal, contribution. Unresolved peaks occur in the region of the high molecular weight

component. The n-alkane distributions of all the samples indicate a minimal terrestrial

contribution.
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a. NEll - Whangal Formation, Te Url
Member

b. NEl7. Whangal Formation, Porangalrau
Member

d. NE3 - Whangai Formation, Rakauroa
Member

e. NE53 - Whangal Formation,
undilferentiated (N.I.)

c. N8113 - Whangai Formation, Upp.r f. ND9 - Tangaruhe Formation
Calcareous Member

Figure 5.4 Gas chromatograms showlng the saturate fractions of the possible source rocks from
eastern North Island.
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Waipawa Black Shale: Two general types of n-alkane distributions are present in

Waipawa Black Shale samples. The first type is unimodal with n-alkane maxima between

C23 and C25. These samples usually have high C2t+C22lCzstCzg ratios, indicative of a

dominantly marine contribution, and often have low Pr/Ph ratios which may indicate

deposition under anoxic conditions. The second type of z-alkane distribution is bimodal

with first maxima at C14 or C15 and second maxima (usually the dominant one) at Cy7 or

Czs @.9. NE54, Figure 5.3f). This indicates a minor algal marine and predominant

terrestrial contribution of organic matter. They generally have low C2t+C22lC2s+C2e

ratios which are indicative of terrestrial organic matter. An odd-over-even predominance

in the higher molecular weight n-alkanes is common. High Piln-Cs and Ph/n-Cts ratios

occur in many samples and this may be due to the loss of n-alkanes through

biodegradation or weathering. A compound coeluting between n-Czg and n-C3g in a few

samples (e.g. NE54, Figure 5.3f) has been tentatively identified as 28,30-bisnorhopane,

based on retention time and comparison with the GC-MS rnlz l9l chromatogram (see

Appendix 9). This biomarker is indicative of deposition in an anoxic environment (see

Section 6.3.1).

Whangai Formation

Te Uri Member: The saturate fractions (e.g. NEl1, Figure5.4a) are characterised by

unimodal n-alkane distributions with maxima at C24 or C25. Variable Crt+CrrlCzs*Czs

ratios indicate contributions of both marine and terrestrial organic matter. Low Pr/Ph

ratios (0.31-0.54) suggest deposition may have occurred under anoxic conditions. NEl l
shows low relative abundances of low molecular weight n-alkanes, pristane and phytane

and this may result from loss due to weathering.

Porangahau Member: The chromatograms of this member show unimodal n-alkane

distributions. Half the samples (e.9. NEl7, Figure 5.4b) have low C21+Cry'Crr+Cp

ratios and n-alkane maxima at C26 or C27, indicative of predominantly terrestrial organic

matter, while the other half have high Czt+{2y'Cza*Czg ratios, n-alkane maxima at C23,

and low relative abundances of high molecular weight n-alkanes (> Czs) indicating a

marine source of organic matter. Low relative abundances of pristane and phytane and

lower molecular weight n-alkanes may be the result of loss due to weathering. Low

Pr/Ph ratios suggests deposition under anoxic conditions.

Upper Calcareous Member: This member (e.g. NEl13, Figure 5.4c) is characterised by

unimodal n-alkane distributions with maxima at Cy or C24 and high Crr+Cr2lCzs+Czs

ratios (0.51-6.1 1), which indicate a predominantly marine contribution of organic matter.

The high relative abundance of z-C15 in some samples may indicate an algal input. NE46

69



Chapter 5. Biomarker studies using gas chromatography (GC)

is bimodal with high relative abundances of both lower molecular weight n-alkanes and

pristane and phytane. Low Pr/Ph ratios in some samples may indicate deposition under

anoxic conditions. NE46 (not shown) shows a dominant peak in the region of high

molecular weight n-alkanes which has been tentatively identified as 28,30-bisnorhopane,

based on retention time and comparison with GC-MS mlz I9l chromatogram (see

Appendix 9). This provides further evidence for a reduced oxygen depositional

environment. NEl13 also has abundant lower molecular weight n-alkanes and moderate

concentrations of isoprenoids.

Rakauroa Member: The saturate fraction is characterised by n-alkane distributions with

high C21+C22lCrt+Crn ratios (2.21-9.O3) and maximaat C22 or C4, which indicate a

strong marine influence. High relative abundances of n-C15 are present in some samples

(e.g. NE3, Figure 5.4d) which, like samples from the Upper Calcareous Member, may be

due to an algal contribution. Pristane, phytane and low molecular weight z-alkanes are

present in low relative abundances and this may be due to loss through weathering.

Occasionally low Pr/Ph ratios may indicate deposition under conditions of reduced

oxygen. Two samples have different characteristics with n-alkane maxima at C25 or C26,

more indicative of temestrial organic matter. They also have high relative abundances of

pristane and phytane and high PriPh ratios which may indicate deposition in an oxic

environment.

Undifferentiated: Both unimodal and bimodal n-alkane distributions are present in

undifferentiated Whangai Formation samples. A number of samples show n-alkane

distributions with maxima at C29 and a high odd-over-even predominance in the higher

molecular weight component, indicative of predominantly terrestrial organic matter.

Moderate to high relative abundances of C1a-C17 n-alkanes, with maxima at about C16,

and low relative abundances of high molecular weight n-alkanes are characteristic of

other samples. NE53 (Figure 5.4e) shows a bimodal distribution with no observable odd-

over-even preference between C12 and C2a and then an odd-over even preference

between C25 and C32 demonstrating contributions of both marine and tenestrial organic

matter.

Tangaruhe Formation: The saturate fractions are characterised by unimodal n-alkane

distributions with maxima at C25 or C26 (e.g. NE9, Figure 5.40. The distributions are

skewed towards the higher molecular weight components, resulting in low

C2t+C22lCze*Czg ratios and appear to be related to degradation through weathering.

Low Pr/Ph ratios may indicate deposition under anoxic conditions, but these too are

considered likely to be affected by degradation.
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s. NE59 - TeMal Formatlon d. NEl14 - Torlesse Supergroup

lr, NEllt - Glenburn f,'ormatlon

c. NE66 - Mangapokla Formatlon

Flgure 5.5 Gas chromatograms showlng the saturate fractlons of the posslble source rocks from
eastern North Island.
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Te Mai Formation: The chromatograms are characterised by bimodal n-alkane

distributions. Both marine and terrestrial contributions of organic matter are indicated.

NE59 (Figure 5.5a) shows a high relative abundance of C1a-C1s n-alkanes with an odd-

over-even predominance between C15 and C24, indicative of a marine contribution. High

Pr/Ph ratios indicate deposition in an oxic environment. Other samples show n-alkane

distributions with a maxima at C77, an odd-over-even predominance between C, and

C:t and low Crt+CrrlCzt+Czs ratios, all indicative of a terrestrial higher plant

contribution.

Glenburn Formation: The saturate fractions (e.g. NEl18, Figure 5.5b) are

characterised by unimodal n-alkane distributions with high maxima (Czs or C2e) and are

often skewed towards the higher molecular weight components. An odd-over-even

predominance is commonly present between C27 and C33, and almost all samples have

low C2t+CrtlCrr+Ct, ratios, both indicative of a predominant terrestrial contribution.

Low relative abundances of pristane, phytane and low molecular weight n-alkanes are

considered to be the result of loss due to weathering (such as NEI 18, Figure 5.5b).

Mangapokia Formation: The saturate fractions are either unimodal or bimodal with

n-alkane maxima ranging from C14-C p ot C21, suggesting both marine and terrestrial

contributions, An odd-over-even predominance between C17 and C24, and low relative

abundances of higher molecular weight n-alkanes may indicate an algal source in some

samples (e.g. NE66, Figure 5.5c). Crr+CrrlCzs*Czs ratios, where available, are low and

indicate a contribution of terrestrial higher plant organic matter. This is supported by an

odd-over-even predominance in n-alkanes between C25 and C39. High Pr/Ph ratios are

indicative of deposition under oxic conditions.

Torlesse Supergroup: The saturate fraction (NEl14, Figure 5.5d) is characterised by a

unimodal n-alkane distribution with maximum at C26 and a low Cr,+C2rlCrs+C2s fttio
(0.43) indicative of terrestrial organic matter. Low relative abundances of pristane,

phytane and low molecular weight n-alkanes may result from loss due to weathering. A
low Pr/n-C17 ratio (0.44) indicates a component of marine organic matter.

South Island possible source rocks

Waima Siltstone: The chromatogram (NE85, Figure 5.6a) is characterised by a

unimodal n-alkane distribution with a maximum at C22, but high relative abundances of
the high molecular weight component and a low Crt+CrrlCzstCzs ratio. This indicates a

predominance of terrestrial organic matter, but also a minor marine contribution. High

relative abundances of pristane and phytane and other isoprenoids compared with lower
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a. NE85 - Walma Siltstone d. NB78 - Mata Serles

b. N8100 - Amuri Limestone e. NE82 - Flags Fornratlon

c. ND86 - Whangai Fornration, f. N8108 - Conway Slltstone
undifferentiated (S.I.)

Figure 5.6 Gas chrornatograms showlng the snturate fractloru of tlre posslble source rocks fronr
Marlborough.

f. N8108 - Conway Slltstone
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molecular weight n-alkanes (including Prln-Cp and Ph/n-C13) may result from immature

organic matter. Low relative abundances of low molecular weight n-alkanes may be the

result of loss due to weathering.

Amuri Limestone: The saturate fractions are characterised by unimodal n-alkane

distributions with maxima at about Cr, (e.8. NE100, Figure 5.6b). Predominantly high

Crr+C22lCzs*Czg ratios (0.8-2.99) indicate a strong marine influence. High relative

abundances of n-alkanes from Crr-Cro in some samples may indicate an algal source of
organic matter. Low PrlPh ratios predominate which may indicate deposition in an

anoxic environment.

Undifferentiated Whangai Formation: This formation is generally characterised by

unimodal n-alkane distributions with low relative abundances of C13-C1s n-alkanes. Low

C2r+C22lCzg*Czg ratios indicate a predominantly terrestrial contribution of organic

matter. NE86 (Figure 5.6c) is dominated by isoprenoids, possibly as a result of

biodegradation of the z-alkanes but more probably as a result of low thermal maturity.

Mata Series: The saturate fractions are characterised by unimodal n-alkane distributions

with maxima at about C23 and low relative abundances of the low molecular weight

component (Cp-Crs). Variable Crt+CrrlCzs+Czg ratios (0.65-3.15) indicate a

predominance of marine but also occasionally strong terrestrial contributions of organic

matter. Generally low Pr/Ph ratios may indicate deposition under anoxic conditions.

NE78 (Figure 5.6d) has an n-alkane distribution with maximum at C26, dslight odd-over-

even predominance between C14 and C26, and low relative abundances of the higher

molecular weight component (> Czo).

Flags Formation: The saturate fraction (NE82, Figure 5.6e) is characterised by a

unimodal n-alkane distribution with a maximum at Cz3, a moderately low

Crr+CrrlCzs*Czg ratio ( 1.06) and an odd-over-even predominance between C23 and

C31, which suggests a terestrial contribution of organic matter. This interpretation,

however, and the low relative abundances of pristane, phytane and low molecular weight

n-alkanes are substantially affected by loss due to weathering. A low Pr/Ph ratio (0.33)

may indicate deposition under anoxic conditions.

Conway Siltstone: This chromatogram (NEl08, Figure 5.6f) shows a unimodal

n-alkane distribution with a maximum at C25. The distribution is skewed towards the

higher molecular weight components, resulting in a low Crr+CrrlCzs+Czs ratio (0.63),

which is indicative of a higher plant contribution. Once again, this interpretation, is
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a. NE71 - Burnt Creek Formatlon d. NEl02 - Torlesse Supergroup (S.I.)

b. NIt94 . Split Rock Formatlon, Srvale
Siltstone Member

c. NE9() - Split Rock Formation, Champagne
Memlrcr

Figure 5.7 Gas chromatograms showing the saturate fractions of the possible source rocks from
Marllmrough.
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affected by a distribution that is considered to have suffered loss of the lower moleeular

weight n-alkanes (and pristane and phytane) due to weathering.

Burnt Creek Formation: The sarurate fractions (e.9. NE71, Figure 5.7a) are

characterised by unimodal n-alkane distributions with maxima at Cz+. High

Cy+C22lCzs+Czg ratios indicate marine organic matter. Low relative abundances of
pristane, phytane and the low molecular weight n-alkanes may result from loss due to

weathering. Low Pr/Ph ratios (0.44-0.50) may indicate deposition under anoxic

conditions.

Split Rock Formation: The uppsr part of this formation (Swale Siltstone Member,

N894, Figure 5.7b) is characterised by a unimodal n-alkane distribution with a maximum

at Cy and a high C21+CrrlCrr+Cre ratio (2.04), indicative of marine organic matter.

Moderate relative abundances of lower molecular weight n-alkanes (Crr-Crs) and low

relative abundances of the higher molecular weight component (Cza-Ctr) may indicate a

predominantly marine, possibly algal input. There are moderate to high relative

abundances of pristane and phytane. The basal part of this formation (Champagne

Member, NE90, Figure 5.7c) is characterised by a unimodal n-alkane distribution with a

maximum at Cz1 a low C2t+C2rlCzs*Czg ratio (0.62) and an odd-over-even

predominance in the higher molecular weight component. These are all indicative of a
predominance of terrestrial organic matter. Low relative abundances of pristane, phytane

and low molecular weight n-alkanes may result from loss due to weathering.

Torlesse Supergroup: The saturate fractions (e.g. NEl02, Figure 5.7d) are

characterised by both unimodal and bimodal n-alkane distributions. A wide range of
C21+C22lCzs*Czg ratios (0.37-3.50) indicates varying contributions of terrestrial and

marine organic matter. Some samples show an odd-over-even predominance between

C23 and C31, indicating a terrestrial contribution, while others have moderate relative

abundances of low molecular weight n-alkanes (Clr-Crs) and low relative abundances of
the high molecular weight component (> Czo), indicating a predominance of marine

organic matter. Bimodal n-alkane distributions indicate contributions of both marine and

terrestrial organic matter. Low to moderate Pr/Ph ratios were recorded. Samples with

meaningful CPIs average l.l indicating they are thermally mature (although a

contribution of marine organic matter would exaggerate the true maturity).
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5.5 Summary of results and discussion

5.5.1 Geochemistry of the oils

The gas chromatograms of the Knights Stream, Isolation Creek and Kerosene Rock oils

show three different n-alkane distributions, possibly indicating three different origins.

The PriPh ratios of the three oils lie between 0.6 and 3 and, therefore, are not conclusive

indicators of depositional environment (Peters and Moldowan, 1993). The

Crt+Cry'Czs*Czs ratios of the Knights Stream and Isolation Creek oils, however,

indicate a predominance of marine organic matter, while that of the Kerosene Rock oil

indicates predominantly terrestrial organic matter, and these results are supported by

C*u* data. Although mild degradation of the Isolation Creek and Kerosene Rock oils has

the effect of reducing the relative abundances of the lower molecular weight n-alkanes in

these oils and suggests a lower contribution of marine organic matter than is indicated, at

least two major oil types have been clearly distinguished based on the different origins of
contributing organic matter.

The Westcott, Tiraumea and Okau Stream oils are at least moderately biodegraded, with

only trace n-alkane and isoprenoids remaining, As a result, no interpretations regarding

source or maturity are possible. Mass chromatograms of the oils, produced by GC-MS

analysis (see Figure 6.13), indicate that the sterane and triterpane distributions have been

largely unaffected and, therefore, biodegradation has reached an upper limit of about 5

(moderate) on the ten point scale of Peters and Moldowan (1993) (Table 6,l).

Previous GC analyses of southern East Coast Basin oils have yielded different results to
those of the present study and the collection of nonbiodegraded oil samples from surface

outcrops appears to be a matter of good fortune. The Isolation Creek and Okau Stream

oils were shown to be biodegraded with only trace n-alkanes and isoprenoids remaining

[see Gibbons and Fry (1983) and Zumberge (1990) respectively]. The Kerosene Rock

oil, with a largely unaffected isoprenoid distribution (see Lipke, 1989), was shown to
have suffered slightly less biodegradation than either the Isolation Creek or Okau Stream

oils but is still greater than that demonstrated by the present study.

Rogers (1995) analysed four oil samples from the northern part of the basin and, with the

exception of the Totangi oil seep which was found to be moderately biodegraded, their

n-alkane and isoprenoid biomarker parameters are shown in Table 5.2. Data from the

southern East Coast Basin oils are included for comparison. The northern oils show

unimodal n-alkane distributions most abundant between C,s and Cr6 with maxima
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commonly ot C15, and this was attributed to an algal contribution in a marine

depositional environment (Rogers, 1995). The C21+C22lC2s+Cp ratios (1.19-1.48),

however, suggest there were both marine and terrestrial contributions of organic matter

to the Waitangi and Motu Valley oils.

Pr=Pristane; Ph=Phytane.

Table 5.2 Comparison of the n-alkane and isoprenoid biomarker parameters of oils from the
northern East Coast Basin (from Rogers, 1995) \rith those from the southern region.

Oil-oil correlations

Although the northern and southern East Coast Basin oils are not able to be correlated

by their n-alkane and isoprenoid biomarker parameters alone, the Knights Stream oil gas

chromatogram is similar in appearance to those of the northern oils, while the Kerosene

Rock oil has a much greater terrestrial signature and appears completely unrelated. The

Isolation Creek oil gas chromatogram is also different from the northern oils, possibly as

a result of migration, biodegradation or weathering, and correlation is again not possible.

5.5.2 Geochemistry of the possible source rocks

A summary of the n-alkane and isoprenoid biomarker parameters of eastern North Island

and Marlborough strata appears in Tables 5.3 and 5.4 respectively. Trends are not

obvious, particularly regarding the Pr/Ph and Pr/n-C17 ratios. Pr/Ph ratios suggest that

the Te Uri Member and the Tangaruhe Formation, from eastern North Island, and the

Woodside Formation, Amuri Limestone, Flags and Burnt Creek formations, from

Marlborough, were deposited under anoxic conditions. The Waipawa Black Shale,

Porangahau Member, Glenburn Formation and the Torlesse Supergroup, from eastern

North Island, and the Waima Siltstone, Mata Series and Conway Siltstone, from
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Oil seeps Pr/Ph Prln-C11, Ptr/n-C16 CPI n-alkane
max

Czr+Czz
Crs +C2s

Rogers (1995)*

Waitangi

Rotokautuku

Motu Valley

This study

Knights Stream

Isolation Creek

Kerosene Rock

0.95

4.58

1.93

2.57

0.99

2.17

2.63

2.97

2.02

3.66

0.38

6.t2

1.83

0.83

1.r5

|.57

0.42

2.rl

l.l
0.96

0.99

t.02

1.05

0.97

23

l5

l5

l6

24

27

l.l9

1.48

2.73

2.t4

0.38



Formation Pr/Ph Prln-C11 n-alkane
mar

Czt*Czz
C26+C2s

Miocene coal

Whakataki

Weber

Wanstead

Waipawa Black Shale

Whangai
Te Uri Mem.

Porangahau Mem.

Upper Calc. Mem.

Rakauroa Mem.

Tangaruhe

Te Mai

Glenburn

Pahaoa Group

Torlesse Supergroup

0.7

r.9

1.6

l.l

0.8

0.4
?anoxic

0.7

l.l

t.7

0.5
?anoxic

2.5

0,6

2.2

0.7

1.1

4.2

t.3

1.5

3.5

t.7

3.3

3.1

4.0

t.6

2.4

2.8

2.4

0.4

29
terrestrial

14 or 25
marine/terrest.

15 or 23
marine/terrest.

- 24 or 26+
?marine/terrest

23
marine

24
marine

23
marine

25-26
?

27
terrestrial

29

terrestrial

27
terrestrial

26
?

24
marine

0.2
terrestrial

0.3
terrestrial

2.3
marine

0.9
terrestrial

t.2
terrestrial

5.3
marine

3.3
marine

6.1
marine

0.4
terrestrial

0.3
terrestrial

0.6
terrestrial

0.6
terrestrial

0.4
terrestrial

Table 5.3 Summary of the z-alkane and isoprenoid biomarker parameters of eastern North
Island formations.
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Marlborough, are also indicated to have been deposited under conditions of reduced

oxygen. Other parameters of bottom-water oxygenation, however, such as

28,3O-bisnorhopane (see Section 6.6.3), S/C and Ni/V, V/Cr and U/Th trace metal ratios

(see SectionT.4), indicate that of the formations mentioned above, only the Waipawa

Black Shale and Conway Siltstone were deposited under anoxic conditions, while the

Waima Siltstone and some Mata Series samples were deposited under conditions of
reduced oxygen. Discrepancies in these results are likely for a number of reasons. Post-

depositional alteration of the saturate fraction, through weathering and biodegradation, is

likely to be an inherent problem in a high proportion of outcrop samples (although both

pristane and phytane are considerably more resistant than n-alkanes to biodegradation).

The most important factor, though, is that of thermal maturity and biomarker ratios

determined through GC-MS (see Section 6.6.4) indicate that the majority of samples are

immature with respect to hydrocarbon generation and, therefore, their Pr/Ph ratios are

generally inaccurate as environmental indicators (Peters and Moldowan, 1993). Similarly,

the low thermal maturities suggest that the Prln-Cs ratios are also likely to be unreliable.

The C2r+C22/C2s+C2s ratios from eastern North Island show a predominance of
terrestrial organic matter in sediments from the Lower Cretaceous Torlesse Supergroup

to the Upper Cretaceous Tangaruhe Formation. Marine organic matter is then

predominant in sediments from the uppermost Cretaceous Whangai Formation to the

Eocene Wanstead Formation, with the exception of the Paleocene Te Uri Member

(Whangai Formation) and particularly the Waipawa Black Shale, which contain mainly

terrestrial organic matter (70Vo of Waipawa Black Shale samples comprise predominantly

terestrial organic matter). This trend is then reversed with an increased proportion of
terrestrial organic matter in strata of Oligocene age and younger. These trends are largely

supported by the Cr* data. The C21+C2y'C2s+C2e ratios of the Marlborough strata,

however, do not provide the same definite trends as those from eastern North Island. It
appears that marine organic matter is predominant in sediments from the Lower

Cretaceous Torlesse Supergroup to middle Cretaceous Burnt Creek Formation. The

Upper Cretaceous formations indicate variable proportions of marine and terrestrial

organic matter. The Conway Siltstone and Whangai Formation contain predominantly

terrestrial organic matter, possibly representing more proximal depositional

environments. The Flags Formation comprises both marine and terrestrial organic matter

and Mata Series sediments contain predominantly marine organic matter, suggesting a

more distal depositional environment. The uppermost Cretaceous to Oligocene Amuri

Limestone and Woodside formations comprise predominantly marine organic matter,

while that present in the Miocene Waima Siltstone is mainly terrestrial in origin. The

C,n* data also support these findings.
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Formation Pr/Ph Prln-Cy z-alkane
max

ClalCzz
C2s+C2s

Waima Siltstone

Woodside

Amuri Limestone

Whangai

Mata Series

Flags

Conway Siltstone

Burnt Creek

Split Rock

Torlesse Supergroup

0.8

0.2
?anoxic

0.5
?anoxic

t.2

0.8

0.3
?anoxic

0.8

0.5
?anoxic

1.5

l.l

6.2

t.4

)7

2.4

2.3

2.1

2.0

2.2

2.4

2.1

22
marine

22
marine

23
marine

25
?

24
?marine

23
marine

25
?

24
?marine

24
?marine

25
,l

0.6
terrestrial

2.9
marine

1.6

marine

0.6
terrestrial

1.6

marine

l.l
?

0.6
terrestrial

2.1

marine

1.9

marine

1.8

marine

Table 5.4 Summary of the n-alkane and isoprenoid biomarker parameters of Marlborough
formations.
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In general, the depositional environments indicated by the Crr+C22lCze+Czs ratios and

C*u* data are well supported by the physical characteristics of the sediment (such as

paleontology and sedimentology) (see Chapter 2). A noticeable discrepancy, perhaps, is

the marine signature of the Lower Cretaceous Torlesse Supergroup to middle

Cretaceous Burnt Creek Formation of Marlborough which appears to be contradictory to

the highly carbonaceous nature of some Torlesse Supergroup and Split Rock Formation

samples.

Few previous GC analyses have been done on possible source rocks in the southern East

Coast Basin and there has been almost no discussion of the results. Lipke (1989) and

Zumberge (1990) present gas chromatograms of southern East Coast Basin samples

which are very similar to those obtained in the present study. Gas chromatograms from

samples of the Waipawa Black Shale, Te Mai and Glenbum formations show a
predominance of high molecular weight z-alkanes indicating terrestrial organic matter,

while a Whangai Formation sample shows a higher proportion of lower molecular weight

n-alkanes indicating a greater marine contribution (Lipke, 1989;Zumberge, 1990).

The best possible comparisons are with those of Rogers' (1995) geochemical study of the

northern East Coast Basin, as samples were analysed on the same equipment under the

same conditions. Based on C21+C22lC2s+C2s ratios and n-alkane maxima, Rogers (1995)

showed the Lower Cretaceous Torlesse Supergroup to comprise organic matter of
predominantly marine origin. The uppermost Cretaceous Whangai Formation and

Eocene Wanstead Formation were shown to comprise predominantly marine organic

matter, while mainly terrestrial organic matter is present in the Paleocene Waipawa Black

Shale. These conclusions are very similar to those of the present study, although the sole

Torlesse Supergroup sample from eastern North Island from the present study comprises

organic matter of terrestrial origin.

Oil-source rock correlation

The interpretation of n-alkane and isoprenoid biomarker parameters is necessarily

tentative, primarily due to the relative ease with which these biomarkers are affected by

post-depositional alteration through maturation, migration and biodegradation. All
'source-specific'biomarker parameters are affected to some extent by these factors, and

establishing a positive correlation between mature oils and their immature possible

source rocks based on these parameters alone is considered impossible. Despite this,

however, the relatively strong marine signatures of both the Iftights Stream and Isolation

Creek oils suggest their possible source rocks are limited to the uppermost Cretaceous to
Eocene strata in eastern North Island (excluding the Waipawa Black Shale). A
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consideration of the hydrocarbon potential of this strata (see Chapter 4), further limits

the possibilities to that of the Whangai Formation. Further support comes from the

similarity of the Knights Stream oil gas chromatogram to those of the major seep oils in

the northern part of the basin, which have been correlated to the Whangai Formation,

and the Upper Calcareous Member in particular (Rogers, 1995). In Marlborough, there

are no formations with both a predominance of marine organic matter and suitable

hydrocarbon potential. The Whangai Formation is oil-prone but appears to be dominated

by terrestrial organic matter, while Mata Series sediments comprise marine organic

matter, but are only gas-prone. These formations are lateral equivalents of each other and

it is considered likely that the source is in fact the Whangai Formation, but one which is

dominated by marine organic matter, much like that present in eastern North Island.

Kerosene Rock oil has a predominance of terrestrial organic matter, with a possible

minor algal input. The Lower to Upper Cretaceous and Miocene strata of eastern North

Island, including the Torlesse Supergroup, Pahaoa Group, Glenburn, Te Mai, Tangaruhe

and Whakataki formations, have a predominance of terrestrial organic matter, although

the only formation of these that has been identified as being oil-prone is the Paleocene

Waipawa Black Shale. Definitive oil-oil and oil-source rock correlations require the more

diagnostic results of GC-MS and stable carbon isotope analyses and these are discussed

in the following chapters.
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5.6 Conclusions

The Knights Stream, Isolation Creek and Kerosene Rock oils differ in their

biomarker characteristics and cannot be correlated. The Knights Stream and Isolation

Creek oils appear to be derived predominantly from marine organic matter, while

Kerosene Rock oil indicates a dominant terrestrial contribution with a minor marine.

possibly algal component;

The Westcott, Tiraumea and Okau Stream oils are at least moderately biodegraded

oils (with both n-alkanes and isoprenoids absent);

The biomarker parameters (C21+CrrlCrs+Cp and C,n*) of possible source rocks

from eastern North Island show a trend of an increasing proportion of marine organic

matter from the Lower Cretaceous Torlesse Supergroup, which contains

predominantly terrestrially-derived organic matter, through to the strongly marine-

dominated Eocene Wanstead Formation. The Paleocene Waipawa Black Shale and

Te Uri Member are exceptions with a predominance of terrestrial organic matter.

This trend is then reversed to an increasing proportion of terrestrial organic matter in

the Oligocene Weber Formation and Miocene Whakataki Formation. These results

are largely supported by the physical characteristics of the sediments, such as the

paleontology and sedimentology (see Chapter 2);

The biomarker parameters (C21+C22/C2s+Crs and C,n*) of possible source rocks

from Marlborough do not show as clear trends as the eastern North Island

formations. Lower Cretaceous Torlesse Supergroup to middle Cretaceous Burnt

Creek Formation have a predominance of marine organic matter. This is unusual

considering the carbonaceous nature of some of the Torlesse Supergroup and Split

Rock Formation samples. The Upper Cretaceous formations show variable

proportions of terrestrial and marine organic matter, and this is followed by a

predominance of marine organic matter in the uppermost Cretaceous to Eocene

Amuri Limestone;

The gas chromatogram of the Kerosene Rock oil is similar to many formations which

show a predominance of terrestrial organic matter. Of these, however, only the

Waipawa Black Shale has been identified as oil-prone and having sufficient

hydrocarbon generative potential to produce petroleum;
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The gas chromatogram of the Knights Stream oil is similar in appearance to those of

the northern seep oils (Waitangi, Totangi and Rotokautuku) which have previously

been corelated to the Whangai Formation. The marine signatures of the Knights

Stream and Isolation Creek oils also support a Whangai Formation source as other

possible source rocks lack sufficient hydrocarbon generative potential; and

. Anoxic depositional conditions, as indicated by low (< 0.6) Pr/Ph ratios, are

described for the many of the possible source rocks of the southern East Coast Basin.

These results are not considered reliable, however, as most samples have not reached

sufficient maturity to allow a confident interpretation. Only in a few samples of the

Waipawa Black Shale and Upper Calcareous Member of the Whangai Formation,

where 28,30-bisnorhopane is present, are anoxic conditions more fully supported.
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Chapter 6

Biomarker investigations using gas chromatography-
mass spectrometry (GC-MS)

6.1 Application of GC-MS to the investigation of biomarkers

6.1.1 Introduction

Biomarker research has grown rapidly over the past decade, developing into a highly

specialised discipline. The present investigation can represent only a preliminary

introduction to the biomarker characteristics of oils and possible source rocks of
southern East Coast Basin. However, even this initial approach can greatly enhance our

knowledge of source rocks and environment of deposition, organic maturity, and

biodegradation, especially when used in conjunction with other analytical techniques.

Furthermore, since biomarker studies involve the analysis of soluble organic matter

(bitumen) rather than kerogen, they provide an opportunity for direct comparison

between oils and their possible source rocks and therefore give a means of oil-oil and oil-
source rock conelation.

6.1.2 Principles of GC-MS

The amount of information derived from any biomarker class is proportional to its
chemical complexity. Individual n-alkanes or acyclic isoprenoids yield relatively little

information, while steranes and terpanes, through their stereochemical variability, are

capable of yielding very specific information (Seifert and Moldowan, 1986). Although

GC has demonstrated its ability to characterise the distributions of n-alkanes and acyclic

isoprenoids (see Chapter 5), saturated cyclic hydrocarbons occur in much smaller

quantities and their detection and structural elucidation by GC alone is simply not

possible. Technological advances during the 1970s saw the coupling of GC units with

mass spectrometers to create gas chromatography-mass spectrometry (GC-MS)

(Figure6.l), a very powerful analytical technique used to separate and identify trace

amounts of specific organic compounds in complex hydrocarbon mixtures (Philp and

Gilbert, 1986a; Noble, 1991).
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Figure 6.1 A gas chromatograph-mass spectrometer shorving its six essential functions (from
Peters and illoldowan, 1993).

The gas chromatography part of a GC-MS system is virtually identical to conventional

GC (see Chapter 5). However, rather than combusting in a FID, compounds emerging

t}om the column are transferred to the ionisation chember of a mass spectrometer where

they are ionised by an electron beam (Peters and Moldorvan, i993). The molecular ions

formed then tiagment to tbrm more stable ions which are passed through an

electromagnetic t-reld, deflected according to their mass/charge (m/z) ratio and

subsequently analysed. By vuying the electromagnetic field a sweep over a range of mJz

values can be achieved and the ion current, which is proponional to the number of ions

produced, is recorded tbt elch rr/z value during the sweep, allowing a mass spectrum to

be constructed (Peters and Moldowan, 1993).

The detection of trace quantities of biomarkers is possible because certain classes of
biomarkers t-ragment in a systemotic manner to produce one, or more, fragment ions

characteristic of those biomarkers (Philp, 1985a; Philp and Gilbert, 1986a). By

monitoring the intensity of these characteristic fragment ions during an analysis, a quick

assessment can be made of their presence or absence (Philp and Gilbert. 1986a). As more

biomlrkers have become identitied and their characteristic liagmentation patterns

known, tlris techniquc of Selected Ion Monitoring lSlivl) has become increasingly

common (Mackenzie et ol., 1982; Peters and Moldorvln. 1993) and has the additional

henetit of signiticant gains in sensitiviry (Philp, 1985a). Biornar*er distributions are

recorded as mass chromatograms with plots of specific ions against gas chromatographic

retention time (Peters and Moldowan, 1993). More detliled discussions of GC-MS can

be found in Philp (1985a), Philp and Gilbert (1986a) and Peters and Moldowan (1993).
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6.2 Sterane and triterpane biomarkers

6.2.1 Introduction

Steranes and triterpanes, two of the most frequently studied compound classes in

biomarker research, provide the focus of this investigation. Steranes and triterpanes are

derived from living organisms, during diagenesis, from the closely related precursor

compounds sterols and triterpenoids, (Waples and Machihara, 1991). If the types of
organisms from which specific steroids and triterpenoids are derived are known, an

understanding of paleoenvironments can be achieved (Waples and Machihara, 1991).

Additionally, complex stereochemical changes occur in steranes and triterpanes during

catagenesis and an understanding of these can provide detailed information regarding the

thermal maturation histories of sediments and oils.

Steranes and triterpanes characteristically fragment to form major ions with m/22t7 and

nlz l9l respectively (Figure 6.2) and analysis by GC-MS is possible by scanning for
these two ions in SIM mode.

Figure 6.2 Fragmentation pattern of steranes and triterpanes.

6.2.2 Steranes (mlz 217)

Steranes are derived from sterols that are found in algae, plankton, zooplankton and

most higher plants but are generally absent in bacteria and blue-green algae

(cyanobacteria) (Seifert and Moldowan, 1986; Volkman, 1986). Four main sterol

precursors containing 27-3O carbon atoms have been identified and these give rise to four

different'regular'steranes during diagenesis (Figure 6.3) (Waples and Machihara, 1991).



Sterol - living organism 5a,14a,17a-20S
Geological configuration

5a,'|'4u,17rr.20B
Biological configuration

5c,14B,17p-20R

Figure 6.4 The precursor sterol and the biological and geological configurations of the sterane
biomarker molecules and the equilibrium pathways between the different configurations (after
Philp,19E5a).
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With only minor changes (loss of functional group and hydrogenation of double bond),

the structures of newly-formed steranes are virtually identical to their precursor sterols

(Figure 6.4) (Seifert and Moldowan, 1986; Waples and Machihara, l99l). Because sterol

functionality occurs in the rings, interconversion between C27, C2g and C29 steranes is

unlikely (Seifert and Moldowan, 1986). Steranes are therefore very useful as source

indicators and for oil-oil and oil-source rock correlations (see Section 6.3.4).

Although stereoisomerism exists at the C-5, -8, -9, -14, -17, -2O and -24 positions,

thermodynamic stability is such that the C-8 and C-9 positions are always in the F (up)

and ct, (down) configurations respectively, and there appears to be little stereopreference

for C-24 isomers (Mackenzie, 1984). Hence steranes are often described according to

their C-5, -14, -17 and -20 positions only.

The C-5 chiral centre is not particularly stereospecific and hence there are two
'biological' configurations of steranes. The dominant isomer is

5a(H),l4cr(H),17c(H)-20R (or ocrcr-20R) while 5p(H),l4cr(H),17u(H)-20R (or

Bocr-20R) (R=right and S=left) is a very minor isomer. Only the -20R epimers are

produced biologically. The Baa isomer coelutes with aBp isomers and is not easily

quantified. However, it is less stable than the crcrq, configuration and is thought to

convert at higher temperatures (mature samples only have 5cr configuration).

Although most diagenetically-produced steranes are of the qnc form, aBp forms may

also be produced. With increasing thermal stress the 'geological' configurations

(qacr-20S and aBB-20R) become more favoured at the expense of the biological

configuration (Seifert and Moldowan, 1986).

Caz R=H
Cze R=CHg
C2e R=CH2CH3
C3s R=CH2CHzCHg

cholestane
24-methylcholestane
24-ethylcholestane
24-npropylcholestane

Sterane (Czz-Cso)

Figure 6.3 Structure of the four common regular steranes.
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6.2.3 Triterpanes (mlz 191)

Triterpanes are believed to originaie mostly from bacteria and blue-green algae, some

specitically tiom the cell membranes (Philp, 1985a; Rohmer et al., 1992). Triterpanes are

a class of terpane comprising approximately 30 carbon atoms (depending on side chains),

and are divided into three distinct families based on the number of rings; tricyclic,
tetracyclic and pentacyclic (Waples and Machihara, 1991). By tar the most abundant and

the most studied are the pentacyclic triterpanes with five rings (Waples and Machihara,

1991).

Pentacyclic triterpanes

Penracyclic triterpanes commonly comprise Czt-Czs compounds although they have been

reported up to Cas philp, 1985a; Waples and Machihara, 1991) (Figure 6.5). Pentacyclic

triterpanes arc further divided into the 'hopanoids' and 'nonhopanoids' with the hopanoids

including both lTcr(H),21 F(H)'hopanes' and rhe l7p(H),21a(H)'moreranes'.

22

Figure 6.5 Pentacyclic triterpane with additional side chain.

The most common pcntacyclic triterpanes are the hopanes which are derived largely from

bacteria lnd blue-grcen llgrc but also tiom higher plants and cryprogams (ferns, mosses,

lichens and fungi) (Rohmcr er a1.,1992). The most commonly analysed hopanes contain

Cr7 to C35 compounds which tbrm a homologous series with the 17a(H),21FG)
cont-rguration.

Because bacteria lre ubiquitou.s in most deposirional environments hopanes are not so

useful in source and depositional environment investigations. Their usetulness however

has been in maturity studies. Like that of the steranes. the molecular structure of
triterpanes is little atlbcted by diagenesis. The most common biological cont-rguration is

l7F(H),21p(H) and this is prcsent only in very immature samples. With increasing

matudty. convelsion to I mole stable 'geological' contl-turation occurs, forming

l7a(H),21P(H) (hopanc.s) and l7p(H),2lcr(H) (moreranes) (Figure6.6). The C2e and

C36 hopanes hlve no chiral clrbon atoms in their side chains but the Crr-C+o hopanes
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('homohopanes' or 'extended hopanes'), however, all have a single chiral carbon atom

(C-22) in the side chain, and can exist as both -22R and -22S epimers. The biological

configuration consists only of the -22R epimer but with greater maturity the -22S epimer

increasingly appears.

Figure 6.6 The biological and geological configurations of the hopane biomarkers and the
equilibrium pathways between the different configurations.
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6.3 Source, maturity and biodegradation: What the biomarker
parameters can tell us

6.3.1. Source-specific biomarkers

Biomarkers represent the remains of living organisms that existed under certain

conditions and the dominance of a single or restricted assemblage can, therefore, be used

as both source and/or environmental indicators (Peters and Moldowan, 1993). Usually,

however, there is not a unique interpretation for most biomarkers and it is more likely

there are multiple precursors that come from different organisms from a wide range of
environments. Therefore, the presence or absence of a single biomarker is not completely

diagnostic and it is common to use an assemblage of biomarker data (Waples and

Machihara, l99l). Although there are many source-specific biomarkers described in the

literature, a brief discussion of selected biomarkers identified in the present study is

included below. The term 'source-specific' is used in reference to both source and/or

environmental indicators for, in some cases, certain biomarkers have been linked to

specific depositional environments (such as 28,3O-bisnorhopane with regards to anoxic

environments) without the actual source (organism) having been positively identified.

Steranes (mlzLl7)

C27-Czs-Cz9 steranes

Huang and Meinschein (1979) showed that the relative proportions of the Cz. to Czs

regular sterols in living organisms were related to specific environments and suggested

that steranes in sediments might provide paleoenvironmental information. They proposed

that a predominance of C29 sterols (or steranes) indicates a strong higher plant

contribution, a dominance of Cvsterols indicates largely marine zooplankton and

C2g sterols, where abundant, indicate a strong contribution of lacustrine algae

(Figure 6.7). This initial study, however, has proved to be somewhat simplistic as

Moldowan et aI. (1985) have demonstrated that an increased proportion of C2s steranes

may indicate a greater contribution of marine organic matter, and Volkman (1986) has

shown that both C27 and C29 sterols are produced by marine organisms. Despite its

limitations, the Cy7-C2s-Czs sterane ternary diagram is still commonly used in source

studies and, therefore, is utilised in the present study.

Geotech (1992) used the CzTlCzs sterane ratio as a source indicator, with values below

0.85 indicative of terrestrial organic matter, values between 0.85 and 1.43 for mixed

marine and terrestrial organic matter, and values greater than 1.43 for predominantly
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marine organic matter. They also urged caution with this simplistic approach and noted

the need for corroborative data.

Figure 6.7 Relationship between sterol compositions in organisms and the environment in which
they exist (after Huang and Meinschein, 1979).

C3g steranes

C3s steranes are common, although usually in low quantities, in marine sediments. A
number of C3g steranes have been identified including predominantly 4-desmethyl

steranes such as Z4-n-propylcholestane and 24-isopropylcholestane but also 4-methyl

steranes such as 24-ethyl-4u-methylcholestane and 4a,23,24-timethylcholestane

(dinosterane). 24-n-propylcholestane, a regular C3g sterane, is derived from

24-n-propylcholestrol which is synthesised by marine Chrysophyte algae and is highly

specific for marine organic matter (Moldowan et al., 1990). 24-isopropylcholestane is

thought to be derived from certain Porifera (sponges) and appears to dominate

Z4-n-propylcholestane from the Late Proterozoic up until the Early Cambrian. This

pattern is reversed in younger rocks and 24-isopropycholestane appears to be a minor

component in Cretaceous and Cenozoic sediments (McCaffrey et aI., 1994).

Dinosteranes appear to be derived from dinoflagellates and are useful biomarkers for
Mesozoic and Cenozoic marine organic matter (Summons et al., 1992). The origin of
24-ethyl-4a-methylcholestane, common in both marine and lacustrine sediments, is still

unknown, although a dinoflagellate source has been suggested (Summons et aI., 1992).

The complex structures of these C36 steranes cannot be resolved through (SII\{) GC-MS

and require the use of GC-MSAvIS.
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Cil(Czt to C3d steranes (C36 sterane index)

The C39 sterane index is a measure of the relative amounts of the C3g regular steranes as

a proportion of the total common (C27-C3o) regular steranes. A Cro index of zero

indicates a sample of terrestrial origin (Peters and Moldowan, 1993). Indices for the C27,

C2g and C29 steranes can also be used to indicate their relative proportion of the regular

steranes.

Triterpanes (m/z 191)

28,30-Bisnorhopane

Although the source of 28,30-bisnorhopane remains uncertain its presence in high

concentrations is typical of highly reducing to anoxic depositional environments although

its absence does not exclude anoxia (Peters and Moldowan, 1993). It appears

28,30-bisnorhopane is not generated from kerogen but passed on from free bitumen in

the source rock to the oil, and therefore the concentration of this compound drops as

source rocks generate oil during maturation. The three epimeric forms of
28,30-bisnorhopane [7a,2lB(H)-, l7B,21cr(H)-, and l7P,21B(H)-] cannot be

distinguished by their mass spectra and special conditions are required to separate them

by gas chromatography (Moldowan et al., 1984). The diagenetically first-formed is

thought to be the l7o',Zlp(H)- epimer because it predominates in immature shales

(Moldowan et aI.,1984). All three epimers are present in petroleum.

17c(H)-Diahopane (previously compound'X')
17cr(H)-Diahopane, a reananged hopane previously referred to as compound 'X' or

'X-C30' (Philp and Gilbert, 1986b; Collier, 1989; Waples and Machihara, l99l), has only

recently been structurally elucidated. Philp and Gilbert (1986b) considered the compound

to be a possible terrestrial biomarker as it is present in coals and terrestrially-sourced oils.

Peters and Moldowan (1993), however, concluded that l7cr(H)-diahopane is derived

from bacterial input into clay-rich sediments deposited under oxic to suboxic conditions,

which is also consistent with the terrestrial setting proposed by Philp and Gilbert

(1986b). Although depositional environments appear to exert a major control on the

relative concentration of 174(H)-diahopane, it has been found to be more stable than

l7a(H)-hopanes and is expected to increase relative to both C2e and C3s aB-hopanes

with increasing maturity.

Oleanane

Oleanane, a Cro 'nonhopanoid' pentacyclic triterpane, is thought to be derived from
terrestrial higher plants, especially angiosperms (Moldowan et al., 1994). Evolution of
angiosperms occurred during the Cretaceous with oleanane becoming prominent in the
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Late Cretaceous. Oleanane is not found in rocks older than Cretaceous, although the

absence of oleanane does not necessarily imply generation from rocks Cretaceous or

older (Peters and Moldowan, 1993). The relative concentration of oleanane increases

(compared with C3s crB-hopane) with maturity and therefore should not be used to

compare the relative higher plant input between immature and mature samples (Peters

and Moldowan, 1993). Both l8c(H)- and l8B(H)- epimers exist, with the l8o(H)- form

the more thermally stable. In the present study, the epimers are not differentiated and

they are recorded simply as oleanane. Other pentacyclic triterpanes with similar retention

times and mass spectra can interfere with (SIM) GC-MS analysis (ten Haven et aL, 1993;

Moldowan et al., 1994) and so the identification of oleanane is, at best, only tentative.

Gammacerane

Gammacerane, a C39 'nonhopanoid' pentacyclic triterpane like oleanane, appears to be a

marker for highly saline marine and nonmarine depositional environments (Peters and

Moldowan, 1993). It is thought to be derived from tetrahymanol which is present in

certain protozoans and bacteria (Peters and Moldowan, 1993). Due to the structural

symmetry of gammacerane two identical mlz l9l fragments are generated in the mass

spectrometer and this can result in a large peak on the mlz l9l mass chromatogram

despite low concentrations of gammacerane compared to other terpanes (Peters and

Moldowan, 1993).

6,3.2 Maturity biomarker parameters

Biomarker distributions are sensitive to the time-temperature history of sedimentary

rocks. With increasing burial in the subsurface, biomarker ratios often change in a

systematic way which can be used to infer maturation trends (Noble, l99l). The number

of maturity biomarker parameters proposed in the literature is huge and many have yet to

be properly investigated to determine whether they are completely dependent on source.

Only the more common, and least disputed, maturity biomarker parameters obtained

from either themlz 191 or 217 chromatograms are used in this study.

Steranes (mlz2l7)

20S/(20S+20R) sterane isomerization

Isomerization at C-20 in the C2e 5c(H),14o(H),174(H)-steranes causes the

20S/(20S+20R) ratio to rise from 0 to about 0.5 with increasing maturity (Seifert and

Moldowan, 1986) (Figure 6.8). A value of 0.25 indicates the onset of oil generation,

with peak oil generation at 0.5 (Geotech, 1992). This ratio is most commonly reported

for the C29 steranes because the C27 and C2g steranes often show interference by
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coeluting peaks (Seifert and Moldowan, 1986). For example Czs (-20S) diasterane

coelutes with C27 cr,pp-20R.

aacr-20R osa-20S
Figure 6.8 20S(20S+20R) sterane isomerization.

q" FF sterane isomerization

Isomerization at the C-14 and C-17 positions in the -20S and -20R regular steranes

(Figure 6.9) causes an increase in the ratio BB/(BB+acr) from nonzero values to about

0.7 (Seifert and Moldowan, 1986).

VoBp =
ctBB-20R+sBp-20s

crBp - 20R + crBP - 20S + occr,- 20R + ooo- 20S

This ratio appears to be independent of source organic matter input and somewhat

slower to reach equilibrium than the 20S/(20S+20R) ratio, with a ratio of 0.7 equivalent

to a maturity of peak oil generation (about 0.97o Ro) (Geotech, 1992).

VopB ratio for C27 steranes is occasionally not reliable due to coelution of Czt crPB-2OR

isomer with Crn (-20S) diasterane. This has the effect of increasing the Vopp ratio, and

Figure 6.9 EopP sterane isomerization.
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falsely inflating the maturity of the sample under investigation. Chromatograms showing

high concentrations of C29 diasteranes should be examined carefully, and more emphasis

given to the VoPp rutio of C2e steranes. In hypersaline environments aBp-steranes have

been shown to form directly from precursor sterenes during diagenesis (ten Haven et aI.,

1986), and therefore providing immature samples with a mature appearance by increasing

the TopB ratio.

Diasteranes

Diasteranes are re:uranged steranes with methyl groups at C-5 and -14. They are thought

to be formed from clay catalysis during diagenesis and catagenesis and are both source

and maturity dependent. Diasteranes are more abundant in clay-rich clastic sediments

than clay-poor carbonate sequences (Peters and Moldowan, 1993). Diasteranes appear to

be more stable than regular steranes and become more dominant with increasing mantrity

(Waples and Machihara, l99l). They are known to occur from C27 to C3s but are most

easily observed as Cy7 compounds due to minimal interference. Like regular steranes, the

Cz1lczsdiasterane ratio can be used as a source indicator with a predominance of
C27 diasteranes indicative of a marine organic matter and C29 steranes of terrestrial

organic matter (Geotech, 1992). Once again, interpretation of source by this method

needs to be supported by other evidence.

Triterpanes (mlzl9l)
22Sl (225+22R) homohopane isomerization

Isomerization at the C-22 position in the C31-C3t 17u(H),21B@)-hopanes occurs with

the biological -22R configuration gradually converting to a mixture of -22R and -22S

diastereomers (Figure 6. l0).

crp-22R hopane

R = tl'C2Hs, nCgH7, n-CaHg, n-C5H11, n-C6H13

crp-22S hopane

Figure 6.10 Equilibration between -22R (biological epimer) and -22S (geological epimer) for the
C31to C35 homohopanes (from Peters and Moldowan, 1,993).
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The 22Sl(225+22R) homohopane ratio rises from 0-0.6 during maturation with

equilibrium occurring at 0.67o Ro (onset of oil generation), and is therefore used as a

qualitative assessment for minimal thermal maturity. The ratio is typically calculated for
the C31 and C32 homohopanes although the C32 ratio is often more reliable as coelution

sometimes affects the C31 ratio. For example gammacerane may coelute with the -22R

epimer of the C31 homohopane (Peters and Moldowan, 1993).

p p-hopanes and Ba-moretanes/crp-hopanes
The biological BB-hopane configuration is very unstable and readily converts to either

Bcr-moretane or aB-hopane during diagenesis. Moretane and hopane have different

thermal stabilities and the moretaneftropane ratio is controlled by their differing rates of

destruction during catagenesis (Peters and Moldowan, 1993). Moretane is lost more

rapidly than hopane and the ratio decreases from about 0.8 in immature bitumens to less

than 0.15 in marure source rocks and 0.05 in oils. Moretane loss occurs early and is used

mainly as a qualitative indicator of immaturity where, if the moretane/hopane ratio is

above about 0.15, the maturity level of the sample is below the onset of oil generation

(less than 0.67o Ro) (Waples and Machihara, l99l). The moretane/hopane ratio can be

used for both C29 and C3g compounds.

Tm/Ts

The l7a(H)-22,29,30-trisnorhopane/l8a(H)-22,29,30-trisnorneohopane (Tm/Ts) ratio

(see also Figure6.ll) is both maturity and source-dependent and is, therefore, most

reliable as a maturity indicator when evaluating samples containing similar types of
organic matter (Philp, 1985a; Peters and Moldowan, 1993). Tm is less stable than Ts,

causing a decrease in the Tm/Ts ratio with increasing thermal maturation (Waples and

Machihara, l99l).

Figure 6.11 Structural forms of
trisnorneohopane (Ts).

Tm (less stable)
1 7 a(H) -22,29, 3 O-Tri s no rh o pan e

Ts (more stable)
'l 8cl;(Hl-22,29, 3GTrisno m eohopane

17 e(H) -22,29,30-trisnorhopane (Tm) and 18s(H)-22,29,30 -
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Another compound related to Tm and Ts is l7$(H)-22,29,30-trisnorhopane. This

compound shows greater stability than pB-hopane but has less stability than Tm and Ts

and its concentration approaches zero at maturities equivalent to the onset of oil

generation (Peters and Moldowan, 1993).

Biomarker maturation parameters respond in different maturity ranges (Figure 6.12).

Maturity ranges are not linear in scale and inferring vitrinite reflectance values from the

biomarker ratios is inadvisable (Peters and Moldowan, 1993).

Hopanes Steranes

H/C (ms/g C) Ro (%) ap/pe 225/(225+22R) 20S/(20S+20R) %PF
t-l
0 100 0.8

0.5

0.6

I

0.8

I
0.9

I

1.2

I

2.0

60 (25)
0.15

50
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Figure 6.12 Approximate correlation of selected maturity parameters plotted against the
hydrocarbon generation curve and corresponding vitrinite reflectance values (after Mackenzie,
1984; Killops and Killops, 1993; and Peters and Moldowan, 1993).

Waples and Machihara (1991) observed a retardation of molecular transformations in

clay-free and organic-poor rocks (typically carbonates) and caution the use of biomarker

maturities for these rock types. Either the absence of clays (and hence clay catalysis) may

inhibit the formation of stable biomarker epimers from less stable ones, or organic-poor

rocks prevent the formation of new hydrocarbons with more stable configurations

(Waples and Machihara, 1991).

6.3.3 Biodegradation biomarker parameters

Different biomarker compound classes have different susceptibilities to biodegradation

and Table6.l shows a ten point scale, proposed by Peters and Moldowan (1993), to
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rank its extent. Biodegradation occurs in a manner such that degradation of the next

most resistant class of biomarkers may start before the previous group have been

completely removed.

Selectivity in biodegradation has also been reported within biomarker compound groups.

For example, Rullkdtter and Wendisch (1982) describe the selective removal of

sclc[-2OR steranes by bacterial degradation, thereby affecting sterane maturity

parameters.

Table 6.1 Ten point scale ranking the extent of biodegradation (from Peters and Moldowan, 1993),
with comparison to the biodegradation scale of Yolkman et al. (1983).

6.3.4 Oil-oil and oil-source rock correlation

Oils are formed from the organic matter in source rocks, and hence the biomarker

'fingerprints' of each should be very similar. These fingerprints usually involve those

compounds that are not affected by maturity, and typically include source-specific

biomarkers such as those outlined in Section 6.3.1.

The distribution of C27-C1B-C29 homologous steranes in oils have been shown to
represent the distribution of conesponding sterols from the original organic matter and

these plots do not change significantly with thermal maturation. Hence the C2.r-C2s-Czs

sterane ternary diagram can be used in oil-oil and oil-source rock comelations (Peters and

Moldowan, 1993). Where Crs steranes are important, ternary diagrams with C27-Czs-Czo

or (C27+Cs)-C2e-Cto may be more appropriate (e.g. Killops, 1996).

Extent of biodegradation Degree of biodegradation
(from Peters and Moldowan, 1993) (from Volkmanet al.r1983)

l. (least) Short chain n-alkanes depleted minor biodegradation
2. General depletion of n-alkanes
3. Only traces of n-alkanes remain moderate biodegradation
4. No n-alkanes, acyclic isoprenoids intact
5. Acyclic isoprenoids absent

6. Steranes partly degraded
7. Steranes degraded, diasteranes intact extensive biodegradation
8. Hopanes partly degraded severe biodegradation
9. Hopanes absent, diasteranes attacked extreme biodegradation
10. (most) Cza-Czs aromatic steroids attacked
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6.4 Methods

Sample preparation prior to analysis by GC-MS has been outlined in Chapter 3. Analyses

were performed using a Hewlett Packard 5995C GC-MS system fitted with a J&W DBI
(30 m, 0.2 mm I.D., 0.25 pm film thickness) fused silica capillary column, using helium

as the carrier gas and the following temperature prograrnme:

Initial temperature

Initial rate

Final rate

Final temperahlre

Total time

50'C (held for 15 min.)

4'Clmin. for 45 min. (to 230"C)

2"C/min. for 25 min. (to 280'C)

280'C (held for4 min.)

90 min.

The mass spectrometer was used in SIM mode, analysing for ions of mlz 123, 191 and

217. Data acquisition and analysis were conducted using HP59970 MS-Chemstation

software, and data manipulation through macros written by Collier (1989) helped in the

repetitious work of peak identifications, integrations and biomarker ratio calculations.



Triterpanes
A t8u(H)-22,29,30-Trisnorneohopane(Ts)
B l7a(H)-22,29,30-Trisnorhopane (Tm)
C 17ct(H),21B@)-30-Norhopane
Ts l8cr(H)-30-Norneohopane(C2eTs)
D l7!(H),2lcr(H)-30-Norhopane(Normortane)
E l7a(H),21B(H)-Hopane
F l7p(H),21c(H)-Moretane
G,H l7u(H),21p(H)-30-Homohopane (225,22R)
I,J l7a(H),218@)-30,31-Bishomohopane (225,22R)
K,L l7a(H),21B(H)-30,31,32-Trishomohopane (225,22F.)
M 28,30-Bisnorhopane
N 17p(H)-22,29,3O-Trisnorhopane
O Oleanane

X 174(H)-Diahopane (Compound X)

BB l7B(H),218@)-30-Norhopane
Gam Gammacerane

Steranes
I l3B(H),17c(Fl)-Diacholestane(20S)
2 l3F(H),17c(H)-Diacholestane(20R)
3 z4-Methyl-l3B(H),174(H)-diacholestane (20S)(24S+R)

4 24-Methyl-l3B(H),174(H)-diacholestane (20R)(24S+R)

5 z4-Erhyl-l3p(H),17a(H)-diacholestane(20S) (coeluting)

6 24-Ethyl-l3B(H),17cr(H)-diacholestane(20R) (coeluting)

7 Sct(H),14cr(H),l7cr(H)-Cholestane(20S)
8 5a(H),148(H),l7FH)-Cholestane(20R)
9 5a(H),14p(H),178@)-Cholestane(20S)
l0 5a(H),l4cr(H),17o(H)-Cholestane (20R)

1l 24-Methyl-5cr(H),l4cr(H),17o(H)-cholestane (20S)

12 24-Methyl-5ct(H),l4BG),17p(H)-cholestane(20R)
l3 24-Methyl-54(H),14B(H),1786)-cholestane(20S)
14 24-Methyl-54(H),l4cr(H),174(H)-cholestane (20R)

15 24-Ethyl-5o(H),14a(H),17a(H)-cholestane (20S)

16 24-Erhyl-5o(H),148(H),178(H)-cholestane (20R)

17 24-Ethyl-5G(H),148(H),178(H)-cholestane (20S)

I 8 24-Ethyl-5o(H), I 4u(H), I 7a(H)-cholestane (20R)

l9 24-Ethyl-58(H),144(H),l7cr(H)-cholestane (20R)
* C.^ Steranes

Table 6.2 Biomarker identification of triterpanes and steranes.
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6.5 Results - biomarker geochemistry of the oils

6.5.L Introduction

Descriptions of the biomarker characteristics of the individual oils are presented in

Section 6.5.2, with tentative interpretations based on the discussion and references given

in Section 6.3. A more general interpretation of the results is included in Sections 6.5.3

to 6.5.6, with a final summary and discussion in Section 6.7.

Peak identification is achieved through retention times and comparison with existing

chromatograms and is, therefore, only tentative and necessarily limited to common

biomarkers that are well documented in the literature. Coelution of biomarker

compounds remains a problem, however, and is mentioned where it is suspected to have

occurred. For ease of comparison with Rogers (1995), a similar system of peak

nomenclature is used (see Table 6.2 and the pull-out card on the inside back cover).

Tables of selected biomarker ratios and relative abundances appear in Appendix 5 while

the mass chromatograms (m/z l9l and 217) are presented in Appendix 9.

For most biomarker applications 'quantitative' interpretations are obtained by simply

using ratios of observed peak intensities from a particular chromatogram. These ratios

may not represent the true relative concentrations, but they will be comparable from

sample to sample (Waples and Machihara, l99l); true quantitative assessments are

uncommon. The use of biomarker ratios is particularly useful in maturation studies but is

often complicated in source studies where differences in maturity may also influence the

results (such as the oleanane index).

In the present study maturation studies are 'quantified' through the use of ratios [such as

(2251225+22R) homohopanes and (20S/20S+20R) steranesl. This approach is also used

in source studies, particularly where there are no maturation influences (such as the

C3g index). Where considered appropriate, though, a more 'qualitative' approach is taken

whereby ratios are not calculated but relative abundances are determined visually. For

example, a comparison of angiosperm contribution between samples of different maturity

is complicated because the oleanane index is also maturity dependent. For this reason, in

general, only the presence (or absence) of oleanane is examined in the present study, and

therefore the calculation of the oleanane index is considered unnecessary. Terms such as

'low', 'low-moderate', 'moderate', 'moderate-high' and'high'relative abundances are used

in reference to the relative concentration of certain biomarkers compared with other

major compounds represented on the same chromatogram,
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6.5.2 Biomarker geochemistry of the oils

Knights Stream oil (Figure 6.13a): The mlz l9l chromatogram shows low-moderate

relative abundances of Ts and Tm, low 28,30-bisnorhopane, l7cr(H)-diahopane and

oleanane. The mlz 217 chromatogram is characterised by a Czg>Cz8>Czz>Cs0 sterane

distribution pattern, a low C2TlCzs sterane ratio (0.71), and a low C3s index (0.06). The

dominance of C29 steranes suggests a predominance of terrestrial organic matter,

although a relatively high proportion of C2s steranes (0.33) (of the Czt-Cn regular

steranes) also suggests a strong marine influence. Despite the dominance of C29 steranes

the relative abundances of C27, C2g and C29 steranes are similar and much greater than

C3g steranes. Diasteranes occur in moderate relative abundances, with similar

proportions of C27 and C2e homologues. The moretane/hopane and 225/(22S+22R)

homohopane ratios have not reached thermodynamic equilibrium and therefore indicate a

maturity of below the onset of oil generation (<0.6Vo Ro). The maturity of the Knights

Stream oil is greater than that of NE28 (see Appendix 5), a nearby sample of the same

formation in which the oil was found, and this suggests that the Knights Stream oil has

migrated into its present location. Neither the sterane nor triterpane distributions appear

to be affected by biodegradation.

Isolation Creek oil (Figure 6.13b): The mlz 191 chromatogram shows moderate

relative abundances of Ts and Tm, low 28,30-bisnorhopane, l7a(H)-diahopane and

oleanane. The nlz 217 chromatogram is characterised by a C2s>C27>Czs>C30 sterane

distribution pattern, a low Cz7lczssterane ratio (0.83) and a low C3sindex (0.12). The

dominance of C29 steranes suggests a predominant terrestrial contribution although, like

Knights Stream oil, a moderate to high proportion of C2s steranes (0.27) may indicate a

significant marine contribution. The relative abundances of C27, C2s and C29 steranes are

similar and greater than C36 steranes. High relative abundances of diasteranes, with

similar proportions of C27 and C29 homologues, dominate the chromatogram. The

Vo$B C27 sterane ratio is unreliable, inflated by coelution of the C2e (-20S) diasterane

with C27 aBB-20R sterane. Both the moretaneftropane and22S|(22S+22R) homohopane

ratios indicate a maturity above the onset of oil generation (O.6Vo Ro), while the

20S/(20S+20R) sterane ratios indicates a maturity of at least peak oil generation

(O.87o Ro). The sterane and triterpane distributions do not appear to have suffered any

biodegradation.

Kerosene Rock oil (Figure 6.13c): The m/z 191 chromatogram shows moderate

relative abundances of Ts and Tm, low 28,3O-bisnorhopane, moderate 174(H)-diahopane

and low oleanane. The m/2217 sterane chromatogram is characterised by a
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Czs>Cn>C30>C28 sterane distribution pattern, a low Cz7lczs sterane ratio (0.85) and a

moderate to high C3e index (0.24).The C2TlCse sterane ratio suggests mixed marine and

terrestrial organic matter. High relative abundances of diasteranes, with C29 predominant

over C27 homologues, dominate the chromatogram and inflate the Vop$ C27 sterane ratio

through coelution. The C3e moretaneAropane and 225/(225+22R) homohopane ratios

indicate a maturity above the onset of oil generation (> 0.67o Ro), while the

20S/(20S+20R) sterane ratios indicates a maturity of at least peak oil generation

(> 0.87o Ro). In general, the sterane and triterpane distributions do not appear

significantly affected by biodegradation. However, the preferential removal of the

crocr-2OR isomer through partial biodegradation may be responsible for the

20S/(20S+20R) sterane ratios exceeding their equilibration maxima.

Westcott oil (Figure 6.13d): The mlz l9l chromatogram shows moderate relative

abundances of Ts and Tm, high 28,30-bisnorhopane, moderate 174(H)-diahopane and

low oleanane. The mlz2l1 chromatogram is characterised by a C3s>C29>Czt>Czs

sterane distribution pattern, a low CzTlCzs sterane ratio (0.85) and a very high C3s index

(0.35). A Cz1,lczs sterane ratio indicates organic matter of mixed marine and terrestrial

origin, although C3s steranes predominate and are generally indicative of marine organic

matter. C2g steranes occur in low proportions (0.19) of the Czt-Cn regular steranes.

Diasteranes are present in high relative abundances, with C29 predominant over C27

homologues which may indicate a mainly terrestrial organic matter. Moretane/hopane

and 22S|(22S+22R) homohopane ratios indicate a maturiry above the onset of oil

generation. 20S/(20S+20R) and ToBB sterane ratios also indicate a maturity of peak oil

generation (0.8-0.9V0 Ro). Biodegradation of the sterane and triterpane distributions is

not apparent but, like the Kerosene Rock oil, the 20S/(20S+20R) sterane ratios exceed

their equilibration maxima and this may be due to the preferential removal of the

om(cx,-20R isomer.

Tiraumea oil (Figure 6.13e): The rnlz l9l chromatogram shows moderate relative

abundances of Ts and Tm, moderate 28,30-bisnorhopane, low-moderate l7cr(H)-

diahopane and oleanane. The mlz2I7 chromatogram is characterised by a

C2e>C30>Czt>Cza sterane distribution pattern, a low Cz1,lc2s sterane ratio (0.85) and a

high C3s index (0.28). The CzTlCzs sterane ratio indicates mixed marine and terrestrial

organic matter. C2ssteranes are present in low proportions (0.19). High relative

abundances of C27 diasteranes predominate over C29 homologues and dominate the

chromatogram. The moretaneftropane and22S|(22S+22R) homohopane ratios indicate a

maturity above the onset of oil generation (O.6Vo RJ, while the 20S(20S+20R) sterane
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ratios indicate a maturity of peak oil generation (- 0.87o Ro). Neither the sterane nor

triterpane distributions appear to have been affected by biodegradation.

Okau Stream oil (Figure 6.13f): The rn/z 191 chromatogram shows moderate relative

abundances of Ts and Tm, moderate 28,30-bisnorhopane, and low-moderate l7a(H)-
diahopane and oleanane. The m/2217 chromatogram is characterised by a

C30>C2pCzt>Cza sterane distribution pattern, a low Cz/Czs sterane ratio (0.94), and a

very high C3s index (0.40). A CzTlCzs sterane ratio indicates the presence of mixed

marine and terrestrial organic matter. C26 steranes are present in low proportions (0.12).

Moderate relative abundances of diasteranes, with C29 in greater proportions than C27

homologues, are consistent with sterane distributions and inflate the ToBB C27 sterane

ratio through coelution. The moretane/hopane ratios indicate a maturity below the onset

of oil generation (0.6Vo Rj, while the 225/(22S+22R) homohopane and 20S/(20S+20R)

sterane ratios indicate a maturity of early oil generation (0.6-0.7VoR). Sterane and

triterpane distributions do not appear to have been affected by biodegradation.

6.5.3 Source-specific biomarkers

Selected source-specific biomarkers and biomarker ratios, determined from m/z l9l and

217 chromatograms are summarised in Table 6.3.

BNH=28,30-Bisnorhopane; 70 steranes includes the C27-C3g steranes (*VoC3s is the same
C36 index). Based on nlz2l7 response of scrc[-20R steranes,

Table 6.3 Summary of selected source-specific biomarker parameters of the oils.

The presence of oleanane in every sample indicates that the oils are likely to be sourced

from sediments of Late Cretaceous age or younger and have a contribution of
angiosperm-derived terrestrial organic matter (Peters and Moldowan, 1993; Moldowan

et aI., 1994). Slightly higher relative abundances of oleanane are present in the Tiraumea

and Okau Stream oils than the other oils, which is considered to be more source than

Oil sample BNH l7o(H).
Diahooane

Oleanane steranes

VoCn VoCtc, VoCn ToCm* CrzlCl,o

Knights Stream

Isolation Creek

Kerosene Rock

Westcott

Tiraumea

Okau Stream

low

low

low

high

mod

mod

low

low

mod

mod

low-mod

low-mod

low

low

low

low

low-mod

low-mod

25

z8

25

2l

24

23

33

27

2l

l9

l9

t2

36

33

30

25

29

25

6

t2

24

35

28

40

0.71

0.83

0.85

0.85

0.85

0.94
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Figure 6.14 Ternary diagrams showing the composition of oils. A. C27-C2g-C2s steranes, with
superimposed ecological boundaries of Huang and Meinschein (199) (see Figure 6.7 for field
classifrcation). B. C27-C29-C39 steranes. KS=Knights Stream, IC=Isolation Creek, KR=Ks1s5s1s
Rock, W=Westcoff, T=Tiraumea, OS=Okau Stream. Based on the mlz2l7 response of aaa-20R
steranes.
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maturity-related [the Westcott, Kerosene Rock and Isolation Creek oils are of greater or

equivalent maturity (see Section 6,5.4), yet show lower relative abundances of oleanane].

The relative abundances of l7a(H)-diahopane in the oils are generally low and appear to

be related to sample maturity. Slightly higher relative abundances present in the Kerosene

Rock, Westcott, Tiraumea and Okau Stream oils, however, may also reflect that a
portion of the contributing organic matter (presumably the terrestrial component) was

initially deposited under oxic conditions prior to redeposition and burial. The relative

abundance of 28,3O-bisnorhopane is predicted to decrease with increasing maturiry

(Peters and Moldowan, 1993\ yet Westcott oil, the most mature sample (see

Section 6.5.4), has a high relative abundance of 28,30-bisnorhopane indicating that

deposition of the original organic matter may have occurred under reduced oxygen or

anoxic conditions. The Tiraumea and Okau Stream oils are less mature but still have

moderate relative abundances of 28,30-bisnorhopane and may also indicate deposition

under anoxic conditions. The apparent ambiguiry between both oxic and anoxic

depositional environments for the Westcott, Tiraumea and Okau Stream oils can be

explained by the presence of organic matter of two different origins. A terrestrial

contribution of organic matter deposited under initially oxic conditions may have been

redeposited in a marine environment and combined with marine organic matter in an

anoxic or reduced oxygen depositional environment.

The C27-Czs-Czs sterane ternary diagram (Figure 6.14a) shows all six oils plot in the

'estuarine or bay' field of Huang and Meinschein (1979) which demonstrates the general

mixed marine and terrestrial nature of the contributing organic matter. Low

C21,lc2s sterane ratios suggest a predominantly terrestrial influence in the Knights Stream

and Isolation Creek oils, with a mixed marine and terrestrial contribution to the Kerosene

Rock, Westcott, Tiraumea and Okau Stream oils. The presence of high proportions of
C2g steranes in the Knights Stream and Isolation Creek oils, however, (see Figure 6.14a)

indicate a stronger marine contribution than is suggested by the C2TlCzs sterane ratios.

Similarly, the Kerosene Rock, Westcott, Tiraumea and Okau Stream oils have high

proportions of C3s steranes which are also generally considered to be marine indicators.

The C3s index and the Cz1-Czs-C3g sterane ternary diagram (Figure 6.14b) define three

pairs of oils, the lfuights Stream and Isolation Creek oils with low C3s indices, the

Kerosene Rock and Tiraumea oils with high C3s indices, and the Westcott and Okau

Stream oils with very high C36 indices.

From the manner in which the samples bisect the sterane ternary diagrams (Figure 6.14a

and b), it is apparent that the oils of the southern East Coast Basin have essentially

similar proportions of Cy and C2e steranes (CzTlCzs sterane ratio of - 0.85) and the
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main compositional differences lies in their proportions of C2s and C3s steranes. The

Knights Stream and Isolation Creek oils have a high proportion of C2s steranes while the

Kerosene Rock, Westcott, Tiraumea and Okau Stream oils have a high proportion of
C36 steranes. The differences in the sterane composition of the oils are most easily shown

in Figure 6.15.

KS=Knights Stream, IC=Isolation Creek, KR=Kerosene Rock, W=Westcott, T=Tiraumea, OS=Okau
Stream. Based on rnlz2lT response of acra-2OR steranes.

Figure 6.15 Diagrammatic representation of the relative proportion of steranes in each of the
oil samples. From left to right the four bars represent C27, CzB, Czg, C36 steranes respectively.

In summary, the oils can be divided into at least two major families based on their source

biomarker characteristics. The Knights Stream and Isolation Creek oil samples have low

relative abundances of 28,30-bisnorhopane, l7u(H)-diahopane and oleanane, low

Cz/Cze sterane ratios (0.71-0.83), high proportions of C2s steranes (0.27-0.33) and a

low C3sindex (0.06-0.12). This appears to indicate deposition under open marine

conditions with a moderate terrestrial contribution. The Kerosene Rock, Westcott,

Tiraumea and Okau Stream oils, however, generally have moderate-high relative

abundances of 28,30-bisnorhopane, Iow-moderate l7a(H)-diahopane, low-moderate

oleanane, low C27lCr9 sterane ratios (0.85-0.94), low to moderate proportions of
C23steranes (0.12-0.21) and a high C3sindex (0.24-0.40). This suggests deposition of
both terrestrial and marine organic matter under predominantly low oxygen or anoxic

conditions.

6.5.4 Maturity biomarker parameters

Four biomarker parameters, each using two homologous compounds for increased

reliability, are used to determine oil maturity (Table 6.4). The Tm/Ts ratio is not used as

it is also affected by source, which has been shown to differ amongst samples.

l'l
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The moretane/hopane and 22S|(22S+22R) homohopane ratios of the Westcott, Isolation

Creek, Kerosene Rock and Tiraumea oils have reached thermodynamic equilibrium

(hereafter simply referred to as 'equilibrium'), indicating maturities of at least the onset of

oil generation (- 0.67o Ro). Only the 225(225+22R) homohopane ratio has reached

equilibrium in Okau Stream oil, while neither biomarker parameter has reached

equilibrium in Knights Stream oil indicating a maturity below the onset of oil generation.

20S/(20S+20R) sterane ratios of the Kerosene Rock, Westcott, and probably Isolation

Creek and Tiraumea oils have reached equilibrium and therefore indicate they have

reached a maturity of peak oil generation (- 0.87o Ro). The 20S/(20S+20R) sterane ratio

in Okau Stream oil has almost reached equilibrium, while Knights Stream oil is shown to

be of low maturity. The ToBB sterane ratios demonstrate a pattern similar to that shown

by the 20S/(20S+20R) sterane ratios, although Tiraumea oil appears to have a maturity

intermediate between the Isolation Creek-Kerosene Rock-Westcott and the Okau

Stream-Knights Stream samples. No samples have equilibrated TopB sterane ratios and,

therefore, are all below a maturity of 0.9Vo Ro. The rank of the oils in order of decreasing

maturity is:

Westcott > Kerosene Rock > Tiraumea - Isolation Creek > Okau Stream > Knights Stream

Westcott oil appears the most mature sample, equivalent to peak oil generation at about

O.8-0.97o Ro. Kerosene Rock is slighfly less mature, but still reaches a maturity of peak

oil generation (> 0.87o Ro). The Tiraumea and Isolation Creek samples appear to have

reached a maturity at, or just below, peak oil generation (0.87o Ro). Although Okau

Stream oil does not appear to have reached equilibrium in its moretane/hopane ratios, the

225/(225+22R) homohopane ratios are at equilibrium and the 20S/(20S+20R) sterane

ratios have almost reached equilibrium. This probably indicates a maturity of early oil

generation (O.5-0.7VoRo). Iftights Stream oil has not reached equilibrium in either

Oil sample moretane/hopane 22Sl(225+22R) 20S/(20S+20R) EoFF

Cro Crn Crr Cre Ctz Cro Ctt Cro

Knights Stream

Isolation Creek

Kerosene Rock

Westcott

Tiraumea

Okau Stream

0.30

0.18

0.37

0.06

0. l5

0.48

0.22

0.r8

0.t4

0.15

0.21

0.38

0.55

0.50

0.s5

0.51

0.59

0.56

0.45

0.48

0.56

0.55

0.58

0.55

0.35

0.53

0.62

0.58

0.51

0.44

0.24

0.48

0.52

0.57

0.48

0.5t

0.34

0.64

0.53

0.62

0.37

0.35

0.28

0.51

0.5r

0.55

0.39

0.40

Table 6.4 Maturity parameters from triterpane and sterane biomarker ratios.
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moretane/hopane or 22S|(22S+22R) homohopane ratios and appears to be an immature

oil (< 0.67o Ro).

6.5.5 Biodegradation biomarker parameters

The gas chromatograms of the Knights Stream, Isolation Creek and Kerosene Rock oils

indicate biodegradation, if any, has been minimal, certainly no more than level I on the

ten point scale of Peters and Moldowan ( 1993) (see Table 6. I ). The gas chromatograms

of the Westcott, Tiraumea and Okau Stream oils (e.g. Figure 5.2d) show unresolved

humps with only trace n-alkanes and isoprenoids remaining, indicating the extent of

biodegradation has reached at least level 5. Sterane and hopane compounds of these oils

appear to be largely unaffected by biodegradation, however, and indicate an upper limit

of about level 5-6. The Kerosene Rock and Westcott oils, however, do show

20S/(20S+20R) sterane ratios that have exceeded their equilibration maxima and this

may be due to partial biodegradation, with the preferential removal of the cr,cr,cr,-20R

isomer (Rullkcitter and Wendisch, 1982).

6.5.6 Oil-oil correlations

The similarity of source-specific biomarker characteristics flable 6.3) in the Kerosene

Rock, Westcott, Tiraumea and Okau Stream oils, especially the high relative abundances

of C3s steranes (C3s indices from 0.24-0.40), low proportions of C2s steranes (0.12-

0.21), high relative abundances of 28,3O-bisnorhopane and, to a lesser extent, low-

moderate l7q(H)-diahopane, indicate they can be correlated to a common source.

Within this grouping, the sterane distribution pattern (Figure6.15) further defines two

closely matched pairs of oils: the Kerosene Rock and Tiraumea oils with high C3s indices

(0.24 and 0.28 respectively); and the Westcott and Okau Stream oils with very high

C3e indices (0.35 and 0.40 respectively).

The Knights Stream and Isolation Creek oils also have similar biomarker characteristics

(Table 6.3) including low relative abundances of C3s steranes (C3e indices from 0.06-

0.12), moderate to high proportions of C4steranes (0.27-0.33), and low relative

abundances of 28,30-bisnorhopane and lTct(H)-diahopane. These characteristics clearly

indicate a negative correlation with the Kerosene Rock, Westcott, Tiraumea and Okau

Stream oils. The common absence (or low relative abundances) of diagnostic biomarkers,

however, is not considered sufficient to establish a positive correlation and, therefore, the

correlation between the Knights Stream and Isolation Creek oils is only tentative.
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6.6 Results - biomarker geochemistry of the possible source rocks

Descriptions of the biomarker characteristics of the individual formations are presented

in Sections 6.6.1 and 6.6.2 with tentative interpretations based on the discussion and

references given in Section 6.3. A more general interpretation of the results is included in

Sections 6.6.3 to 6.6,6, with a final summary and discussion in Section 6.7.

6.6.L North Island possible source rocks

Whakataki Formation (e.g. N8112, Figure6.l6a): The mlz l9l chromatograms are

characterised by variable relative abundances of 28,30-bisnorhopane, low 17cr(H)-

diahopane and oleanane. High relative abundances of 2S,30-bisnorhopane are present in

a low maturity sample and, therefore, does not necessarily indicate anoxic depositional

conditions. The presence of oleanane indicates an angiosperm-derived terrestrial

contribution of organic matter. The m/2217 chromatograms show a C2g-C2.7>Czs>C30

sterane distribution pattern and variable C2TlC2esterane ratios (0.82-1.50) which may

indicate fluctuating marine and terrestrial contributions of organic matter. C39 steranes

are present in low relative abundances (C3s indices average 0.05). Diasteranes are

present often in low relative abundances which may be partly due to low sarnple

maturity. Low maturities are indicated by the high relative abundances of C2e BB-hopane

and occasionally high relative abundances of 17F(H)-22,29,30-trisnorhopane.

Moretaneftropane and 22S|(22S+22R) homohopane ratios have not reached equilibrium

indicating maturities below the onset of oil generation (<0.6Vo Ro). 20SI(20S+20R) and

ToBB sterane ratios also indicate low maturities with the m/2217 chromatograms

showing dominant acrcr-20R forms and unresolved C2e cBp-2OR and -20S epimers.

Weber Formation (e.g. NE19, Figure 6.16b): The mlz l9t chromatograms show

variable relative abundances of 28,3O-bisnorhopane and low lTcr(H)-diahopane and

oleanane. Again, low maturity samples may show high relative abundances of
28,3O-bisnorhopane but this does not necessarily indicate anoxic depositional conditions.

The presence of oleanane indicates an angiosperm-derived terrestrial contribution of
organic matter. The m/z 217 chromatograms are characterised by a sterane distribution

pattern showing C27>C2s>C2s)C3s, and C27lC2e sterane ratios (1.33-1.97) indicative of
either mixed marine and terrestrial or predominantly marine organic matter. C3g steranes

are present in low relative abundances (C36 indices average 0.07). The presence of
moderate to high relative abundances of both C2e BB-hopane and |7P(H)-22,29,3O-

trisnorhopane qualitatively indicates very low maturities. Consistent with this the
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moretane/hopane and 22S|(22S+22R) homohopane ratios indicate maturities below the

onset of oil generation (< 0.67o Ro).

Wanstead Formation (e.g. NE22, Figure6.l6c): The mlz 191 chromatograms are

characterised by low relative abundances of 28,30-bisnorhopane, lTcr(H)-diahopane and

an absence of oleanane. A single low maturity sample shows high relative abundances of
28,30-bisnorhopane, but again this does not necessarily indicate anoxic depositional

conditions. The absence of oleanane may indicate deposition distant from shore and./or a

terrestrial input of predominantly gymnosperm flora . The rrilz 2 l7 chromatograms show

a C27>C2s>Czs>Cro sterane distribution pattern and high CzTlCzs sterane ratios (1.81-

3.54) indicating a predominance of marine organic matter. C3s steranes are present in

low relative abundances (C36 indices average 0.09). High relative abundances of

C27 diasteranes often dominate the chromatograms despite low maturities and this may

be due to the high clay content of the Wanstead Formation. Low maturities are indicated

by occasionally high relative abundances of C2eBB-hopane and |7P(H)-22,29,3O-

trisnorhopane. Moretane/hopane and 22S|(22S+22R) homohopane ratios have not

equilibrated which indicates maturities are below the onset of oil generation (< 0.67o Ro).

20S/(20S+20R) and TopB sterane ratios also indicate low maturities.

Waipawa Black Shale: The m/z l9l chromatograms show variable relative abundances

of 28,3O-bisnorhopane. 28,30-Bisnorhopane completely dominate the chromatograms of
several samples (e.g. NE54, Figure 6.17a) and may indicate deposition under sometimes

low oxygen, possibly anoxic conditions. lTct(H)-Diahopane is generally present in low

relative abundances but in some samples (e.g. NE43, Figure 6.l7b), despite low marurity

may show moderate abundances. This may indicate that a portion of contributing organie

matter was initially deposited under oxic and possibly terrestrial conditions. Oleanane is

observed in about half the samples, confirming an angiosperm-derived terrestrial

contribution to organic matter. A compound coeluting with, or on the shoulder of,

C3r crB-22R in a number of samples (e.g. NE43, Figure 6.17b) is tentatively identified as

gammacerane, an indicator of deposition under conditions of elevated salinity. The most

notable biomarker characteristic of the mJzZL7 chromatograms are the high relative

abundances of C3ssteranes (C3sindices average 0.20) (e.g. NE37, Figure 6.17c). The

sterane distribution pattern of C27>C3o-Czs>C28 shows Crs steranes are second in

abundance only to C27 steranes. CylC2s sterane ratios (0.74-2.59) generally indicate

mixed marine and terrestrial or predominantly marine organic matter, although a few

samples with low ratios may predominantly comprise higher plant organic matter.

C2s steranes form a low proportion (0.16) of the Czt-Cto regular steranes. Diasteranes

are generally present in low relative abundances, with C27 in greater concentrations than
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C2e homologues, although this appears to be partially maturity related. Low maturities

are indicated by occasionally high relative abundances of C2e BB-hopane and 17B(H)-

22,29,30-trisnorhopane. No samples have reached equilibrium in either their

moretaneftropane or 225/(22S+22R) homohopane ratios, indicating maturities below the

onset of oil generation (< 0.67o Ro). Sterane biomarker ratios confirm the low maturities

and the mlz2ll chromatograms are characterised by the dominance of oot,c[-20R

isomers.

(Tora Block possible source rocks)

(Kandahar Formation) (NE141, Figure 6.18a): The mlz 191 chromatogram shows a

high relative abundance of 28,30-bisnorhopane, low l7a(H)-diahopane and moderate

oleanane. Oleanane occurs in one of the highest relative abundances observed and

indicates an angiosperm-derived terrestrial contribution of organic matter. Relatively high

abundances of 28,30-bisnorhopane may indicate deposition under reduced oxygen

conditions. The m/z 217 chromatogram is characterised by a sterane distribution pattern

showing Cz7>Czs>Czr>Cro and a high C27/Cze sterane ratio (2.06) indicating the

predominance of marine organic matter. C3g steranes are present in low relative

abundances (Cio index of 0.08). High relative abundances of diasteranes dominate the

m/2217 chromatogram, with C27 in greater concentrations than C29 homologues.

Moretane/hopane (0.29) and 22Sl(225+22R) homohopane ratios (0.50) indicate

equilibrium has almost been reached, and therefore a maturity just below the onset of oil

generation (-O.6VoRj. This is supported by a high relative abundance of l7B(H)-

22,29,30-trisnorhopane. 20S/(20S+20R) sterane ratios (- 0.48), however, indicate a

marurity approaching peak oil generation (- 0.87o Ro).

(Awhea Formation) (NE142, Figure 6.18b): The mlz l9l chromatogram is

characterised by a low-moderate relative abundance of 28,30-bisnorhopane, low l7o(H)-
diahopane and trace oleanane. The presence of oleanane indicates an angiosperm-derived

terrestrial contribution of organic matter. The m/z 217 chromatogram has a sterane

distribution pattem showing Cz7>Czs>Czs>C30 with a low C3s index. The

Cz1lczssterane ratio (1.46) indicates a predominance of marine organic matter. High

relative abundances of diasteranes, with similar concentrations of C27 and Czs

homologues, dominate the sterane chromatogram. Neither moretane/hopane or

22Sl(225+22R) homohopane ratios have reached equilibrium, indicating a maturity

below the onset of oil generation (<0.6Vo R). This is supported by a moderate-high

relative abundance of 17p(H)-22,29,3}-trisnorhopane. 20S/(20S+20R) sterane ratios

(0.46-0.50), however, indicate a maturity approaching peak oil generation (0.87o Ro).
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(Mungaroa Member of the Awhea Formation) (NE138, Figure 6.18c): The m/z 19l

chromatogram shows low relative abundances of 28,30-bisnorhopane, 17c(H)-diahopane

and oleanane. The presence of oleanane indicates an angiosperm-derived terrestrial

contribution. The rnlz2lT chromatogram is characterised by a sterane pattern showing

CzB>Cz7>Czq>C30 and a high C27/Cre rstio (2.41), indicating a large predominance of

marine organic matter. C3g steranes are present in low relative abundances (C36 index of

0.04). High relative abundances of diasteranes with Czt compounds in greater

concentrations than Czs homologues also indicate marine organic matter.

Moretane/hopane and 22S|(22S+22R) homohopane ratios indicate equilibration has not

been reached and maturity is below the onset of oil generation (<0.6Vo R). This is

supported by a moderate relative abundance of 17P(H)-22,29,30-trisnorhopane.

20S/(20S+20R) sterane and ToBp sterane ratios also indicate a low maturity, with

scto-20R isomers dominant and C2e aBB-20R and -20S epimers not yet resolved.

(Manurewa Formation) (e.g. NE143, Figure 6.18d): The mlz l9l chromatograms

show low-moderate relative abundances of 28,30-bisnorhopane, low lTcr(H)-diahopane

and trace or an absence of oleanane. The mlzTl7 chromatograms are characterised by

variable sterane distribution pattern showing Czs-Cz7>Cza>C30 and variable

Cz/czssterane ratios (0.45-1.88) indicating fluctuating contributions of marine and

terrestrial organic matter. C3g steranes are present in low relative abundances

(C3s indices average <0.12). High relative abundances of C27 and C2e diasteranes. may

result from high maturity. Both moretane/hopane and 22Sl(225+22R) homohopane

ratios (about 0.17 and 0.56 respectively) indicate NE143 has reached a maturity greater

than O.6Vo Ro. 20Si(20S+20R) sterane ratios have almost reached equilibrium indicating

a maturity of peak oil generation (- 0.87o Ro).

Whangai Formation

Te Uri Member (e.g. N821, Figure 6.19a): The mlz l9l chromatograms are

characterised by low-moderate relative abundances of 28,30-bisnorhopane, low 17cr(H)-

diahopane and an absence of oleanane. The mlzZIT chromatograms show high

Cz/Czs sterane ratios (1.73-1.91), and aC27>C2g>Czs>C30 sterane distribution pattern,

although C4 steranes may also be predominant. This indicates a predominant marine

contribution of organic matter. C3g steranes are present in low relative abundances

(C39 indices average 0.05). Diasteranes are present in low to moderate abundances with

C27 in greater concentrations than C29 compounds. Low maturities are indicated by the

high relative abundances of C2e BB-hopanes and moderate relative abundances of
17P(H)-22,29,30+risnorhopane. Neither the moretaneftropane or 225/(225+22R)

homohopane ratios have reached equilibrium, indicating maturities are below the onset of

108
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oil generation (< 0.67o Ro). oocr-20R steranes dominate themlz 217 chromatograms and

Cre u$B-20R and -20S epimers are not resolved.

Porangahau Member (e.g. N839, Figure 6.19b): The mlz 191 chromatograms show

low relative abundances of 28,30-bisnorhopane and 174(H)-diahopane, and low-

moderate oleanane. Although absent in NE39, the presence of oleanane in all other

samples indicates an angiosperm-derived contribution of organic matter. The mlz2ll
chromatograms show a C2s>C27>C:o>Cza sterane distribution pattern and low

C21lczssterane ratios (0.23-1.31) indicating the predominance of terrestrial organic

matter. C3s steranes are present in variable, but generally high, relative abundances

(C3s indices average 0.20). Moderate to high abundances of diasteranes with Czt h
greater concentrations than C29 homologues are contrary to the pattern of low

C2TlCzs sterane ratios. Sample maturities vary with most not reaching equilibrium in both

moretaneftropane and 225/(22S+22R) homohopane ratios, indicating maturities below

the onset of oil generation (<0.67o Ro). This is supported by moderate-high relative

abundances of I7!(H)-22,29,30+risnorhopane. The mlz2l7 chromatograms show

moderate relative abundances of aBp-steranes and partially resolved C2s u$B-20R and

-20S epimers.

Upper Calcareous Member (e.g. NE24, Figure 6.19c): The mlz 19l chromatograms

show occasionally high relative abundances of 28,30-bisnorhopane, Iow l7a(H)-
diahopane and either trace amounts or an absence of oleanane. 28,30-Bisnorhopane

dominates the chromatogram of NE46 and may indicate conditions of anoxic bottom

water. The mlz2l1 chromatograms have a sterane distribution pattern showing

C28>Cz7>Czs)Cto (although C27 steranes may also be dominant) and a variable but

generally high C2TlCre sterane ratio (0.75 -2.39) indicating a predominance of either

mixed marine and terrestrial or marine organic matter. This is supported by the high

relative abundance of C2g steranes. C3g steranes are generally present in low to moderate

relative abundances (C3s indices average 0.09). Diasteranes are present in low relative

abundances and may also be maturity affected. A depositional environment distant from

Iand, with minimal tenestrial input is suggested by high C2llczs sterane ratios and an

absence of oleanane. Maturities are generally low as indicated by the moderate to high

relative abundance of C29 BB-hopane and occasionally high relative abundances of
17$(H)-22,29,30-trisnorhopane. Moretane/hopane and 22Sl(225+22R) homohopane

ratios have not reached equilibrium, indicating maturities below the onset of oil

generation (<O.6Vo Ro). The mlzZl7 chromatograms show steranes dominated by the

biologically-formed qrrct-zOR isomers and unresolved C2e aBB-2OR and -20S epimers.
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Rakauroa Member (e.g. NB3, Figure 6.19d): The m/z l9l chromatograms are

characterised by low to moderate relative abundances of 28,30-bisnorhopane, low

l7a(H)-diahopane and low or low-moderate oleanane. The presence of oleanane

indicates the presence of angiosperm-derived terrestrial organic matter. The mlz2l7
chromatograms have a C27>C2s>Czr>C:o sterane distribution pattern although some

samples have high proportions of Cza and C3e steranes. Predominantly high

Cz7lczs sterane ratios (0.88-3.02) indicate either mixed marine and terrestrial or marine

organic matter. C36 steranes are present in low to moderate relative abundances

(C3s indices average 0.10). The relative abundances of diasteranes are generally high and

appear to be at least partly determined by maturity. Sample maturities are generally low

indicated by moderate to high relative abundances of C2e pB-hopane and moderate

relative abundances of 17P(H)-22,29,30+risnorhopane. Moretane/hopane and

22Sl(225+22R) homohopane ratios indicate no samples have reached equilibrium and

therefore have maturities below the onset of oil generation (<O.6Vo Ro). acrcr-20R

steranes dominate mlz2l7 chromatograms and CrsIBB-ZIR and -20S epimers are only

partly resolved.

Tangaruhe Formation (e.g I\E9, Figure 6.20a): The m/z l9l chromatograms are

characterised by low relative abundances of 28,30-bisnorhopane, l7a(H)-diahopane and

oleanane. The presence of oleanane indicates an angiosperm-derived terrestrial

contribution of organic matter. The mlz 217 chromatograms have a Cz7>CzB>CzfC3g

sterane distribution pattern and the C21lczssterane ratios (0.88-2.18) are indicative of
either mixed marine and terrestrial or marine organic matter. C39 steranes are present in

low relative abundances (C3s indices average 0.05). Diasteranes are present in moderate

relative abundances with Crt in greater concentrations than C29 homologues, also

suggesting a predominance of marine organic matter. Moretane/hopane and

22Sl(225+22R) homohopane ratios have not reached equilibrium, indicating maturities

below the onset of oil generation (<0.6Vo Ro). This is supported by occasionally high

relative abundances of C2e BB-hopane and moderate to high relative abundances of
I7!(H)-22,29,30-trisnorhopane. The m/z 217 chromatograms show steranes dominated

by the crcrcr-20R isomers, and unresolved C2e aBB-20R and -20S epimers.

Te Mai Formation (e.g. NE59, Figure 6.20b): The m/z l9l chromatograms show low

to moderate relative abundances of 28,30-bisnorhopane, low l7cr(H)-diahopane and

race or an absence of oleanane. Samples with oleanane indicate an angiosperm-derived

terrestrial contribution of organic matter. The m/z 217 chromatograms have either high

(1.65-2.46) or low (0.29-0.88) C2TlCzssterane ratios, indicative of flucnrating

contributions of marine and terrestrial organic matter. Diasteranes are present in mostly
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high relative abundances and also fluctuate between C27 and C29 homologue dominance.

C3s steranes are present in low relative abundances (C36 indices average 0.07). Sample

maturities are generally low with occasionally high relative abundances of C2e pB-hopane

and l7$(H)-22,29,30-trisnorhopane. Only one sample has reached equilibrium in

moretane/hopane and22S|(22S+22R) homohopane ratios and therefore a maturity of the

onset of oil generation (0.6Vo Ro). 20S/(20S+20R) sterane ratios also vary with almost

all the C27 sterane ratios reaching equilibrium, while Czs sterane ratios remain

considerably below. This appears to be caused by preferential biodegradation of both the

lower molecular weight steranes and ctoo-20R isomers. VoBB C27 sterane ratios

overestimate maturities, compared with C29 steranes, probably as a result of coelution of

the C27 crBp-2OR sterane with C2e (-20S) diasterane and/or reduction of the

Cr7 craa-2OR sterane through biodegradation. Most samples have mlz2l7
chromatograms with steranes dominated by aa,a-2OR isomers, and poorly or unresolved

C2e aBB-20R and -20S epimers.

Glenburn Formation (e.g. NE6, Figure 6.20c): Them/z l9l chromatograms show low

relative abundances 28,3O-bisnorhopane and generally low lTct(H)-diahopane. The

presence of oleanane, in some samples, confirms an angiosperm-derived terrestrial

contribution. The mlz2l7 chromatograms have a sterane distribution pattern that usually

shows Czs>Cz7>Czs)C:0, although C27 steranes are often dominant. Predominantly low

Cz/Czs sterane ratios (0.30-2.49) indicate a mainly terrestrial contribution of organic

matter. High C27/Cz9 sterane ratios indicating strong marine contributions are also

common. C39 steranes are present in variable relative abundances (C3g indices average

0.l3). Diasteranes, particularly Czt homologues tend to dominate mlz2l7
chromatograms. Sample maturities vary considerably with only half reaching equilibrium

in both moretaneftropane and 225/(225+22R) homohopane ratios and therefore

maturities of early oil generation (> 0.67o Ro). Moderate relative abundances of
C2e Bp-hopane and l7!(H)-22,29,30-trisnorhopane are common, qualitatively indicating

low maturities. 20S/(20S+20R) sterane ratios indicate that only NEl 17 and NEl l8 have

reached equilibrium and maturities equivalent to peak oil generation (O.9VoRo), but

lower than0.9To Ro, the maturity at which ToBp equilibration occurs.

Springhill Formation (e.g. NE139, Figure 6.20d): The mlz 191 chromatograms show

low-moderate relative abundances of 28,30-bisnorhopane, low l7c(H)-diahopane and an

absence of oleanane. The mlz2l7 chromatograms are characterised by a

Czs>Cz7>Czs)Cro sterane distribution pattern and low CzTlCze sterane ratios (0.66-0.89)

indicating a predominance of terrestrial organic matter. C3g steranes are present in low

relative abundances (C39 indices average 0.04). Moderate relative abundances of
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diasteranes are present with C29 in greater concentrations than C27 homologues, which is

indicative of terrestrial organic matter. Both C2e BB-hopane and I7P(H)-22,29,30-

trisnorhopane are present in moderate to high relative abundances indicating low sample

maturities. Equilibriation of moretane/hopane and 225/(22S+22R) homohopane ratios

has not been reached and indicates maturities below the onset of oil generation

(<0.6Vo Ro). The low maturity of NE139 is demonstrated by the dominance of steranes

with crcra-20R isomers in the mlz2ll chromatogram.

Gentle Annie Formation (N8129, Figure 6.21a)z The mlz 191 chromatogram shows

low relative abundances of 28,30-bisnorhopane and l7a(H)-diahopane and an absence of
oleanane. The mlz 217 chromatogram is characterised by a sterane distribution pattern

showing Cz7>Czs>Cza>C:o and a Cz/Czs sterane ratio (1.15) indicating mixed marine

and terrestrial organic matter, and a low C3s index (0.09). Both Crr and C2e diasteranes

are present in high relative abundances, possibly as a result of maturity. A moderate-high

relative abundance of l7F@)-22,29,30-trisnorhopane indicates a low maturity. The

C3emoretene/hopane ratio (0.13) and 22Sl(225+22R) homohopane ratios (0.55-0.57)

have reached equilibrium, while the C29 20S/(20S+20R) sterane ratio has almost reached

equilibrium (0.46), indicating a maturity of almost peak oil generation (- O.\Vo R). The

Czz sterane ratio is not considered reliable as it is affected by coelution with C2e (-20S)

diasterane.

Pahaoa Group (e.g. NE66, Figure 6.21b): The mlz l9l chromatograms are

characterised by variable relative abundances of 28,3O-bisnorhopane (low to high),

generally low l7a(H)-diahopane, and an absence of oleanane. The mlz2l7
chromatograms are characterised by a Czg>Cz7>Cza>Cro sterane distribution pattern and

low C27lC2e sterane ratios (0.31-1.36) indicative of predominantly mixed marine and

terrestrial or terrestrial organic matter. C3g steranes are present in low relative

abundances (C3s indices average 0.09). Variable relative abundances of diasteranes, with

C29 dominating C27 homologues, may also indicate a largely terrestrial contribution.

Maturity also appears to partially control the relative abundance of diasteranes with low

concentrations present in low maturity samples. Low sample maturities are indicated by

occasionally high relative abundances of both C2e Bp-hopane and l7P(H)-22,29,30-

trisnorhopane. Only NE60 and NE66 have reached equilibrium in moretaneftropane and

22Sl(225+22R) homohopane ratios, with all other samples significantly less mature and

below the onset of oil generation (<O.6Vo Ro). 20S/(20S+20R) and Vo$B sterane ratios

indicate that no sample is near equilibration and that maturities in general are low.
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Whatarangi Formation (NE145, Figure 6,21c): The mlz 191 chromatogram shows

low relative abundances of 28,30-bisnorhopane and 17ct(H)-diahopane and an absence of
oleanane. The m/2217 chromatogram is characterised by a sterane distribution pattern

showing C2PC28>Cn)Ct0, a very low C21lCresterane ratio (0.12) indicative of
predominantly terrestrial organic matter, and a low C3e index (0.03). High relative

abundances of diasteranes, with C29 dominating Crr homologues, may also indicate a

large terrestrial contribution. Both moretane/hopane and 22Sl(225+22R) homohopane

ratios have reached equilibrium, indicating the maturity is at least the onset of oil

generation (>0.6Vo RJ. 20S/(20S+20R) sterane ratios have also reached equilibrium,

but ToBB C29 sterane ratios are about 0.46 [the VoBp C27 sterane ratio is unreliable as it is
affected by the coeluting C2e (-20S) diasteranel. This indicates a maturity of peak oil

generation (0.8-0.97o Ru).

Torlesse Supergroup (NE114, Figure 6.21d)z The mlz l9l chromatogram shows

moderate relative abundances of 28,30-bisnorhopane, moderate lTct(H)-diahopane and

an absence of oleanane. The mlzLl7 chromatogram is characterised by a sterane

distribution pattern showing C27>C2s>Czp)Clo, aC27lC2s sterane ratio (1.31) indicative

of mixed marine and tenestrial organic matter, and a moderately high C3s index (0.21).

High relative abundances of diasteranes are present, with C27 in greater concentrations

than Czs homologues, indicates a predominance of marine organic matter.

Moretane/hopane and 22S|(22S+22R) homohopane ratios are have reached equilibrium

indicating a maturity of at least the onset of oil generation (> 0.6Vo Ro). 20S(20S+20R)

sterane ratios have also reached equilibrium, and Vo$B sterane ratios are about 0.6 which

indicate a maturity of peak oil generation (- 0.97o Ru). 20S/(20S+20R) sterane ratios

reached values greater than 0.5, possibly through the preferential biodegradation of the

clctcr-20R isomers. Coelution of the C2e (-20S) diasterane with C27 crF9-20R sterane

affects the VoBB C4 sterane ratio and, therefore, the (lower) E"FF C2e sterane ratio is

more reliable.

6.6.2 South Island possible source rocks

Waima Siltstone (NE85, Figure 6.22a)z The m/z l9l chromatogram shows low

relative abundances of 28,30-bisnorhopane, Iow-moderate 174(H)-diahopane and

moderate-high oleanane. This sample had the highest relative abundance of oleanane in

the present study and its presence confirms a contribution of angiosperm-derived

terrestrial organic matter. The mlz2l7 chromatogram is characterised by a sterane

distribution pattern showing C28>C2e>Czt)Cto, alow C27lCr9 sterane (0.81) ratio, and a

low C3s index (0.03). Although the low CzTlCzs sterane ratio is indicative of a terrestrial
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contribution of organic matter, C2g steranes are predominant and are indicative of marine

organic matter. Low relative abundances of diasteranes may be partly maturity related. A
low maturity is indicated by the presence of a high relative abundance of Cze Bp-hopane.
Neither the moretane/hopane or 22Sl(225+22R) ratios have reached equilibrium,

indicating a maturity below the onset of oil generation (<0.6Vo Ro). Steranes with

cx,crc[-2OR forms dominate the mlz 217 chromatogram, and C29 crBB-z0R and -20S

epimers are not resolved.

Woodside Formation (NE84, Figure 6.22b)t The m/z l9l chromatogram shows

moderate relative abundances of l7$(H)-22,29,30-trisnorhopane, low

28,30-bisnorhopane and l7cr(H)-diahopane and a trace or absence of oleanane. The

rn/z 211 sterane chromatogram is characterised by a C2g>C27>Cze>Cro sterane

distribution pattern and a low C27/C2e Sterane ratio (0.77) indicative of a terrestrial

contribution of organic matter (but see Amuri Limestone below). C3s steranes are

present in low relative abundances. Czs diasteranes are present in greater relative

abundance than the C27 homologues, and may indicate a terrestrial contribution.

Moretane/hopane and 22S|(22S+22R) homohopane ratios have not reached equilibrium,

indicating a maturity below the onset of oil generation, yet the 20S/(20S+20R) sterane

ratios have reached equilibrium and indicate a maturity equivalent to peak oil generation

(- 0.87o Ro).

Amuri Limestone (e.g. NE83, Figure 6.22c)z The mlz 191 chromatograms show low

relative abundances of 28,30-bisnorhopane and l7a(H)-diahopane and a general absence

of oleanane. The mlz217 chromatograms are characterised by a sterane distribution

pattern showing C2s>Cz7>Czs>C30 and variable C2TlC2ssterane ratios (0.20-1.43)

indicative of either mixed marine and terrestrial or terrestrial organic matter. The high

relative abundances of C29 steranes are unusual considering the general absence of
oleanane and the minimal clastic input. C3s steranes are present in low relative

abundances (C3g indices average 0.07). Diasterane relative abundances vary, usually with

C27 in greater concentrations than C29 homologues, contrary to the pattern of sterane

abundance. Moretane/tropane and 22S|(22S+22R) homohopane ratios vary, and only

reaching equilibrium in NE79 and NE83 and, therefore, maturities of at least the onset of
oil generation (> 0.67o Ro). Only NE83 has reached equilibrium in 20S/(20S+20R)

sterane ratios, and therefore a maturity of peak oil generation (0.87o RJ.

Undifferentiated Whangai Formation (e.g. NE86, Figure 6,22d)z The mlz l9l
chromatograms show low relative abundances of 28,30-bisnorhopane, low 179(H)-

diahopane and trace or an absence of oleanane. Samples with oleanane indicate an
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angiosperm-derived terrestrial contribution of organic matter. The mlz 217

chromatograms are characterised by a sterane distribution pattern showing

Cz7>Czs>Czs>C30 and C27lC29 sterane ratios (0.90-l.24) indicative of mixed marine and

terrestrial organic matter. NE86 shows a high proportion of C2s steranes indicating a

significant marine contribution. Cro steranes are present in low relative abundances

(C39 indices average 0.07). Diasteranes are present in low relative abundances but this

may be maturity related as NE86, the most mature sample, has the highest diasterane

concentrations. Low maturities in general are indicated by the presence of high relative

abundances of C2e BB-hopane and low-moderate relative abundances of 178(H)-

22,29,30 -tri s norh opane. Moretane/hopane and 225 / (22S +22R) homohopan e rati os show

that equilibrium has not been reached and the samples have maturities below the onset of

oil generation (<0.67o Ro). The mlz 217 chromatograms show steranes with dominant

scra-20R isomers, and C2e crpp-2OR and -20S epimers that are not properly resolved.

Mata Series (e.g. N8103, Figure 6.23a)z The mlz l9l chromatograms show low

relative abundances of 28,30-bisnorhopane, l7cx,(H)-diahopane and low or an absence of

oleanane. Samples with oleanane demonstrate an angiosperm-derived terrestrial

contribution of organic matter. The mlzTl7 chromatograms are characterised by

generally low C21lczssterane ratios (0.61-2.31) indicative of a predominance of

terrestrial organic matter, although occasional high ratios indicate samples with a

significant marine contribution. Cso steranes are present in variable relative abundances

(C3e indices range from 0.03-0.19). High relative abundances of diasteranes, particularly

C27 diasteranes, are present which is contrary to the sterane pattern. Sample maturities

are generally low with less than half the samples reaching equilibrium in both

moretane/hopane and 22S|(22S+22R) homohopane ratios. Of these, only NE78 has

reached equilibrium in the 20S/(20S+20R) sterane ratio, reaching a maturity equivalent

to peak oil generation (0.87o Ro). Those samples which have not reached equilibrium in

their hopane maturity parameters have dominant ooc[-20R steranes, and poorly or

unresolved Cre cBB-20R and -20S epimers in the mlz2l7 chromatogram.

Flags Formation (N882, Figure 6.23b): The m/z 191 chromatogram shows low

relative abundances of 28,30-bisnorhopane, oleanane and l7a(H)-diahopane. The

presence of oleanane indicates an angiosperm-derived terreshial contribution of organic

matter. The mlz 217 chromatogram is characterised by a sterane distribution pattern

showing Czs>Cz1>C3g>C28 and a low CzTlczssterane ratio (0.75) indicative of

terrestrial organic matter. C39 steranes are present in high relative abundances (C3s index

of 0.23). Diasteranes are present in high relative abundances, with C27 dominating C29

homologues, contrary to the pattern of sterane abundance. The presence of
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C2e Bp-hopane in high relative abundances and l7$(H)-22,29,30-trisnorhopane in

moderate relative abundances suggests a low maturity. Moretaneftropane and

22Sl(225+22R) homohopane ratios indicate that equilibrium has not been reached and a

maturity below the onset of oil generation (<0.6Vo RJ. 20S(20S+20R) sterane ratios

also have not reached equilibrium, indicating low maturity, and cru,u-20R isomers

dominate the mlz 217 chromatogram.

Claverley Sandstone (NE107, Figure 6.23e)z The mlz l9l chromatogram shows high

relative abundances of l7B@)-22,29,30-trisnorhopane, low 28,30-bisnorhopane, an

absence of lTcr(H)-diahopane, low oleanane and, most obviously, high relative

abundances of a compound coeluting with Crt crB-22R homohopane. Gammacerane is

known to coelute with this biomarker (Peters and Moldowan, 1993), and if present may

indicate a depositional environment with conditions of elevated salinity. The presence of
oleanane indicates an angiosperm-derived terrestrial contribution of organic matter. The

mlzZll chromatogram is characterised by a sterane distribution pattern showing

Cz7>Czs>Czs>C30 and high Cz1lczssterane ratio (1.74), indicative of marine organic

matter. C3s steranes are present in low relative abundances (C3s index of 0.04).

Diasteranes are present in moderate relative abundances. A low maturity is indicated by

the presence of C2e BB-hopane and high relative abundance and |7P(II)-22,29,30-

trisnorhopane. MoretaneAtopane and 22S|(22S+22R) homohopane ratios indicate a

maturity of below the onset of oil generation (< 0.67o Ro). 20S/(20S+20R) and

ToBB sterane ratios also indicate low maturity, with the mlz2l7 chromatogram showing

predominantly acrct-20R isomers, and unresolved C2e aBB-2OR and -20S epimers.

Conway Siltstone (NE108, Figure 6.23d): The mlz l9l chromatogram shows

moderate relative abundances of 28,30-bisnorhopane, l7a(H)-diahopane and oleanane.

The presence of oleanane confirms an angiosperm-derived terrestrial contribution of
organic matter. The m/z 217 chromatogram is characterised by a sterane distribution

pattern showing Czs>Cz7>Czs>C30 and a low C2/Czs sterane ratio (0.68) indicative of a
predominance of terrestrial organic matter. C3g steranes are present in low relative

abundances (C3q index of 0.09). The presence of high relative abundances of
C27 diasteranes (greatly dominating C29 compounds) is contrary to the pattern of sterane

abundance. Moretane/hopane and 225/(22S+22R) homohopane ratios indicate the

sample has not reached equilibrium and has a maturity of below the onset of oil

generation (<A.6Vo Ro). This is supported by a moderate relative abundance of l7F(H)-
22,29,30-trisnorhopane. The Cz720Sl(20S+20R) sterane ratio is anomalously high

(0.59) as a result of coelution with C2e (-20S) diacholestane.
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Burnt Creek Formation (e.g. NE89, Figure 6,24a):Themlz l9l chromatograms show

low relative abundances of 28,30-bisnorhopane, l7c(H)-diahopane and oleanane. The

presence of oleanane indicates an angiosperm-derived terrestrial contribution of organic

matter. The mlz 217 chromatograms are characterised by a sterane distribution pattern

showing C2g>Cz7>CrPCzs. C3s steranes are present in variable abundances (C39 indices

range from 0.07-0.26). Low C27lC2e sterane ratios (0.71-0.98) are indicative of either

terrestrial or mixed marine and terrestrial organic matter. Diasteranes are present in low

to moderate relative abundances. Sample maturiry is variable with 22Sl(225+22R)

homohopane ratios at equilibrium in sample NE89 and 20S/(20S+20R) sterane ratios just

at equilibrium. The VoBB C2s sterane ratio appears affected by coelution and is therefore

not a reliable maturity indicator, but the VoBBC21sterane ratio is 0.55, not yet at

equilibrium. Together these two maturity parameters indicate a maturity of peak oil

generation (0.8-0.97o Rj.

Split Rock Formation (e.g. NE94, Figure 6.24b)z The m/z l9l chromatograms show

low relative abundances of 28,30-bisnorhopane, low lTcx(H)-diahopane and a general

absence of oleanane. Where present, oleanane indicates an angiosperm-derived terrestrial

contribution of organic matter The rnlz2l1 chromatograms are characterised by a

Czs>Cz7>Czs>C30 sterane distribution pattern and low Czjlczssterane ratios (0.28-1.44)

indicating a predominance of terrestrial organic matter. C39 steranes are present in low

relative abundances (C3s indices average 0.09). Samples NE91 and NE94, comprising

mainly mudstone or siltstone lithologies, have a predominance of Cs, diasteranes, while

NE90 and NE92, comprising predominantly sandstone lithology, have a predominance of
C2e diasteranes. Moretane/tropane and 22Sl(225+22R) homohopane ratios have just

reached equilibrium indicating all samples have reached maturities of the onset of oil
generation. 20S/(20S+20R) sterane ratios, however, show that only Ouse and

Champagne Member samples have reached equilibrium indicating maturities of peak oil
generation (>O.8Vo Ro). ToBB C27 sterane ratios do not provide an accurate measure of
maturity due to coelution of the C27 aBB-ZOR isomer with Cre (20S) diasterane, but

VoBB C2e sterane ratios range from about 0.45-0.49, indicating they are not yet at

equilibrium. Wharfe Sandstone and Swale Siltstone members may have reached

maturities of early oil generation (0.6-0.77o \).

Torlesse Supergroup (e.g. NE102, Figure 6,24c)z The mlz 191 chromatograms show

low relative abundances of 28,30-bisnorhopane, low lTct(H)-diahopane and an absence

of oleanane. The mlz2l7 chromatograms are characterised by a sterane distribution

pattern showing Czs>C2.t>Cza>C30 and low CzTlCzs sterane ratios (0.23-0.78) indicating

a predominance of terrestrial organic matter. C3g steranes are present in low relative
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abundances (C36 indices average < 0.08). High relative abundances of C29 diasteranes are

present, which support a predominantly tenestrial contribution to the organic matter.

Moretane/hopane and 22S|(22S+22R) homohopane ratios show variable maturity, with

the majority of samples not having reached equilibrium. Samples NE96 and NEl02,

however, indicate they have reached minimum maturities of early oil generation

(>0.6Vo Ro). The mlzZll chromatograms of the low maturity samples show steranes

with dominant ao;a-z0R forms and unresolved C2e crBB-zOR and -20S epimers. The

chromatograms of NE96 and NEl02 show steranes with reduced ucto-20R forms and

partially resolved C2e aBB-20R and -20S epimers. Although 20S/(20S+20R) sterane

ratios range between 0.39 and 0.76, equilibrium has not been reached (as demonstrated

by the C2e sterane ratios), with the high values possibly due to the preferential

biodegradation of uca-20R isomers. Also, occasional coelution of C29 (20S) diasteranes

with CrroBB-2OR inflates the VoBBC2Tsterane ratio, and hence the lower C2eVo$B

ratios are probably more reliable. Samples NE96 and NEl02 have maturities of early oil

generation (- 0.77o RJ.

6.6.3 Source-specific biomarkers

The C27-Cza-Czs sterane ternary diagram (Figure 6.25a) shows selected eastern North

Island formations and the six oils, with the ecological boundaries of Huang and

Meinschein (1979) superimposed (refer to Figure 6.7). The samples are centrally

clustered, demonstrating the general mixed marine and terrestrial origin of the

contributing organic matter. Within this central cluster, though, are noticeable groupings.

Samples of Weber and Wanstead formations and Waipawa Black Shale have a high

proportion of C27 steranes and cluster in the 'open marine' field, with Waipawa Black

Shale samples depleted in C4 steranes relative to other formations. Samples of Te Mai,

Glenburn and Mangapokia formations and Torlesse Supergroup have high proportions of

C29 steranes and generally plot in the 'terrestrial' or the low C2g sterane region of the

'estuarine or bay' field. Whangai Formation samples, particularly the Upper Calcareous

Member have a high proportion of C2s steranes relative to the other samples and plot in

the 'lacustrine'field. The ecological fields determined by Huang and Meinschein (1979)

are here shown not to be entirely accurate. For example, faunal evidence (e.g. Moore,

1988b) indicates that the Whangai Formation was deposited in a marine, not lacustrine,

environment and the high proportion of C28 steranes is more likely to represent a strong

marine contribution of organic matter as proposed by Moldowan et aI. (1985). The

C17-C2B-C29 and C27-Cze-C30 sterane ternary diagrams (Figures 6.25a and b

respectively), however, do cluster samples according to their respective formations,
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presumably because of biotic assemblages that were controlled by different depositional

environments.

Assuming C27 steranes are indicative of marine organic matter and C29 steranes are

indicative of terrestrial organic matter, the average C21lC2gsterane ratios of eastern

North Island formations (Table 6.5) show predominantly tenestrial organic matter is

present in the Lower Cretaceous formations. A general trend of increasing marine

influence (increase in the C?Tlczssterane ratio) is apparent in Lower Cretaceous to

Eocene strata (Wanstead Formation). This trend is then reversed to an increasing

terrestrial influence in the Oligocene Weber Formation and Miocene Whakataki

Formation. Exceptions include the uppermost Cretaceous Porangahau Member of the

Whangai Formation and possibly the Paleocene Waipawa Black Shale which indicate an

increased terrestrial contribution compared with vertically adjacent units. A similar but

less distinct trend, and with a greater overall proportion of terrestrial organic matter,

occurs in Marlborough strata. A strong terrestrial influence in the Lower Cretaceous

Torlesse Supergroup and Split Rock Formation is replaced by mixed marine and

terrestrial organic matter in the uppermost Cretaceous Whangai Formation and its lateral

equivalents. A change to an increasing terrestrial influence is suggested by a decrease in

Cz1lc2gsterane ratios in the uppermost Cretaceous to lowermost Miocene Amuri

Limestone, Eocene Woodside Formation and Miocene Waima Siltstone.

The Porangahau Member of the Whangai Formation, Amuri Limestone and Woodside

Formation have unusually high proportions of C29 steranes considering their carbonate

lithologies. While carbonate-rich formations generally result from a low clastic (and

hence low terrestrial) input, the high proportions of C29 steranes in the above-mentioned

formations suggests a significant contribution of terrestrial organic matter. High

proportions of C29 steranes have been identified in oils of marine carbonate origin and

explained by specific algal distributions, synthesisinE Czssterols, at the time of

deposition (Moldowan et a1.,1985) and this may explain the sterane distribution pattern

in samples of the Porangahau Member, Woodside Formation and Amuri Limestone.

The presence of oleanane in most Upper Cretaceous and Tertiary formations of the

southern East Coast Basin indicate a proportion of angiosperm-derived (terrestrial higher

plant) organic matter, despite a marine depositional environment. Oleanane, however, is

notably absent from the Wanstead Formation, Mungaroa Member of the Awhea

Formation and the Amuri Limestone, and this may be due to a relative isolation from

terrigenous input, as indicated by a high clay content (Wanstead Formation) or limestone

lithology. Furthermore, the absence of oleanane in Amuri Limestone lends support to an
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algal origin for the C2e steranes, although it is also possible that gymnosperms may have

been predominant at this time. The presence of oleanane in the Porangahau Member,

however, indicates a terrestrial contribution is present and at least partially explains the

member's relatively high proportion of C29 steranes. Oleanane is generally absent from

the Lower Cretaceous Torlesse Supergroup, Pahaoa Group, Springhill, Split Rock and

Burnt Creek formations, presumably due to age, which is just prior to the widespread

evolution of angiosperms.

The present study shows that high relative abundances of C36 steranes are not restricted

to the Paleocene Waipawa Black Shale (see Table 6.5). In eastern North Island, low

relative abundances of C3g steranes are present in the Lower Cretaceous Pahaoa Group

to Upper Cretaceous Tangaruhe Formation. Increased relative abundances of

C3g steranes are present in the uppermost Cretaceous Upper Calcareous and Rakauroa

members of the Whangai Formation, peaking in the Porangahau Member and Waipawa

Black Shale (C3e indices average 0.20). The proportion of C3s steranes then decreases

between the Eocene Wanstead and Miocene Whakataki formations. In Marlborough,

where the Waipawa Black Shale is absent, the relative abundance of C3s steranes peaks

in the uppermost Cretaceous Flags Formation and Mata Series sediments.

Although recognition of high relative abundances of C3s steranes in both the Waipawa

Black Shale and a group of oils from southern East Coast Basin was made early during

the present study, structural elucidation was not possible by (SIM) GC-MS. However,

Munay et al. (1994), using GC-MSA{S techniques, determined the C3s steranes presont

in the Waipawa Black Shale and the Westcott and Okau Stream oils to be predominantly

4-desmethyl steranes, which was assumed to be 24-n-propylcholestane. This biomarker

has been linked to chrysophyte algae, a highly diagnostic marine indicator (Peters and

Moldowan, 1993). Although Murray et al. (1994) do not appear to have distinguished

between the Z4-n-propylcholestane and 24-isopropylcholestane structures, which are

attributable to different sources, it does appear that 24-n-propylcholestane is largely

predominant in Cretaceous and Cenozoic oils and bitumens (McCaffrey et a\.,1994) and

is, therefore, likely to be the compound present in the southern East Coast Basin

samples. The distribution of C36 steranes in southern East Coast Basin strata suggests

that Chrysophyte algae flourished during the latest Cretaceous and Paleocene,

presumably due to favourable environmental conditions such as changes in ocean-water

circulation (Killops et al., 1996).

High relative abundances of 28,3O-bisnorhopane are present in samples of the Weber and
'Wanstead formations, Waipawa Black Shale, Upper Calcareous Member of the Whangai
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Formation and Pahaoa Group, although it is likely that its presence in many are due to

low thermal maturity and not anoxic depositional conditions. S/C and Ni/V, V/Cr and

U/Th trace metal ratios (Section 7.4) indicate that, of the formations mentioned, only

samples of the Waipawa Black Shale and Upper Calcareous Member of the Whangai

Formation were deposited in an anoxic or low oxygen depositional environment.

Although the identification of gammacerane is not certain, a compound eluting at the

expected position (coeluting with, or on the shoulder of, C31 cxp-z2R homohopane)

occurs in a number of Waipawa Black Shale samples and also in Claverley Sandstone. If
present, gammacerane may indicate deposition under conditions of elevated salinity.

6.6.4 Maturity biomarker parameters

Biomarker parameters used for maturity assessments are generally chosen for their

selectivity such that they are not influenced by other factors. In the present study,

however, biodegradation has been shown to affect the maturity biomarker parameters.

Variations in the 20S/(20S+20R) sterane ratios of samples have been observed, with the

C27 sterane ratios almost always higher than the C29 sterane ratios. This is thought to be

caused by the preferential degradation of the scrc[-2OR isomer (Rullkcitter and Wendisch,

1982) which occurs first in C27 steranes, followed later by C29 steranes. The loss of the

ooc[-2OR isomer also increases the corresponding VoBp sterane value and, therefore,

overestimates the actual maturity of the sample. 'Where discrepancies occur, the

C29 sterane maturity biomarker parameters are usually considered to be the more

accurate as the C29 steranes are the last affected.

The majority of samples analysed demonstrate low maturities, below the onset of oil

generation (<0.6Vo Ro). Obvious trends such as an overall increase in sample maturities

of progressively older formations were observed. However, not even the oldest

formations consistently reached maturities equivalent to the onset of oil generation and,

assuming a constant geothermal gradient throughout the basin, sample maturity appears

to be very much controlled by the tectonic history of individual structural blocks.

Regions of greater maturity include:

. Tora Block sediments of Eocene age (Kandahar Formation) have reached the

maturity of the onset of oil generation (O.6Vo R), and the Early Cretaceous Gentle

Annie Formation has reached the maturity of peak oil generation (> 0.87o Ro);
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. The Early Cretaceous Whatarangi Formation from the southern Aorangi Block has

reached the maturity of peak oil generation (0.8-0.97o Ro);

. Within the Coastal Block at Waimarama Beach and Porangahau, the latest

Cretaceous Whangai Formation has reached the maturity of the onset of oil

generation (0.6Vo Rj, while middle to Late Cretaceous Glenburn Formation has

reached the maturity of peak oil generation (> 0.8Vo Ro) at Mangakuri Beach; and

. Within Marlborough, latest Cretaceous to Tertiary Mata Series sediments, Whangai

Formation and Amuri Limestone have reached maturities of the onset of oil

generation (0.6Vo Ro) at Cape Campbell and inland from the Clarence River mouth.

At Coverham sediments of Early Cretaceous age have reached maturities of peak oil

generation (> 0.87o Ro).

Basin thickness has been estimated to reach 10,000 m, with considerable thicknesses of
Miocene sediments in some regions. Cretaceous and Paleogene units should therefore

reach a maturity sufficient for generation and expulsion in deeper parts of the basin.

6.6.5 Biodegradation biomarker parameters

Apart from the general depletion of n-alkanes and isoprenoids, such as that shown for

the Westcott oil (Figure5.2d), an assessment of the extent of biodegradation from a
sample's gas chromatogram is problematic because n-alkane distributions are easily

modified and it is often difficult to determine the causal factors. Advanced levels of

biodegradation are determined through changes to the sterane and hopane distributions

as described in Section 6.3.3. In the present study, apart from minor alteration shown to

occur in the C27 sterane distributions, none of the samples have chromatograms that

show seriously degraded sterane and hopane distributions and, therefore, biodegradation

does not appear to exceed level 6 on the ten point scale of Peters and Moldowan (1993)

(see Table 6.1).

6.6.6 Oil-source rock correlations

The Kerosene Rock, Westcott, Tiraumea and Okau Stream oils are correlated with the

Waipawa Black Shale based primarily on the sterane distribution pattern, in particular the

high relative abundance C3s steranes and low proportion of C2g steranes, the high

relative abundance of 28,3O-bisnorhopane and, to a lesser extent, the low-moderate

abundance of 174(H)-diahopane. In particular, the highly diagnostic C3s steranes and
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28,30-bisnorhopane present in the oils are invaluable for correlation purposes and only

occur together in the Waipawa Black Shale providing a positive correlation.

Discrepancies in correlation parameters include the higher average CzTlC2s sterane ratio

for the Waipawa Black Shale (1.51) compared with the oils (0.83-0.94), but this may be

explained by the considerable variation of ratios in the Waipawa Black Shale samples

(0.74-2.se).

The Ifuights Stream and Isolation Creek oils lack unusual source-specific biomarkers

(such as 28,3O-bisnorhopane or C3s steranes) and, therefore, they are not readily

correlated with each other or with a possible source. Their sterane distribution patterns,

however, do show high proportions of C2g steranes, a feature characteristic particularly

of the Whangai Formation (Upper Calcareous and Rakauroa members), Tangaruhe

Formation and Waima Siltstone (Figure 6.25a and b and Table 6.5). Total organic carbon

studies (Section 4.1) indicate that the Tangaruhe Formation and the Waima Siltstone are

'poor'potential source rocks and are unlikely to source any hydrocarbons. This leaves the

Whangai Formation as the most likely source rock for these oils. Differences in sterane

abundances are apparent, though, with C29 steranes dominant in both the Knights Stream

and Isolation Creek oils, while Whangai Formation samples generally have a
predominance of C27 or C2s steranes. The lack of diagnostic biomarker compounds in

both the Knights Stream and Isolation Creek oils and the Whangai Formation (Upper

Calcareous and Rakauroa members) means that, despite a general similarity in biomarker

characteristics, the correlation is only tentative.
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6.7 Summary of results and discussion

6.7.1. Source/depositional environment

Oils

The sterane and triterpane biomarkers indicate that the Knights Stream and Isolation

Creek oils comprise predominantly marine organic matter with a moderate terrestrial

component and were deposited under open marine conditions. Support for a

predominantly marine source of organic matter for these oils, with a possible algal

contribution to the Knights Stream oil, is also provided by the n-alkane distribution

pattern (Ctt+C22lCzs*Czs and C.* data) described in Chapter 5. The northern seep oils,

which have similar biomarker characteristics to the Knights Stream and Isolation Creek

oils, contain C39 steranes that have been determined by GC-MSA4S to comprise

predominantly 24-ethyl-4u-methylcholestanes with varying minor amounts of

24-n-propylcholestanes and dinosteranes, which were interpreted to indicate a mainly

dinoflagellate contribution with a slight algal input (Rogers, 1995).

The Kerosene Rock, Westcott, Tiraumea and Okau Stream oils comprise organic matter

of predominantly marine algal origin with a moderate terrestrial higher plant contribution,

deposited in an anoxic or low oxygen depositional environment. The n-alkane

distribution pattern of the Kerosene Rock oil also indicates a mixed marine and terrestrial

source of organic matter, but differs from the sterane and triterpane biomarkers in that it

indicates a mainly terrestrial higher plant with a minor marine, possibly algal contribution.

This discrepancy may be explained by the differential production of n-alkanes between

marine and terrestrial organisms, with a higher proportion of n-alkanes present in

terrestrial higher plant material compared with marine organisms (Tissot and Welte,

1978).

Possible source rocks

A high proportion of terrestrial organic matter is indicated for the Lower Cretaceous

southern East Coast Basin formations. An increasing marine influence in Upper

Cretaceous to Paleogene strata culminates in the Eocene Wanstead Formation and,

possibly Amuri LimestoneAVoodside Formation (defined by the general absence of
oleanane). This trend is then reversed with an increasing terrestrial contribution of
organic matter in Oligocene and Miocene strata. These results are consistent with the

n-alkane biomarker data (Cr1+Cz2lC2B+Cr9 and Cr*) from eastern North Island strata

(Chapter 5), with even the slight increase in terrestrially-derived organic matter identified

in the Waipawa Black Shale. The trends indicated in Marlborough strata, however, are
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not fully consistent with the n-alkane biomarker data. The sterane distribution patterns

indicate a strong terrestrial proportion of organic matter in middle to Lower Cretaceous

strata (Burnt Creek and Split Rock formations and Torlesse Supergroup), while the

n-alkane distribution patterns indicate predominantly marine organic matter. The sterane

data is considered more reliable for several reasons: compared with the n-alkanes, the

sterane compounds are less likely to have suffered post-depositional alteration; the trends

determined from the sterane distribution patterns are more consistent with those

determined from eastern North Island strata; and the interpretations of the sterane

distribution patterns are consistent with field observations of the presence of carbonised

woody material in the Split Rock Formation and Torlesse Supergroup samples. These

trends can also be closely correlated to the known basin history (see Chapter 2), whereby

an increased supply of terrigenous sediment resulted from uplift and erosion during the

Rangitata Orogeny that persisted into the Early Cretaceous. During the Late Cretaceous

and Paleogene a passive margin existed with a decreasing supply of terrigenous sediment

following a marine transgression. Renewed tectonic activity during the Oligocene with

the onset of subduction caused uplift, erosion and hence an increased supply of

terrigenous sediment. While Rogers (1995) did not note a similar trend in northern East

Coast Basin strata she did describe a predominantly marine contribution of organic

matter, with a minor terrestrial component in the Cretaceous formations, and an

increased proportion of terrestrial organic matter in the Waipawa Black Shale. The

increased proportion of terrestrial organic matter indicated for the Waipawa Black Shale

has been interpreted to result from the flooding of nonmarine areas (Leckie et aI., 1992).

Open marine depositional conditions generally existed throughout much of the basin's

history. However, reduced oxygen conditions and minor anoxic episodes prevailed

during deposition of the uppermost Cretaceous Upper Calcareous and Rakauroa

members of the Whangai Formation and Mata Series sediments, and this developed into

predominantly anoxic conditions during deposition of the Paleocene Waipawa Black

Shale. Coinciding with reduced oxygen depositional conditions during the latest

Cretaceous were the widespread increase in C3s sterane-synthesising algae, which

peaked during the Paleocene. Both the onset of anoxic depositional conditions and the

increase in Chrysophyte algae may be related to changes in oceanic circulation patterns

during the Paleocene as proposed by Killops et al. (1996).

6.7.2 Maturity

Sterane and triterpane biomarker ratios provide the most complete maturity data in the

present study, and the only data of significance for the oils. Maturities of the southern
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East Coast Basin oils are at about peak oil generation (0.8-0.9Vo Ro), with the immature

(<O.6Vo Rj Knights Stream oil and early generation of the Tiraumea oil (0.6-0.77o Ro)

the exceptions. These data indicate that the mature southern East Coast Basin oils, in

general, are slightly more mature than the oils analysed by Rogers (1995) from the

northern East Coast Basin (- 0.87o R).

The majority of the possible source rock samples analysed show low maturities, below

the onset of oil generation (<0.6Vo Ro) which is consistent with the Tr* and PI results

from Rock-Eval pyrolysis (see Section 4.2.3). A comparison of the mafurity values of
samples from the northern East Coast Basin (from Rogers, 1995) with those from the

present study show that, assuming a similar geothermal gradient, roughly similar burial

depths have been reached in both northern and southern parts of the basin. In general,

formations common to both regions show slightly greater maturities in samples from the

northern part of the basin, but the most mature samples (- O.9Vo Ro) are from the

Whatarangi Formation and Torlesse Supergroup from the southern Aorangi Block of the

southern East Coast Basin.

6.7.3 Oil-oil and oil-source rock correlations

Oil-oil correlations

In the present study, the Kerosene Rock, Westcott, Tiraumea and Okau Stream oils are

correlated primarily on the presence of high relative abundances of unusual and higily

diagnostic C3g steranes and 28,30-bisnorhopane. These same biomarker characteristics

are used to differentiate these oils from the Knights Stream and Isolation Creek oils and

also the northern seep oils (Waitangi, Totangi and Rotokautuku). Recent confidential

studies by Amoco (e.g. Lipke, 1989; Zumberge, 1990) also used C3s steranes and

28,30-bisnorhopane to further correlate the Waipatiki oil, from south-east of Dannevirke,

with the Kerosene Rock and Okau Stream oils. Other oils reported to have high relative

abundances of C3s steranes include those from Angora Stream and Riversdale in the

southern East Coast Basin and Te Weraroa Stream, the only reported occurrence from

the northern East Coast Basin (Killops, 1996). A similarity between the Kora-l oil, from

the northern Taranaki Basin (reported by Reed, 1992), and the oil stains of the southern

East Coast Basin was noted by both Murray et al., (1994) and Rogers et al., (1994),

particularly the high relative abundance of C3g steranes. The Kora-l oil is, therefore, also

included in this family of oils with the implication that there is a regional, rather than

simply a basinwide, source for these oils.
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Unlike the Kerosene Rock, Westcott, Tiraumea and Okau Stream oils, the Ifuights

Stream and Isolation Creek oils do not have highly diagnostic biomarkers useful for
correlation pu{poses. However, these two oils are tentatively correlated based on the

high proportion of C4 steranes and low relative abundances of C3s steranes and

28,30-bisnorhopane. The Waitangi, Totangi, Rotokautuku and Motu Valley oil, from the

northern East Coast Basin, previously correlated by Rogers (1995) are also included in

this family of oils based on similar biomarker characteristics. High CzTlCzg sterane ratios

(0.91-1.99) present in the northern oils, however, do not match the lower ratios present

in the Knights Stream (0.71) and Isolation Creek (0.83) oils. This suggests a greater

terrestrial contribution to the southern East Coast Basin oils, and is consistent with the

dominance of isopimarane, a terrestrial biomarker, in a diterpane distribution in the

Isolation Creek oil (Killops, 1996).

Oil-source rock correlations

Fry (1982) may have been the first to note high relative abundances of C3s steranes in

samples of Waipawa Black Shale and from an oil stain from Tunakore Stream in the

Whangai Range of southern East Coast Basin, but no correlation was mentioned. Oil-

source rock correlations linking the Waipawa Black Shale with the oil stains of the

southern East Coast Basin, based on the high relative abundance of C36 steranes and

28,30-bisnorhopane have only recently been reported (e.g. Lipke, 1989; Zumberge,

1990; Rogers et aL.,1994; Munay et aL.,1994; Rogers, 1995; this study).

Murray et al. (1994) noted the high relative abundances of C3s steranes (4-desmethyl

steranes) and also the presence of 28,30-bisnorhopane both in the Westcott and Okau

Stream oils and in the Waipawa Black Shale but, because no other formations were

investigated, they could not discount the possibility of an older formation as the source

for the oils. Rogers et al. (1994) noted that Waipawa Black Shale was the only formation

sampled in the northern East Coast Basin with high relative abundances of C39 steranes

and 28,30-bisnorhopane, and that both of these biomarker characteristics are absent from

the major seep oils (Waitangi, Totangi and Rotokautuku) but present in oil stains from

the southern East Coast Basin.

The Kora-l oil from the northern Taranaki Basin has been correlated to the Turi

Formation, which contains an organic-rich shale equivalent to the Waipawa Black Shale

(Killops et aL, 1994). Although the Waipawa Black Shale and its equivalents have been

recognised in the Northland, Canterbury, Great South and possibly south Westland

basins, no oils sampled from these regions are characterised by high relative abundances

of C3g steranes.
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The results of this biomarker study support a tentative correlation between the lfuights

Stream and kolation Creek oils and the Upper Calcareous and Rakauroa members of the

Whangai Formation. Following the correlation beween these oils ard the Waitangi,

Totangi, Rotokautuku and Motu Valley oils from the northern East Coast Basin, the oil-

source rock correlation proposed here is consistent with the findings of Rogers (1995),

who also correlated between the northern seep oils and the Upper Calcareous Member of
the Whangai Formation.

L
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6.8 Conclusions

At least two families of oils are present in the southern East Coast Basin: The first

comprises both Knights Stream and Isolation Creek oils, which are characterised by

high proportions of C2s steranes and low relative abundances of C3s steranes

(C3s indices from 0.06-0. 12), 28,30-bisnorhopane, oleanane and I 7ct(H)-diahopane.

These indicate deposition of predominantly marine organic matter with a moderate

tenestrial component under open marine conditions. The Knights Stream oil is an

immature oil with maturity below the onset of oil generation (<O.6Vo Ro), while the

Isolation Creek oil has a maturity of about peak oil generation (- 0.87o Ro).

Although these oils have similar biomarker characteristics the mutual lack of unusual

source-specific biomarkers is such that the correlation is tentative. Also included in

this family are the major seep oils of the northern East Coast Basin (Waitangi,

Totangi, and Rotokautuku);

The second family comprises the Kerosene Rock, Westcott, Tiraumea and Okau

Stream oils, which are characterised by low proportions of Cr3 steranes, high relative

abundances of C3s steranes (C39 indices from 0.24-0.40) and 28,30-bisnorhopane,

and low-moderate relative abundances of oleanane and lTcr(H)-diahopane. These are

considered to indicate the deposition of predominantly marine algal material and a

moderate terrestrial component under anoxic or low oxygen conditions. These oils

generally have a maturity of peak oil generation (0.8-0.9VoRs). Included in the

second family are a number of other oils from both the northern and southern East

Coast Basin, including the Waipatiki and Tunakore oils from southern Hawke's Bay.

Significantly, the Kora-l oil from the northern Taranaki Basin is also correlated with

these oils and demonstrates a regional rather than simply basinwide source;

A high proportion of terrestrial organic matter is indicated for the Lower Cretaceous

southern East Coast Basin formations. An increasing marine influence in Upper

Cretaceous to Paleogene strata culminates in the Eocene Wanstead Formation and,

possibly Amuri Limestone/Woodside Formation (defined by the general absence of
oleanane). The exception to this trend is a slight but noticeable increase in terrestrial

organic matter in the Waipawa Black Shale. This trend is then reversed with an

increasing terrestrial contribution of organic matter in Oligocene and Miocene strata;

Maturity biomarker ratios indicate that the majority of possible source rocks analysed

show maturities below the onset of oil generation (<0.6Vo Ro). Sample maturity is

controlled by the tectonic history of individual structural blocks, and regions of

t29
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greater maturity include the northern Coastal, Tora and southern Aorangi blocks of
eastern North Island, and the Cape Campbell, Coverham and inland Clarence River

regions of Marlborough;

The Waipawa Black Shale is characterised by high relative abundances of
C3s steranes (Cio indices from 0.05-0.33), low proportions of C2s steranes, variable

CzTlCzs sterane ratios (0.74-2.59), high relative abundances of 28,30-bisnorhopane

and occasionally low-moderate relative abundances of a compound thought to be

gammacerane. These biomarkers indicate deposition of varying proportions of
terrestrial higher plant and marine algal organic matter under conditions of anoxia or

low oxygen and possibly elevated salinity;

The Upper Calcareous and Rakauroa members of the Whangai Formation are

characterised by high proportions of C4 steranes (averaging 0.32), generally high

Cz7/C2s sterane ratios (0.75-3.02), and variable, sometimes high, relative abundances

of C3s steranes, and 28,30-bisnorhopane. These are thought to indicate deposition of
predominantly marine organic matter under intermittently low oxygen or anoxic

conditions;

The unusual C3p steranes present in the Waipawa Black Shale and Westcott and

Okau Stream oils have been identified as 24-n-propylcholestanes and are thought to

be derived from Chrysophyte algae (Murray et aI., 1994). It is likely that

Z4-n-propylcholestane is also predominant in the other oils with high relative

abundances of C3g steranes. It appears that due to favourable environmental

conditions present during the latest Cretaceous and Paleocene, possibly a result of a

change in ocean currents, this usually rare algae flourished; and

The Kerosene Rock, Westcott, Tiraumea and Okau Stream oils are correlated with

the Waipawa Black Shale based on similar biomarker characteristics, particularly the

high relative abundances of C36 steranes and 28,30-bisnorhopane. The Knights

Stream and Isolation Creek oils are tentatively correlated with the Upper Calcareous

and Rakauroa members of the Whangai Formation based on their high proportions of

C4 steranes.
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Chapter 7

Other analytical techniques

7.1 Stable carbon isotopes

7.L.1 Introduction

Stable isotope ratios describe small variations in isotope abundance in different materials

and are used by the oil exploration industry for correlation, maturation and alteration

studies, and in the evaluation of source rock depositional environments (Sofer, 1991).

Carbon, hydrogen and sulphur stable isotopes are all used but of these, carbon is by far

the most common. Stable carbon isotopic compositions of rock bitumens and oil

fractions (saturates, aromatics, NSOs and asphaltenes) generally range between -17 and

-36Voo, with most samples falling between -23 and -32Voo (Sofer, 1991).

7.1.2 Uses of stable carbon isotopes

Oil-source rock and oil-oil correlations

Isotopic compositions can be used to establish genetic relationships between source

rocks and oils and among various oils. An oil generated from a particular source rock

will have a similar 6l3C value to that of the source rock (Philp, 1993). The isotopic

composition of oils can vary as a result of maturity, migration and biodegradation but

these changes can often be predicted and compensated for during correlation (Philp,

l9e3).

A genetic relationship between oils is usually indicated when the isotopic composition

differs by less than l%o (Peters and Moldowan, 1993), although nonmarine oils can differ

by as much as 4%o and still be related (Sofer, 1984). Significant differences in

maturation, migration and biodegradation can result in genetically-related marine oils or

oils and source rocks having E values that differ by as much as 2Voo (Sofer, 1984; 1991).

Both maturation and migration tend to increase the 6 value of saturate, aromatic and

whole-oil fractions, while biodegradation does not cause systematic change in the

isotopic composition of genetically different oils but does cause similar changes in

genetically-related oils (Sofer, 1984). Oils are generally 0 to L5%o depleted in l3C

compared to their corresponding bitumens, which, in turn, are 0.5 to 1.5%o depleted in
l3C compared to their source kerogens (Peters and Moldowan, 1993).



Sample Saturate
6r3C (Tool

Aromatic
6L3c (%o\

Whole-oil
6r3C (Vool

Sofer Value
(cv)

Oils
Knights Stream
Isolation Creek
Kerosene Rock
Westcott
Tiraumea
Okau Stream

North Island stratieranhv
Miocene coal
NEl09
Waipawa Black Shale
NE23
NE45
NEIII
NEI31
Whangai Formation

Upper Calcareous Member
NEII3
Tangaruhe Formation
NEIO
Te Mai Formation
NE5I
NE52
Glenburn Formation
NE7
NEI 17

NEl18
Mangapokia Formation
NE64

South Island stratisraphv
Whangai Formation
NE86
Flags Formation
NE82
Conway Siltstone
NEI08
Split Rock Formation
NEgI

-29.32
-28.49*
-24.45
-20.94
-27.26
-22.43

-29.0r

-27.03
-26.20
-30.71x
-25.00

-29.06

-30.89

-29.23
-29.63

-28.72**
-30.07
-28.42

-27.9r

-30.86

-28.04

-29.t3

-29.74

-28. r8
-26.r7
-22.t7
-20.36
-27.26*
-2t.69

-26.46

-25.03
-23.80
-29.20
-21.87

-28. l3

-29.28

-27.37
-25.80

-25.54
-27.02
-25.57

-26.64

-30.69

-27.66

-27.25

-28.03

-28.91
-26.75
-23.04
-20.91

-26.97
-21.u

-0.03
2.33
0.99

-3.87
-3.20
-3.05

3.00

t.t7
1.80
t.22
3.05

-0.58

1.50

L54
6.04

4.31
4.44
3.49

-0.18

- 1.71

-2.t1

1.55

t.37
*just below minimum required carbon; **well below minimum required carbon. Relative to PDB.

Table 7.1 Stable carbon isotope analyses from Waikato University.
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Depositional environment

Carbon isotopes can be used to differentiate oils derived from marine and nonmarine

organic matter (Sofer, 1991). Early workers (e.g. Silverman and Epstein, 1958; Tissot

and Welte, 1978) suggested that nonmarine organic matter is, on average, lighter in l3C

than marine organic matter. Sofer (1984) evaluated 339 oils and found the difference in

isotopic compositions negligible and, therefore, insufficient to be used as a reliable

source rock indicator. He did find, however, that the differences between marine and

nonmarine oils are apparent in the relationship between isotopic composition of the

saturate and aromatic fractions and developed the canonical variable (CV), now referred

to as the Sofer Value, which describes the following relationship:

CV = -2.536l3crar+ 2.226r3ca.o - I1.65

Sofer Values larger than 0.47 indicate a mostly temestrial source for an oil, whereas

values smaller than 0.47 indicate a mostly algal marine or nonmarine source.

Alternatively, on a cross-plot of 6l3C-o vs 6l3Cru, (Crs*fractions), the line that best

separates marine oils from nonmarine oils has the following equation:

6l3c-o = l.l{$l:gsat + 5.46

Nonmarine oils plot above this line, while marine oils plot below.

It has since been recognised that lacustrine and marine oils follow this relationship in

about 90Vo of the cases (Sofer, 1991). Among the inconectly classified oils, however,

were the waxy oils from Indonesia and Australia (Sofer, 1984), and Hirner and Lyon

(1989) were only able to correctly classify 427o of the waxy New Zealand oils using this

method. Also, deltaic oils which were expected to indicate terrestrially-sourced organic

matter often did not (Sofer, l99l). In cases involving rock bitumens the relationship held

true less than9OVo of the time (Sofer, l99l).

The simple marine versus nonmarine classification provided by Sofer Values is not

strictly accurate, due to the presence of allochthonous organic matter (usually where

terrestrial organic mafter is incorporated into marine sediments) (Peters et al., 1986).

Allochthonous organic matter affects all studies that attempt to classiff oils by the type

of organic matter in the source rock but, provided this is recognised, such classifications

are still useful in petroleum exploration (Peters et aI., 1986). Hirner and Lyon (1989)

suggested that, for New Zealand oils, the Sofer Values may be better interpreted in terms
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of varying degrees of marine influence during the deposition and maturation of
terri genous organic matter.

Age

Variations in bulk stable carbon isotope compositions with age have been described (e.g.

Arthur et a1.,1988), but these trends are not diagnostic as it has been found that there is

at least as much variability among samples of the same age (Peters and Moldowan,

le93).

7.1.3 Methods

Seventeen rock and 6 oil samples were prepared for l3C analysis (see Chapter 3 for

methods). Saturate and aromatic fractions of rock bitumens and an additional 'whole-oil'

fraction from oil samples were forwarded to the Stable Isotope Unit at the University of
Waikato for analysis. Samples that did not contain the minimum required carbon were re-

extracted (in double quantity) and sent for repeat analysis. Details of the analytical

equipment and analyses are provided in Appendix 6.

7.1.4 Results

A summary of results with calculated Sofer Values is presented in Table 7.1 while full

results appear in Appendix 6. Data interpreted are from those samples with sufficient

carbon for reliable results unless otherwise noted (see Table 7.1). Furtherrnore, isotope

ratios were taken from saturate/aromatic pairs rather than from individual fractions of
different analyses.

Sofer Values

Samples of the Miocene coal, Waipawa Black Shale, the Tangaruhe, Te Mai and

Glenburn formations, Conway Siltstone and Split Rock Formation all have positive Sofer

Values indicating a predominance of terrestrially-sourced organic matter. In contrast,

samples of the Whangai, Flags and Mangapokia formations have negative Sofer Values

indicating marine-sourced organic matter. Of the oils, the Knights Stream sample has a

slightly negative Sofer Value and the Westcott, Tiraumea and Okau Stream samples

show strongly negative Sofer Values indicating a predominance of marine-sourced

organic matter. The Isolation Creek and Kerosene Rock oil samples have positive Sofer

Values indicating a predominance of terrestrially-sourced organic matter.
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Oil-oil correlation

The saturate vs aromatic cross-plot (FigureT.l) identifies three oils (Kerosene Rock,

Westcott and Okau Stream) from southern Hawke's Bay/Wairarapa that are enriched in

r3C (whole-oil values of -20.91 to -23.04%o) compared with the Knights Stream,

Isolation Creek and Tiraumea oils (whole-oil values of -26.75 to -28.91%o). A second

analysis on a greater quantity of Tiraumea oil, however, produced an aromatic fraction

6l3C value of -23.45%o, considerably heavier than the initial -27.26Too value obtained

from the first analysis. It, therefore, appears that the Tiraumea oil may group with the
I3C-enriched oils.

Figure 7.1 Saturate vs aromatic cross-plot of 6l3C (%o) values of the oils and possible source rocks.
Dashed line delineates marine from terrestrially-derived organic matter (after Sofer, 1984).

A positive correlation is only possible between the Westcott and Okau Stream oils with
whole-oil 6l3C values of -20.91 and -21 .64%o respectively. The Kerosene Rock oil is
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more depleted in t3C G23.04%o) than both the Westcott or Okau Stream oils, but is
considerably more enriched than the Knights Stream and Isolation Creek oils. Therefore,

although a positive correlation by stable carbon isotope values alone is not possible, it

appears that the Kerosene Rock oil is genetically-related to the Westcott and Okau

Stream oils. By comparison the Knights Stream (-28.91%0) and Isolation Creek oils

(-26.75%0) have isotopically light 6t:6 values but these are sufficiently different to
prevent a positive conelation, according to the guidelines of Peters and Moldowan

(1993) (Section 7.1.2).

Oil-source rock correlation

According to Peters and Moldowan (1993), oils should be depleted in l3C relative to

their source rocks. With the exception of the Waipawa Black Shale, all possible source

rocks analysed are considerably more depleted in l3C than the Westcott, Okau Stream

and Kerosene Rock oils and are unlikely to be their source. Although the Waipawa Black

Shale was the only formation analysed with 6 values that plot near the l3C-enriched oils,

a positive correlation is only possible with the Kerosene Rock oil. The apparent similarity

between the Kerosene Rock oil and the Westcott and Okau Stream oils, however,

suggests that they are also genetically-related to Waipawa Black Shale.

The 613C values of the Knights Stream,Isolation Creek and Tiraumea oils plot within the

main grouping of possible source rocks, in the -26 to -29%o range, where any number of
formations could be correlated. Therefore no positive correlation could be made on

carbon isotope values alone.

7.1.5 Discussion

Source/depositional environment

The predominance of terrestrial organic matter in the Miocene coal, the Te Mai and

Glenburn formations, Conway Siltstone and Split Rock Formation, as indicated by Sofer

Values, is consistent with the n-alkane, sterane and triterpane biomarker results. The

Waipawa Black Shale samples also plot within the terrestrial field of the saturate vs

aromatic cross-plot but close to the marine/terrestrial line, and is consistent with
contributions of both marine and terrestrial organic matter and the results of the

biomarker studies. The Tangaruhe Formation, however, which has been determined to
comprise both predominantly marine and terrestrial organic matter (from the sterane and

n-alkane distribution patterns respectively), plots inside the terrestrial field and close to
the dividing line suggesting that both marine and terrestrial organic matter are present

and that the terrestrial component is predominant.
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The Whangai, Flags and Mangapokia formations are indicated by their Sofer Values to

comprise predominantly marine organic matter. The results for the Whangai Formation

are consistent with the n-alkane and sterane biomarker results, while the Flags Formation

has been determined to comprise both predominantly marine and terrestrial organic

matter by n-alkane and sterane biomarker parameters respectively. Once again it appears

Iikely that both marine and terrestrial organic matter are present in the Flags Formation,

although a predominantly marine contribution is supported here. The Mangapokia

Formation is indicated to comprise predominantly marine organic matter. Both the

n-alkane and sterane biomarker parameters, however, indicate the presence of

predominantly terestrial organic matter.

The slightly negative Sofer Value of the Knights Stream oil indicates a predominantly

marine source of organic matter, which is consistent with the biomarker results. The

Westcott, Okau Stream and Tiraumea oils also indicate a marine origin for their organic

matter, while the Kerosene Rock oil indicates a terrestrial origin. Biomarker results,

however, generally indicate either a predominantly terrestrial, or mixed marine and

terrestrial origin for these oils and, therefore, are not consistent with the Sofer Values.

The interpretation of Sofer Values are clearly not totally consistent with the results of

other more diagnostic studies, such as sterane and triteqpane biomarker analysis. This

may be because the formations of the southern East Coast Basin have been shown to

comprise both marine and terrestrial organic matter, despite a predominantly marine

depositional environment. While this is generally shown by the close proximity with

which the samples plot to the marine/tenestrial line on the saturate vs aromatic cross-

plot (Figure 7.1), the organic matter can only be classified as either marine or terrestrial

in origin.

Oil-oil correlations

Variation in 6t3C values (up to 2%o) of the l3C-enriched (Kerosene Rock, Westcott and

Okau Stream) oils is such that a positive correlation is only possible between the

Westcott and Okau Stream oils. The relative isolation of these oils on the saturate vs

aromatic cross-plot does suggest, however, that they are related. The correlation of the

Westcott and Okau Stream oils here is consistent with the specific correlation of these

two oils by an almost identical sterane distribution pattern, and with the correlation of all

the l3C-enriched oils, including the Tiraumea oil, by their sterane and triterpane

biomarker characteristics in general (see Section 6.5.6).
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Chapter 7. Other analytical techniques

Hirner and Lyon (1989) conducted a stable carbon isotope study on 26 oils from

throughout New Zealand which showed a range in whole-oil 6l3C values of -25.4 to

-29.07oo. The Kerosene Rock, Westcott, Tiraumea and Okau Stream oils, therefore, form

a unique family of isotopically heavy oils in New Zealand. The Kora-l oil, from the

northern Taranaki Basin, is also isotopically heavy with a whole-oil 5l3C value of
-22.7%o (Reed, 1992). The correlation of the Kora-l oil to the Kerosene Rock,'Westcott,

Tiraumea and Okau Stream oil based on high relative abundances of C3s steranes (see

Section 6.7.3) and is further supported here by their characteristic 613C-enriched values.

Despite both the Knights Stream and Isolation Creek oils being relatively depleted in l3C,

they could not be positively conelated by stable carbon isotope ratios alone, based on the

criteria discussed in Section 7.1.2. These oils, however, have been tentatively correlated

through similarities in their sterane and triterpane biomarker characteristics

(Section 6.5.6). Both the Knights Stream and Isolation Creek oils, however, can be

correlated with the major seep oils from the northern East Coast Basin (Waitangi,

Totangi and Rotokautuku) which have whole-oil 6l3C values of -27.9 to -28.7

(Table7.z). A correlation of the Knights Stream and Isolation Creek oils with the

northern seep oils, based on their stable carbon isotope ratios, is consistent with

similarities in their respective biomarker characteristics (Section 6.7.3).

Oil-source rock correlations

Although a positive oil-source rock correlation was only possible between the Kerosene

Rock oil and the Waipawa Black Shale, the subsequent corelation of the Kerosene

Rock, Westcott, Tiraumea and Okau Stream oils also suggests that the Waipawa Black

Shale is the source for all these oils, and is consistent with this oil-source rock

correlation based on the results of the rz-alkane, sterane and triteqpane biomarker

characteristics (see Sections 5.5.3 and 6.6.6). Furthermore, Hirner and Lyon (1989)

analysed a number of possible source rocks from throughout New Zealand, from which

the Waipawa Black Shale was the most l3C-enriched sample analysed (-22.7%o), by more

than 2Voo. This indicates that the Waipawa Black Shale is unusual for its enriched 6l3C

values and supports the evidence for a family of l3C-enriched oils which are sourced

from the Waipawa Black Shale and its lateral equivalents.

7.1.6 Conclusions

. Stable carbon isotope data are best used for correlation purposes. Corroborating data

is required when using Sofer Values to determine types of contributing organic

matter;
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The Kerosene Rock, Westcott, Tiraumea and Okau Stream oils are characterised by

isotopically heavy 613C whole-oil values (-20.9 to -23.Woo) and are correlated on this

basis. With the exception of the Kora-l oil (-22.7Voo) from the northern Taranaki

Basin, which is also correlated with these oils, these represent the most l3C-enriched

oils in New Zealand;

The Knights Stream and Isolation Creek oils are characterised by relatively depleted

6r3C whole-oil values (-28.9 and -26.8V00 respectively). These oils are correlated with

the Waitangi, Totangi and Rotokautuku oils from the northern East Coast Basin

based on similar depleted 6l3C whole-oil values (-27.9 to -28.7Voo); and

The Waipawa Black Shale has the most 6l3C-enriched values (to < -23%o) of any

formation analysed from the southern East Coast Basin and possibly New Zr,aland.

This formation is correlated with the Kerosene Rock, Westcott, Tiraumea and Okau

Stream oils.
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7.2 Visual kerogen analysis (VKA)

7.2.1 lntroduction

Kerogen is defined as the component of sedimentary organic matter that is insoluble in

common organic solvents (Tissot and Welte, 1978; Jacobson, l99l; Killops and Killops,

1993; Senftle et aI., 1993). It is the precursor to oil and gas and is the most abundant

form of organic carbon on earth, more than a thousand times as abundant as coal

(Killops and Killops,1993; Whelan and Thompson-Rizer, 1993). Kerogen comprises the

altered remains of living matter and therefore contains information about the

depositional, geological and geothermal history of sediments (Whelan and Thompson-

Rizer, 1993).

Traditional bulk geochemical methods (such as Rock-Eval pyrolysis and elemental

composition) describe four types of kerogen, Types I-IV (Peters, 1986). Although these

are roughly equivalent to the maceral groups liptinite, exinite, vitrinite and inertinite

respectively (Killops and Killops, 1993), kerogen is not homogeneous and comprises a

complex mixture of organic material (Tissot and Welte, 1978; Larter and Horsfield,

1993). This complex mixture of organic material undergoes diagenetic, catagenic and

metagenic changes at different rates and hence maturation influences the chemical

composition of kerogen (Senftle et aI., 1993). Geochemical analyses record only the

present condition of organic matter and cannot always differentiate between source rocks

with different kerogen and maturity (Senftle et aL.,1993).

The accurate identification of organic matter is of fundamental importance in the

evaluation of the hydrocarbon potential of possible source rocks (Senftle et aI., 1993).

Visual kerogen analysis (VKA) is a technique that describes the quantity, quality and

thermal maturity of organic matter through the use of optical microscopy. It is valuable

because it involves the identification of various components within the kerogen mixture

not possible by conventional chemical methods (Peters and Moldowan, 1993; Tyson,

1995). It becomes especially important when dealing with mature source rocks because,

with increasing maturity, organic matter type becomes progressively more difficult to

determine by chemical analyses due to the convergence of kerogen maturation pathways

(see Figure4.l). Visual kerogen analysis itself, however, does not determine the

hydrocarbon potential of the kerogen and hence is complimentary to bulk geochemical

methods (Peters and Moldowan, 1993).
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Several kerogen classification schemes are curently in use (Senftle et al., 1993). In the

present study kerogen composition was recorded in terms of seven components:

amorphous, structured aqueous, biodegraded terrestrial, spore/pollen, structured

terrestrial, semi-opaque and opaque. Definitions of the seven kerogen components and

additional terrns [described by Mike Hannah (pers. comm.) and also used by Rogers

(1995)l are as follows:

Amorphous: Unstructured kerogen which has been derived from biodegraded aquatic

matter such as algae and phytoplankton, and terrestrial matter deposited in aquatic

systems which has decomposed due to aerobic bacteria in oxic environments.

Structured aqueous: Kerogen which has preserved the original cell structures of marine

organic matter, such as aquatic plants including dinoflagellates.

Biodegraded terrestrial: Kerogen which has partially degraded to amorphous material,

but with the original terrestrial structure such as wood tissue or plant cells still

recognisable.

Spore/pollen: Kerogen which contains spore and pollens, indicative of a terrestrial

contribution.

Structured terrestrial: Kerogen which shows the structure of the original terrestrial

components such as wood, leaves and plant tissue.

Semi-opaque: Kerogen derived from terrestrial matter which has experienced some

thermal alteration causing the tissue to oxidise and resemble charcoal.

Opaque: Kerogen which has undergone significantly more thermal alteration than semi-

opaque kerogen and is almost converted to charcoal.

Fines: This represents material which is too fine or broken up to be characterised.

Thermal Alteration Index (TAI): Thermal maturation results in a gradual colouring

and progressive darkening of organic matter. This colour change can be used to
determine thermal maturation on a scale known as the thermal alteration index (TAI)
(Table 7.3). The advantages of this method is that it is possible to distinguish reworked

from in sfrn organic matter.
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Maturitv R^(Tol TAI Colour

Immature

Immature

Onset of oil generation

End of oil generation

Postmature

Postmature

0.22

0.32

0.55

1.3

2.5

3.0

1.0

2.0

2.5

3.0

4.0

5.0

unaltered

yellow

brown

dark brown - black

black (severelv altered)
Table 7.3 Correlation of TAI and associated spore/pollen colour with vitrinite reflectance
maturation parameters (after Senftle and Landis, 1991).

Yield: This is an indication of the confidence that the kerogen on the slide is
representative of the sample.

7.2.2 Methods

Sixteen samples were prepared for visual kerogen analysis. Identifications were made by

Dr. Mike Hannah of the Geology Department, Victoria University of Wellington.

Samples were chosen specifically from the uppermost Cretaceous to Paleocene sequence

with favourable TOC and Rock-Eval pyrolysis results. Samples from the Te Mai,

Glenburn and Mangapokia formations and Torlesse Supergroup were also included to

help determine the nature of their organic matter. Kerogen isolation was achieved

through standard methods of acid treatment GIF/HCI) followed by flotation in a heavy

liquid and is fully described in Appendix 7.

7.2.3 Results

The results of visual kerogen analysis are presented in Table 7.4 and also in Appendix 7.

Both Waipawa Black Shale samples are almost devoid of kerogen Types I and II
(amorphous, structured aqueous, biodegraded terrestrial and spore/pollen) and comprise

predominantly structured terrestrial and semi-opaque kerogen. The complete absence of
marine organic matter in these samples appears to indicate a marginal marine

depositional environment.

The Upper Calcareous Member ffiangai Formation) samples have no amorphous or

biodegraded terrestrial kerogen but contain high levels of structured terrestrial kerogen

and moderate levels of structured aqueous kerogen. Only small amounts of semi-opaque

and opaque kerogen were recorded.
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The two Rakauroa Member (Whangai Formation) samples are virtually identical in

composition with no amorphous or biodegraded terrestrial and little structured aqueous

kerogen. The samples are dominated by structured terrestrial and semi-opaque kerogen

with moderate levels of spore/pollen. Kerogen compositions differ from those of the

Upper Calcareous Member in that they have less structured aqueous and more semi-

opaque and opaque kerogen and this suggests a more proximal depositional environment

for the Rakauroa Member.

The Tangaruhe Formation sample shows trace or no amoqphous, structured aqueous or

biodegraded terrestrial kerogen. Spore/pollen constitutes half the sample, with the

remainder comprising moderate amounts of strucfured terrestrial, semi-opaque and

opaque kerogen.

Te Mai Formation samples are devoid of amorphous, structured aqueous or biodegraded

terrestrial kerogen. Minor spore/pollen is present in the mudstone unit sample and both

contain high levels of semi-opaque and moderate levels of structured terrestrial and

opaque kerogen. The Glenbum Formation samples are also devoid of amorphous or

biodegraded temestrial kerogen. The sandstone unit sample (NEl l7) comprises almost

entirely semi-opaque kerogen with minor structured terrestrial kerogen. The mudstone

unit sample (NEl18) comprises dominantly structured terrestrial kerogen with high

levels of semi-opaque kerogen. Minor spore/pollen and trace amounts of structured

aqueous kerogen are also present but no opaque kerogen was recorded. The high levels

of semi-opaque and opaque kerogen in the Te Mai and Glenburn formations indicate

recycled or highly weathered organic matter of terrestrial origin and clearly demonstrate

their inert nature.

The Mangapokia Formation sample comprises dominantly structured terrestrial kerogen

with only minor spore/pollen, semi-opaque and opaque kerogen and an absence of

marine-sourced kerogen. Unlike the Te Mai and Glenburn formations, however, only a

minor proportion of the kerogen in the Mangapokia Formation sample appears to be

recycled or degraded by oxidation.

The Torlesse Supergroup sample contains mainly semi-opaque kerogen with equal and

minor amounts of structured tenestrial and opaque kerogen, indicating predominantly

tenestrially-sourced and recycled or oxidised organic matter.

The Conway Siltstone sample contains moderate levels of structured aqueous kerogen

and moderate to high levels of spore/pollen, structured terrestrial and semi-opaque
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kerogen and a small amount of opaque kerogen. As a lateral equivalent of the Whangai

Formation it is not surprising that the organic matter content is similar, with perhaps a

slightly stronger terrestrial signature than the Upper Calcareous Member.

The Flags Formation sample is dominated by a high proportion of structured aqueous

kerogen, comprising mainly dinoflagellates Mike Hannah, pers. comm.) with moderate

levels of structured terrestrial and opaque kerogen and small amounts of spore/pollen

and semi-opaque kerogen. This indicates a predominantly marine influenced depositional

environment. A moderate level of opaque kerogen shows an input of recycled or

oxidised organic matter.

TAI measurements (2.0-2.3) on samples of Early Cretaceous (Mangapokia Formation)

to Paleocene (Waipawa Black Shale) age indicate they are immature for oil generation.

In particular, NE27 is a sample of the Rakauroa Member of the Whangai Formation

which contains the Knights Stream oil but has a TAI of only 2.0 (- 0.32Vo Ro). This

indicates that the sample is immature for hydrocarbon generation and implies that the oil

has migrated either up dip or into this unit from another formation, consistent with the

maturity biomarker data in Section 6.5.2.

7.2.4 Discussion

The results of VKA indicate that an overwhelming majority of southern East Coast Basin

formations are dominated by kerogen of terrestrial origin and, although this appears to be

inconsistent with the results of n-alkane, sterane and triterpane biomarker distributions, it
must be noted that VKA is an analysis of kerogen while GC and GC-MS techniques

analyse the bitumen. Semi-opaque and opaque kerogen may not contribute significantly

to any bitumen produced in a sample due to the inert nature of this organic matter, and

consequently much of this terrestrially-sourced material is not recognised in biomarker

investigations.

Visual kerogen analysis of the two Waipawa Black Shale samples indicates that only

terrestrial organic matter is present and this is not entirely consistent with the sterane and

n-alkane distribution patterns of these samples (see Appendix 4 and 5), probably for the

reasons cited above. Leckie et aI. (1992) also noted a high proportion of terrestrial plant

debris in the Waipawa Black Shale, while other workers have reported somewhat

different results. Fry (1982) showed that the Waipawa Black Shale samples are

dominated by amorphous kerogen of marine algal origin, while Zumberge (1990) also

reported predominantly amorphous kerogen, but with variable proportions of fluorescing
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and nonfluorescing amorphous matter, and only trace or minor amounts of vitrinite and

inertinite. Fluorescing kerogen is considered oil-prone while nonfluorescing kerogen may

result from biodegraded terrestrial organic matter. Rogers (1995) reported on the

kerogen contents of 12 Waipawa Black Shale samples from the northern East Coast

Basin (Table 7.5). Half of the samples were found to contain high levels of structured

terrestrial kerogen and are similar to the samples examined in the present study, while the

other half were found to have a high proportion of amorphous and biodegraded

terrestrial kerogen. These contrasting results suggest a changing organofacies within the

Waipawa Black Shale with variable influxes of terrestrial organic matter, and this

variation in kerogen type may be responsible for the highly variable 52 and HI parameter

values reported by different authors (see Section 4.2.4).

Although the Whangai Formation samples demonstrate that they have a greater

proportion of marine organic matter than the Waipawa Black Shale samples, they are still

very much dominated by terrestrial organic matter with up to 457o of the total organic

matter comprising semi-opaque and opaque kerogen. These results are also generally

inconsistent with the results of the n-alkane and sterane distribution patterns

(Sections 5.5.2 and 6.6.3), presumably for the reasons already explained. The greater

marine influence indicated for the Upper Calcareous Member compared to the Rakauroa

Member, however, is consistent with the VKA results of Rogers (1995) (Table 7.5), but

this trend is not apparent in the Crr+CrrlCzg+Czs n-alkane and C27lCr9 sterane ratios of

their bitumens (Sections 5.5.2 and 6.6.3).

The Tangaruhe, Te Mai, Glenburn and Mangapokia formations and Torlesse Supergroup

all indicate a predominance of terrestrial organic matter and this is consistent with the

n-alkane, sterane and triterpane biomarker characteristics (Sections 5.5.2 and 6.6.3). The

Te Mai and Glenburn formations and Torlesse Supergroup, in particular, have semi-

opaque and opaque kerogen comprising up to 957o of the total organic matter, consistent

with the low hydrocarbon generative potential (HI < 50) of these units (see

Section 4.2.3).

The Flags Formation, a lateral equivalent of the Whangai Formation, shows the greatest

contribution of marine (structured aqueous) kerogen of any of the formations analysed

and has a very similar kerogen composition to sample NE113 (Upper Calcareous

Member). The Conway Siltstone demonstrates a significant proportion of spore/pollen

and suggests a more proximal depositional environment than the Whangai Formation,

which is consistent with the C27lC2e sterane ratios for their bitumens (Section 6.6.3).
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7.2.5 Conclusions

r45

Formations of the southern East Coast Basin comprise an overwhelming majority of
tenestrially-derived kerogen despite bitumen analyses Oy GC and GC-MS) often

indicating a significant marine contribution of organic matter. It appears that semi-

opaque and opaque kerogen do not contribute significantly to any bitumen produced

in a sample due to the inert nature of this organic matter, and consequently much of

the terrestrially-sourced material is not recognised in biomarker investigations;

The two Waipawa Black Shale samples are shown to comprise predominantly

structured terrestrial or semi-opaque kerogen, which is inconsistent with the

sometimes oil-prone nature and high hydrocarbon generative potential of this

formation. Results of other studies, however, show that amoqphous kerogen is also a

significant and sometimes dominant component of the Waipawa Black Shale kerogen

and may explain the high hydrocarbon generative potential of this unit;

The Whangai and Flags formations show the greatest proportion of marine-derived

(structured aqueous) kerogen (up to 45Vo) of all the formations analysed;

The Te Mai and Glenbum formations and the Torlesse Supergroup comprise up to

95Vo semi-opaque and opaque kerogen which demonstrates their very low

hydrocarbon generative potential; and

The few TAI measurements taken indicate the samples have a maturity of below the

onset of oil generation (<0.6Vo Ro), consistent with the general findings of T,ou* and

the sterane and triteqpane maturity biomarker ratios.
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7.3 Vitrinite reflectance (Ito)

T.3.L Introduction

Thermal maturation, through the progressive burial of sediments, results in irreversible

changes in both the physical and chemical composition of kerogen (Senftle and Landis,

l99l). These physico-chemical changes can be studied through vitrinite reflectance, and

have been for decades in the coal industry in determining the maturation level of coals.

More recently, the petroleum industry has used vitrinite reflectance as a method of

determining the level of organic maturation of kerogen in sedimentary sequences.

Vitrinite is the preferred kerogen maceral due to its widespread occurrence and

abundance, large particle size and typically homogeneous appearance. Furthermore, its

thermal range encompasses the entire sequence of organic maturation, from early

diagenesis through to metamorphism (Senftle and Landis, 1991) (Table7.6).

Staees of oil seneration Vitrinite reflectance* (7o)

Immature

Early oil generation

Peak oil generation

End of oil seneration

< 0.6

0.6

0.9

1.35
*Depends on type of organic matter.

Table 7.6 Correlation of vitrinite reflectance values with main
stages of oil generation (after Peters and Moldowan, 1993).

Suppression of vitrinite refl ectance

Vitrinite reflectance is considered one of the most powerful tools available to petroleum

organic geochemistry, yet there are major problems with its use (Price and Barker,

1985). Suppression of vitrinite reflectance is one such problem that has been observed in

New Zealand coals (Newman and Newman, 1982); it has been thoroughly discussed by

Price and Barker (1985). Suppression refers to vitrinite having a lower reflectance than

expected for the level of thermal maturity determined by other methods. It appears that

suppression occurs where measurements are made on hydrogen-rich vitrinite macerals.

Hydrogen-rich vitrinite macerals may result from either vitrinite impregnated with

bitumen from associated Types I or II (hydrogen-rich) kerogen, or diagenesis of vitrinite

macerals under anoxic conditions (Price and Barker, 1985). However, not only is

vitrinite reflectance suppressed, but the rate of thermal maturation of hydrogen-rich

macerals is reduced. This occurs primarily as a result of the greater energy involved in

breaking the greater proportion of carbon-carbon bonds present in hydrogen-rich
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macerals, compared with the greater proportion of carbon-oxygen bonds in oxygen-rich

macerals (Price and Barker, 1985). Therefore, use of vitrinite reflectance values as an

indicator of the various stages of petroleum generation is limited without knowledge of
the composition of the kerogen (Price and Barker, 1985).

Principles of vitrinite reflectance

Vitrinite reflectance is probably the most common optical technique used to characterise

organic matter (Senftle and Landis, l99l). Reflectance is the proportion of normally

incident light (with a wavelength of 546 nm) reflected by a flat, polished surface of the

sample, and is measured as a percentage (which is usually under 4Vo). The samples are

prepared as whole-rock mounts, in which chips are embedded and polished in epoxy

pellets. Generally a minimum of 20 measurements per sample are required, and the data

is presented as histograms, with the mean and standard deviation recorded.

7.3.2 Methods and results

Methods

The feasibility of vitrinite reflectance analyses on the organic-poor, marine sediments that

are predominant in the East Coast Basin was discussed with Dr. Jane Newman of Coal

Research Ltd, University of Canterbury. This resulted in eleven samples being forwarded

for analysis. A visit by the author to the Coal Research lnstitute was made for

familiarisation with the equipment and methodology, although all vitrinite reflectance

determinations were made by Dr. Newman.

Results

Of the eleven samples forwarded, only seven were analysed, the results of which are

shown in Table 7.7. With the exception of the Waipawa Black Shale samples, the

standard deviations recorded for each analysis are very large, and this makes the

accuracy of results and the following interpretations very uncertain.

Waipawa Black Shale samples NE23 and NE3l have mean vitrinite reflectance values of
O.35Vo and 0.33Vo respectively, indicating maturity levels are low, and are considered

tairly typical of Waipawa Black Shale samples (Jane Newman, pers. comm.). Although

the maturity level is too low for significant suppression to have developed, the vitrinites

in the Waipawa Black Shalo are of a type that is likely to be suppressed at higher

maturity levels (Jane Newman, pers. comm.).
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Formation &
(9ol

s.D.
(9o)

Numberof
measurements

Maturity indicated
bv biomarker ratios

North Island stratieraphv
Waipawa Black Shale
NE23
NE3I
Whangai Formation

Rakauroa Member
NE27
Te Mai Formation
NE5I
Mangapokia Formation
NE64

South Island stratieraphv
Split Rock Formation

Wharfe Sandstone Member
NE9I
Torlesse Supergroup
NE75

0.35
0.33

0.64

0.70

0.70

0.70

0.76

0.071
0.080

0.207

0.1 84

0.174

0.145

0.2M

30
20

30

30

30

20

26

< 0.67o Re

<0.6VoRs

< 0.67o Rg

< 0.67o R6

< 0.67o Rg

- 0.67o \

- 0.67oR^
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Interval spacing was 0.017o; S.D.=standard deviation.

Table 7.7 Results of vitrinite reflectance (Ro) analyses compared with maturity biomarker ratios.

The Whangai Formation sample (NE27) is oil-stained (Ifuights Stream oil), which should

have the effect of suppressing reflectance. Vitrinite reflectance for this sample is 0.64Vo,

yet biomarker ratios for an adjacent, non-stained sample of the sirme formation, indicate

a very low level of thermal maturation (considerably below onset of oil generation). Not

only is suppression not evident, but the level of maturity is overestimated by vitrinite

reflectance. The Te Mai Formation sample (NEsl) has a vitrinite reflectance mode at

about 0.67o Ro which, in the case of samples with widespread data such as this, may be a

more accurate measure of thermal maturity. The Mangapokia Formation sample (NE64)

recorded a vitrinite reflectance value of 0.7V0, considerably above that determined from

biomarker ratios, which indicate a maturity below the onset of oil generation. The Split

Rock Formation sample (N891) comprises a quantity of recycled vitrinite with

> l.IVo Ro which was omitted from measurement, yet still recorded a maturity of
O.lVoRo. Biomarker ratios for this sample indicate a lower maturity, approaching the

onset of oil generation (- O.6Vo Ro). The Torlesse Supergroup sample (NE75) recorded a

maturity of 0.767o Ro, considerably higher than the - 0.67o Ro determined from

biomarker ratios.

7.3.3 Discussion

Rogers (1995) also forwarded samples to Dr. Newman for vitrinite reflectance

determinations. Suppression of vitrinite reflectance (by 50Vo) in a Waipawa Black Shale
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sample was demonstrated in a comparison with maturity biomarker ratios. Rogers (1995)

concluded that an accurate measurement of the thermal maturity of the Waipawa Black

Shale is, therefore, not possible by this method, especially at higher maturities (Jane

Newman, pers. comm.). The sample analysed by Rogers comprised 357o amorphous

kerogen, 407o biodegraded terrestrial kerogen and 25Vo structured terrestrial kerogen,

which compares with 90Vo structured tenestrial kerogen and lU%o semi-opaque kerogen

in NE23. At greater levels of maturity, suppression of vitrinite reflectance in NE23 may

be expected to be less than those samples containing a greater proportion of hydrogen-

rich (amoqphous) kerogen. The findings of Rogers (1995) are inconsistent with those of
Zumberge (1990) who analysed 18 Waipawa Black Shale samples with results

(0.42-0.57Vo Ro) considered high compared with corresponding biomarker and Tn.,u^

values. It was thought that weathering may have affected the vitrinite reflectance

readings.

If suppression of vitrinite reflectance occurs in Waipawa Black Shale greater

temperatures would be required before it reaches the various stages of oil generation,

and this appears to contradict reports of early oil generation associated with this

formation [e.g. Frances, 1995a; Rogers, 1995; Killops et al., 1996; this study

(Section 2.2.2)1. Additional analyses, such as VKA and Rock-Eval pyrolysis that can

provide information on kerogen composition, need to be conducted to determine

whether suppression of vitrinite reflectance is likely to be occurring as this may be crucial

in determining hydrocarbon kitchen areas within the East Coast Basin. A new technique

combining reflectance and quantitative vitrinite fluorescence (VRF) has recently been

developed which allows differentiation of Types III and IV kerogen into suppressed

vitrinite, normal vitrinite, recycled vitrinite and inertinite (Newman,1997), and this may

prove very useful in future source rock investigations.

7.3.4 Conclusions

Maturity values determined by vitrinite reflectance are, in general, not consistent with

those determined by biomarker ratios although, with only seven measurements taken,

the findings are not conclusive; and

Suppression of vitrinite reflectance in the Waipawa Black Shale samples was not

shown in the present study, although it appears the vitrinites are of a type that is
likely to show suppression at higher maturity levels.

r49



Chapter 7. Other analytical techniques

7.4 X-ray fluorescence (XRF) spectroscopy

T.4.L Introduction

The understanding of depositional environments, including paleo-oxygenation conditions

of bottom-water, is a fundamental aim in source rock investigations. Water-column

oxygenation not only exerts a major control on the abundance of organic matter

preserved in sediments, but also controls the concentrations of some trace metals and

minor elements, such as sulphur. Therefore an investigation of the trace and minor

element compositions of ancient sediments may reveal information regarding their

depositional environment and also their suitability as petroleum source rocks (Jones and

Manning, 1994).

Whole-rock trace element analyses were conducted by X-ray fluorescence (XRF)

spectroscopy from which a number of geochemical indices, including VoS, SlC, U/Th,

V/Cr and Ni/V, are used to investigate the depositional environment of possible source

rocks of southern East Coast Basin.

7.4.2 Geochemical indices

Ideal paleo-oxygenation indices should be sensitive to bottom-water oxygen

concentration alone, and therefore independent of physical properties of the host

sediment (such as grainsize) and other factors such as post-depositional burial history

(Jones and Manning, 1994). A number of these paleo-oxygenation indices have been

described in the literature, such as C/S, DOP (degree of pyritisation), U/Th, authigenic

uranium, V/Cr, Ni/Co, NiiV and (Cu+Mo)lZn. A comparison of these eight geochemical

indices, in an interpretation of paleoredox conditions of Jurassic mudstones from the

North Sea and onshore England, concluded that DOP, U/Th, authigenic uranium, V/Cr
and Ni/Co are the most reliable indices while C/S, Ni/V and (Cu+Mo)Zn may be

affected by other environmental factors and therefore unreliable (Jones and Manning,

1994). Despite these recent findings both the C/S and Ni/V ratios have been included in

the present study to provide a wider range of geochemical indices to help determine the

depositional conditions of southern East Coast Basin sediments.

A wide range of terms have been used in the literature to describe bottom-water

oxygenation and the terminology of Tyson and Pearson (1991) (see Table 7.8) is used

here. Bottom-water is defined as being within one metre of the sediment surface.
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Term Orygen concentration
(ml/l)

Oxic

Dysoxic

Suboxic

Anoxic

8.0 - 2.0

2.0 - 0.2

0.2 - 0.0

0.0 (H"s)
Table 7.8 Definitions of bottom-water oxygenation
(from Tyson and Pearson, 1991).

VoS

Although some sulphur may be derived from the original organic matter in sediments

most sulphur is produced by sulphate-reducing bacteria, usually in highly reducing to

anoxic marine sediments (Peters and Moldowan, 1993). Hydrogen sulphide produced by

bacteria reacts with any available iron to form pyrite. In most clastic sediments there is

adequate iron to combine with sulphur but in some sediments (especially carbonates),

where the iron content is low, excess sulphur is incoqporated into organic matter or lost

into the water column. Sulphur bound to kerogen may then be passed on to any

hydrocarbons generated (Perrodon, 1988), and kerogen rich in sulphur tend to produce

sulphur-rich oils, while low sulphur kerogen gives rise to sulphur-poor oils (Gransch and

Posthuma, 1974). Marine-sourced oils are typically high in sulphur while lacustrine and

tenestrially-sourced oils tend to be low in sulphur (Peters and Moldowan, 1993). X-ray

fluorescence spectroscopy, however, is a bulk geochemical analysis, recording total

sulphur, and does not differentiate the different types of sulphur present in the samples

(i.e. whether it occurs as free sulphur, sulphides or in organic matter).

VoTOC

Although TOC has been discussed in Section 4.1 a review here is considered appropriate

as organic carbon is intimately related to bottom-water oxygenation. The quantity of
organic carbon in sediments is controlled by the production, accumulation and

preservation of organic matter. One percent TOC can be sufficient to coat all mineral

surfaces creating a zero-oxygen environment and allowing sulphate-reduction

(production of H2S) and the preservation of organic matter (Leventhal, 1993). Demaison

and Moore (1988) describe sediments deposited under'anoxic'conditions (there defined

as <0.5 mlfl) as typically containing > lVoTOC. while sediments deposited under oxic

conditions have a TOC content of 0.2-0.4Vo (see Table 7.9).
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s/c
Sulphur vs organic carbon can be used to infer the environment of deposition (Leventhal,

1983; 1993). Figure 7.2 shows a cross-plot of sulphur vs organic carbon with three fields

representing different depositional seftings. 'Anoxic' environments (free H2S in system)

are characterised by high S/C ratios and a positive intercept on the S axis at

approximately lVo.'Normal marine' conditions are characterised by moderate S/C ratios

with an intercept close to IVo on the S axis, while 'nonmarine' environments are

distinguished by low S/C ratios that intercept at the origin.

3

2,5
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s 1.5
Q

I

0.5

0
50 3

TOC
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rlohfff,tll^l€1
lrl

Figure 7.2 Sulphur vs organic carbon plot, showing
three different environments of deposition (after
Leventhal, 1993).

Problems associated with the interpretation of these plots are caused by high organic

carbon or a lack of sulphate or iron (Leventhal, 1993). Additionally, the S/C ratio alters

with increasing burial, with carbon loss due to the decomposition of organic matter

(Raiswell and Bemer,1987; Jones and Manning,1994).

Ni/v
Nickel and vanadium are supplied to sediments from the overlying water column where

both are fixed to organic matter by forming porphyrin complexes (Jones and Manning,

1994), although nickel can also occur in pyrite (Leventhal, 1993). The Ni/V ratio

decreases as the depositional environment becomes more reducing (Lewan, 1984).

Marine source rocks have high concentrations of nickel and vanadium and low (< l)
Ni/V ratios while lacustrine source rocks have moderate concentrations and high (> 2)
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ratios (see Table 7.9). Nickel and vanadium appear in low concentrations in nonmarine

sediments @arwise, 1990).

U/Th

Uranium and thorium are often associated with heavy minerals or clays in fine-grained

sediments (Jones and Manning,1994), although uranium is also associated with organic

matter (Leventhal, 1993). While thorium is relatively inert, uranium is partially soluble

under oxidising conditions but is insoluble under reducing conditions. The U/Th ratio is

therefore higher in sediments deposited under anoxic conditions. Jones and Manning

(1994) define a UiTh ratio > 1.25 to indicate suboxic to anoxic environments, 0.75-1.25

dysoxic and a ratio < 0.75 as indicative of oxic environments (see Table 7.9).

V/Cr
Vanadium is mainly concentrated under reducing conditions in organic matter but can be

contained in detrital minerals. Chromium often substitutes for aluminium in clays but is

also found as chromite. V/Cr ratios > 2 are thought to represent anoxic conditions, while

values <2 are indicative of more oxidising conditions (Ernst, 1970 as cited in Jones and

Manning, 1994). Jones and Manning (199a) however concluded that V/Cr ratios > 4.25

were indicative of suboxic to anoxic conditions and values < 2.00 indicate oxic

conditions (see Table 7.9). It appears the V/Cr ratio is affected by grain size, with a

decrease in the V/Cr ratio for coarser sediments (Dill er a/., 1988).

lDemaison and Moore (1988); 2leventhal (1993); 3Jones and Manning (1994); 4Barwise (1990).

Table 7.9 Correlation of paleo-orygenation indices.

7.4.3 Methods

Whole-rock trace element analyses by XRF spectroscopy were routinely conducted on

all rock samples. Whole-rock fractions were crushed by hydraulic press and then finely

powdered in a tungsten carbide mill (see Section3.l.3 for details). The powdered

samples were then pressed into KBr pellets. Samples were analysed for S, Sc, V, Cr, Ba,

La, Ce, Ni, Cu, Zn,7-r, Nb, Ga, Pb, Rb, Sr, Th, U, Y and As. Analyses were conducted
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Term VoS VoTOCT s/c2 V/C13 Ni/v4 U/Th3

Oxic

Dysoxic

Suboxic

Anoxic

0ow)

I

T

(hish)

0.2 - 0.4

J

>l

(low)

I

J
(hiph)

< 2.00

2.00 - 4.25

> 4.25

> 2 (lacustrine)

< I (marine)

< 0.75

0.75 - t.25

> t.25
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Chapter 7. Other analytical techniques

on a Philips PW1404 Sequential X-ray Spectrometer in the Analytical Facility of Victoria

University of Wellington.

7.4.4 Results

Table7.l0 includes a summary of the paleo-oxygenation indices for each formation,

while full results of XRF spectroscopy and derived paleo-oxygenation indices appear in

Appendix 8.

The inorganic geochemistry of sedimentary rocks is influenced by a host of factors such

as climate, tectonism (and volcanism), parent rock composition, sedimentation rate, grain

size, biological aspects, diagenesis and surficial weathering (Moore, 1988b). Figure 7.3

shows a stratigraphic plot of selected trace element concentrations from southern East

Coast Basin. There appears to be a trend of decreasing quantities of trace elements from

Lower Cretaceous units through to the Eocene Wanstead Formation, with a distinctive

spike at Waipawa Black Shale. Trace element concentrations then progressively increase

through the Oligocene Weber Formation and Miocene Whakataki formations. On a
simplistic level, this pattern follows the depositional history of the East Coast Basin (see

Chapter 2) with Early Cretaceous sediments deposited during and immediately after the

Rangitata orogeny, a period of rapid uplift and erosion and hence sediment supply. This

was followed by a Late Cretaceous to Tertiary marine transgression which eventually

culminated in a slowly eroding, low relief landmass with reduced sediment supply and

hence diminished source of trace elements. With the onset of convergence and

subduction during the Oligocene and Miocene, greater rates of uplift and erosion and

cause an increase in sediment supply. Not all trace element concentrations, however, are

related to sediment supply; seawater is a source for moderate quantities of trace metals in

sediments, providing certain conditions prevail (Leventhal, 1993). The increased trace

metal content in the Waipawa Black Shale is not unexpected as, worldwide, black shales

tend to have increased concentrations of metals as a result of increased sites for bonding

through high clay, sulphur and organic matter content (Leventhal, 1993). Although the

Waipawa Black Shale is not a true shale (it is classed as a siltstone) and has a very high

silica content (-75Vo) (Moore, 1989), the increased concentrations of trace metals are

probably due to elevated TOC and sulphur contents.

Trace metals are usually abundant in fine-grained sediments containing clays and are low

in clay-poor carbonate-rich sediments and this pattern is partially recognised in the

average trace element content of formations of southern East Coast Basin. The Amuri

Limestone and Mungaroa Member of the Awhea Formation are notably depleted in trace
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North kland stratigraohv

Miocene coal (l)

Whakataki Formation (2)

Weber Formation (2)

Wanstead Formation (5)

Waipawa Black Shale (17)

[Tora Block stratigraphy]

[Kandahar Formation (l)l

lAwhea Formation (1)I

[Mungaroa Member (l)]

[Manurewa Formation (2)]

Whangai Formation

Te Url Member (2)

Porangahau Member (4)

Upper Calcareous Member (7)

Rakauroa Member (5)

Tangaruhc Formation (2)

Te Mai Formation (5)

Glenburn Formation (7)

Springhill Formation (2)

Gentle Annie Formation (1)
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. 0.25
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0.21
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r 0.73

a 0.20-1.26

r 0.36

a 0.t4-0,49

.0.67

L0.27-t.40

0. l7

0.43

0.50

.0.34

a 0.29-0.38

.0.62

a 0.56-0.67

r 0.41

a 0.33-0.5l

. 0.57

A 0.35-0.83
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. mean; A range.

Table 7.10 Summary of paleo-oxygenation indices for southern East Coast Basin formations.
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elements, with the exception of barium and strontium which are associated with calcium

(and hence carbonate-rich sediments).

VoS

Fifteen samples have > 1.0VoS, nine are from the Waipawa Black Shale and one each

from the Miocene coal, undifferentiated Whangai, Te Mai and Glenbum formations,

Mata Series and Claverley Sandstone. Another 24 samples record between 0.5-1.07o S,

and these are mainly from the Waipawa Black Shale, Whangai (Upper Calcareous,

Rakauroa and undifferentiated) and Glenburn formations, Waima Siltstone, Mata Series

and Conway Siltstone. These formations are interpreted to have been deposited under

relatively reducing flow oxygen) conditions. In contrast, 39 samples have < 0.O5Vo S,

and these are predominantly from the Weber, Wanstead, Whangai (Porangahau Member)

and Tangaruhe formations, Pahaoa Group, Whatarangi Formation, Amuri Limestone,

Mata Series, and Torlesse Supergroup. These formations are interpreted to have been

deposited under relatively oxic conditions. The Mata Series samples exhibit considerable

variability in sulphur content, and the low sulphur content in some of these samples and

other carbonate-rich formations may result from low iron and organic carbon, to which

sulphur readily combines.

VoTOC (see Section 4.1)

Twenty one samples have > l%oTOC. with 13 from the Waipawa Black Shale and the

remainder from the Miocene coal, Whangai (Upper Calcareous, Rakauroa and

undifferentiated), Te Mai and Glenburn formations and Pahaoa Group. These formations

are considered to have been deposited under reduced oxygen (dysoxic-anoxic)

conditions.

Another 23 samples record between 0.5-l.0%o TOC, and are from the Whakataki

Formation, Waipawa Black Shale, Whangai (Upper Calcareous, Rakauroa,

undifferentiated and. South Island), Te Mai and Glenburn formations, Mata Series, Flags

Formation and Conway Siltstone. Seventy three samples recorded <O.4Vo TOC, and

these are from the Weber, Wanstead, Kandahar, Awhea (including Mungaroa Member),

Manurewa, Whangai (Te Uri and Porangahau members), Tangaruhe, Springhill and

Gentle Annie formations, Pahaoa Group, Whatarangi Formation, Torlesse Supergroup

(N.L), Woodside Formation, Amuri Limestone, Mata Series, Claverley Sandstone, Burnt

Creek and Split Rock formations, and Torlesse Supergroup (S.L). These formations are

considered to have been deposited under oxic conditions.
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.l.8l
A t.50"2.01

o 2.06

a 1.85-2.26

r 0,18

L0,t24.22

0.t6

0.22

0.35

0.27

r 0.69

a 0.45-1.14

| 0.30

a 0.20-0.44

r 0.34

a 0.06-0.92

0.22

0.t0

0.07

.0,28

a 0.260.30

r 0.23

a 0.19-0.28

. 0.21

A 0.18-0.23

r 0.23

a 0.r6-0.36

0.14

0.t9

0.64

0.07

t 0,24

a -0.12-0.67

r 0.38

a0.17-0.52

. O.47

a 0.r9-r.38

0.31

0.44

0.30

r 0.21

LO.t9-0.22

t O.22

a 0.19-0.27

o 0.28

AO?t-O55

. mean; A range.

Table 7.10 cont. Summary of paleo-orygenation indices for southern East Coast Basin formations.
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s/c
The sulphur vs organic carbon plot (Figure 7.4) shows a considerable scatter of data.

Samples that fall within the 'anoxic' field are from the Waipawa Black Shale, Te Mai

Formation, Mata Series and Claverley Sandstone. The Waipawa Black Shale and Te Mai

Formation samples, however, range from 'anoxic' to almost 'nonmarine' fields. A large

cluster of data occurs near the origin with low sulphur and organic carbon including the

Weber, Wanstead, Kandahar, Awhea (including Mungaroa Member), Whangai

(Porangahau Member), Tangaruhe and Springhill formations, Pahaoa Group, Torlesse

Supergroup (N.I.), Woodside Formation, Amuri Limestone, Flags, Burnt Creek and Split

Rock formations, and Torlesse Supergroup (S.I.). These formations are considered to

have been deposited largely under oxic conditions. Samples from the Whangai (Upper

Calcareous, Rakauroa and undifferentiated), Te Mai and Glenbum formations, Waima

Siltstone and Mata Series make up the intermediate data points that extend from the

'normal marine' toward the 'anoxic' field, but remain below 0.87o S and I Vo TOC. These

formations are interpreted to have been deposited under mildly reducing conditions.

Ni/v
Samples of southern East Coast Basin formations have NW ratios ranging from 0.05-

1.38, indicating an overwhelming predominance of marine sediments. Samples with low
(< 0.15) ratios, indicative of relatively reducing conditions, are mainly from the Miocene
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coal, Wanstead Formation, Waipawa Black Shale, Whangai, Tangaruhe and Te Mai

formations, Pahaoa Group, Whatarangi Formation, Mata Series, Claverley Sandstone

and Conway Siltstone. Samples with higher (> 0.5) ratios, indicating relatively oxidising

conditions, are from the carbonate-rich units of the Whangai Formation (Porangahau

Member), Mungaroa Member of the Awhea Formation and Amuri Limestone, and also

one each from the Waipawa Black Shale and Te Mai Formation.

V/Cr
V/Cr ratios range from 0.63-3.80 in southern East Coast Basin formations which,

according to Jones and Manning (1994), imply none were deposited under suboxic or

anoxic conditions. Thirty samples have V/Cr ratios > 2.0O and are mainly from the Te

Mai and Springhill formations, Pahaoa Group, Whatarangi Formation and Torlesse

Supergroup, but also Miocene coal, Whakataki, Weber and Wanstead formations, Mata

Series and Split Rock Formation, indicating deposition under dysoxic conditions. The

remaining samples are indicative of oxic conditions and include the Waipawa Black

Shale, Whangai, Tangaruhe and Glenburn formations, Amuri Limestone and Split Rock

Formation. Of these, fourteen samples had ratios < 1.00 (most oxic), 12 of which are

from the Waipawa Black Shale. The remaining two samples are from the Whangai

Formation, one from the Upper Calcareous Member the other undifferentiated. This is

considered very unusual as the Waipawa Black Shale is generally considered to have

been deposited under reduced oxygen levels (e.g. Moore, 1988b). The low V/Cr ratios in

the Waipawa Black Shale (and Whangai Formation) samples are due to unusually high

levels of chromium. The possibility of chromium contamination (a common occurrence)

is possible but this is difficult to determine.

U/Th
UlTh ratios of analysed samples range between 0.07-1.40. Only four samples from the

Wanstead Formation, Waipawa Black Shale and Mata Series have U/Th ratios > 1.25,

which indicate deposition under anoxic conditions. A further seven samples, mainly from

the Waipawa Black Shale, undifferentiated and Upper Calcareous Member of the

Whangai Formation have U/Th ratios between 0.75-1.25, indicative of deposition under

dysoxic conditions. All remaining samples have U/Th ratios that are indicative of
deposition under oxic environments.

Samples with relatively high (> 0.6) U/Th ratios are dominated by the Waipawa Black

Shale and Whangai Formation (Te Uri, Upper Calcareous, Rakauroa and

undifferentiated) with the rernainder from the Weber Formation, Waima Siltstone, Amuri

Limestone and Mata Series sediments. These formations are interpreted to have been
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deposited under the least oxic conditions. Samples with low (< 0.3) U/Th ratios comprise

mainly the Wanstead, Te Mai, Glenburn and Springhill formations, Pahaoa Group, Amuri

Limestone, Burnt Creek and Split Rock formations, and Torlesse Supergroup, with a few

from the Waipawa Black Shale and Whangai Formation. These formations are

interpreted to have been deposited under the most oxic conditions.

7.4.5 Discussion

Although there are several notable inconsistencies, there does appear to be a general

trend in the relative ordering of formations with regard to paleo-oxygenation conditions

at the time of deposition. The absolute values, determined by Jones and Manning (1994),

for correlating paleo-oxygenation indices indicate that very few samples appear to have

been deposited under anoxic conditions, with the majority appearing to have been

deposited under open marine, oxic conditions. However, the indices are still very useful

in determining a relative ordering of oxia or anoxia amongst East Coast Basin sediments.

Using Table 7.10 and ranking the stratigraphic units for each paleo-oxygenation index, if
the indices are considered equal then the relative order of increasing oxia is as follows:

Claverley Sandstone < Miocene coal < Conway Siltstone - Te Mai < Waipawa Black

Shale < Rakauroa Mem. < Weber < Waima Siltstone < Upper Calcareous Mem. <

Tangaruhe < Te Uri Mem, - Whangai (SJ.) - Glenburn < Pahaoa Group < Mata Series <

Whakataki < Manurewa < Torlesse Supergroup (S.I.) < Wanstead - Springhill < Flags <

Split Rock - Torlesse Supergroup (N.L) < Whatarangi < Gentle Annie < Burnt Creek <

Mungaroa Mem. < Awhea < Porangahau Mem. < Amuri Limestone < Woodside <

Kandahar

This ranking should only be considered an approximate guide only as the number of
samples comprising each data set is too small to be statistically robust. Classifying

bottom-water oxygenation conditions that existed during deposition of the each of the

formations is hindered because the paleo-oxygenation indices indicate conditions varied.

In particular, the relative position of the Mata Series sediments is not entirely accurate as

a number of samples indicate deposition under reduced oxygen levels while others

indicating deposition under highly oxic conditions. It does appear however that the

Miocene coal, Weber Formation, Waipawa Black Shale, Whangai Formation (Upper

Calcareous and Rakauroa members), Te Mai Formation, Waima Siltstone, Claverley

Sandstone, Conway Siltstone and possibly the Glenburn Formation were deposited under

conditions of reduced oxygen, with possible brief anoxic episodes. The remaining

formations appear to have been deposited under largely oxic open marine conditions,
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although isolated reduced oxygen depositional conditions may also have occurred. These

results are generally consistent with the results of the biomarker studies (Section 6.6.3)

which, of the above mentioned formations, high relative abundances of

28,30-bisnorhopane were present in the Weber Formation, Waipawa Black Shale and

Upper Calcareous and Rakauroa members of the Whangai Formation, indicating anoxic

or reduced oxygen depositional conditions.

Sulphur

Although whole-rock sulphur contents have been determined the distribution of sulphur

within each sample, particularly the differentiation between organic sulphur (that is

sulphur which has been incorporated into the kerogen matrix) and pyritic sulphur,

remains uncertain. Baskin and Peters (1992) have reported that source rocks with high

kerogen sulphur contents generate hydrocarbons at lower temperatures than source

rocks with low kerogen sulphur contents (Figure 7.5), and explained that this may be due

to the lower energy required to break C-S bonds than C-C bonds. Sulphur-rich kerogens

are typical in source rocks with high carbonate contents that are deposited in highly

reducing environments (Baskin and Peters, 1992). In these source rocks the sulphur

bonds with the organic matter due to the unavailability of iron. The Waipawa Black

Shale, however, is non-calcareous and has sufficient available iron [average 3.8Vo

recalculated anhydrous (Moore, 1988b)1, consistent with the report of Zumberge (1990)

which indicated moderate to high quantities of pyrite in the Waipawa Black Shale.

Hirner and Robinson (1989) reported a kerogen sulphur content of 2.07 wt.Vo for a

single Waipawa Black Shale sample. Using the relationship shown on Figure 7.5, this

value suggests the onset of oil generation for Waipawa Black Shale is at a T** value of

435-440"C. This coincides with the normally accepted value (see Table 4.6) and shows

that neither significant early generation (as a result of a high kerogen sulphur content)

nor late generation [as proposed by the suppression of vitrinite reflectance (discussed in

Section 7.3)l is predicted.

A low kerogen sulphur content for the Waipawa Black Shale is also suggested by oil-oil

and oil-source rock correlations. The low sulphur content (O.277o) of the Kora-l oil

(Killops et al., 1994), from the northern Taranaki Basin, implies it was sourced from a

low sulphur kerogen. The Turi Formation, a lateral equivalent of the Waipawa Black

Shale has been identified as the source of the Kora-l oil, and this suggests that the

Waipawa Black Shale may also have a low kerogen sulphur content. Furthermore, the

correlation of the Kora-l oil with the Kerosene Rock, Westcott, Tiraumea and Okau

Stream oils suggests that the latter may also have low sulphur contents.
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Figure 7.5 Correlation between the amount of organically-
bonded sutphur in kerogen and the onset of oil generation

for known source rocks (from Baskin and Peters, 1992)'

Waipawa Black Shale has been superimposed on the curve

using this relationship (data from Hirner and Robinson,

1989).

These results are contrary to the findings of both Rogers (1995) and Killops et al. (1996)

who reported lower Tn * values for Waipawa Black Shale samples compared to the

adjacent Wanstead and Whangai formations and suggested this may be due to the

presence of significant kerogen sulphur in the Waipawa Black Shale. Field observations

of strong hydrocarbon smells emanating from Waipawa Black Shale outcrops, which

were later shown by biomarker ratios to be of low maturity, also suggest early

generation. Variability in organofacies of the Waipawa Black Shale may prove to be

partially responsible for these different findings.

V/Cr ratios

While most paleo-oxygenation indices indicate that the Waipawa Black Shale was

deposited under reduced oxygen conditions, the V/Cr ratios strongly indicate that

deposition occurred under oxic conditions (the most oxic conditions experienced by any

of the East Coast Basin formations during deposition). It appears that the Waipawa

Black Shale and some Upper Calcareous Member samples have high concentrations of

chromium which adversely affects the V/Cr ratios. The ranking of formations according

to their paleo-oxygenation depositional conditions as determined by V/Cr ratios is, in

some cases, quite different to those determined from other paleo-oxygenation indices.

For example, the Springhill and Whatarangi formations, and Torlesse Supergroup are at
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the 'reduced oxygen' end of the paleo-oxygenation scale according to V/Cr ratios, while

the other paleo-oxygenation indices place them at the more 'oxic' end of the scale. In

these cases it appears that low concentrations of chromium are responsible. The reason

for these anomalies remains uncertain but, as previously mentioned, provenance and

grain size as well as paleo-oxygenation conditions are likely to be influencing factors.

In a comparison with 'normal shales' Moore (1988b) noted the Whangai Formation

comprises slightly elevated concentrations of chromium. The Rakauroa Member samples

record V/Cr ratios averaging 1.27, while Upper Calcareous Member samples average

1.12 (Moore, 1988b). These values are lower than those determined in the present study

(1.44 and 1.71 respectively) and indicate an even more oxic depositional environment.

Moore (1988b) could find no evidence for a volcanic origin for the chromium as it is not

associated with magnetite or pyrite, and suggested it was associated with the clay

minerals.

7.4,6 Conclusions

There is a trend of reducing quantities of trace elements in eastern North Island

formations between Lower Cretaceous and Eocene sttata, with a sudden increase in

the Paleocene Waipawa Black Shale. Increased quantities of trace elements then

occur in Oligocene and Miocene strata. This trend follows the uplift, erosion and

sediment supply history of the basin and is consistent with the n-alkane, sterane and

triterpane biomarker characteristics;

Elevated quantities of trace elements are present in the Waipawa Black Shale as a

result of increased quantities of organic carbon due to reduced oxygen or anoxic

depositional conditions;

VoTOC, ToS, S/C and the Ni/V, V/Cr and U/Th trace metal ratios appear to be good

indicators of depositional environment with generally consistent results. Their

usefulness, however, lies in their combined use rather than individually as local

variations may render one or more of the ratios inaccurate;

VoTOC, ToS, S/C and the Ni/V, V/Cr and U/Th trace metal ratios indicate that the

Miocene coal, Weber Formation, Waipawa Black Shale, Whangai Formation (Upper

Calcareous Member and Rakauroa members), Te Mai Formation, Waima Siltstone,

some Mata Series samples, Claverley Sandstone, Conway Siltstone and possibly the
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Glenbum Formation were deposited under conditions of reduced oxygen, with

possible anoxic ePisodes;

Despite a high 7oS content in the Waipawa Black Shale, data on the kerogen sulphur

content is lacking; the single value reported indicates neither early or late generation

of hydrocarbons. A low sulphur content for the Kora-l oil, however, suggests that

the related southern East Coast Basin oils will also have low sulphur contents and

that the high sulphur content of the Waipawa Black Shale occurs as pyrite. These

findings are inconsistent with reports of early generation due to high kerogen sulphur

contents and field observations of hydrocarbon smells emanating from low maturity

Waipawa Black Shale outcroPs; and

Contrary to the other paleo-oxygenation indices, V/Cr ratios indicate that the

Waipawa Black Shale and some Upper Calcareous Member samples were deposited

under oxic conditions. This is thought to be due to elevated quantities of Cr in both

these formations, although the source remains uncertain.
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Chapter 8

Discussion and summary

The following are summaries of the geochemical characteristics of the oils and possible

source rocks, associated oil-oil and oil-source rock comelations, and potential source

rocks, and is included here for those interested in specific formations or regions within

the southern East Coast Basin. A discussion of hydrocarbon generation and prospectivity

of the southern East Coast Basin appears in Sections 8.3 and 8.4.

8.1 Geochemistry of the oils

8.1.1 Geochemical characterisation of the oils

A summary of the geochemical parameters characterising the source and depositional

environments of the oils is shown in Table8.l, and maturity data is summarised in

Table 8.2.

Knights Stream oil

Mainly marine organic matter with a moderate terrestrial higher plant component is

indicated by a predominance of low molecular weight n-alkanes with a minor odd-over-

even predominance in n-alkanes extending to C31, a high proportion of C2g steranes

(0.33) despite a low Cz.,lczssterane ratio, and a slightly negative Sofer Value. The

presence of oleanane confirms a terrestrial angiosperm component and also indicates

source rocks of Late Cretaceous age or younger. A moderately high Pr/Ph ratio and the

absence of 28,3O-bisnorhopane indicates an open marine depositional environment.

Sterane and hopane biomarker ratios indicate an immature oil (< 0.67o Rs) and the high

relative abundances of pristane and phytane (high Pr/n-C17 and Ph/n-C1s ratios) probably

result from the sparse generation of n-alkanes, although this may also be the result of

minor biodegradation or weathering. A comparison of the maturity biomarker ratios

between the Knights Stream oil and an adjacent sample of the formation from which the

oil was collected revealed significantly different maturities and demonstrates that the oil

has migrated.

Isolation Creek oil

A predominance of marine organic matter with a moderate terrestrial angiosperm

component is indicated by a high proportion of C4 steranes (0.27) despite a low
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cz|lc[gsterane ratio, a saturate fraction that has a predominance of lower molecular

weight n-alkanes, and the presence of oleanane which also indicates a source rock of

Late Cretaceous age or younger. Sterane and hopane biomarker ratios demonstrate a

maturity of peak oil generation (0.87o Ro). The Isolation Creek oil appears to have

migrated as it was found seeping from the organic-poor Amuri Limestone and may be

responsible for the unusual n-alkane distribution.

Kerosene Rock, Westcott, Tiraumea and Okau Stream oils

A predominance of marine organic matter with an occasionally strong terrestrial

component is indicated by high relative abundances of C3s steranes (C3s indices between

0.24-0.40), moderare Cz.lczssterane ratios (0.S3-0.94), both positive and negative

Sofer Values and a saturate fraction dominated by higher molecular weight n-alkanes.

The presence of oleanane in all samples confirms a tenestrial angiosperm component and

indicates source rocks of Late Cretaceous age or younger. The unusual C3g steranes

comprise predominantly Z4-n-propylcholestane and are of marine algal origin- Anoxic

depositional conditions are indicated by high relative abundances of 28,30-bisnorhopane,

while low-moderate relative abundances of l7u(H)-diahopane indicate a portion of the

organic matter (presumably the higher plant material) was initially deposited and

transported under oxic conditions. Biomarker ratios indicate the Kerosene Rock and

Westcott oils have reached the maturity of peak oil generation (0.8-0.9VoRo). The

Tiraumea oil is slightly less mature at peak oil generation (0.87o Ro), while the Okau

Stream oil has the maturity of early oil generation (0.6-0.77o Rs). These oils appear to

have migrated as they were collected from sandstone units. The Kerosene Rock oil is not

biodegraded while the Westcott, Tiraumea and Okau Stream oils are moderately

biodegraded with only trace n-alkanes and isoprenoids remaining.

8.1.2 Oil-oil correlations

The Kerosene Rock, Westcott, Tiraumea and Okau Stream oils are correlated through

similarity of source-specific geochemical characteristics which include high relative

abundances of C36 steranes and 28,30-bisnorhopane (with the exception of Kerosene

Rock), low proportions of C2s steranes (0.12-0.21), and isotopically heavy 6l3C values

(-ZO9 to -23.O%o). In particular, the Westcott and Okau Stream oils have almost

identical sterane distribution patterns and stable carbon isotope values, while the

Kerosene Rock and Tiraumea oils are also close relatives. Based on similar geochemical

characteristics the Waipatiki and Tunakore oils from the southern East Coast Basin and

the Kora-l oil from the northern Taranaki Basin are also correlated to this group of oils

and, together, form a major family of oils within the East Coast Basin and New Zealand.

164



Chapter 8. Discussion and summarY

The Knights Stream and Isolation Creek oils have different geochemical characteristics

to the Kerosene Rock, Westcott, Tiraumea and Okau Stream oils and are, therefore,

unrelated. They are characterised by a predominance of C29 steranes, a high proportion

of C4 steranes (0.27-0,33), a low relative abundance of C3s steranes and isotopically

light whole-oil 6l3C values (-26.8 to -28.9%o). The absence of highly diagnostic

geochemical characteristics in the Knights Stream and Isolation Creek oils necessarily

makes this correlation tentative. The major seep oils (Waitangi, Totangi and

Rotokautuku) of the northern East Coast Basin have similar geochemical characteristics

to the Knights Stream and Isolation Creek oils (with the exception that C27 steranes are

predominant in the northern oils indicating a greater marine influence), and it is proposed

that they form a major family of oils within the East Coast Basin.
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8.2 Geochemistry of the possible source rocks

8.2.1 Geochemical characterisation of the possible source rocks

Whakataki Formation

Variable C2.lCsgsterane ratios (0.82-1.50), the presence of oleanane, and an odd-over-

even predominance in the n-alkane distribution indicate variable contributions of marine

and terrestrial organic matter to the Whakataki Formation, consistent with periodic

influxes of terrestrial higher plant material from turbidity currents. S/C and NiA/, V/Cr

and U/Th trace metal ratios and low whole-rock sulphur contents (averaging 0.l5%o)

indicate deposition under normal marine conditions. Despite a 'fair' TOC content

(averaging 0.52Vo) the predominance of gas-prone Type Itr and IV kerogen results in

low S1 and 52 values and, therefore, a'poor' hydrocarbon generative potential.

Weber Formation

A predominance of marine organic matter with a minor terrestrial higher plant

component in the Weber Fonnation is indicated by generally high CzTlC2s sterane ratios

(1.33-1.97), an odd-over-even predominance in the n-alkane distribution and the

presence of oleanane. This is generally consistent with deposition in quiet conditions,

distant from shore, and receiving only minor terrestrial higher plant material- The S/C

ratios are variable, indicating both oxic and anoxic depositional conditions, while the

Ni/V, V/Cr and U/Th trace metal ratios and presence of 28,3O-bisnorhopane indicate

deposition under reducing conditions. A TOC content averaging 0.22Vo indicates that the

Weber Formation is unlikely to be a source of hydrocarbons in the southern East Coast

Basin.

Wanstead Formation

A predominance of marine organic matter is indicated by saturate fractions with a

predominance of lower molecular weight n-alkanes, and high Cz1lczssterane ratios

(1.81-3.54). The absence of oleanane is significant considering is widespread occurrence

in Tertiary strata of the southern East Coast Basin. This, together with the predominance

of marine biomarker indicators, is interpreted to indicate a depositional environment

remote from land, consistent with the fine-grained sediments, lack of macrofossils and

abundant foraminifera reported by Johnson (1980). The absence of oleanane may also be

partially due to the widespread occurrence of gymnospelms during this time (Mildenhall'

1980), although the high Cz.tlczssterane ratios preclude a large contribution from these

flora. The high relative abundance of diasteranes, despite low sample maturity is thought

to indicate clay catalysis due to the high clay content of this formation. S/C and Ni/V,
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ViCr and UlTh trace metal ratios and low whole-rock sulphur content (averaging O.lVo)

indicate deposition under normal marine conditions. A low TOC content averaging

O.I7Vo indicates the Wanstead Formation is a 'poor' source rock.

Waipawa Black Shale

Both marine and terrestrial higher plant organic matter are indicated by variable

CzTlCzs sterane ratios (0.74-259), bimodal n-alkane distributions and the presence of

highly diagnostic marine and terrestrial biomarkers (such as C3s steranes and oleanane).

High relative abundances of C3s steranes (C3s index averaging 0.20), comprising

predominantly Z4-n-propylcholestane (Murray et al., 1994) appear to be derived from

marine Chrysophyte algae (Moldowan et al., 1990), while the presence of oleanane

indicates a terrestrial angiosperm contribution. High relative abundances of

28,30-bisnorhopane, elevated trace metal concentrations and high whole-rock sulphur

contents (averaging O.93Vo), S/C, and Ni/V and U/Th trace metal ratios generally

indicate deposition under conditions of reduced oxygen with significant anoxic episodes,

and are consistent with a restricted faunal assemblage (Moore, 1988b). Bioturbated

sediments, however, indicate that conditions were not so severe so as to depopulate the

sediment surface. Moderate relative abundances of lTct(H)-diahopane in some samples

may indicate a portion of the contributing organic matter (presumably the allochthonous

terrestrial component) was initially transported and deposited in an oxidising

environment. Low abundances of a compound thought to be gammacerane are present

which may indicate deposition under conditions of elevated salinity and would support

the outer shelf/upper slope depositional environment suggested by Killops et al. (1996)

rather than the estuarine setting proposed by Moore (1988b). A TOC content averaging

2.67Vo, with values up to 5.697o, indicate a 'very good' source rock, although oil and

gas-prone (structured terrestrial) kerogen show variable S1 and 52 values demonstrating

'poor' to 'fair'but occasionally 'good' to 'very good' hydrocarbon generative potential.

Although a predominance of structured terrestrial and semi-opaque kerogen was shown

in the present study, significant proportions of amorphous kerogen have been reported

by Fry (1982), Zumberge (1990) and Rogers (1995) indicating highly variable kerogen

compositions are present in the Waipawa Black Shale.

Kandahar Formation

A high C27lC2s sterane ratio (2.06) indicates the predominance of marine organic matter

while a moderate abundance of oleanane indicates a minor terrestrial angiosperm

contribution. S/C and NiA/, V/Cr and U/Th trace metal ratios, and a very low whole-

rock sulphur content (0.017o) indicate deposition under highly oxic conditions. The low
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TOC content (0.I9Vo) indicates the Kandahar Formation is unlikely to be a source of
hydrocarbons in the southern East Coast Basin.

Awhea Formation

A high Cz1,lczs sterane ratio (1.46) indicates the predominance of marine organic matter,

although the presence of oleanane suggests a minor terrestrial angiosperm contribution.

S/C and Ni/V, V/Cr and U/Th trace metal ratios and a very low whole-rock sulphur

content (0.OlVo) indicate deposition under oxic conditions. A TOC content of O.lAVo

indicates a'poor' source rock.

Mungaroa Member

A high Cz1,lc2s sterane ratio (2.4I) and high proportion of C2s steranes indicates the

predominance of marine organic matter, consistent with its fine-grained limestone

lithology. The presence of oleanane, however, suggests a minor terrestrial angiosperm

contribution. S/C and Ni/V, V/Cr and U/Th trace metal ratios, and a very low whole-

rock sulphur content (0.O3Vo) indicate deposition under oxic conditions. A low TOC

content (0.l1%o) indicates the Mungaroa Member is a'poor'source rock.

Manurewa Formation

Variable Cz7lczssterane ratios (0.45-1.88) indicate fluctuating contributions of marine

and terrestrial organic matter. S/C and Ni/V, V/Cr and U/Th trace metal ratios and low

whole-rock sulphur contents (averaging O.22Vo) indicate deposition under normal marine

conditions. A TOC content averaging O.l5%o indicates a 'poor' source rock.

Whangai Formation, Te Uri Member

A predominance of marine organic matter with a minor terrestrial contribution is

indicated by high Cz/czssterane ratios (1.73-1.91) and the n-alkane distributions.

Oleanane is absent. S/C and Ni./V, V/Cr and U/Th trace metal ratios and low whole-rock

sulphur contents (averaging O.27Vo) indicate deposition under normal marine conditions.

A TOC content averaging 0.157o indicates the Te Uri Member is a 'poor' source of
hydrocarbons.

Whangai Formation, Porangahau Member

The predominance of C2e steranes (0.23-1.65) in a carbonate-rich unit is interpreted to

indicate a contribution from marine C29 sterol-synthesising algae, although the presence

of oleanane and some saturate fractions dominated by high molecular weight n-alkanes

indicate a minor terrestrial angiosperm contribution. High relative abundances of

C3s steranes, considered to be identical to those present in the Waipawa Black Shale (i.e.
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24-n-propylcholestane) also support a predominance of marine algal material. S/C and

Ni/V, V/Cr and U/Th trace metal ratios and very low whole-rock sulphur contents

(averaging 0.03Vo) indicate deposition under oxic conditions. A TOC content averaging

0.l7Vo indicates the Porangahau Member is a'poor' source rock.

Whangai Formation, Upper Calcareous Member

A predominance of marine organic matter is indicated by high Cz7lczs sterane ratios

(0.75-2.39), a sarurate fraction with a predominance of low molecular weight n-alkanes

and a negative Sofer Value, while a terrestrial component is indicated by low to trace

abundances of oleanane. S/C, and NiA/ and U/Th trace metal ratios and moderate whole-

rock sulphur contents (averaging 0.58Vo), low Pr/Ph ratios and the presence of

occasionally high relative abundances of 28,30-bisnorhopane indicate deposition under

reduced oxygen and periodically anoxic conditions. A TOC content averaging 0.62Vo

indicates a'fair' source rock, although a predominance of oil and gas-prone Types II and

III (structured tenestrial and structured aqueous) kerogen result in a 'poor' but

occasionally'fair' hydrocarbon generative potential.

Whangai Formation, Rakauroa Member

A predominance of marine organic matter with an occasionally significant temestrial

component is indicated by high CzTlCzs sterane ratios (0.88-3.02) and saturate fractions

dominated by low molecular weight n-alkanes. S/C and Ni/V, V/Cr and U/Th trace metal

ratios and moderate whole-rock sulphur contents (averaging 0.47Vo) indicate deposition

under moderately reducing conditions. A TOC content averaging O.62Vo indicates a 'fair'

source rock and a predominance of oil and gas-prone Type II kerogen, however, are

inconsistent with the low S1 and 52 values demonstrating on average 'poor' but

occasionally 'fair' hydrocarbon generative potential demonstrated by a predominance of
structured terrestrial and semi-opaque kerogen, with moderate spore/pollen kerogen and

minor structured aqueous kerogen. The slightly higher proportion of terrestrial organic

matter compared with the Upper Calcareous Member may indicate a more proximal

depositional environment.

Tangaruhe Formation

A predominantly mixed marine and terrestrial contribution of organic matter is indicated

by variable Cnlczs sterane ratios (0.88-2.18), high proportion os C2s steranes and

saturate fractions dominated by higher molecular weight n-alkanes which indicate a

terrestrial contribution, and is confirmed by the presence of oleanane. S/C and Ni/V,
V/Cr and U/Th trace metal ratios and low whole-rock sulphur contents (averaging
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0.25Vo) indicate essentially normal marine conditions. A TOC content averaging O.36Vo

indicates a'poor' source rock.

Te Mai Formation

Variable, but generally low Cz1lc2ssterano ratios (0.29-2.46) and saturate fractions

showing predominantly high but sometimes low molecular weight n-alkanes indicate a

predominance of terrestrial organic matter with an occasionally significant marine

component. Positive Sofer Values and trace abundances of oleanane also indicate a

predominance of terrestrial angiosperm organic matter. Moderate whole-rock sulphur

contents (averaging O.68Vo) and the Ni/V, V/Cr and U/Th trace metal ratios indicate

predominantly anoxic depositional conditions, while variable S/C ratios indicate oxic to

anoxic depositional conditions. Deposition under reduced oxygen conditions is

inconsistent with the shallow current-swept tidal strait depositional environment

described by Johnston (1980) and appear more consistent with the bathyal setting

proposed by Neef (1992) (see Section2.l.4). Despite a 'fair' TOC content (averaging

0.85Vo) inert Types III and IV (structured tenestrial and semi-opaque) kerogen with low

S 1 and 52 values demonstrate a 'poor' hydrocarbon generative potential and is consistent

with observed carbonised plant fragments.

Glenburn Formation

Generally low Cnlczs sterane ratios (0.30-2.49) and saturate fractions with

predominantly high molecular weight n-alkanes indicate a predominance of terrestrial

organic matter but also an occasionally significant marine component. Positive Sofer

Values and the presence of oleanane confirms a terrestrial angiosperm contribution.

Moderate whole-rock sulphur contents (averaging 0.50Vo) and the Ni/V, V/Cr and U/Th

trace metal ratios generally indicate deposition under normal marine conditions. S/C

ratios are highly variable, indicating very reducing to oxic depositional environments. A
TOC content averaging0.T2Vo indicates a 'fair source rock, although a predominance of

inert Types III and IV (structured terrestrial and semi-opaque) kerogen show low S1 and

52 values and demonstrate a'poor' hydrocarbon generative potential, consistent observed

carbonaceous plant material.

Springhill Formation

The low C27lC2s sterane ratios (0.60-0.89) indicate a predominance of terrestrial organic

matter, despite an absence of oleanane. S/C and NiA/, V/Cr and U/Th trace metal ratios

and low whole-rock sulphur contents (averaging 0.O77o) indicate deposition under

normal marine conditions. A TOC content averaging 0.26Vo indicates a 'poor' source

rock.

t70



Chapter 8. Discussion and summary

Gentle Annie Formation

The C27/Cre sterane ratio (1.15) indicates mixed marine and terrestrial organic matter,

while the S/C and Ni/V, V/Cr and U/Th trace metal ratios and a low whole-rock sulphur

content (0.0l%o) indicate deposition under normal marine conditions. The low TOC

content (0.06Vo) indicates a'poor' source rock.

Pahaoa Group

Variable proportions of terreshial and marine organic matter are indicated by low

Cz7lczssterane ratios (0.31-1.36) and saturate fractions with dominant low and high

molecular weight n-alkane distributions. Oleanane is absent, presumably due to its Early

Cretaceous age. S/C and Ni/V, V/Cr and U/Th trace metal ratios, low whole-rock

sulphur contents (averaging 0.O9Vo) and high Pr/Ph ratios indicate deposition under

normal marine (oxic) conditions. A TOC content averaging 0.307o indicates a 'poor'

source rock and a predominance of inert Type IV (structured terrestrial, with minor

spore/pollen, semi-opaque and opaque) kerogen show low Sl and 52 values

demonstrating a'poor' hydrocarbon generative potential.

Whatarangi Formation

The very low C27/C2e sterane ratio (0.12) indicates a predominance of terrestrial organic

matter, despite an absence of oleanane (presumably due to its Early Cretaceous age) and

is consistent with observed carbonised plant fragments. S/C and Ni/V, V/Cr and U/Th

trace metal ratios and a very low whole-rock sulphur content (O.O4Vo) indicate

deposition under open marine conditions. The low TOC content (O.l9Vo) indicates a

'poor' source rock.

Torlesse Supergroup

A predominance of mixed marine and terrestrial organic matter is indicated by the

Cz/Czs sterane ratio (1.31), while the predominance of high molecular weight n-alkanes

indicate a predominance of terrestrial organic matter. S/C and NiN, V/Cr and U/Th

trace metal ratios and a low whole-rock sulphur content (0.07Vo) indicate deposition

under normal marine conditions. The low TOC content (0.l9Vo) indicates a 'poor' source

rock. Maturity biomarker ratios indicate the organic matter, despite a predominance of
semi-opaque kerogen, is not postmature, but that maturity has reached the peak of oil

generation (0.8-0.97o Rj.
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South Island stratigraphy

Waima Siltstone

A mixed marine and terrestrial contribution of organic matter is indicated by a

predominance of C4 steranes, a low C2TlCzs sterane ratio (0.81) and a saturate fraction

with dominant high molecular weight n-alkanes. The presence of oleanane confirms a

terrestrial angiosperm contribution. S/C and Ni/V, V/Cr and U/Th trace metal ratios and

moderate whole-rock sulphur content (0.53To) indicate deposition under moderately

reducing conditions. Low-moderate relative abundances of 17ct(H)-diahopane, despite

low sample maturity, may indicate a contribution of allochthonous organic matter that

was transported under oxic conditions. The low TOC content (0.417o) indicates a 'poor'

source rock.

Woodside Formation

The low CzTlczssterane ratio (0.77) is interpreted to indicate a predominance of

C29 sterol-synthesising algae, which are sometimes favoured in carbonate depositional

environments (Moldowan et a1.,1985), and is consistent with the fine-grained carbonate

sequence and the absence of oleanane that suggest a depositional environment remote

from land. S/C and Ni./V, V/Cr and U/Th trace metal ratios and a very low whole-rock

sulphur content (O.O3Vo) indicate deposition under highly oxic conditions. The low TOC

content (O.06Vo) indicates a 'poor' source rock.

Amuri Limestone

The low C2TlCzs sterane ratios (0.20-I.43) are interpreted to indicate a predominance of

marine organic matter from C29 sterol-synthesising algae, consistent with the

sedimentological features (fine-grained carbonate sequence with little clastic input) and

the absence of oleanane which indicate a depositional environment remote from land. A
marine depositional environment is supported by the saturate fractions which show a

predominance of low molecular weight n-alkanes. S/C and Ni/V, V/Cr and U/Th trace

metal ratios and very low whole-rock sulphur contents (averaging 0.03Vo) indicate

deposition under highly oxic conditions. A TOC content averagingA.09To indicates the

Amuri Limestone is a'poor'source rock.

Whangai Formation, undifferentiated

Mixed marine and terrestrial organic matter is indicated by the C21lc2ssterane ratios

(0.90-1.24) while saturate fractions showing mainly lower molecular weight n-alkanes

and a negative Sofer Value indicate a predominance of marine organic matter. A
terrestrial angiosperm contribution is confirmed by the presence of oleanane. S/C and

Ni/V, V/Cr and U/Th trace metal ratios and moderate whole-rock sulphur contents
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(averaging 0.49Vo) indicate deposition under open marine conditions. A TOC content

averaging 0.47Vo indicates a 'poor' source rock, and oil and gas-prone Types II and III
(mainly structured terrestrial) kerogen show low S1 and 52 values and demonstrate 'poor'

hydrocarbon generative potential.

Mata Series

Mata Series sediments vary considerably in appearance, from Conway Siltstone to Amuri

Limestone-like sediments, and the organic geochemistry varies accordingly. Variable

CzTlC2s sterane ratios (0.61-2.37) and n-alkane distributions indicate a predominance of
terrestrial organic matter with occasionally strong marine contributions. S/C and Ni/V,

V/Cr and U/Th trace metal ratios and variable whole-rock sulphur contents (0.01-

l.37To) indicate oxic to anoxic depositional conditions. Total organic carbon contents

(0.03-0.96) indicate a'poor' to 'fair' source rock while gas-prone mixed Types III and IV
kerogen, with low 51 and 52 values, demonstrate 'poor' hydrocarbon generative

potential.

Flags Formation

A predominance of marine algae is indicated by the presence of high relative abundances

of C3p steranes (C3s index of 0.23), the safurate fraction with mainly low molecular

weight n-alkanes and a negative Sofer Value. The presence of oleanane and a slight odd-

over-even predominance in the n-alkane distribution does indicate a minor terrestrial

angiosperm contribution of organic matter. S/C and Ni/V, V/Cr and U/Th trace metal

ratios, and a low whole-rock sulphur content (0.09Vo) indicate deposition under normal

marine conditions. The TOC content of 0.52Vo indicates a 'fair' source rock, although

gas-prone mixed Types III and [V (structured aqueous and structured terrestrial)

kerogen, with low 51 and 52 values demonstrate a 'poor' hydrocarbon generative

potential.

Claverley Sandstone

The bitumen extract shows a high CzTlCzs sterane ratio (1.74) indicating a predominance

of marine organic matter, while the presence of oleanane indicates a minor terrestrial

angiosperm contribution. S/C and Ni/V, V/Cr and U/Th trace metal ratios and a high

whole-rock sulphur content (l.32Vo) indicate an anoxic depositional environment, and

the tentative identification of gammacerane suggests deposition under elevated salinity.

These characteristics are consistent with deposition of predominantly marine organic

matter in a basin with restricted bottom-water circulation receiving little terrestrial

organic matter. The low TOC content (0.39Vo) indicates a 'poor' source rock.
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Conway Siltstone

A low CzTlc1ssterane ratio (0.68), the saturate fraction with mainly high molecular

weight n-alkanes, the presence of oleanane, and a positive Sofer Value all indicate a

predominance of tenestrial angiosperm-derived organic matter. S/C and Ni/V, V/Cr and

U/Th trace metal ratios and a moderate whole-rock sulphur content (0.54Vo) indicate

deposition under anoxic conditions. These characteristics are consistent with deposition

in a nearshore basin with restricted bottom-water circulation. The TOC content of 0.55Vo

indicates a 'fair' source rock although results of Rock-Eval pyrolysis show inert Type IV
(structured terrestrial, spore/pollen and semi-opaque) kerogen with low S1 and 52 values

demonstrating'poor' hydrocarbon generative potential.

Burnt Creek Formation

A predominance of terrestrial organic matter with a minor marine contribution is

indicated by low Cz/Czssterane ratios (0.71-0.98), while the n-alkane distributions

indicate a predominance of marine organic matter. The presence of oleanane indicates a

terrestrial angiosperm contribution of organic matter. S/C and NiN, V/Cr and U/Th

trace metal ratios and low whole-rock sulphur contents (averaging O.lOVo) indicate

deposition under normal marine conditions. A TOC content averaging A33Vo indicates

the Burnt Creek Formation is a'poor' source rock.

Split Rock Formation

Low C27/Cresterane ratios (0.28-1.44), the presence of oleanane (Wharfe Sandstone

Member) and a positive Sofer Value indicate a predominance of terrestrial organic

matter, consistent with observed plant fragments. The general absence of oleanane is

presumably due to the Early Cretaceous age. S/C and Ni/V, V/Cr and U/Th trace metal

ratios and low whole-rock sulphur contents (averaging O.08Vo) indicate deposition under

normal marine conditions. A TOC content averaging 0.36Vo indicates a 'poor' source

rock and, although Rock-Eval pyrolysis was not conducted, it is thought that the

carbonised plant material would indicate a predominance of inert Type IV kerogen and

have little hydrocarbon generative potential.

Torlesse Supergroup

Low C27lC2e sterane ratios (0.23-0.78) indicate a predominance of terrestrial organic

matter while n-alkane distributions indicate variable contributions of both marine and

terrestrial organic matter. Oleanane is absent presumably due to age. This is consistent

with deposition from turbidity currents of predominantly terrestrial higher plant material

transported across the shelf during a period of rapid uplift, erosion. S/C and NW, V/Cr
and U/Th trace metal ratios and low whole-rock sulphur contents (averaging 0.O7Vo)
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Chapter 8. Discussion and summary

indicate deposition under normal marine conditions. Biomarker maturity ratios indicate

that the organic matter is not postmature and, in many cases, has not even reached the

maturity of the onset of oil generation (0.6Vo Ro). A TOC averaging0.35Vo indicates a

'poor' source rock.

8.2.2 Potential source rocks in the southern East Coast Basin

The results of the present study demonstrate that there are many potential source rocks

but only a few with moderate to high generative potential in the southern East Coast

Basin. Total organic carbon analyses indicate that possible good source rocks of eastern

North Island include the Paleocene Waipawa Black Shale, Late Cretaceous Whangai

Formation, especially the Upper Calcareous and Rakauroa members, and the middle to

Late Cretaceous Te Mai and Glenbum formations. Minor source potential may be

present in the Miocene Whakataki Formation. Possible source rocks of Marlborough are

restricted to the Late Cretaceous Whangai Formation and its lateral equivalents, the

Mata Series sediments, Flags Formation and Conway Siltstone. Results of Rock-Eval

pyrolysis, however, further eliminate organic-rich formations that contain kerogen with

only minor hydrocarbon generative potential. Inert kerogens (HI values < 50) are present

in the Te Mai and Glenburn formations and Conway Siltstone. Thus, only the Waipawa

Black Shale, Upper Calcareous and Rakauroa members of the Whangai Formation, and

undifferentiated (S.I.) Whangai Formation have oil and gas potential (HI values > 150).

Pyrolysis data (Sr) indicate the Waipawa Black Shale is able to produce up to
1l kg/tonne hydrocarbons and the Whangai Formation up to 3.66 kg/tonne

hydrocarbons. The Whakataki Formation, WhangaiJike Mata Series and Flags

Formation, with HI values between 50 and 150, demonstrate gas potential. In summary,

good potential source rocks of the southern East Coast Basin appear limited to the

uppermost Cretaceous to Paleocene strata.

8.2.3 Oil-source rock correlations

Biomarker and stable carbon isotope data indicate a genetic relationship between the

Kerosene Rock, Westcott, Tiraumea and Okau Stream oils and the Waipawa Black Shale

(Table 8.3). The unique biomarker characteristics (notably the high relative abundances

of C3g steranes and 28,30-bisnorhopane and low proportions of Cl2g steranes) that were

used to correlate the oils can also be used to link these oils with the Waipawa Black

Shale. Although stable carbon isotopes could only provide a positive correlation between

the Waipawa Black Shale and Kerosene Rock oil, both the oils and the Waipawa Black

Shale samples are characterised by isotopically heavy 6l3C values, with the oils typically
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Chapter 8. Discussion and summary

between -21 to -23Voo, and Waipawa Black Shale samples as low as -23%o and enriched

by up to 4%o compared to the other formations sampled.

A tentative correlation exists between Knights Stream oil and the Upper Calcareous and

Rakauroa members of the Whangai Formation (Table 8.3). The Knights Stream oil has a

high proportion of C2s steranes (0.33) and the only formation analysed with both

hydrocarbon generative potential and a similarly high proportion of C4 steranes is the

Upper Calcareous Member (0.34) and the Rakauroa Member (0.29) of the Whangai

Formation. This conelation is supported by similar 6l3C values between the Knights

Stream oil [-29.32%o (sat) and -28.18%o (aro)] and the Upper Calcareous Member

sample l-29.06%o (sat) and -28.l3Voo (aro)l (see Figure 7.1).

Although the Isolation Creek oil is not readily correlated to any formation, like the

Knights Stream oil and Upper Calcareous and Rakauroa members of the Whangai

Formation, it also has a high proportion of C2s steranes (0.27) (Table 8.4). Furtherrnore,

of the samples collected from Marlborough, only the Whangai Formation is oil-prone,

although the Upper Chert Member of the Amuri Limestone from the Mead Stream area

[the Waipawa Black Shale equivalent in Marlborough (Leckie et al., 1992)) was not

sampled.
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8.3 Hydrocarbon generation in the East Coast Basin

Two distinct families of oils have been described in the East Coast Basin. The Waipawa

Black Shale-sourced oils are predominant in the southern part of the basin and manifest

themselves as oil stains, while the Whangai-sourced oils are predominant in the northern

part of the basin as seep oils. Although geographic variations in source rock quality

(TOC, HI values) and maturation have been described (e.g. Moore, 1988b), these do not

fully explain the distribution of oil occurrences within the basin. Rogers (1995)

concluded that the absence of Waipawa Black Shale-sourced oils in the northern East

Coast Basin may be due to either the absence or immaturity of Waipawa Black Shale in

the subsurface. Another possibility may be that the distribution of oils may be a function

of chemical composition of the potential source rocks which controls the timing of
hydrocarbon generation.

The possibility of early generation in the Waipawa Black Shale as a result of a high

kerogen sulphur content has been discussed in Section 7.4.5 and, although the available

evidence suggests that the sulphur is present as pyrite (and not organically-bound),

considerable uncertainty remains about the processes operating here. Early generation of
the Waipawa Black Shale, or at least earlier generation compared with the Whangai

Formation, may possibly explain the distribution of the two oil families in the East Coast

Basin. In the southern East Coast Basin, where maturation of the source rock sequence

is low, the Waipawa Black Shale-sourced oils are dominant possibly due to early

generation, while there is no generation from the Whangai Formation. Although

potentially the most prolific source rock in the basin, the small volume of the Waipawa

Black Shale present means that only small quantities of hydrocarbons are produced

which are manifested as oil stains. In the northern East Coast Basin, the Waipawa Black

Shale and Whangai Formation present in the autochthonous sequence are buried by up to

5000 m of allochthonous strata (Geosearch, l99l) and have probably passed into the oil

generation window. Despite the greater hydrocarbon generative potential of the

Waipawa Black Shale, oil generation is dominated by the volumetrically greater Whangai

Formation and oil occurrences are manifested as more prolific oil seepages (such as the

Waitangi, Totangi and Rotokautuku oil seeps) rather than oil stains (see Rogers, 1995).

Further research into hydrocarbon generation from the Waipawa Black Shale is required,

as early or late temperature generation clearly has implications in the development of
exploration concepts. This could be undertaken by determining the kerogen sulphur

content and also by conducting vitrinite reflectance and fluorescence (VRF) analyses to

determine whether suppression of vitrinite reflectance is occurring.
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Results of both the present etudy and Rogers (1995) demonstrafie a maturity oJ within

the sil gener,ation w:indo-W for rhe Todesse $upergroup whieh is considerabty low,er thqn

that proposed by sthers (e.g. Yl-av' 1968). Hydrocar-bon geperation from 6is unit, bo-ttr

within the East Coast Basin amd elsewherc ih New Zealandn o&V be possible girrcn

sufficient organie matter sf, the correct type,
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Chapter 8. Discussion and summary

8.4 Southern East Coast Basin prospectivity

3.4.L Distribution and thickness of potential source rocks

The reported geographic distribution of the prospective Waipawa Black Shale and

Whangai Formation is considerable, extending well beyond the boundary of the East

Coast Basin. The Waipawa Black Shale and its equivalents have been recognised from

the Northland, northern Taranaki, Canterbury, Great South and possibly southern

Westland basins (Killops et al., 1996) (FigureS.l). The Whangai Formation and its

equivalents have been recognised in the Northland, North Canterbury and Great South

basins, and similar sediments have been found on the Lord Howe Rise and Campbell

Plateau (Moore, 1988b). Within the southern East Coast Basin the Upper Calcareous

and Rakauroa members have been identified in the Pongaroa and southern Coastal

blocks, while the northern Coastal Block contains predominantly the Porangahau

Member. Although the subsurface distribution is largely unknown due to the scarcity of
well data, existing evidence indicates that the uppermost Cretaceous to Paleocene

sequence is absent from the southern Woodville and Aorangi blocks.

Moore (1988b) has shown the distribution and thickness of the Waipawa Black Shale

and Whangai Formation in eastern North Island. The Waipawa Black Shale is thickest

(> 50 m) in coastal northern Wairarapa, while it is absent from the Whangai Range and

southern Wairarapa (Figure 8.2a). The Whangai Formation reaches a maximum thickness

of 500 m in coastal northern Wairarapa and about 400 m in Otane, southern Hawke's

Bay, while less than 100 m is present in coastal southern Hawke's Bay (Figure 8.2b).

8.4.2 Burial and maturation of potential source rocks

Based on a present day geothermal gradient of Z3.l"Clkm, Geosearch (1991) calculated

the oil generation window occurs at burial depths of between 3000-4500 m. The lack of
seismic survey coverage across the southern East Coast Basin prevents a detailed

knowledge of sediment thicknesses, and hence burial depths of the prospective source

rock sequence. Existing seismic, however, does delineate broad regions of greater

sediment thicknesses and these have recently been summarised by Uruski (1996).

The greatest sediment thicknesses appear to be present offshore, with up to 3 s TWT
recorded from offshore southern Wairarapa, increasing to 5 s TWT offshore southern

Hawke's Bay and possibly > 6 s TWT in Hawke Bay iself (Uruski, 1996). Seismic

coverage and quality is poor in southern Wairarapa with no greater than I s TWT
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recorded. In the Woodville Block of southern Hawke's Bay, Takapau-1, Rakaiatai-I,

Ongaonga-l and Mason Ridge-1 all encountered basement rocks after drilling Miocene

or younger sediments, while Taradale-l terminated at 1660m in sediments of Late

Eocene age; no significant hydrocarbon shows were encountered. As in the offshore

region, onshore sediment thicknesses appear to increase to the north reaching a

maximum in the northern Hawke's Bay region.

In summary, sediment thicknesses are greatest offshore and to the north (Hawke Bay) of
the southern East Coast Basin and it is here that the prospective source rock sequence is

more likely to be present and buried to a depth sufficient for significant hydrocarbon

generation.

8.4.3 Southern East Coast Basin prospectivity

It is beyond the scope of this thesis to delineate prospective regions based on the sum of
the factors that comprise the petroleum system. However, in a review of the East Coast

Basin licence blocks offered in 1995, Uruski (1996) concluded that none could be

written off as non-prospective. In a subjective rating of the prospectivity of the blocks,

Uruski (1996) favoured (in descending order of prospectivity) the offshore Hawke Bay

region, and offshore southern Hawke's Bay, followed by the onshore Hawke's Bay and

southern Hawke's Bay regions. Least prospective were onshore northern Wairarapa,

offshore northern Wairarapa, offshore southern Wairarapa, and onshore southern

Wairarapa regions. Of the factors contributing to the petroleum system, source rock and

maturation are likely to be favourable in the Hawke Bay and offshore southern Hawke's

Bay region and also onshore Hawke's Bay, where the greatest sediment thicknesses are

more likely to contain a thermally mature and well developed source rock sequence.

To the author's knowledge no major seismic surveys have been conducted in the

Marlborough region, and consequently sediment thicknesses and subsurface structures

remain largely unknown. In a review of the petroleum prospects of Marlborough,

Stoneley (1960) suggested the most prospective regions, based on known reservoir

rocks, are in the north of the region such as the Ward Syncline, with little prospectivity

to the south of the Ure River. Marlborough is virtually unexplored and clearly represents

a high risk venture. Considerable exploration work needs to be carried out before

credible plays can be developed.

If hydrocarbon generation in the East Coast Basin occurs in a manner similar to that

suggested in the previous section, then exploration efforts should target regions where
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the S/hangai Fomation has reached sufEcient depth for petroleum gsneration imd

expulsion. These regions should have additional source potential from the Waiparra

Black Shate. Shallower brrial depths nay result in a legs utafure source sequence wjtll
hydrocarbon goneration only f.rom the Waipawa Black Shale and this may not be

sufficiont for csmrnereial aceumulations. Again, 'the regions of greatest sediment

thickness are most prospective and these include the Hawke Bay region and those areas

imrnediately adjacent to the north and south, and also the East Coast Allochthon in the

northern part of the Basin.
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8.5 Summary

. Results of TOC and Rock-Eval pyrolysis indicate the latest Cretaceous Whangai

Formation (the Upper Calcareous and Rakauroa members in particular) and the

Paleocene Waipawa Black Shale are the only good potential petroleum source rocks

in the southern East Coast Basin;

. The middle to Late Cretaceous Glenburn and Te Mai formations, previously

considered good potential source rocks due to their carbonaceous nature (TOC

contents up to 1.30 and 1.52Vo respectively), comprise predominantly Types III and

IV (structured terrestrial and semi-opaque) kerogen and have little hydrocarbon

generative potential (HI values < 50);

. The latest Cretaceous Flags Formation and Mata Series sediments, and the Miocene

Whakataki Formation are gas-prone (HI < 150), while all remaining formations

analysed are organically-lean and have little source potential;

. Although low in organic carbon the Torlesse Supergroup has organic matter that is

not postmature but has a maturity, in at least some cases, below the onset of oil

generation;

. The Waipawa Black Shale is immature for hydrocarbon generation in outcrop, but is

organic-rich (TOC contents up to 5.69Vo) and is both oil and gas-prone (HI values

up to 221). Kerogen composition is highly variable, with both dominant amorphous

(Rogers, 1995) and structured terrestrial (this study) compositions, and this may

explain the variable hydrocarbon generative potential of this formation. The Waipawa

Black Shale has a unique biomarker assemblage showing high relative abundances of
C3g steranes, 28,30-bisnorhopane, and low proportions of C4 steranes, and the

bitumen extracts are characterised by isotopically heavy 0l3C values. S/C and trace

metal ratios (with the exception of V/Cr), a high sulphur content, and high relative

abundances of 28,3O-bisnorhopane indicate dysoxic and periodically anoxic

depositional conditions;

. The Whangai Formation is immature to marginally mature in outcrop. The Upper

Calcareous and Rakauroa members have a 'fair'TOC content (up to l.37%o) and are

both oil and gas-prone (HI values up to 218) with kerogen Types II and III. Organic

matter comprises predominantly structured terrestrial kerogen with variable

contributions of structured aqueous and semi-opaque kerogen. Structured aqueous
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kerogen is more abundant in the Upper Calcareous Member than the Rakauroa

Member and indicates a greater marine influence. The Whangai Formation is

characterised by high proportions of C2s steranes and low relative abundances of
C3s steranes and 28,3O-bisnorhopane and bitumen extracts with isotopically light

6l3C values. S/C and trace metal ratios, moderate sulphur contents and occasionally

high relative abundances of 28,3O-bisnorhopane indicate deposition under conditions

of reduced oxygen;

At least two families of oils are present in the southern East Coast Basin. The first

family of oils, comprising the Kerosene Rock, Westcott, Tiraumea and Okau Stream

oils, contain both marine and terrestrial organic matter and appears to have been

depositedunderlargelyanoxicconditions.Thes@qrg.h
relative abundances { C:o steJanes and 28,30--bisnorhopane, low proportions of
C4 steranes and have isotopically heavy 6l3C values. The Waipatiki oil, from the

southern East Coast Basin, and Kora-l oil from the northern Taranaki Basin are

included in this family of oils. The second family, comprising the Knights Stream and

Isolation Creek oils, is derived from predominantly marine organic matter with a
moderate terrestrial contribution. These oils are characterised by low relative

abundances of C3s steranes and 28,30-bisnorhopane, high proportions of
C2s steranes and isotopically light 6tlg values. The correlation of these oils is

tentative due to the lack of unusual biomarker compounds. The major seep oils of the

northern East Coast Basin (Waitangi, Totangi and Rotokautuku) have similar

geochemical characteristics and are also included in this family of oils;

The Kerosene Rock, Westcott, Tiraumea and Okau Stream oils are correlated to the

Waipawa Black Shale by similar geochemical characteristics including high relative

abundances of C36 steranes and 28,30-bisnorhopane, low proportions of C2s steranes

and isotopically heavy 613C values. The Waipatiki and Kora-l oils are also correlated

to the Waipawa Black Shale and its lateral equivalents;

The Knights Stream and Isolation Creek oils are tentatively correlated to the Upper

Calcareous Member and possibly the Rakauroa Member of the Whangai Formation

on the basis of low relative abundances of C36 steranes, high proportions of
C2s steranes and isotopically light 6tlg values. Although these characteristics are

also apparent in a number of other possible source rocks, only the Whangai

I'Formation has suitable hydrocarbon potential; and
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. Although the Waipawa Black Shale has a greater hydrocarbon generative potential it
appears that the thicker Whangai Formation is the greater source of hydrocarbons in

the East Coast Basin.
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A2-l

Appendix 2

Total organic carbon (TOC) and carbonate data

Initial screening of possible source rocks by TOC analyses were performed on a LECO

RC-412 Multiphase Carbon Determinator in the Analytical Facility at Victoria University

of Wellington. The principal difference between the LECO RC-412 and conventional

carbon analysers is the oven control system; conventional ovens have fixed temperature

settings, while the LECO RC-412 has an oven control system which allows precise

temperature programming. By controlling the temperature of combustion, organic

carbon can be pyrolysed while excluding carbonate carbon, hence the determination of

multiphase carbon. The LECO RC412 is equipped with an infrared (IR) detector which

is CO2 specific thereby avoiding the problems typical of TCDs which can also record

water and sulphur compounds if not trapped effectively (Jarvie, 1991). Operating

conditions used in the analvses are shown below:

Organic carbon is pyrolysed at 500'C and is recorded as phase one carbon. Carbonate

carbon is released in the temperature ramp between 500 and 900'C and recorded as

phase two carbon. The boundary between organic and carbonate carbon was arbiharily

set at 500'C. An increase in this boundary temperature would have the effect of

increasing the quantity of organic carbon and decreasing carbonate carbon while a

decrease in boundary temperature would have the opposite effect. An internal standard

(MAG-l, Marine mud from the USGS) was run during each session to check for

reproducibility. Comparison with other authors using different methods of analysis

provided a check for the accuracy (Table A2-l). This method would have the same

inherent problems of the Rock-Eval/TOC method where mature samples give poor

results due to insufficient temperature for complete combustion. Carbon in mature

organic matter is instead recorded as carbonate carbon since it is pyrolysed at

Sample size - 100 mg

lnitial temperature 500"C 6 min. (Phase I carbon)

Rate 500-900'C 200'C/min. (Phase 2 carbon)

Final temperature 900"C 3 min.

Totaltime llmin.

40 psiOx



Appendix 2. Total organic carbon (TOC) and carbonate data A2-2

temperatures greater than 500"C. Samples collected in this study however are, in general,

not of high maturity and error here is considered minimal. An obvious advantage over

traditional combustion methods is that this method does not require acid treatment prior

to analvsis.

lBased on nine analyses. 2using combustion/IR (and acid-evolution for carbonate). 3using

combustioMR. 4using combustior/coulometry. susing acid-evolution/coulometry. 6Using combustion
TCD.

Table A2-1 Comparison of total carbon, TOC and carbonate carbon values of MAG-I standard by
different authors.

This method is acknowledged to be'home-grown'and undoubtably requires some tuning.

Comparison of TOC results from the LECO carbon determinator with the

Rock-Eval/TOC method shows that, in general, there is good correlation between the

results.

Calculation of carbonate content of samples

Carbonates are defined as having greater than 50Vo CaCO3 (limestone) or CaMg(CO3)2

(dolomite) or a mixture (Andrews, 1982). The exact calculation of carbonate content is

not easy to determine but an approximation can be reached by regarding any carbonates

to comprise only calcium.

M, (CaCO3) = 100.1 g/mol. 4 (C) = 12 g/mol.

Therefore a sample which recorded IZVo carbonate carbon on the LECO carbon

determinator is a pure limestone, comprising l00%o CaCO3.

Total carbon
(Vol

TOC
(Vo)

Carbonate carbon
(?ol

This studyl

Saikkonen and
Rautiainen (1990)2

Jackson and Roof
(t9e2)

Terashima (1993)6

2.18t0.04

2.23*0.02

2.27*0.023

2.28*0.014

2.19t0.05

2.01t0.04

l.6l+0.01

2.t6

0.17110.006

0.62t0.02

0.123t0.003s
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Appendix 2. Total organic carbon (TOC) and carbonate data 424

Sample No. TOC TOC Carbonate
(LECO) (Rock-Eval) (LECO)

9o To Vo

North Island stratieraphv
Miocene units
NE3O
NEl09
Whakataki Formation
NE47
NEl12
Weber Formation
NEI9
NE6I
Wanstead Formation
NEIS
NE22
NE55
NE58
NE62
Waipawa Black Shale
NEl
NBt
NE16
NE23
NE26
NE3I
NE33
NE37
NBIO
NBI3
NIE44
NE45
NBl8
NE54
NEIII
NEI23
NEI3I
(Tora Block stratigraphy)
(Kandahar Formation)
NE14I
(Awhea Formation)
NEI42

(Mungaroa Member)
NE138

Manurewa Formation)
NEI37
NEI43
Whangai Formation

Te Uri Member
NEI I
NEzI

Porangahau Member
NE8
NEIT
NE38
NE39

0.21
4.70

0.44
0.60

0.15
o.z9

0.15
0.24
0.20
0.03
0.22

0.75
t.2l
0.18
4.99
r.42
3.66
1.05

2.21
3.89
5.53
2.97
4.06
3.34
5.69
0.61
0.28
3.61

0.19

0.14

0.15

0.r5
0.14

0.33
0.28

29
5.28

0.59 23

55

3l
26

19

o.77
r.35

4.99
l.l6
3.69
r.30
2.42
3.73
5.58
3.t7
4.24
3.n
5.58
0.76

3.84

77

2l

0.25
0.03
0.32
0.06

23
t2

t7



Appendix 2. Total organic carbon (TOC) and carbonate data A2-5

Sample No. TOC
(LECO)

TOC
(Rock-Eval)

Carbonate
(LECO)

Vo 4o 9o

Upper Calcareous Member
NE12
NEI3
NE2O
NE24
NEz8
NBT6
NEI13

Rakauroa Member
NE3
NEI5
NE25
NE27
NEl36
NEI44

Undifferentiated
NEI4
NE32
NE35
NE36
NBl9
NE5O
NE53
NE56
NE63
NE65
NEI2I
Tangaruhe Formation
NE9
NEIO
Te Mai Formation
NE5I
NE52
NE59
NEI24
NEI25
Glenburn Formation
NE2
NE5
NE6
NE7
NEI 17

NEI18
NE132
Springhill Formation
NEI34
NEI39
Gentle Annie Formation
N8129

0.47
0.45
0.36
l,l9
0.37
0.82
0,7r

0.09
0.49
0.1I
r.37
0.51

l.l3

0.44
0.63
0.19
0.40
0.84
0.93
0.68
0.78
3.50
0.41

0.76

0.32
0.40

0.72
t.52
r.r2
0.71

0.r9

0.s9
0.83
0.49
0.85
0.87
1.30

0.09

0.24
0.n

0.06

1.30

0.95
1.00

16

t.52
1.02
t.64

0.76

0.96
0.84
0.88
0.93
3.79

t.29

0.68
1.52
l.t7
1.51

0.75
0.92

0.90
L38
1.86



Appendix 2. Total organic carbon (TOC) and carbonate data A2-6

Sample No. TOC
(LECO)

TOC
(Rock-Eval)

Carbonate
(LECO)

To Vo 7o

Mangapokia Formation
NBt2
NE64
NE66
NEI19
NEI27
NEI28
NEI35
NEI40
Taipo Formation
NE6O
Undifferentiated Pahaoa Group
NEI22
NEI26
NEI33
Whatarangi Formation
NEI45
Torlesse Supergroup
NEl14

South Island stratisraphv
Waima Siltstone
NE85
Woodside Formation
NE84
Amuri Lirnestone
NE67
NE74
NE76
NE79
NE83
NE87
NE98
NEIOO
NEI04
NEl06
Whangai Formation

Undifferentiated
NETO

NESO

NESI
NE86
Mata Series
NE68
NE69
NE77
NE78
NE97
NE99
NEIOI
NEI03

0.06
1.54

0.10
0.07
0.08
0.29
0.15
0.24

0.0s

0.40
0.35
0.26

0.19

0. l9

1.59

0.41

0.06

0.16
0.08
0.07
0.04
0.06
0,03
0.05
0.09
0.1I
0.09

0.51
0.48
0.46
0.49

0.14
0.04
0,03
0.n
0.96
0.69
0.24
0.13

44

2l

73
73
66
89

59
83

67
86
90
82

0.63

0.61

37

1.07

0.84



Appendix 2. Total organic carbon (TOC) and carbonate data A2-7

Sample No. TOC
(LECO)

(Vol

TOC
(Rock-Eval)

Carbonate
(LECO)

(7ol

Flags Formation
NE82
Claverley Sandstone
NEl07
Conway Siltstone
NEl08
Burnt Creek Formation
NETI
NE89
Split Rock Formation

Swale Siltstone Member
NE94

Wharfe Sandstone Member
NEgI
NE92

Ouse Member
NE93

Champagne Member
NEgO
Torlesse Supergroup
NE72
NE73
NE75
NE88
NE96
NEI02
NEI05

0.52

0.39

0.55

0.55

0.41
0.25

0.33

0.41
0.29

0.38

0.39

0.37
0.45
0.40
0.35
0.34
0.26
0.26

o,62



A3-l

Appendix 3

Rock-Eval pyrolysis data

Sample No. TOC T-"* 51 52 S.1 PI Sz/lSr El

North kland stratisraphy

Miocene coal

NEl09 5.28

Whakataki Fonnation

NEI 12 0.59

Waipawa BlackShale

0.77

1.35

4.99

Ll6
3.69

1.30

2.42

3.73

NE43 5.58

NE44 3.17

NE45 4.24

NE48 3.27

NE54 5.58

NEIII 0.76

NEl3l 3.84

Whangai Formation

422

429

420

4ll
403

436

398

395

405

407

409

407

413

4t8
4t7

4ll
4t5

1.30 430

0.95 428

1.00 422

1.68 t2.49

0.09 0.4E

0.33 0.45

0. 16 0.30

l.ts 1t.03

0.l4 0.49

0.79 4.80

0. t 5 0.40

0.35 1.47

0.67 4.65

0.68 7.22

0.31 3.94

0.5 r 5.36

0.52 3.82

0.73 8.90

0.07 0.27

0.59 4.47

0.26 2.64

0. t 3 t.29

0.24 t. t3

0.28 332

0.16 1.24

0.37 2.10

0.23 0.80

0.1r 0.86

0. t I 0.89

0.t? 1.20

0.08 0.52

0.32 3.66

0. t 3 0.53

0.06 0.03

0.04 0.33

0.08 0.69

0.t2 4.01

0.16 0.55

0.42 0.29

0.35 0.3 |

0.10 5.23

0.22 0.r3

0.14 2.00

0.27 0.42

0. t9 0.72

0.13 t.4l
0.09 t.47

0.07 2.t5

0.09 1.96

0.t2 0.98

0.08 2.t I
0.21 0.39

0.12 t.22

0.09 2.84

0.09 r. I I

0.18 2.26

0.08 7.90

0.1I 4.28

0.12 6.43

0.22 0.94

0, I r 0.71

0.1 I 0.86

0.09 2.61

0.l3 0.72

0.08 t.79

0.20 1.29

0.67 0.03

0.1| 0.35

0.10 1.68

3.07

0.87

t.57

0.97

2.tl
3.7 |

2.40

0.95

2.03

3.29

4.91

1.83

2.74

3.89

4.72

0.69

3.66

0.93

l. r6

0.50

0.42

o.29

0.42

0.85

t.il
L04

0.46

0.72

2.05

0.41

|.l3
0.94

0.41

237

8l

58

22

221

42

t30

3l
6t
125

l29
t24
t26
n7
159

36

il6

203

136

I13

zt8
t22
t65

r05

90

t06

136

56

97

4t

4

22

59

147

204
'f',

42

320

65

73

84

88

88

58

65

il9
76

9l
95

72

t22
50

28

28

26

ll2
lt6
t24

52

77

54

32

166

62

35

25

58

NEI

NE4

NE23

NE26

NE3 I

NE33

NE3?

NE4O

Upper Calcareous Member

Rakauroa Member

NE27* t.52

NE24

NE46

NEI 13

NEI36

NEl,t4
t.o2

t.64

431

422

429

4t6
430

427

422

4t8

420

4tz

441

429

447

420

Undifferentisted

NE32 0.76

NE49 0.96

NE50 0.84

NE53 0.88

NE56 0.93

NE63 3.79

NEr2r t.29

Te Mai Formation

NE5l 0.68

NE52 t.52

NE59 t.t1
NEl24 l.5 r 0.05



Appendix 3. Rock-Eval pyrolysis data A3-2

SampleNo. TOC T-.* 51 S2 53 PI Sz& EI

Glenburn Formation

NE2 0.75

NE5 0.92

NE7 0.90

NEI 17

NEI I8

Mangapokia Formation

NE64 1.59

South kland stratigraphv

Whangai Fornation

NE70 0.63

NE86 0.61

Meta Series

NE97 1.07

NE99 0.84

Flags Forrratlon

NE82 0.55

Conway Siltstone

*Oil-stained sample (with Knights Stream oil)



A'4-t

Appendix 4

Gas chromatography (GC) data

Sample No.

Oil Seeps
Knights Stream
Isolation Creek
Kerosene Rock

North Island stratieraphv
Miocene units
NE3O
NEI09
Whakataki Formation
NEIl2
'Weber Formation
NEI9
NE6I
Wanstead Formation
NEIS
NE22
NE55
NE58
Waipawa Black Shale
NEI
NBl
NEI6
NE23
NE26
NE3I
NE33
NE37
NE4O
NE43
NBI4
NE45
NE48
NE54
NEIII
NEl3lt
Whangai Formation

Te Uri Member
NEII
NE2I

Porangahau Member
NE8
NEIT
NE38
NE39

Pr/Ph Prln-C1g Ph/n-C1s CPI n-alkane Czr + Cz2

mil( C"r *

l6
24
27

23
29

25
l4

23*
24*
l5
l6

24*
24*
25
23
23
25*
24*
l5
24
26
29
27
29

25*

2.5'7

0.99
2.r7

0.56
0.67

t.89

1.40

t.7 |

0.45
0.49
2.06
1.25

0.47
0.27
0.08
l.ll
0.31

0. r3
0.24
t.38
0.47
0.72
l.32
0.79
2.Zl
t.72
0.61
1.39

0.31

0.54

0.63
0.62
0.65
0.84

|.32
l.14

1.70

0.62
1.03

3.1 I
3.13
0.87
0.98

3.07
4.56

3.02
t.4r

I 1.40
8.21

0.95
10.49
5.4r
2.32
5.63
4.41
2.08
5.23
8.18

2.86
7.42

5.r3
3.05
4.25
r.32

2.98
0.181.90

0.98

r.39

r,54
r.27

t.02
1.08

t.26
1.84

t.42
t.20
r.53
t.52

l.l0

t.t2
2.24

1.30
t.l2

l.l3

3.66
0.38
6.t2

l. l6
l.n

4.t6

l.0l
1.60

0.34
2.87
1,70
t.t7

3.20
0.46
0.l5
4.32
1.05

1.99

0.43
0.80
L00
3.99
3.75
6.r9
r0.18
4.36
r.85

12.50

1.89

4.63

3.74
1.80
6.41

t.28

t.57
o.42
2.tl

l.0z
1.05

0.97

2.73
2.t4
0.38

25
24*

27*
26*
23*
23

0.33

3.35
1.30

t.97
0.84
t.32
1.88

3.72
0.39
0.52
0.14
0.73
0.37
0.33
0.39
0.16

0.s2

0.40
t.92

0.29
0.18
3.51

6.63



Appendix 4. Gas chromatography (GC) data A4-2

Sample No. PrlPh Prln-Cy Ph/z-C1s CPI a-alkane Czr *Czz
1nax Cre +C

Upper Calcareous Member
NEI2
NEI3
NE2O
NE24
NE28
NE46
NEI l3

Rakauroa Member
NE3
NEI5
NE25
NE136r
NEl44l

Undifferentiated
NEI4
NE32
NE35
NE36
NE49
NE5O
NE53
NE56
NE63
NE65
Tangaruhe Formation
NE9
NEIO
Te Mai Formation
NE5I
NE52
NE59
NEl24f
NEl25t
Glenburn Formation
NE2
NE5
NE6
NE7
NEt l7f
NEll8t
NEt32t
Mangapokia Formation
NE42
NE64
NE66
NEI l9t
NE128r
NEl40t
Taipo Formation
NE6O
Whatarangi Formation
NE145t
Torlesse Supergroup
NEI l4t

0.5s
1.27

1.29

0.50
0.56
1.45

1.82

t.02
1.28

0.48
2.06
3.43

0.46
1.03

0.92
0.49
2.r4
2.03
0.96
l.73
2.47
1.89

0.46
0.59

1.84

l,93
3.17
2.67
|.67

0.77
0.48
0.59
0.63
0.68
0.63
0.50

l.56
1.65

1.50
1.60

2.87
4.79

l.l8

3.20

0.67

3.65
r.96
2.t3
6.O2

r.00
3.23
3.51

t.z5
6.04
t.23
4.34
6.92

4.O2

1.83

r.t7
1.46
2.13
3.74
0.64
2.52
r.76
r.89

r.99
l.l5

|.42
2.51
3.36
3.20
1.67

2.5r
0.52
5.03
4.21

2.00
2.50

1.97
2.r7
0.88
1.78
3.07
5.&

1.30

1.28

0.44

10.68
r.97
1.33

8.1 l
s.2l
2.33
l.l 9

LlI
2.63
t.39
1.95

2.00

5.07
r.70
0.99
r.74
r.04
2.05
0.86
r.l8
0.99
l.0l

3.4r
3.45

0.83
0.80
1,00
1.00
0.86

3. l5
3.01

13.68

r0.50

7.00
0.83

1.48

t.23
0.6r
0.63
0.71
0.78

1.09

0.23

0.52

L9l

1.77

1.88

3.86
6.n
3.64
2.4r
0.51

l.l8
1.0t

2.04

t.t4
r.26
1.56

t.23

2.46

t.20
1.05

7.t7
9.03
2.2r

24*
23
23
24*
24*

l9

22
23
23
25
26

24*
22
22
23
29

29x

29

26*
25

l6
l5
t4
27
27*

25
25
25*
23*
29
29*
29*

27
l6
t4
29*
27*
l9

l5

23

3.85
7.05
8.19
12.56
0.07

0.76

0.09

o.t2
0.66

0.05
0.tu

0.23
0.09
0.6't
2.94
o.o2
0.06
0.r8

0.40
0.84

t.26

r.05
0.99
1.98

2.46
1.09

r.39
1.13

l.M
t.25

1.07 26* 0.43



Appendix 4. Gas chromatography (GC) data A4-3

Sample No.

South Island stratisraphv
Waima Siltstone
NE85
Woodside Formation
NE84
Amuri Limestone
NE67
NE74
NE76
NE79
NE83
NE87
NE98
NEIOO
NEI06
Whangai Formation

Undifferentiated
NETO
NESO
NE81
NE86
Mata Series
NE68
NE69
NE77
NE78
NE97
NE99
NElOI
NEI03
Flags Formation
NE82
Conway Siltstone
NEI08
Burnt Creek Formation
NETI
NE89
Split Rock Formation

Swale Siltstone Member
NE94

Pr/Ph Prln-Ce Ph/z-C1s CPI n-alkane C2r +C2z
ma)( C?s +C2e

0.77

0.24

0.84
0.34
0.6r
0.49
0.30
0.20
1.33
0.27
o.2l

0.99
0.47
0.34
2.95

0.65
0.18
0.r2
2.30
l'l8
0.16
L63
0.44

0.33

0.81

0.44
0.50

r.30

1.65

0.60

3.t6

0.63

6.16

1.38

1.28

5.31

4.16
t.72
l.5l
r.56
l.l I

r.47

3.06
2.40
2.35
1.95

3.70
0.88
0.53
2.28
5.t7
2.32
1,60

r.53

2.t4

1.96

2.59
1.84

2.37

3.29
2.22

2.38

1.61

3.42

L5l

0.86
4.14
4.45
3.87
r.85
4.74
0.65
1.95

2.08

3.34
2.27
0.55
0.85

0.21
3.63
1.87
0.89
7.82
2.67
0.80
r.59

5.34

2.47

t.76
l.5l

t.62

l.l6
1.54

0.75

t.29

1.48

1.88

1.74

l,54
l.l3
1.63

1.65

1.79

t.t4
l.l3
t.20

t.52
1.83

1.54

0.86
t.43
1.36

0.91

1.51

1.03

t.2l
1.90

1.61

1.33

1,48

r.30

22

l3
23*
24x
25*
22*
24x
22
23+
23*

25*
25*
25*
l5

24*
23*
22*
25
22*
24*
l9
25*

23*

25

25*
23*

23*

24*
22*

24

25*

0.56

2.89

1.66
l.l3
0.80
l.9l
2.99

l.l3
L65

0.47
0.58
0.86

1.69
r.84
3.15
1.46
1.57

l.l4

0.65

1.06

0.63

t.24
2.92

2.04

2.03
3.09

0.62

22*

Wharfe Sandstone Member
NE9I
NE92

Ouse Member
NE93

Champagne Member
NE9O



Appendix 4. Gas clromatography (GC) data A.44

Pr=Pristane; Ph=Phytane; * Dominant C25 n-alkane, presumably due !o contamination, has been ignored.
Adjacent CPI values are therefore also distorted and unreliable. f Samples analysed at CGQ.

SampleNo.

Torlesse Supergroup
NE72
NE?3
NE75
NE88
NE96
NEl02
NEI05

Pr/Ph Prln-Cy Plr/z-C1s z-alkane Cn+Czz
nrax Cx *

0,77
0.99
2.28
0.45
1.28
r.l3
0J2

2.r9
2.63
2.94
2.04
t.4l
2.00
1.64

1.20
1.35

1.32
t.72
0.98
t.62
2.to

r.47
1.35
t.l5
1.90
1.05

1.r5
097

23* t.25
24* 3.20
25 0.70
23* 3.09
22* 3.50
25 0.37
25 0.65



A5-r

Appendix 5

Gas chromatography-mass spectrometry (GC-MS) data

Biomarker ratios and relative abundances determined from m/z 191
Sample No. Tm/Ts moretane/hopane 22Sl(225+?:2R) f ?p(II)- BNII 17cr(H). Oleanane

C"u C". C.r C., TNH Diahonane

Oil seeps
Knighs Stream 2.96
lsolation Creek 1.33
Kerosene Rock l.6l
Westcott t.35
Tiraumea 2.60
Okau Stream 2.55

North Island stratieraphv
Miocene unlts
NE30 l.l8
Whakataki Forrnation
NE47
NEI I2
Weber Formation
NEI9
NE6I

4.82
1.88

t.42
2.83

Wanstead Fornation
NEIS
NE22
NE55
NE58
NE62
Waipawa BlackSbale
NEI
NBl
NEI6
NE23
NE26 6.30
NE3r t.47
NE33 1.75

NE37 3.27
NE40 3.93

14.22
NBt4 4.65
NE45 2.92
NE48 4.99
NE54 't.92

NEIII
NEI23
NEI3I

t.80
2.57
t.49
2. l8
1.59

0.92
2.54
1.30
8.43

t.27
t.s0
2.28

0.30
0. r8
0.37
0.06
0.15
0.48

0.23

0.73
0.84

0.21
0.48

0.31
0.27
3.O2
l.l5
0.34

0.90
0.45
0.26
0.5 r

t.05
0.69
0.42
0.59
0.90
0.96
0.40
0.38
l.(X
0.67
0.44
0.25
0.71

0.29

0.4t

0.43

0.44
0.18

0.38
o.26

0.23
ntl
0.30
0.36

0.22
0. l8
0. 14

0. l5
0.21
0.38

0.t7

o.2l
0.20

0. r9
0.25

0.30
0.29
0.26
0.22
0.27

0.50
0.36
0.16
0.52
0.69
0.49
0.22
0.64
0.74
0.52
0.60
0.35
0.33
0.67
0.21
0.24
0.38

0.29

0.28

0.24

0.28
0.16

0.24
0.20

0.l6
0.t4
0. I7
0.29

0.55
0.50
0..5s
0.51
0._59

0.56

0.43

0.31
0.27

0.45
0.38

0.28
0.19
0.33
0.-51

0.43

0. t6
0.20
0.49
0.12
0.15
0.r3
0. l8
0.13
0.t I
0.t3
0.09
0.12
0.1 I
0.20
0.33
0.45
0.10

0.50

0.56

0.54

low

mod-high
low

low
high

low
low
Iow
high
low

high
low
low
low
?low

low
low
low
low
hiCh
mod
hrCh

high
low
mod
rnod

high

low-mod

low

low
low-mod

0.45 low low
0.48 low low
0.56 low low
0.55 low high
0.58 low nrd
0.55 low mod

low low
low low
mod low
mod low

low-mod low-mod
low-mod low-mod

0.48 mod

0.n mod-high
0.18 low

0.5-5 mod
0.36 high

0.37 high
0.39 nrod
0.26 mod-high
0.47 high
0.43 high

0.39 high
0-34 high
0.54 mod-high
0.1t mod
0.31 high
0.38 mod
0.44 low-mod
0.1 8 high
0. l0 high
0.0l high
0.06 mod
0.13 mod
0.06 high
0.01 rnod
0.37 low
0.55 mod
0.06 high

low low
low
- low

low-mod low
low
low
- trace

low
low low

low-mod low
rnoa low

low
low

low

low
low
low
low

trnce

uace
low

low
low
low

low
low

ffora Block stratigraphy)
(Kandahar Fonnation)
NEl4t 1.63
(Awhea Formation)
NEt42 4.10

(Mungaroa Member)
NEt38 2.32
(Manurewa Fonnation)
NEr37 3.84
NEI43
Whangai Formatlon

Te Uri Member
NEI I
NE2I

0.41 mod

0.40 mod
0.59 low-mod

0.28 mod
0.25 mod

0.71 mod
0.55 low-mod
0.62 high
0.35 mod

low mod

low

low low-mod

low-mod
low-mod

low

0.5 t low-mod

0.43 mod-high

0.47
0.53

low
low

low
low

low
low
low
low

Porangahau Member
NE8 l.13
NEIT |.28
NE38 t.28
NE39 3.23

t.49

L60
Lt7

0.23
0.32

0.52
0.55
0.32
0.37

mod
low

low
low
low
low



Appendix 5. Gas chromatography - mass spectrometry (GC-MS) data A5-2

Sample No. Tm/Ts

Upper Calcareous Member
NEl2 2.t7

moretaney'hopane 22Sl(225+22R)c", c
17p(H)-
TNH

BNA

low
low
Iow
mod

low-mod
high
mod

low
low
mod
low
rnod

mod
low
mod
low
low
ntot

low-mod
high
high
rnod
low

low
low

low
mod
mod
low
low

low
low
low
low
mod
low
low

low
low-mod

l7a(H)- Oleanane

Rakauroa Member
NE3 t.62
NEls r.63
NE25 L95
NEt36 2.06
NEl44 4.59

Undifferentiated
|.42
1.43
1.40
|.45
1.60
2.60
t.37

NE56 1.83
NE63 6.t6
NE65 4.56
NErzr 3.42
Tangaruhe Formation
NEg 1.26
NEro 1.56
Te Mai Formation

Q.zl mod
0.20 mod
0.14 mod
0.07 rnod
0.22 low-mod
0.22 low
0.12 mod-high

0.45 rnod
0.74 mo<l

0.50 rnod
0.48 low-mod
0.44 rnod

0.21 mod
0.30 mod-high
0.51 mod
0.46 mod
0.27 mod
0.19 mod-high
0.47 low-mod
0.35 mod
0.05 mod
0. 15 high
0.13 mod

0.30 high
0.19 mod

0.54 high
0.21 high
0.51 low-mod
0.27 low-mod
0.34 low-mod

0.39 low-mod
0.46 low-mod
0.50 low-mod
0.21 low-mod
0.55 low-mod
0.41 high
0.96 low-mod

0.41 mod
0.29 high

0.5? mod-high

0.43 mod-high
0.33 mod-high
0.58 mod
0.47 hiCh
0.51 rnod
0.28 rnod
0.40 mod
O.44 rnod

0.51 mul-high

0.58 rnod
0.34 moGhigh
0.32 high

0.57 low

0.72 low

NEI3
NE2O
NE24
NEz8
NE46
NEI 13

NEI4
NE32
NE35
NE36
NE49
NE5O
NE53

NEs I

NE52
NE59

3.19
2.t0
4.84
1.22
1.5't
4.t2

t.t2
2.7 t
| 1.40

0.48
0.57
0.57
0.47
0.96
0.68
t.82

0.26
0.57
o.22
0.40
0.34

0.47
0.20
0.32
0.29
0.35
0.84
0.31
1.32
0.42
1.20
0.07

0.42
0.44

492
1.87

0.50
0.49
0.44

0.24
0.23
0.21
0.54
0.20
5.48
0.22

0.54
0.39

0.49

0.50
0.94
0.25
t.34
0.3t
0.96
0.52
0.60

0.22

0.73
0.64
0.40

0.14

0.06

0.63

0.33
0.36
0.38
0.61
0.22
0.3 t
0.35

0.2r
0.2t
0.24
0.r7
0.31

0.31
0.20
0.20
0.18
0.23
0.60
0.27
0.28
1.09
0.40
0.48

0.21
0.26

0. l3
0.30
0.35
0.26
0.33

0.21
0. l9
0. l6
0.27
0. l6
0. l5
0. t3

0,19
0.26

0. l3

0.30
0.34
0.24
0.24
0.29
0.21
0.?6
0.26

0.21

0.37
0.3 |
0.41

0.1 I

0. l3

0.12

0.20
0. l8
0. r3
0.09
0.23
0.21
0. l3

0.38
0.22
0.38
0.58
0.54

0.23
0.2't
0.43
0.42
0.34
0.21
0.41
0.27
0.09
0.t4
0.r9

0.33
0.21

0.75
0.50
0.56
0.20
0.30

0.M
0.3"t
0.4't
0.28
0.53
0.9 |
0.52

0.51
V.JL

0.55

0.34
0.46
0.54
0.58
0.55
0.38
0.52
0,55

0.48

0.47
0.43
0.38

0.75

0.3r

0.M

trace
low

trace
low
low

low-mod
low

low
low

low-mod
low
low
Iow
low
low

low

low
low
low
low
low

trace
low

low
low
low
low
low

low
low
low
low
low
low
low
low
Iow

'1*

low
low

tmce
low
Iow

low
low

NEl24 4.02
NEt25 2.26
Glenburn Formation
NE2 1.44
NEs t.52
NE6 l.3l
NE7
NEI 17

NEI I8
NEI32
Springhill Formation
NEl34 2.05
NEI39 7.7 |
Gentle Annie Formation
NEI29 L34
Mangapokia Formation
NE42 3,24
NE64 3.t7
NE66 2.t8
NEI 19 3.26
NEl27 5.22
NEr 28 3.34
NEr35 5.28
NEl40 5.22
Taipo Formation
NE60 2.06
Undifferentiated Pahaoa Group
NEI22
NEI26

6.60
3.43

NEr33 6.08
Whatarangi Formation
NEl45 2.42
Torlesse Supergroup
NEI 14 L48

South Island stratieraohv
Waima Siltstone
NE85 1.29

IJTCC ?

Iow lrace
low lrace
low
low

low low
low low
low low
low

low-mod low
lracf
low

low
low

low

low
low
low
low
low low
low

low-mod
lowrnod

2.58
1.69
2.32
t-t2

low-mod

high
high
low
low
low
low
low
low

high

low
low
low

low

rnod

low

low
low
low

low-mod

rnod

0.33



SampleNo. Tm/Ts

Woodside Formation
NE84 2.r9
Amuri Llmestone
NE67 t.62
NE74 1.50
NE76 1.46
NE?9 1.05
NE83 r.n
NE87 t.3t
NE98 1.36
NEl00 16. r 8

NEt04 l.t9
NEl06 2.t5
V9hangai Formation

Undifferentiated
NETO
NEsO
NE8 I
NE86
Mata Series
NE68
NE69
NE77
NE78
NE97
NE99
NEIOI
NEI03
F'lags Formation
NE82 2.48
Claverley Sandstone
NEf 07 3.47
Conway Siltstone
NEl08 r.6l
Burnt Creek Formation
NE7 I
NE89

13.96
4.30

Split Rmk Forrnation
Swale Sillstone Member

NE94 4.t3
Wharfe Sandstone Member

NEgr 2.51
NE92 2.69

Ouse Member
NE93 5.79

Champagne Member
NE90 4.37
Torlesse Supergroup
NE72 5.65
NE73 t0.08
NE75 2.01
NE88 5.61
NE96 r.6l
NEr02 3.49
NEl05 t.6r

moretane/hopane 22Sl(?25+22R)
c

r7F(H).
TNE

BI{H 17a(rD- Oleanane

low
tmce

trace

for"
t":

mod

low

?low

low

fnrcc

1.70
4.62
4.40
2.02

2.31
l. t8
t.t7
t.30
2.36
7.19
1.95
4.57

0.26

0.43
0.s3
0.r7
0. l9
0.t I
0.t9
0,47
0.53
0.22
0. l9

0.80
0.84
0.52
0.33

0.23
0. l5
0. l8
0_ t4
0.64
t.72
0.78
0.38

0.39

0.93

0.29

t.23
0.19

0.38

0.26
0.28

0.27

0.25

0.78
0.35
0.34
0.37
0.t3
0.23
0.35

0.26

0.2t
0.25
0.t8
0.t8
0.r I
0.15
0.t8
0.55
0.15
0.22

o.22
0.38
0.47
0.22

0.22
o.t7
0.r3
0.r6
0. l7
0.49
0. l3
0.28

0.36

0.5-s

0.20

0.74
0.30

0.31

0.24
0.23

0.3 t

0.23

0.33
0.41
0.26
0.37
0.t5
0.23
0.t5

0.46

0.52
0.38
0.38
0.58
0.53
0.49
0.5 |
0.56
0.48
0.52

0.37
0.34
0.18
0.50

0.52
0.57
0.55
0.59
0.3 t
0. t2
0.38
0.48

0.24

0. l0

0.M

0.45
0.56

0.50

0.55
4.52

0.58

0.58

0.49
0.55
0.52
0.50
0.60
0.58
0.50

low

low
low

uace
low
low
low
low
low
low
low

0.52 mod

0.54 high
0.48 high
0.54 low
0.57 low-mod
0.59 low
0.51 mod
0.57 low-mod
0.31 low-mod
0.60 rnod
0.51 mod

0.32 low-mod
0.32 mod
0.39 mod
0.35 low

0.51 low-mod
0.55 nrod
0.75 nrod
0.59 low
0.22 mod-high
0.17 mod-high
0.30 mod-high
0.41 mod

0.29 mod

0.38 high

0.52 mod

0.33 mod
0.61 low-mod

0.22 low-mod

O.52 low
O.49 mod

0.56 low

0.56 low

0.45 rnod
0.48 low-mod
0.50 low-mod
0.35 rnod
0.58 low-mod
0.55 low-mod
0.44 nrod

low
low

Iow

low
low

low

low

low
low
low
low
low
low

low
low
low
low

low
low
low
low
mod
low
low
low

low

low

low

low
low

low

low
low

low

low

nDd
low
low
low
low
low

low

tface
lfirce
low
low
low
low
low
low
low
low

low
low
unce
low

low
low
low
low
low

low-mod
low
low

low

trace

low

?low
trace
low

?tTce

low

low

Appendix 5. Gas chromatography - mass spectrometry (GC-MS) data A5-3

Tn=l7a(H)-22,29,30-Trisnorhopane; Ts=l8c(H)-22,29,30-Trisnorneohopane; 17F(E)-TNH=l7!(E).?2r29,30.Trisnorhopane;
BNH=2E"30.Bisnorhopane; ". "=absenl



Appendix 5. Gas chromatography - mass spectrometry (GC-MS) data

Biomarker ratios determined from mlz2l7

A5-4

Sample No. 20S(20S+20R)
C2Tsteranes C2esteranes

EoFF Czy'Cle
oacr-20R

ca/czl-c,to
aao-20RCrz steranes C2q steratres

Oil seeps
Knights StrEarn
lsolation Creek
Kerosene Rock
Westcott
Tiraurnea
Okau Sueam

0.35
0.53
0.62
0.58
0.51
0.44

0.24
0.48
0.52

0.57
0.48
0.51

0.38

0.04
0.r I

0. l3
0.08

0.45
0.47
0.t2
0.1 I
0.26

0.31
0. t7
0.45
0.09
0.08
0.1 I
0.04
0.32
0.09
0.02
0.03
0. l5
0.04
0.68
0.14
0.48
0.04

0.46

0.46

0.26

0.3 |
0.41

0.07
0.r7

0.25
0.27
0.27
0.34

0.07
0.14
0.06
0.23
0.16
0.20
0.0?

0.34
0.64
0.53
0.62
0.37
0.35

0.41

0.20
0.23

0.35
0. l6

0.46
0.58
0.22
0_23

0.49

0.23
0.24
0.42
0.29
0.r9
0.40
0.r7
0.37
0.33
0.13
0. r4
0.41
0. t3
0.32
0.23
0.57
0.09

0.56

0.51

0.41
0.55

0.14
0.29

0.50
0.38
0.36
0.44

0.t4
0.1 l
0.20
0.30
0.t8
0.30
0.22

0.28
0.51
0.5 t
0.55
0.39
0.40

0.48

0.71
0.83
0.85
0.85
0.85
0.94

t.80

1.50
0.82

t.33
t.97

3.54
t.8 l
2.36
r.95
2.08

1.89
t.29
2.59
o.74
1.68
2.01
o.75
2.43
0.99
t.34
2.30
t.73
0.84
t.59
t.27
t.ll
1,23

2.06

1.46

2.41

t.88
0.45

t.73
l.9l

0.57
o.23
t.3l
r.65

1.42
1.00
|.77
|.07
2.39
t.67
0.75

0.06
0.12
0.24
0.35
0.28
0.40

0.07

0.06
0.04

0.09
0.04

0.09
0. l2
0.04
0. l4
0.05

0.t2
0.33
0.06
0.27
0.23
0.23
0.05
0.21
0.32
0.29
0. l9
0.18
0.30
0.31
0.06
0.33
0.30

0.08

low

0.04

low
0.12

0.05
0.05

0.23
0.3 t
0.07
0. l8

0.06
0.1 I
0.06
0.21
0.05
0.05
0.09

North kland stratieraphv
Miocene units
NE30 0.56
Whakataki Fomration
NE47
NEI12
Weber Formation
NEI9
NE6I
Wanstesd Formation
NEIS
NE22
NEs5
NEs8
NE62
Wnipawa Black Shale

0.3 t
0.27

o.52
0.35

0.5 r
0.41
0.40
0.35
0.46

0.34
0.35

NEf O.32

0.35
0.31

0.49
0.52
0.35
0.41
0.39

0.31
0.33
0.53
0.44
0.48
0.42
0.3l
0.34
0.46
0.35
0.23
0.50
0.t I
0.20
0.33
0.52
0.07

0.51

0.54

0.37

0.42
0.5 |

0.29
0.35

0.4 |

0.41
0.39
0.41

0.29
0.30
0.27
0.40
0.31
0.39
0.36

NE4
NEI6
NE23
NE26
NE3I
NE33
NE3?
NE4O
NE43
NE44
NE45
NE[8
NEs4
NEIII
NEI23
NEI3I

0.37
0.56
0.42
0.42
0.48
0.38
0.34
0.45
0.37
0.t2
0.48
0. l4
0.40
0.42
0.57
0.r0

(Tora Block stratigraphy)
(Kandahar Formation)
NEt4l 0.49
(Awhea Formation)
NEI42 0.50

(Mungaroa Member)
NEt 38 0.38
(Manurewa Formation)
NEI37 0.40
NEl43 0.64
Whangai Formation

Te Uri Member
NEf | 0.37
NE2l 0.48

Porangabau Member
NE8 0.38
NEIT
NE38
NE39

0.74
0.59
0.48

Upper Calcareous Member
NEl2 0.38
NEt3 0.34
NE20 0.38

NE28
o.42
0.40
0.48
0.40

NE46
NE



Appendix 5. Gas chromatography - mass spectromery (GC-MS) data A5-5

SampleNo

0.41
0.37
0.45
0.38
0.38

0.38
0.37
0.45
0.52
0.72
0.48
0.53
0.51
0.21
0.3 |
0.5l

0.41
0.43

0.55
0.63
0.55
0.47
0.54

0.75
0.72
0.53
0.50
0.54
4.62
0.25

Springhill Formation
NEt34 0.40
NEt39 0.44
Gentle Annie Formation
NEt29 0.54
Mangapokia Formation

20S(20S+20R)
Crrsteranes Crosteranes steran€s

0.45
0. l8
0.34
o.27
0.41

0.t6
0. t7
0.23
0.26
0.36
0.30
0.35
0.28
0.29
0.16
0.29

0.20
0.25

0.53
0.61
0.7 |
0.32
0.38

0.42
0.43
0.42
0.38
0.53
0.61
0.33

0.52
0.31

0.49

0.0E
0.56
0.43
0.53
0.55
0.42
0.63
0.73

0.32

0.34
0.48
0.60

0.86

0.65

0.09

steFanes

0.49
0.29
0.50
0.35
0.21

0.31
0.3r
0.35
0-35
0.48
0.40
0.47
0.38
0.39
0.35
0.48

0.37
0.34

0.52
o.42
0.33

0.34
0.31

0.46
0.38
0.43
0.49
0.50
0.44
0.M

0.n
0.37

0.52

0.t2
0.60
0.42
0.45
0.3 t
0.32
0.t9
0.31

0.39

0.33
0.46
0.38

0.46

0.59

0.26

culcz,,

1.27
0.92
2.23
3.02
0.88

2.08
l.t8
l.l7
0.59
0.5 r
2.26
0.60
2.57
t.77
r.22
2.52

2. l8
0.88

2.46
0.47
0.29
0.81
t.65

0.41
0.30
0.96
t.06
2.49
0.91
2.40

0.66
0.E9

l. l5

t.36
r.l0
0.90
0J8
0.31
0.77
o.6'l
0.43

t.3 |

0.81
0.66
0.48

0.t2

r.3 |

0.81

0.77

ca/c2?.cao
qccr-20R

0.t9
0.06
0.12
0.03
0.09

0.07
0.03
0.05
0.t0
0.07
0.05
0.08
0.03
0.16
0.06
0.04

0.05
0.05

0.04
0.07
0.06
0. l3
0.04

0.06
0.05
0.07
0.34
0.14
0.07
0.20

0.04
0.03

0.09

0.23
0. l0
0.09
0.09
0.04
0.03
0.04
0.03

0.t2

0.09
very low
very low

0.03

0.21

0.03

low

EoFF

Rakauroa Member
NE3
NEI5
NE25
NEI36
NEI44

Undifferentiated
NE14
NE32
NE35
NE36
NE49
NE5O
NE53
NE56
NE63
NE65
NEI2I
Tanganrhe Formation
NE9
NEIO
Te Mai Formation
NE5 I
NEs2
NE59
NEI24
NEI25
Glenburn Formation
NE2
NE5
NE6
NE7
NEI I?
NEI I8
NEI32

NEI2
NE64
NE66
NEI I9
NEI27
NEI28
NEI35
NEI40

0.07
0.56
0.51
0.46
0.45
0.35
0.45
0.47

0.r8
0.07
0.29
0.26
o.27

0.07
0.04
0.22
0. l9
0.25
0.20
0.27
0.t7
0.24
0.05
0.t2

0. t5
0. l0

0.40
0.15
0.35
0.25
0.10

0.23
0.t7
0.33
0.t7
0.57
0.49
0.35

0.18
0. t7

0.46

0.02
0.26
0.35
0.36
0.25
0.16
0.23
0.20

0.17

0.r5
0.r8
0.09

0.54

0.61

0.04

0.48

Taipo Forrnation
NE60 0.37
Undifferentiated Pahaoa Group
NEt22 0.35
NEl26 0.51
NEI33 0.38
Whatarangi Formation
NEl45 0.61
Torlesse Supergroup
NEt 14 0;16

South Islend stratisrrphv
Wsima Siltstone
NE85 0.30
Woodside Formation
NE84 0.56 f



Appendix 5. Gas chromatography - mass spectrometry (GC-MS) data A5-6

Sample No.

Amuri Llmestone
NE67
NE?4
NE?6
NE79
NE83
NE87
NE98
NEIOO
NEI04
NEI06
Whangai Fornration

Undifferentiated
NETO
NE80
NESI
NE86
Mata Series
NE68
NE69
NE77
NE78
NE97
NE99
NEIOI
NEI03

0.49
0.59
o.74
0.69
0.52
0.48
0.40
0.34
0.46
0.38

0.45
0.32
o.:,

0.62
0.65
0.64
0.61
0.36
0.36
0.42
0.45

Flags Formation
NE82 0.31
Claverley Sandstone
NEl07 0.42
Conway Siltstone
NEl08 0.59
Burnt Creek Forrnation
NETI
NE89
Split Rock Formation

Swale Silbtone Member
tIE94 0.43

Wharfe Sandstone Member
NE9I 0.53
NE92 0.5 |

Ouse Member
NE93 0.70

Champagne Member
NE90 0.66
Torlesse Supergroup
NE?2
NE?3
NE75
NE88
NE96
NEI02
NEI05

0. l6
0.56

0.40
0.54
0.62
0.48
0.76
0.54
0.47

0.39
0.21
0.34
0.37
0.5 r

0. l9
0.20
0.22
0.42
0.41

0.tI
0.06
0.t6
0. t3

0.14
0.41
o.27
0.53
0.24
0.04
0.14
0.4t

0.t3

0. t0

0.37

0.1 |
0.42

0.20

0.33
0.23

0.5l

0.52

0.24
0.29
0.26
0.tI
0.41
0.39
0. l8

stefanes

0.66
0.55
0.53
0.61
o.54
0.35
o.47
o.24
0.55
0.48

0.43
0.4t
0.27
0.25

0.54
0.38
0.3 t
0.46
0.38
0.35
0.37
0.36

0.55

0.43

0.43

0.21
0.73

0.45

0.23
0.45

0,47

0-49

0.42
0.46
0.43
0.33
0,42
0.2E

20S(205+20R) EoFF
steranes

0.48
0.53
0.45
0.48
0.46
0.36
0.41
0.64
0.46
0.44

0.23
0.r8
o:o

0.45
0.43
0.39
0.63
0.38
0.09
0.32
0.44

o.52

0.26

o.u

0.28
0.55

0.44

0.44
o.27

0.46

0.73

0.46
0.62
0.40
0.43
o.42
0.45
0.49

czy'cz9

l. t7
0.59
0.70
0.96
t.28
1.43
0.83
0.20
0.87
0.87

0.90
t.l5
t.09
1.24

0.67
0.80
0.77
0;t4
2.37
0.61
0.68
t.93

0.75

t.74

0.68

0.98
o.7l

0.86

t.44
0.48

0.49

0.28

o.71
0.23
0.37
0.73
0.67
0.78

c.ro/c2?-cil
c!acr-20R

0.t0
0.10

very low
0.01
low

very low
low
0.04
low
0.1I

0.07
0.06
0.04
0.08

0. t3
0.06
0.04
0. l2
0.03
0.05
0.08
0.19

o.23

0.04

0.09

o.26
0.07

0.09

0.08
0.07

0.1 |

low

0.17
0.06
0.09

very low
very low

0.05
0.06
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Appendix 6

Stable carbon isotope data

Seventeen rock and six oil samples were prepared for l3C analysis. Saturate and aromatic

fractions of rock bitumens, and an additional 'whole-oil' fraction from oil samples were

forwarded to the Waikato Stable Isotope Unit at Waikato University for analysis. l3C

determinations were carried out on a Dumas elemental analyser (Carlo Erba Analyser-

NAl500) interfaced to a stable isotope mass spectrometer (Europa Scientific

Tracermass). The samples were analysed against a laboratory standard (calibrated

relative to PDB) with the instrument automatically drift-conecting data each time it
recalibrated after every 12 samples. Instrument error is about 0.3 0 (Anjana Rajendram,

pers. comm.) but between-sample 6 error is higher as it is a combination of machine error

plus sample heterogeneity.

In fractions that had sufficient carbon for reliable results, reproducibility between the

original and repeat analyses was not good. Instrumental error was considered minimal as

the internal standards matched well (Anjana Rajendram, pers. comm.). It was also

unlikely that error was due to source rock variation because large quantities (50 g) were

used and the samples were homogenised during crushing and powdering. Peters and

Moldowan (1993) suggested secondary processes (such as laboratory fractionations) can

result in variation of sample isotopic composition and this seems to be the most likely

cause of error. Light (< Crs) hydrocarbons are enriched in l3C compared to the whole oil

and these are lost during rotary evaporation (Peters and Moldowan, 1993). If conditions

vary during this process then the isotope ratios of the samples will also vary. Another

source of error lies in the separation of saturate from aromatic fractions during column

chromatography. If the fractions are not thoroughly separated there will be

contamination of one by the other, and their isotopic compositions will be affected.

These errors were not quantified but reasonable care was taken to maintain uniform

conditions during laboratory work.



Saturate Aromatic Whole-oil Sofer Value

Oil seeps
Knights Stream
Isolation Creek
Kerosene Rock
Westcott
Tiraumea

Okau Stream

North Island stratieraphv
Miocene coal
NEI09
Waipawa Black Shale
NE23
NE45

NEIII

NEI3I
Whangai Formation

Upper Calcareous Member
NEI 13

Tangaruhe Formation
NEIO

Te Mai Formation
NE5I

NE52

Glenburn Formation
NE7

NEIIT

NEI I8

Mangapokia Formation
NE&

South Island stratieraphv
Whangai Formation
NE86
Flags Formation
NE82

Conway Siltstone
NEl08

Split Rock Formation
Wharfe Sandstone Member

NE9I

-29.32
-28.49*
-24.45
-20.94
-27.26

(no value)
-22.43

-28. l8
-26.t7
-22.r7
-20.36
-27.26*

(-23.4s)
-2t.69

-26.46

-25.03
-23.80

(-23.80)
-28.35

(-2e.20)
-2t.87

-28.13

-28.97**
(-29.28)

-28.83
(ns7)
-27.80*

(-2s.80)

-25.54
(no value)
-26.97

(-27.02)
-28.83**

(-2s.s7)

-26.64

-28.91
-26.75
-23.04
-20.91
-26.97

(no value)
-2t.64

-0.03
2.33
0.99

-3.87
-3.20

-3.05

-29.01

-27.03
-32.43*

(-26.20)
-29,32**

(-30.2 t *;
-25.00

-29.06

-28.79
(-30.89)

-32.47*
(-29.23)
-28.93**

(-2e.63)

-28.'12**
(-2g.gzx)
-28.88*

(-30.07)
-31.61**

(-28.42)

-27.91

-30.86

-29.14**
(-28.04)

-28.91x*
(-29.r3)

-29.74

3.00

t.t7
t].56
(1.80)
-0.41
(r.22)
3.05

-0.58

-3.t2
(r.s0)

6.50
(1.s4)
-0.17
(6.04)

4.3r

1.54
(4.44)
4.32

(3.4e)

-0.18

-30.69

-28.79
(-27.66)

-28.52
(-27.2s)

-28.03

- 1.71

-1.84
(-2.rr)

-t.82
(l.5s)

t.37

Appendix 6. Stable carbon isotope data A6-2

*just below minimum required carbon; ** well below minimum required carbon; repeat analyses in
brackets0. Relative to PDB.
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Appendix 7

Visual kerogen analysis (VKA)

Sixteen samples were submitted to Dr. M. J. Hannah, Geology Department, Victoria

University of Wellington, for visual kerogen analysis (VKA). Samples were chosen

specifically from the uppermost Cretaceous to Paleocene sequence which had favourable

results from TOC and Rock-Eval analyses. Samples from the Te Mai, Glenburn and

Mangapokia formations as well as Torlesse Supergroup were also included to determine

the nature of their organic matter.

Sample No. Formation Reaction with HCI

A
B

C

D

E

F

G

H

I
J

K
L
M
N

o
P

NE9

NEI5

NE23

NE27

NE43

NE46

NE5 I

NE52

NE64

NE82

NE86

NEIOS

NEl13

NEI 14

NEl17

NEI 18

Tangaruhe Fm

Whangai Fm, Rakauroa Member

Waipawa Black Shale

Whangai Fm, Rakauroa Member

Waipawa Black Shale

Whangai Fm, Upper Calc. Member

Te Mai Fm (sst. unit)

Te Mai Fm (mst. unit)

MangapokiaFm

Flags Fm

Whangai Fm

Conway Siltstone

Whangai Fm, Upper Calc. Member

Torlesse Supergroup

Glenburn Fm (sst. unit)

Glenbum Fm (mst. unit)

mlnor

minor

mlnor

IruNOT

minor



Appendix 7. Visual kerogen analysis (VKA) A7-2

Kerogen isolation

The method used for kerogen isolation, described below, was modified slightly from that

of Sparke et al. (1984), with a change to sodium polytungstate as the heavy liquid in the

flotation process (see Gregory and Johnston, 1987).

Sample preparation

Air-dried samples (c. l0 g) were gently crushed with a mortar and pestle to a maximum

3-4 mm size taking care to avoid powdering the samples and thereby destroying the

kerogen.

Carbonate removal

Ten percent HCI was added to each sample and those that reacted had more HCI added

and were left for the reaction to go to completion. Distilled water was then added and

the solution decanted to remove the calcium salts which otherwise, on the addition of

HF, would result in the precipitation of insoluble CaF2.

Removal of silica and silicates

Forty percent FIF was added to the samples which was then stirred well and left

overnight. The HF was then decanted and the samples diluted with distilled water. This

was stirred well, left for the f,rne fraction to settle and then also decanted. This process

was repeated four times to dilute remaining HF. The fine fraction of each sample were

decanted into large centrifuge test-tubes and centrifuged (2600 rpm for 5 min.). Ten

millilitres of l07o HCI was added, stirred and topped up with distilled water. This was

centrifuged (2600 rpm for 5 min.) and then decanted. The HCI is added to remove any

acid soluble fluorides which may be present.

Flotation

A prepared solution of sodium polytungstate and distilled water (S.G. 1.85 g/cm3) was

added to the samples and then stirred, centrifuged (800 rpm for 15 min.) and left

overnight to settle. Kerogen separated from the sediment by floating on the heavy liquid

which was removed by pipette. The samples were then washed in distilled water and

centrifuged (3000 rpm for 3 min.) four times to remove sodium polytungstate salt.

Slide preparation

Strewn-mount slides of kerogen (two per sample) were made using glycerol gelatin as

the mounting media.
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Appendix 8. X-ray fluorescence (XRF) spectroscopy data A8-6

Sample No.

North Island stratigranhv

TOC
(Vo)

S

Vo

0.376
0.1 65

o.2l
4.70

0.15
0.24
0.20
0.03
0.22

0.75
l.2l
0.18
4.99
t.42
3.66
1.05
2.2r
3.89
5.53
2.97
4.06
3.34
5.69
0.61
0.28
3.61

0.19

0.14

0.15

0.15
0.14

0.33
0.28

s/c

0.24
0.26

0.27
L39
0.14
2.47
0.04

o.t7
1.33

0.r0
0.30
0.1I
0.52
L33
0.84
0.29
0.r8
0.42
0.37
0.14
0.13
0.64
0.27
0.16

0.05

0.07

0.19

2.66
0.31

r.t4
0.59

1.84

2.35

2.07
1.60

t.94
2.41

1.8 l
1.45
1.20
2.04
l.65

0.97
1.60
r.67
0.82
0.65
0.90
1.40

0.93
0.84
0.76
0.94
0.90
0.73
0.68
1.50
t.t2
0.63

1.39

l.l8

l.8l

1.38

1.50

1.68
1.52

0.43
0. l3

0.18
0.27

0.28
0.2r

0.29
0.32
0.15
0.25
0.23

0.07
0.28
0.07
0.28
0.05
0.53
0.32
0.39
0. l5
0.1I
0.44
0.46
0.08
0. r3
0.08
0. l3
0.09

0.29

0.22

0.66

0.19
0.r8

0.30
0.r9

o.44
0.21

0.30
0.27

|.26
0.24

0.27
0.49
0.48
0.14
0.44

0.65
0.32
1.06
0.42
1.30
1.00
0.65
0.98
1.40
0.61
0.49
0.53
0.43
0.58
0.52
o.z7
0.30

0.17

0.43

0.50

0.29
0.38

0.56
0.67

V/Cr Ni/v U/Th

Miocene units
NE3O
NEI09
Whakataki Formation
NE47
NEI 12

Weber Formation
NEI9
NE6I
Wanstead Formation
NEIS
NE22
NE55
NE58
NE62
Waipawa Black Shale

NEI
NE4
NEI6
NE23
NE26
NE3I
NE33
NE37
NE4O
NBl3
NE44
NE45
NE48
NE54
NEIlI
NEI23
NEI3I

0.050
1.2r8

0.098
4.277

0.2,36
0.014

0.040
0.333
0.028
0.074
0.009

0.1 30
1.613
0.018
1.500
0.150
1.897
1.392
1.856
1 .143
1.014

1.250
1.501

0.466
0,757
0.389
0.076
0.576

(Tora Block stratigraphy)
(Kandahar Formation)
NEl4l 0.010
(Awhea Formation)

NEr42 0.010
(Mungaroa Member)

NEl38 0.028

Manurewa Formation)
NEl37 0.399
NEl43 0.044
Whangai Formation

Te Uri Member
NElI
NE2I

0.22
0.46

t.57
0.05

0.44
0.60

0. 15

0.29



Appendix 8. X-ray fluorescence (XRF) spectroscopy data A8-7

Sample No.

Porangahau Member
NE8
NEIT
NE38
NE39

U/ThNi/vV/CrTOC
(Vo\

S

7o

0.057
0.007
0.030
0.042

0.010

0.383
0.444
0362
0.980
0.460
0.61 l
0.791

0.016
0.565
0.1l8
0.736
0.895

0.380
0.547
0.027
0.369
0.408
0.393
0.653
0.735
1.23r
0.051
0.799

0.024
0.469

0.175
0.639
0.076
1.583
0s29

o.r47
0.503
0.299
0.548
1.080
0946
0.005

0.034
0.113

0.25
0.03
432
0.06

0.42
0.45
0.36
r.r9
0.37
0.82
0.71

0.09
0.49
0.1I
0.51

l.l3

0.44
0.63
0.19
0.40
0.84
0.93
0.68
0.78
3.50
0.41

0.76

0.32
0.40

0.72
r.52
t.t2
0.7r
0.19

0.59
0.83
0.49
0.85
0.87
1.30
0.09

0.24
0.27

0.06

s/c

0.23
0.23
0.09
0.70

0,91

0.99
l.0l
0.82
1.24

0.75
l.l I

0.l8
l.l5
1.07

1.44

0.79

0.86
0.87
0.14
0.92
0,49
0.42
0.96
o.94
0.35
o.t2
r.05

0.08
t.t7

0.24
0.42
0.07
2.23
4.89

0.25
0.61
0.61

0.64
t.24
0.73
0.06

0.14
0.42

0. l7

t.42
t.37
1.59

1.86

1.68

1.45

1.84
0.92
1.87

t.r7
r.l8

1.90

L63
1.88

1.62

l.5 t

1.70
1.21

l-55
2.18
r.26
1.36

1.36
1.89

0.90
1.66

1.66

t.64
1.50

2.39
2.25
2.27
t.43
1.24

1.84

1.93

t.79
2.00
r.64
1.78

t.67

2.09
2.32

l.8l

0.54
r.38
0.34
0.29

0.33
0.36
0.32
0.34
0.33
0.28
0.28

0.l8
0.36
0.20
0.30
0.29

0.37
0.36
0.05
0.17
0.47
0.26
0.31
0.14
0.60
0.06
0.29

0.r2
0.26

0.19
0.10
0.22
0.56
0.2't

0.26
0.24
0,32
0.26
0.31
0.30
0.22

o.2l
o.2l

0.r9

0.33
0.34
0.s 1

0.46

0.67
0.83
0.42
0.51
0.69
0.35
0.52

0.51
0.60
0.46
0.62
0.24

0.86
t.o2
0.93
0.24
4.44
0.42
0.30
0.30
0.51
0.33
0.38

0.40
0.47

4.26
0.23
0.23
0.25
0.28

o.23
0.23
0.30
0.33
0.27
0.22
o.2l

0.20
0.t7

0.47

Upper Calcareous Member
NEI2
NEI3
NE2O
NE24
NE28
NE46
NEI 13

Rakauroa Member
NE3
NEI5
NEz5
NEI36
NEI44

Undifferentiated
NEI4
NE32
NE35
NE36
NB{9
NE5O
NE53
NE56
NE63
NE65
NEI2I
Tangaruhe Formation
NE9
NEIO
Te Mai Formation
NE5I
NE52
NE59
NEI24
NEI25
Glenburn Formation
NE2
NE5
NE6
NE7
NEI 17

NEIIS
NEI32
Springhill Formation
NEI34
NEI39
Gentle Annie Formation
NEI29



Appendix 8. X-ray fluorescence (XRF) spectroscopy data A8-8

Sample No.

Pahaoa Group
NE42
NE6O
NE64
NE66
NEI19
NEI22
NEI26
NEI27
NEI28
NEI33
NEI35
NEI4O
Whatarangi Formation
NEI45
Torlesse Supergroup

NEI 14

TOC
(Vol

S

7o

s/c V/Cr Ni/v U/Th

South Island stratieraphv
Waima Siltstone

NE85 0.525
Woodside Formation
NE84
Amuri Limestone
NE67
NE74
NE?6
NE79
NE83
NE87
NE98
NEIOO
NEI04
NEI06
Whangai Formation
NETO
NESO

NESI
NE86
Mata Series

NE68
NE69
NE77
NE78
NE97
NE99
NEIOI
NEI03
Flags Formation
NE82
Claverley Sandstone

NEIOT

0.024
0.026
0.423
0.024
0.032
0.1r3
0.083
0.427
0.092
0.067
0.048
0.06t

0.039

0.064

0,027

0.046
0.032
0.0r8
0.026
0.034
0.033
0.060
0.056
0.069
0.212

0.636
0.691
0.565
0.358

0.004
0.0r9
0.057
0.005
0.516
1.372
0.053
0.005

0.088

1.322

0.06
0.05
1.54

0.10
0.07
0.40
0.35
0.08
0.29
0.26
0.r5
0.24

0.19

0.r9

0.4r

0.06

0.16
0.08
0.07
0.04
0.06
0.03
0.05
0.09
0.11

0.09

0.51

0.48
0.46
0.49

0.14
0.04
0.03
0.27
0.96
0.69
0.24
0.13

0.52

0.39

0.40
0.52
0.27
0.24
0.46
0.28
0.24
0.34
0.32
0.26
0.32
0.25

0.2r

0.34

3.02
3.80
2.37
2.90
2.25
t.90
2.24
2.25
2.t3
2.38
2.t2
2.22

2.13

1.98

|.67

l.50

I,M
1.48

1.44
t.46
1.53

r.97
t.34
1.70

r.79
t.74

1.66
l.7l
r.75
l.62

r.92
1.70
1.95

2.06
1.65
t.7 |
2.28
1.85

1.57

1.86

0.14
0.13
0.r2
0.t7
0.r9
0.22
0.20
0.18
0.22
0.19
0.22
0.21

0.16

o.22

0.28
0.25
0.29
0.23
0.36
0.t2
0.19
0.21
0.22
o.24
0.23
0. l6

0.14

0.19

t.28

0.45

0.29
0.40
0.26
0.65
0.57
l.l0
r.20
0.62
0.63
2.36

t.25
t.44
|.23
0.73

0.03
0.48
1.90

0.02
0.54
1.99

0.22
0.04

0.17

3.39

0.35

0.27

0.52
1.06
0.64
o.76
l.l4
0.62
0.70
0.46
0.45
0.57

0.29
0.M
0.34
o.23

0.24
0.92
0,06
0.19
0.20
0.15
o.2l
0.18

0.22

0.10

0.64

0.07

0.15
-0.08
0.30
0.67
-0.r2
0.63
0.05
-0.07
0.55
0.33

0.37
0.52
0.36
0.49

0.20
0.46
l.38
0.20
0.45
o.29
0.19
0.30

0.31

0.44



Appendix 8. X-ray fluorescence (XRF) spectroscopy data A8-9

SampleNo.

Conway Siltstone

NElO8
Burnt Creek Formation
NETI
NE89
Split Rock Formation
NE9O
NE9I
NE92
NE93
NE94
Torlesse Supergroup

s
Vo

TOC
(Vo)

s/c V/Cr Ni/v U/Th

0.537

0.t94
0.008

0.037
0.081

0.r l9
0.069
0.087

0.55

0.41

0.25

0.39
0.4r
0.29
0.38
0.33

0.37
0.45
0.40
0.35
0.34
0.26
0.26

0.98

0.47
0.03

0.09
0.20
0.41
0.18
0.26

0.35
0.05
o.37
0.36
0.03
0.10
0.03

1.62

1.60
r.79

1.78

2,01

t.50
t.86
r.92

1.96
1.85

2.07
2.10
t.96
2.26
2.24

0.07

0.30
0.26

0.25
0.19
0.28
0.24
0.21

o.2l
0.22
0.22
0.21
4.23
0.18
0.19

0.30

0.19
0.22

0.27
0.r9
0.24
0.19
0.22
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Appendix 9

I GC-MS data: mlz 191 and 217 mass chromatograms

Oil seeps
Knights Stream oil
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5A !g 69_ e? B. 98 69 76 72trm (iri- t
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Kerosene Rock oil
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z. aE.l
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Tiraumea oil
!.^ l3t.AO .fru, t.on v3!NEleA

Okau Stream oil

Iod 19t.6O.fre. a.on V3:NEt36

Appendix 9. GC-MS datz: mlz 191 and 217 srass chromatogranrs

Oil seeps continued
Westcott oil
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Appendix 9. GC-MS data: mlz 191 and 217 mass chromatograms

Miocene units continued

A9-3
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Appendix 9. GC-MS data: mlz 191 and 217 mass chromarograms

Weber Formation continued

A9-4

lo6 2lr.OA .ru. ?ron V3rNeEl:ot lSl.AA.mu. fFoh V3:NESI

Wanstead Formation
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Appendix 9. GC-MS data; mlz 191 and 217 mass chromatograms

Wanstead Formation continued
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Appendix 9. GC-MS datz: mlz l9l and 217 mass chromarograms

Waipawa Black Shale continued
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Appendix 9. GC-MS data: mlz 191 and 217 mass chromarograms

Waipawa Black Shale continued
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Appendix 9. GC-MS data: m|z 191 and 217 mass chromatograms

Waipawa Black Shale continued
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Appendix 9. GC-MS data:. mlz 191 and 217 mass chromatograms

Waipawa Black Shale continued

lo^ l9 I . Ag .nu. f.o6

!o^ lSl.AO.is. fFoil v3:NElZ3
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(Kandahar Formation)
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Appendix 9. GC-MS data: mJz 191 and 217 mass chromatograms

(Awhea Formation)
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Appendix 9. GC-MS data; mlz 191 and 217 mass chromarograms

Whangai Formation
Te Uri Member
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Appendix 9. GC-MS data: m/z 191 and 217 mass chromatograms

Porangahau Member continued
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Appendix 9. GC-MS data: mlz 191 and 217 mass chromatogrilms

Upper Calcareous Member continued
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Appendix 9. Gc-Ms data:mlz 191 and 217 mass chromatograms A9-14

Upper Calcareous Member continued
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Appendix 9. GC-MS data: mlz 191 and 217 mass chromatograms

Rakauroa Member continued
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Appendix 9. GC-MS data: mlz 191 and 217 mass chromatograns

Undifferentiated Whangai continued
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Appendix 9. GC-MS data:mlz 191 and 217 mass chromarograns

Undifferentiated Whangai continued

A9-17

lon 2l7.aO rhu. fro6 V3!NE53

s5 58 eO 62 6. 66 6g 7d

lo^ 2l2.aA @. tFoi V3tN€38

lon 2l2.QQ .@. trcr V3rNE63

Ion Zl2,OA !6u. froh v3!NEgS

ton tSl.AO .e. t.oa V3:NE63

e.aEa

7 .4E4

6. Oe.
a

ls . aer
!
c4. ae4

G3. aE{

a,aE.



Appendix 9. GC-MS data: mlz 191 and 217 mass chromatograms A9-18

Undifferentiated Whangai continued
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Appendix 9. GC-MS data: mlz 191 and 217 mass chromatograms

Te Mai Formation continued
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Appendix 9. GC-MS data: mlz 191 and 217 mass chromarograms

Glenburn Formation
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Appendix 9. GC-MS data: m/z 191 and 217 mass chromatograms

Glenburn Formation continued
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Appendix 9. GC-MS data: m/z 191 and 217 mass chromatograns A9-22

Springhill Formation continued
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Appendix 9. GC-MS data: mlz 191 and 217 mass chromatograms

Mangapokia Formation continued
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Appendix 9. GC-MS data: mlz 191 and 217 mass chromarograru

Mangapokia Formation continued

A9-24
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Appendix 9. GC-MS data: rn/z 191 and 217 mass chromatograrns

Undifferentiated Pahaoa Group continued
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Appendix 9. GC-MS data: mlz 191 ancl2lT mass chromatograms

South kland stratigraphy
Waima Siltstone
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Appendix 9. GC-MS data: mlz 191 and 217 mass chromatograms

Amuri Limestone continued
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Appendix 9. GC-MS data: m/z 191 and 217 mass chromatograms

Amuri Limestone continued
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Appendix 9. GC-MS data: mlz 191 and 217 mass chromarograrns

Whangai Formation
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Appendix 9. GC-MS data:.mlz 191 and 217 mass chromatograms

Mata Series
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Appendix 9. GC-MS dara: mlz 191 and 217 mass chromatograms

Mata Series continued
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Appendix 9. GC-MS data: mlz 191 and 217 mass chromatograms

Flags Formation

Claverley Sandstone
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Appendix 9. GC-MS data:mlz 191 and 217 mass chromarograms

Burnt Creek Formation continued
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Appendix 9. GC-MS data: m/z 191 and 217 mass chromar,ograms

OuseMember
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Appendix 9. GC-MS data: mlz 191 and 217 mass chromatograns

Torlesse Supergroup continued
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Triterpanes
A l8a(H)-22,29,3}-Tisnorneohopane(Ts)
B 11u(H)-22,29,30-Trisnorhopane(Tm)
C l7a(H),21p(H)-30-Norhopane
Ts lScr(H)-30-Norneohopane(CleTs)
D l?B(H),2lcr(H)-30-Norhopane(Norrnortane)
E l7c(H),21p(H)-Hopane
F l7p(H),214(H)-Moretane
c,H l7a(H).218(H)-30-Homohopane (22S,22R)

I,J l7s(H),218(H)-30,31-Bishomohopane(22S,22R)
K,L l7a(H),21P(H)-30,3 1,32-Trishomohopane (2?5,22P.)

M 28,30-Bisnorhopane
N 17p(H)-22,29,30-Trisnorhopane
O Oleanane

X I7q,(H)-Diahopane (Cotnpound X)

BB l7F(H),21p(H)-30-Norhopane
Gam Gammacerane

Steranes
I l3p(H),l7cr(H)-Diacholesrane(20s)
2 I3P(H),l7ct(H)-Diacholestane(20R)
3 z4-Methyl-13p(H),174(H)-diacholestane(20S) (24S+R)

4 24-Methyl-l3F(H),17g(H)-diacholestane (20R) (24S+R)

5 z{-Ethyl:l3F(H),l7ct(H)-diacholestane (20S)(coeluting)

6 z4-Ethyl-l3p(H),l7ct(H)-diacholestane (20R) (coeluting)

7 5ct(H),l4ct(H),174(H)-Cholestane (20S)

8 5a(H),14p(H),178(H)-Cholestane(20R)
9 Scr(H),148(H),17p(H)-Cholestane(20S)
10 5a(H),14cr(H),l7cr(H)-Cholestane (20R)

l1 24-Methyl-5cr(H),l4ct(H),17u(H)-cholestane (20S)

12 24-Methyl-5u(H),148(H),17p(H)-cholestane(20R)
t3 24-Merhyl-5s(H),14F(H),l7Bfi)-cholestane (20S)

14 24-Methyl-54(H),14tr(H),l7ct(H)-cholestane (20R)

15 24-Ethyl-5o(H),14d(H),17a(H)-cholestane (20S)

l6 24-Ethyl-5u(H),14F(FD,l7F(H)-cholestane (20R)

17 24-Ethyl-5cr(H), l4F(H), I 7B(H)-cholestane (20S)

II 24-Ethyl-5cr(H),l4cr(H),l7s(H)-cholestane (20R)

l9 24-Ethyl-5B@),14a(H),l7cr(H)-cholesrane (20R)
+ C"^ Steranes

Biomarker identification of triterpanes and steranes.
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