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Abstract

The rhenium-osmium (Re-0Os) isotope system has been applied to several marine and
lacustrine petroleum systems worldwide, showing good potential for dating crude oils
and correlating them to their source rocks. Here we explore the applicability of the Re-
Os geochronometer and Os isotope fingerprinting to terrestrial oils by comparing the
Re and Os systematics of Late Cretaceous terrestrial oils from Taranaki Basin, New
Zealand, and their correlated coaly source rocks. Comparison is also made with
selected Late Cretaceous—Paleocene marine oils and source rocks with varying levels

of terrestrial organic matter input.

The asphaltene fractions of nine genetically related terrestrial oils from the Maui,
Maari-Manaia and Tui Area fields in offshore Taranaki Basin contain low
concentrations of Re (0.18-0.45 ppb) and '°?Os (1.3-12.7 ppt) comparable to their
correlated Late Cretaceous coaly source rocks (Rakopi and North Cape formations;
Re 0.19-0.37 ppb, '%20Os 5.3-9.6 ppt). The Re and '°2Os concentrations in these
terrestrial oils are generally one to two orders of magnitude lower than those in marine-
sourced oils from the Kora Field in offshore Taranaki Basin and surface seeps in East

Coast Basin.

The '8"Re/'880s and '80s/'880s ratios of the terrestrial oils failed to yield a precise
Re-Os isochron age. We attribute this to: (1) insufficient homogenisation of oils with
widely variable initial '870s/'880s (Osi) values inherited from thick, coaly source rock
intervals (up to about 2700 m) within the Maui sub-basin and northern Kahurangi
Trough kitchens; (2) insufficient spread of '8’Re/'®Q0s values (only 275 units); (3)
insufficient time since oil expulsion (modelled to be from approximately 10 Ma to the
present day) for the evolution of an isochron; and (4) possible effects of water washing

of the oil columns. Although all of the studied oils are water-washed to varying



48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

degrees, there is no definitive evidence that water washing has disturbed the Re-Os

systematics.

The Osi values for the studied terrestrial oils inherited at the modelled time of oll
expulsion (approximately 10 Ma) display a wide range (0.47-1.14) and do not provide
a unique fingerprint of their Late Cretaceous coaly source rock formations. Osmium
isotope compositions therefore appear to have limited potential for broad oil-source
rock correlation within the predominantly coal-sourced petroleum systems of Taranaki
Basin. The Osj values may, however, provide useful distinction of the terrestrial oils
emanating from the Kahurangi Trough (Tui Area oils) from those of the Maui sub-basin
(Maui and Maari-Manaia oils) based on the significantly more radiogenic values of the
Tui Area oils (0.84—-1.14 compared with 0.47-0.65 from Maui and Maari-Manaia oils).
Overall, this study has provided useful insights into the potential application of the Re-

Os isotope system to terrestrial, coal-sourced petroleum systems.

Keywords

Re-Os isotopes; terrestrial oils; marine oils; seeps; coaly source rocks; Taranaki Basin;

East Coast Basin; New Zealand

1. Introduction

The Re-Os isotope system has been shown to provide accurate and precise
depositional ages for both marine and lacustrine organic-rich mudrocks (e.g., Cohen
et al., 1999; Xu et al., 2009; Cumming et al., 2012; Liu et al., 2018; Tripathy et al.,
2014; Rotich et al., 2020). Prerequisites for valid ages are: 1) the Re-Os isotope

systematics must remain a closed system, 2) the initial '8’Os/'®0s (Osj) compositions
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of all samples must be similar, and 3) there must be a sufficient spread in '®’"Re/'®0s
ratios to define an isochron (Cohen et al., 1999; Cumming et al., 2012). Additionally,
studies of natural systems and hydrous pyrolysis experiments have shown that Re
and Os are transferred from source rocks to bitumen to oil without significant
fractionation, and without significantly affecting Re-Os systematics and Os isotopic
composition of the source rock (Selby et al., 2007; Finlay et al., 2012; Rooney et al.,
2012; Cumming et al., 2014). Accordingly, the Re-Os geochronometer and Os isotope
fingerprinting have shown promising potential both for dating crude oils in marine and
lacustrine petroleum systems and for correlating oils to their source rocks (Selby and
Creaser, 2005; 2007; Finlay et al., 2011; 2012; Lillis and Selby, 2013; Cumming et al.,
2014; Georgiev et al., 2016; 2019; Ge et al., 2018; Liu et al., 2018; Corrick et al., 2019;
Scarlett et al., 2019; Meng et al., 2021). However, it remains uncertain exactly which
event is being dated. Some studies have linked crude oil Re-Os isochron ages and
1870s/1880s compositions to the timing of oil generation (e.g., Finlay et al., 2011;
Cumming et al., 2014; Liu et al., 2018), whereas others have linked them to both oil
generation and migration (e.g., Lillis and Selby, 2013; Ge et al., 2016; 2018) or oil
emplacement (Selby and Creaser, 2005), as identified independently by other age
estimation techniques, such as basin modelling and paleomagnetic and radiometric
dating (Ar-Ar, U-Pb, Rb-Sr) of hydrocarbon-bearing fluid inclusions and mineral
deposits (Christensen et al., 1995; Symons and Arne, 2003; Mark et al., 2010; Lillis

and Selby, 2013; Ge et al., 2016; 2018).

The lack of clarity on the event being dated can be attributed to the significant gaps in
existing knowledge of the geochemical behaviour and mechanisms that control
fractionation of Re and Os in petroleum systems, especially the homogenization of Os
isotope composition. For Re-Os hydrocarbon geochronology to work, a complete reset

of the isotopic system must happen either during generation, migration or
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accumulation, and the system must remain closed throughout subsequent geological
time. Most Re-Os hydrocarbon dates obtained so far are not precise enough to clearly
distinguish the exact process being dated. Hydrous pyrolysis experiments simulating
hydrocarbon generation (Rooney et al., 2012; Cumming et al., 2014) show that, at a
local scale, this process is capable of homogenising osmium isotopes as well as
fractionating Re/Os ratios, the two conditions necessary for development of an
isochron. Experiments have also been conducted to assess the effects of sequential
precipitation of asphaltenes on fractionation of Re/Os ratios during migration and
charging of oil into reservoirs (Mahdaoui et al., 2013; DiMarzio et al., 2018; Liu et al.,
2019). Results show that this process does not appreciably perturb the Re-Os
geochronometer, especially when the precipitation of asphaltene is minimal.
Interaction of crude oil with formation water and hydrothermal fluids is another
potential mechanism that can reset the Re-Os geochronometer as has been shown
by oil-water contact experiments (Mahdaoui et al., 2015; Hurtig et al., 2019) and
reported in natural systems (Finlay et al., 2010). The oil-water contact experiments
reveal that Re and Os can readily transfer from aqueous solutions to oils, especially
at high water-oil ratios. Thermal cracking is another process that may reset Re-Os
isotope systematics in crude oils, resulting in oil isochrons that record the timing of
thermal cracking (production of dry gas and pyrobitumen), rather than generation or
migration of oil (Lillis and Selby, 2013; Ge et al., 2016). Similarly, thermochemical
sulfate reduction (TSR) has been shown to have caused a reset of the Re-Os
geochronometer in oils from the Bighorn Basin, USA, yielding a Re-Os date of 9.24 +
0.39 Ma, which coincides with the proposed end of TSR as a result of reservoir cooling

caused by uplift and erosion at around 10 Ma (Lillis and Selby, 2013).

The comprehensive studies of the Eocene lacustrine Green River Formation source

rocks (Cumming et al., 2012) and their derived oils, tar sands and gilsonite deposits
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(Cumming et al., 2014) further highlight some of the challenges and uncertainties in
Re-Os dating of petroleum systems. While the oils and gilsonite deposits returned
Middle Eocene Model 3 isochron ages of 45 + 31 Ma and 45 £ 42 Ma, respectively,
consistent with the range of Re-Os and Ar-Ar depositional dates for the Green River
Formation (45.4-50.1 Ma; Cumming et al., 2012), regression of all the samples (oils,
gilsonites and tar sands) yielded an isochron age of 19 + 14 Ma, broadly consistent
with a petroleum generation age of ~25 Ma derived from basin models. The large
uncertainties in the Re-Os ages of the various petroleum deposits were attributed
mainly to very low Os abundances, limited spread in measured '®’Re/'®80s and
187Qs/1880s ratios, and wide variation in initial '8’0Os/'80s compositions, the latter
exacerbated by multiple generation events occurring through a ~3000 m-thick source

rock unit (Cumming et al., 2014).

The applicability of the Re-Os isotope system to date and trace crude oils derived from
terrestrial (coaly) source rocks has not yet been tested. Terrestrial petroleum systems
rarely attain the levels of Osi homogeneity commonly seen in marine petroleum
systems. This is because the source materials for terrestrial source rocks (i.e., detrital
silicates and plant debris) have been shown to exhibit heterogeneous Os isotope
compositions (Rodushkin et al., 2007; Goswami et al., 2018), and were deposited in
bogs or mires far smaller and more restricted than depocenters in the open ocean.
Such depositional settings prevent complete mixing and homogenisation of the Os
isotope signature before sequestration. Recent studies have indeed provided
evidence of heterogeneous initial '8’Os/'®0s ratios in coaly source rocks (Goswami
et al., 2018; Rotich et al., 2021). Such variable initial '8’Os/'®0s ratios may be
transferred to crude oils during maturation, potentially hindering the application of Re-
Os geochronology to terrestrial oils. However, the processes that homogenise Os

isotopic composition in marine and lacustrine crude oils, such as primary migration
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(Selby and Creaser, 2005), should also apply to coal-sourced oils. In addition, the Os
isotopic compositions of these oils may prove useful for oil-source correlation,
provided estimates of oil expulsion dates are available through other means, such as

basin modelling.

In this study, we explore the possibility of using the Re-Os isotope system to date and
trace selected terrestrial oils from offshore Taranaki Basin, New Zealand (Figs 1, 2).
These oils have been confidently typed to Late Cretaceous coaly source rocks of the
Rakopi and North Cape formations using biomarker compounds (Killops et al., 1994;
Sykes et al., 2012; Sykes, 2019). Using results of a previous study of the Re-Os
systematics of these source rocks (Rotich et al., 2021) allows us to also assess the
potential of Os isotope fingerprinting to correlate terrestrial oils to their source rocks.
Further, we investigate the effects of terrestrial organic matter input on the Re-Os
isotope system by comparing the Re-Os results for these coal-sourced oils with those
for two families of marine oils that differ in their levels of terrestrial organic matter input.
The highly distinctive marine oils from the Kora-1 well in northern offshore Taranaki
Basin (Fig. 1) are sourced from organic-rich mudstones of the late Paleocene, marine
Waipawa Formation (Killops et al., 1994; Sykes et al., 2012), which are very rich in
transported terrestrial organic matter (e.g., Schigler et al., 2010; Field et al., 2018;
Naeher et al., 2019). In contrast, the marine seep oils of the northern and southern
regions of onshore East Coast Basin (Fig. 1) are more typical marine oils characterised
by little terrestrial organic matter input. These seep oils are from an as-yet unknown
source, but have biomarker and carbon isotopic characteristics similar to those of the
Late Cretaceous—Paleocene Whangai Formation (Murray et al., 1994; Killops, 1996;
Rogers et al., 1999; Sykes et al., 2012). The Re-Os isotope systematics of Waipawa

and Whangai Formation mudstones have previously been characterised (Rotich et al.,
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2020), enabling comparison of the Kora-1 and East Coast Basin seep oils with these

source rocks.
2. Geological setting

New Zealand crude oils (including gas condensates) have been grouped into five
genetic tribes and 11 families based on chemometric analysis of source-related
biomarker and carbon isotope parameters (Sykes et al., 2012). Nine families of
terrestrial oils are distinguished mainly by their relative inputs of angiosperm-,
gymnosperm- and total higher plant-derived organic matter to the source kerogen, as
well as the degree of marine influence within the coal-forming depositional
environment. The two marine oil families are distinguished primarily by their carbon
isotope signatures and Cso sterane contents (Killops et al., 1994; Murray et al., 1994;
Killops, 1996; Rogers et al., 1999; Sykes et al., 2012). This study investigates oil
accumulations in Taranaki Basin correlated to Late Cretaceous terrestrial source rocks
(Family 11) and late Paleocene, marine Waipawa Formation source rocks (Family 41),
as well as seep oils in East Coast Basin (Family 42) with source characteristics similar

to the Late Cretaceous—Paleocene, marine Whangai Formation (Figs. 1, 2).
2.1. Taranaki petroleum systems

Taranaki Basin is the only oil and gas producing basin in New Zealand, with estimated
ultimate recoverable reserves of 600 million barrels of oil and condensate and 8.7
trillion cubic feet of gas (MBIE, 2020). The basin covers approximately 330,000 km?
both onshore and offshore along the west coast of New Zealand’s North Island (Figs.
1, 2) and comprises up to 10 km of mid-Cretaceous to recent sedimentary rocks (King
and Thrasher, 1996). The main petroleum source rocks are mid-Cretaceous—Eocene
coal measures deposited in extensive coastal plain environments. These source rocks

were buried to depths sufficient for oil and gas generation and expulsion in the
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Neogene (King and Thrasher, 1996; Kroeger et al., 2016). Commercial petroleum
accumulations have been encountered at every stratigraphic level from the Paleocene
to Pliocene (King and Thrasher, 1996). Most accumulations are trapped in fault-related
anticlines that formed in the last 30 to 40 Myr in response to compression associated
with subduction of the Pacific Plate to the east of New Zealand (King and Thrasher,
1996; Stagpoole and Nicol, 2008; Reilly et al., 2016; Seebeck et al. 2019; Kroeger et

al., 2021).

There are currently 17 producing oil and gas-condensate fields in Taranaki Basin, both
on- and offshore (MBIE, 2020). The Family 11 oils studied here are from the offshore
Maui, Maari-Manaia and Tui Area fields (Fig. 2), and all have high contents of
gymnosperm plant-derived biomarkers that link them to Late Cretaceous coaly rocks
of the Rakopi and North Cape formations (Killops et al., 1994; Sykes et al., 2012;
Sykes, 2019). These coaly rocks span a wide range of total organic carbon (TOC)
from <1% to about 80% and hydrogen index (HI) values are mostly in the range of
200—450 mg HC/g TOC (Sykes and Zink, 2018), indicating high quality, mixed gas-
and oil-prone to oil-prone kerogen (classification of Peters and Cassa, 1994). Regional
geological models and seismic facies maps indicate these source rocks are present in
depocenters of the Maui and Pihama sub-basins to the east, and the Kahurangi
Trough to the west (Funnell et al., 2001; 2004; Matthews, 2008; Kroeger et al., 2016;
2021; Fig. 2). Late Cretaceous strata within these depocentres are up to c. 2700 m
thick (Seebeck et al., 2019) and are modelled to have been generating and expelling
significant quantities of oil and gas from the Late Miocene to the present (Killops et al.,
1994; Funnell et al., 2004; Harrison et al., 2013; Kroeger et al., 2016; Pierpont et al.,
2017). These hydrocarbons are trapped in Paleocene—Miocene, stacked terrestrial
and marine sandstone reservoirs, commonly referred to as the F, D, C and B sands

(King and Thrasher, 1996; Funnell et al., 2004). The Paleocene F sands (within the
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Farewell Formation) and Early Eocene D sands (Kaimiro Formation) were deposited
in nearshore, paralic and fluvio-estuarine environments (Higgs et al. 2012). The
Middle-Late Eocene C sands (Mangahewa Formation) consist of coastal plain,
shoreface, tidal channel and inner shelf sediments, whereas the Middle Miocene B
sands (Moki Formation) comprise basin floor, slope turbidite and channel sandstones

(King and Thrasher, 1996; Funnell et al., 2004; Higgs et al. 2012; Kroeger et al. 2019).

In the northern part of Taranaki Basin, sub-commercial oil accumulations were
discovered in the Kora-1 well that was drilled to target a Miocene-aged submarine
volcano (King and Thrasher, 1996; Brett, 2005; Bischoff et al. 2021, Kroeger et al.,
2022). These oils are assigned to Family 41 and are geochemically correlated with the
late Paleocene Waipawa Formation whose organic matter is derived from both
terrestrial higher plants and marine algae (Reed, 1992; Killops et al., 1994; Murray et
al., 1994; Killops, 1996; Clayton, 2011; Sykes et al., 2012; Naeher et al., 2019). The
Waipawa Formation is primarily gas-condensate-prone on account of its large
proportion of terrestrial organic matter, dominated (66—-98%) by woody phytoclasts
(Naeher et al., 2019). Nonetheless, its strong geochemical correlation with the Kora
oils and a number of oil seeps and stains in the southern Hawke’s Bay to Wairarapa
region of East Coast Basin (Fig. 1) indicates some oil potential, presumably from
subordinate contributions of marine, algal-derived kerogen. The two principal reservoir
units in the Kora Field are the Eocene Tangaroa Formation, which comprises deep-
water submarine fan sandstones, and volcaniclastic rocks intercalated in the Miocene

Mohakatino Formation (Reed, 1992; Brett, 2005; Bischoff et al. 2021).
2.2. East Coast Basin petroleum systems

East Coast Basin is located both on- and offshore along the eastern margin of North

Island and northeastern South Island, covering about 120,000 km? (Fig. 1). The basin
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has numerous onshore oil and gas seeps and stains indicating the presence of active
petroleum systems (Field et al., 1997). Late Cretaceous—Paleocene carbonaceous
mudstones of the marine Whangai and Waipawa formations have been identified as
the most promising source rocks, although no commercial accumulations of oil or gas
linked to either formation have yet been discovered in the basin (Field et al., 1997,
Hollis and Manzano-Kareah, 2005). The Waipawa Formation has a maximum known
thickness within the basin of c. 80 m and has relatively high TOC contents, averaging
3.6 wt.% (n=99), and moderate HI values, averaging 245 mg HC/g TOC (n=87; Hollis
and Manzano-Kareah, 2005; Field et al., 2018). These values indicate very good
potential for mixed oil and gas. The formation appears thermally immature to
marginally mature throughout at least the onshore part of the basin (Moore, 1989; Field
et al., 1997; Hollis and Manzano-Kareah, 2005), where it has been geochemically
linked to minor oil seeps and stains assigned to Family 41 in the southern Hawke’s
Bay and Wairarapa regions (Fig. 1, Murray et al., 1994; Killops, 1996; Rogers et al.,
1999). Both the Waipawa and Whangai formations are, however, modelled to have
higher thermal maturities offshore, in the Hikurangi subduction margin (Kroeger et al.,

2015).

The Whangai Formation is up to c. 1500 m thick and appears to have generally poor
to fair potential for gas only (Hollis and Manzano-Kareah, 2005). Overall, Whangai
Formation carbonaceous mudstones have mean TOC and HI values of 0.56 wt.%
(n=284) and 159 mg HC/g TOC (n=188), respectively, although individual values are
as high as 1.7 wt.% and 377 mg HC/g TOC (Hollis and Manzano-Kareah, 2005).
Multiple seep oils in the Raukumara Peninsula and Marlborough regions of the
northern and southern onshore East Coast Basin (Fig. 1), respectively, including the
Waitangi and Kaikoura seep oils studied here, are assigned to Family 42, with source

organofacies characteristics similar to those of the Whangai Formation (Rogers et al.,
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1999; Sykes et al., 2012). However, given the generally low oil potential of this
formation, it remains uncertain whether these oils were sourced from an as-yet-
undiscovered oil-prone organofacies within the Whangai Formation or from a
separate, as-yet-unknown Cretaceous formation with similar source organofacies

characteristics.

3. Samples and methods

3.1. Oil samples

3.1.1. Origin of samples

Thirteen oil samples representative of the coal-sourced Family 11 and marine-sourced
families 41 and 42 were selected from a collection of oils held at GNS Science, Lower
Hutt, and the National Core Store, Featherston, New Zealand (Table 1). The nine
Family 11 oils are from the Maui, Maari-Manaia and Tui Area fields, which are spread
over c. 75 km across the offshore Taranaki Basin (Fig. 2). The Maui and Tui Area oils
are from the Paleocene and Eocene F and D sands reservoirs, whereas the Maari-
Manaia oils are from the much shallower, Miocene B sands reservoir. The Tui Area
fields consist of three separate, c. 10-12 m thick oil accumulations, forming the
Pateke, Amokura and Tui pools (Fig. 2), all within the same F10 sand. These pools
represent a fill-spill chain shallowing to the south (i.e. from Pateke to Tui) over a lateral
distance of c. 10 km (Matthews et al., 2008). The Maui B well oil sample is also from
the F sands, whereas the Maui-1 well oil is from the D sands. The marine Family 41
oils are from the two different reservoirs penetrated in the Kora-1 discovery well in
northern offshore Taranaki Basin (Fig. 1; Reed, 1992). The Kora-1(A) oil is from the
Eocene Tangaroa Formation sandstone reservoir whereas the Kora-1(B) oil is from
the Miocene Mohakatino Formation reservoir comprising volcaniclastic sediments.

The marine Family 42 oil samples are from the Waitangi and Kaikoura surface seeps
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in the Raukumara Peninsula and Marlborough regions of northern and southern East

Coast Basin, respectively (Fig. 1).

3.1.2. Oil sample properties and quality

All of the oil samples studied here have previously been analysed for their bulk
compound groups (i.e., saturated and aromatic hydrocarbons, resins and
asphaltenes), whole-oil hydrocarbon distributions, saturated and aromatic biomarkers,
and stable carbon isotope compositions of the saturated and aromatic hydrocarbon
fractions (Sykes and Zink, 2018; GNS Science unpublished results). This enabled
initial selection of samples based on the assigned oil family, oil quality and asphaltene
content. Asphaltene content is considered important for sample selection because the
asphaltene fraction typically contains the majority (up to 98%) of the Re and Os in
crude oils (Selby et al., 2007; Georgiev et al., 2016; Liu et al., 2019), but New Zealand
coal-sourced oils are typically low in asphaltenes (<3%; Sykes and Zink, 2018).

Sample selection therefore favoured those oils with higher asphaltene contents.

Studies of the Re-Os isotope system and geochronology of crude oils should ideally
use pristine oils that are unaltered from the original oil that charged the host reservoirs.
However, crude oils are commonly altered by processes such as biodegradation and
water washing, either within the reservoir or surface seeps (Peters et al., 2005, and
references therein). In addition, oil samples are typically missing some volatile low
molecular weight hydrocarbons (i.e., “front-ends”) as a result of less-than-ideal sample
collection and storage procedures. While the loss of volatiles is unlikely to have a
significant impact on the Re and Os budget, this may not be the case with
biodegradation and water washing. Biodegradation is the alteration of crude oil by
microbial organisms primarily through the process of oxidation which produces carbon

dioxide and other partially oxidized by-products, such as organic acids (Peters et al.,
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2005). For biodegradation to occur, specific conditions that support microbial life must
exist. These include reservoir temperatures of less than ~80°C, availability of water
and inorganic nutrients, water salinity of less than ~100-150 parts per thousand and
presence of microorganisms (Wenger et al., 2002; Peters et al., 2005; Wang et al.,
2016). A scale of 1 (least altered) to 10 (most altered) has been developed to rank the
extent of biodegradation of crude oil based on differing resistance of its components
to microbial attack (Peters and Moldowan, 1993; Peters et al., 2005). On this scale,
level 1 is assigned to slightly biodegraded oils, level 2 to moderately biodegraded oils,
level 3 to heavily biodegraded oils and levels 4-10 to severely biodegraded oils
(Peters et al., 2005). Water washing is the removal of the more water-soluble
constituents of crude oil, especially light alkanes and low molecular weight aromatic
hydrocarbons such as benzene and toluene (Palmer, 1984). It occurs when crude oils
come in contact with water in reservoirs, during migration and/or during production.
Water washing is an important consideration in Re-Os studies of crude oils because
contact experiments have demonstrated that Re and Os can readily transfer between
aqueous solutions and oils (Mahdaoui et al., 2015; Hurtig et al., 2019), raising the
possibility that mixing of oil with formation or surface waters may disturb the Re-Os

systematics (Finlay et al., 2010).

The Tui Area and Maui B oils have n-alkane distributions typical of largely unaltered
New Zealand coal-sourced oils apart from the usual loss of some gas- (C1—C4) and
gasoline-range (Cs—Cs) homologues due to evaporation (Fig. 3a). In contrast, the
Maui-1 oil displays a smooth and more substantial loss of short-chain n-alkanes up to
nC1s, probably as a result of poor sample handling at some point since the oil was first

discovered and sampled in 1969. This artificial loss of short to medium chain length n-
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alkanes is not expected to have affected Re and Os because they largely reside within

the asphaltene fraction.

In contrast, the loss of n-alkanes in the Maari-MR8A and Manaia-2 oils is more
irregular and extends up to at least nC2s (Fig. 3a). This pattern of loss of n-alkanes,
commencing in the short- to medium-chain n-alkanes and then extending to long-chain
n-alkanes, is typical of biodegradation (Peters et al., 2005). Cross-plots comparing the
concentrations of nCs and nC14 to less easily biodegraded cyclic and branched
(isoprenoid) hydrocarbons of similar boiling points (Fig. 4) confirm these samples are
biodegraded to levels 2-3 of Peters et al. (2005). These Maari-Manaia oils are from
the shallower Moki Formation B sands, with reservoir temperatures of 50-52°C (Sykes
et al., 2011), conducive for biodegradation, whereas the remaining Family 11 oils are
from the F and D sands with reservoir temperatures of c. 112-125°C (Sykes et al.,
2011), well beyond the upper temperature limit of 60-80°C for significant
biodegradation (Peters et al., 2005). The apparent slight biodegradation of the Maui-1
oil indicated in Figure 3a is more likely an artefact of the significant loss of short-chain

n-alkanes experienced by this sample (Fig. 3a).

Although the Tui and Maui oils are not biodegraded, they are variably water-washed,
as are the biodegraded Maari-Manaia oils. This is indicated by their preferential loss
of the more water-soluble aromatic hydrocarbons compared to branched and cyclic
hydrocarbons of similar boiling point. Cross-plots comparing relative concentrations of
Ce—Cs cyclic and branched hydrocarbons to aromatic hydrocarbons (Fig. 5a) and
benzene and toluene to nCes and nCr, respectively (Fig. 5b), show largely consistent
relative levels of water washing using the two sets of parameters. The Maui-1 sample
appears to have spurious results due to its large loss of short-chain n-alkanes (Fig.

3a). Amongst the other terrestrial oils, the Maui B and all of the Tui Area oils appear
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more water-washed than the Maari-MR8A oil, despite not being biodegraded. The thin
(10-12 m) oil columns in the Pateke, Amokura and Tui pools overlie a strong aquifer
(NZOP, 2005), and the relative levels of water washing indicated by the loss of
aromatic hydrocarbons (Pateke>Amokura>Tui) match the present-day direction of

hydrodynamic flow between the fields, from Pateke to Tui.

Amongst the marine oil samples, the Kora-1(A) and Waitangi Seep samples have both
experienced significant loss of short-chain n-alkanes up to about C15—C1s (Fig. 3b).
This will likely have affected the parameters on which the assessments of
biodegradation (Fig. 4) and water washing (Fig. 5) are based. The Kora-1(A) oil is
unlikely to be biodegraded given that it is from a depth of 3128-3182 m within the
Tangaroa Formation with temperatures of approximately 110 °C (Kroeger et al., 2022).
In contrast, there is negligible loss of short-chain n-alkanes in the Kora-1(B) oil from
the Mohakatino Formation reservoir (Fig. 3b). This oil lies just within the indicated
fields of biodegradation in Figure 4, but as the reservoir temperature is 68°C (Sykes
et al., 2011), any biodegradation is likely to be minimal. This sample also appears to
be amongst the least water-washed of the oil samples (Fig. 5). Lastly, the Kaikoura
Seep oil is the most biodegraded of the oil samples, with almost all of the n-alkanes

having been lost (Fig. 3b), indicating biodegradation to level 3 (Fig. 4b).

3.2. Source rock samples

Samples representative of potential or similar source rocks that generated the oils
studied here (Rakopi, North Cape, Waipawa and Whangai formations) have previously
been analysed for Re and Os concentrations and isotopic compositions (summarised
in Table S1; Rotich et al., 2020; 2021). The samples from Rakopi and North Cape
formations comprise coals and a coaly mudstone, ranging in TOC from 12.9 to 68.4

wt.% and HI from 183 to 350 mg HC/g TOC (Table S1). These samples were originally
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collected from various outcrops in the Collingwood district of northwest Nelson (Fig.
1). The marine source rock samples from the Waipawa and Whangai formations are
all mudstones. The Waipawa mudstones are significantly richer in TOC (1.7-9.7 wt.%)
and contain higher quality organic matter (HI 164-375 mg HC/g TOC) than those from
the Whangai Formation (TOC 0.84-1.08 wt.%, HI 112-232 mg HC/g TOC; Table S1).
These samples were obtained from a drill core from well Orui-1A in the Wairarapa
region (Fig. 1) and several outcrop locations (Taylor White section, Angora Road and

Blacks Quarry) in the southern Hawke’s Bay and Northland regions of North Island
(Fig. 1).
3.3. Methods

3.3.1. Asphaltene precipitation

The asphaltene fraction contains the majority of Re and Os in crude oil, and in most
cases possesses Re-Os isotopic compositions that are representative of the whole oil
(Selby et al., 2007; Georgiev et al., 2016; DiMarzio et al., 2018; Liu et al., 2019).
Separation of this fraction therefore pre-concentrates these elements and allows for
more precise Re and Os analyses to be undertaken. This is especially important for
New Zealand coal-sourced oils, given their typically very low asphaltene contents

(Sykes and Zink, 2018).

Asphaltenes precipitation from the bulk oil samples was carried out at GNS Science’s
Organic Geochemistry Laboratory using methods reported in Speight (2004) and
Selby et al. (2007). Stock oils were thoroughly mixed to remove heterogeneities
caused by density segregation during storage. Many of the coal-sourced crude oils
from New Zealand are solid at room temperature due to their medium to very high wax
contents. Therefore, the first step in the separation process involved heating the solid

stock oils to about 50°C to obtain a viscous liquid that was thoroughly mixed prior to
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sub-sampling. The subsamples (~1 g) were placed in pre-heated glass vials where an
excess of n-heptane (40 ml) was added and thoroughly mixed before continuous,
gentle agitation overnight (at least 12 h) at room temperature using an orbital shaker.
The contents of the vials were then centrifuged at 3500 rpm for 10—15 min to allow
complete separation of precipitated asphaltene and soluble maltene fractions. Maltene
fractions were decanted to waste while the remaining residues (asphaltene fractions)
were transferred into pre-weighed glass vials and dried overnight on a hot plate at
60°C. Depending on asphaltene content, the above steps were repeated 2 to 30 times

per sample to obtain the required amount of asphaltene (~250 mg) for Re-Os analysis.

3.3.2. Re-Os analysis

Rhenium and Os analyses of the asphaltene fraction of the oil samples were
undertaken at Durham University’s laboratory for Source Rock and Sulfide
Geochronology and Geochemistry in 2018 following previously published protocols
(e.g., Selby et al., 2007; Liu et al., 2019). In brief, asphaltene fractions (150-200 mg)
were transferred into Carius tubes using small amounts of chloroform (CHCls; <1 ml)
and dried on a hot plate at 60°C overnight to evaporate the CHCIs. After complete
solvent removal, a known amount of '*°Os and '8°Re mixed tracer solution and inverse
aqua-regia digestion mixture (3 ml 12 N HCI + 6 ml 15.5 N HNO3) were sequentially
added, the tube sealed and then placed in an oven at 220°C for 24 h. The Os fraction
was extracted and purified from the inverse aqua-regia solution using solvent
extraction (CHCIs and back extraction in HBr) and micro-distillation methods,
respectively, whereas the Re fraction was extracted using anion exchange
chromatography (HCI-HNOs). The obtained Re and Os fractions were then loaded
onto nickel and platinum wire filaments, respectively, and their isotopic compositions

measured on the Thermo Scientific TRITON negative thermal ionisation mass
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spectrometer (N-TIMS; Creaser et al., 1991) housed at the Arthur Holmes Laboratory,
Durham University. The total procedural blanks over the course of this study were 2.41
+ 0.07 pg Re and 0.12 + 0.05 pg Os, with an average '®’Os/'80s of 0.26 + 0.01 (2
SD, n = 4). The average '®Re/'®’Re value for the Re standard solution was 0.5989 +
0.0016 (2 SD, n = 10), which is in excellent agreement with previously published data
(e.g., Cumming et al., 2014; Liu et al., 2019). The average '8’Os/'8Q0s value for the
in-house Durham Romil Osmium Standard (DROsS) was 0.16084 + 0.00043 (2 SD, n
= 8), consistent with previously published data from other Ilaboratories
(0.16078 £ 0.00024, Liu and Pearson, 2014; 0.16091 £0.00015, van Acken et al.,
2019). The uncertainties reported here include those from asphaltene weighing, blank
elemental and isotopic compositions, spike calibration, and the precision of the

repeated standard measurements.

Rhenium and Os analysis of the source rock samples were undertaken on powdered
aliquots of the whole rock material at the same time and at the same laboratory as the
oils (Rotich et al. 2020; 2021). Rhenium and Os concentrations are quoted with
respect to the whole rock, whereas the Re and Os concentrations of the oils are with

respect to the asphaltene fraction.
4. Results

Twelve of the 13 oil samples have low asphaltene contents, ranging from 0.9 to 2.4
wt.% (Table 1). In contrast, the asphaltene content of the Kaikoura Seep oil is higher
(15.5%), which is attributed to its more advanced degree of biodegradation, enriching
the asphaltene fraction through the loss of n-alkanes and other hydrocarbons. For all
oil samples, there is no significant direct relationship between asphaltene content and
Re and Os concentrations present in the asphaltene fractions (Fig. 6a, b), which range

from 0.18 to 5.90 ppb Re, 3.4 to 400.2 ppt Os and 1.3 to 149.9 ppt '%2Os (Table 1),
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the latter being a measure of Os concentration unaffected by the radiogenic ingrowth
of '80s. Rhenium and '%Os concentrations in the terrestrial Family 11 oils range from
0.18 to 0.45 ppb and 1.3 to 12.7 ppt (Fig. 7a), respectively, mirroring the low
concentrations of these elements in their potential Rakopi and North Cape Formation
coaly source rocks (0.19-0.37 ppb Re and 5.3-9.6 ppt '°?Os; Fig. 7b, Table S1). The
low Re and Os concentrations in these terrestrial oils, coupled with their low
asphaltene contents, made precise Re and Os measurements difficult, with blank
corrections ranging from 3.8 to 10.5% for Re and 1.2 to 21.1% for Os. In contrast, the
asphaltene fractions of the marine oils (families 41 and 42) contain significantly higher
concentrations of both Re (0.91-5.90 ppb) and '°°Os (14.1-149.9 ppt; Fig. 7a),
mirroring, again, the higher concentrations of these elements in the marine mudstones
of the Waipawa and Whangai formations (3.6-62.3 ppb Re and 55.4-228.2 ppt '%?Os;

Fig. 7b).

The Re and '%2Os concentrations in the asphaltene fraction of the oils are strongly
correlated (R?=0.93) across the full set of 13 oils (Fig. 7a), with generally much higher
concentrations of both elements in the marine-sourced oils. The Re and '%°Os
concentrations in the terrestrial (coaly) and marine source rocks also show a strong
correlation (R?=0.91) across the full sample set, with the marine source rocks having
greater concentrations than the terrestrial rocks (Fig. 7b). This is especially true for the
Waipawa Formation mudstones, which have consistently higher concentrations of Re
and '%20Os than the Whangai Formation mudstones. This suggests that the

enrichments of both elements are closely related in both the oils and the source rocks.

The asphaltene fractions of the Family 11 oils have '8’Re/'®Qs ratios ranging from
31.1 to 306.0 and '8’0Os/'®80s ratios from 0.514 to 1.164 (Table 1). These ratios show

no recognisable linear trend on an isochron diagram (Fig. 8). Within this oil family, the
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Tui Area oils exhibit higher (i.e., more radiogenic) '87Os/'80s ratios (0.854—1.164) and
a smaller range in '®’Re/'®Q0s ratios (108.6—135.7) compared to those collected from
the Maui and Maari-Manaia fields ('8’0s/'®0s 0.514-0.681 and '8’Re/'80s 31.1-
306.0; Table 1, Fig. 8). The ®70Os/'%0s and '8"Re/'880s values for the asphaltene
fraction of the marine oils from families 41 and 42 range from 0.693 to 0.907 and 78.3

to 208.9, respectively (Table 1).
5. Discussion
5.1. Evaluation of Re and Os geochronology of terrestrial oils

The Family 11 oils were analysed to assess whether Re-Os geochronology can be
applied to terrestrial oils from Taranaki Basin. However, '®Re/'8Q0s and '8"0s/'80s
ratios for these nine oils do not display any linear relationship on an isochron diagram
(Fig. 8), thus precluding a reliable Re-Os isochron date for this collection of terrestrial

oils.

Studies have suggested that the processes of oil generation and migration lead to
homogenisation of '8’0s/'880s ratios and development of a Re-Os isochron in crude
oils (e.g., Selby and Creaser, 2005; Lillis and Selby, 2013; Liu et al., 2018). For
example, Re-Os data obtained from oil sand deposits of Alberta, Canada, yield an age
of 111.6 + 5.3 Ma, which is in agreement with burial history models predicting
petroleum generation and migration at 110 Ma (Selby and Creaser, 2005). Similarly,
Re-Os dates for bitumen from the Polaris Mississippi Valley-type Zn—Pb deposit (Selby
et al., 2005) coincide with Rb-Sr sphalerite and paleomagnetic ages for the
mineralization of the Polaris deposit suggesting that the Re-Os isotope systematics
record the timing of bitumen migration. Lillis and Selby (2013) also presented Re-Os
data for crude oils from the Phosphoria petroleum system that yield an age of 211 +

21 Ma consistent with the timing of oil generation and migration. Rhenium-osmium
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isotope data for crude oils from the Duvernay petroleum system in Canada yield an
age of 66 + 31 Ma, which is consistent with basin modelling derived timing of
hydrocarbon generation from the Duvernay Formation (Liu et al., 2018). If generation
and migration are the only processes needed for development of an oil isochron, then
the lack of a linear relationship for the Family 11 oils suggests that: (1) there was
insufficient homogenisation of the oils generated from coaly source rock intervals with
widely variable initial '8’Os/'®0s (Osi) values and Re abundance, the latter resulting
in heterogeneous '870s/'8Q0s values over time as the '®’Re decays, (2) there is an
insufficient spread in '8’Re/'®0s values, (3) the Re-Os isotope systematics of the oils
were subsequently disturbed, and/or (4) there has been insufficient time since
homogenisation for the evolution of an isochron. It should be noted that wide scatter
on Re-Os isochron diagrams is not restricted to terrestrial oils, having previously been
documented in oils from marine and lacustrine systems (e.g., Cumming et al., 2014;

Liu et al., 2018).

Various scenarios have been proposed for charging of the Tui Area, Maui and Maari-
Manaia fields, with potential Late Cretaceous terrestrial kitchens including the Maui
and Pihama sub-basins, the Kahurangi Trough and a local Maari sub-basin beneath
the Maari structure (Fig. 2; Funnell et al., 2001; 2004; Matthews, 2002; 2008; Kroeger
et al., 2016; 2021; Reilly et al., 2016; Smith et al., 2016; Seebeck et al., 2019). The
more recent basin modelling studies favour charging of the Tui Area Field from the
northern Kahurangi Trough; the Maui Field, primarily from the Maui sub-basin, with
migration across the Cape Egmont Fault Zone; and the Maari-Manaia Field primarily
from the Maui sub-basin, potentially with a subordinate local fluid contribution from the
small Maari sub-basin (Fig. 2; Smith et al., 2016; Kroeger et al., 2016, 2021; Seebeck
et al., 2019). In all cases, the abundance of gymnosperm-derived diterpene

biomarkers within the oils indicates derivation from Late Cretaceous coaly rocks of the
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Rakopi and North Cape formations (Killops et al., 1994; Sykes et al., 2012; Sykes and
Zink, 2018; Sykes, 2019). These formations have a maximum combined thickness of
up to ~2700 m (Seebeck et al., 2019) and their coaly rocks display considerable
variation in initial '8’Os/'88Q0s (Osi) values and Re abundance. While the full range of
Osi values for these formations is unknown, calculated values for eight coaly rock
samples analysed are 0.82—1.24 for Rakopi Formation (at 78 Ma) and 0.31-0.46 for
the younger North Cape Formation (at 67 Ma) (Rotich et al., 2021). The difference
between the two formations is attributed primarily to changing contributions of Os from
weathering of upper continental crust (Rakopi Formation) and freshly erupted mafic
rocks (North Cape Formation) (Table S1; Rotich et al., 2021). Rhenium abundances
for the above eight coaly rock samples are low, varying from 0.19 to 0.37 (Table S1).
However, as the source kitchens for the Tui Area, Maui and Maari-Manaia oils are on
the order of 50 km apart and several hundred meter-intervals of coaly source rocks
can lie within the oil window at any given time, it is highly likely that the expelled oils
would have varied widely in Re abundance and initial Os isotope compositions. It is,
therefore, not entirely unexpected to see such scatter in '8’Os/'80s values on the
isochron diagram (Fig. 8), especially given that the nine oils were likely generated from
different coal measure intervals in two separate depocentres (i.e., northern Kahurangi

Trough and Maui sub-basin).

Notably, even the five Tui Area oils display significant variation in '8’Os/'8Q0s values
(0.85-1.16, Table 1), despite being from a single spill-fill chain that links the Tui,
Amokura and Pateke accumulations. Either these accumulations were filled from
separate, sequential charges of oil from different source rock intervals of the Rakopi
Formation, with incomplete homogenisation of '8’Os/'80s compositions through
migration and accumulation, or the Os isotope compositions were subsequently

disturbed within the reservoir.



578

579

580

581

582

583

584

585

586

587

588

589

590

5901

592

593

594

595

596

597

598

599

600

601

602

603

One reason for selecting the nine Family 11 oil samples from different fields was to
maximise the likelihood of achieving a sufficient spread in '®’Re/'®0Os ratios (Fig. 2;
Selby and Creaser, 2005). The obtained '8’Re/'%Q0s values for the asphaltene
fractions of these oils, however, vary by only 275 units, which is low when compared
to most oils successfully dated using the Re-Os geochronometer (up to 1500 units;
e.g., Selby and Creaser, 2005; Selby et al., 2005; Finlay et al., 2011; Lillis and Selby,
2013; Cumming et al., 2014; Liu et al., 2018). Asphaltenes obtained from southern
Australian asphaltites have produced reliable Re-Os oil isochrons with a much lower
spread in '8’Re/'88Qs ratios (~147 units) than the Family 11 oils (Corrick et al., 2019;
Scarlett et al., 2019). However, as the asphaltites from that study were generated in
the mid-Cretaceous (104 + 12 Ma; Corrick et al., 2019; Scarlett et al., 2019), they
would have radiogenically evolved more to better define an isochron compared to the
Family 11 oils, which, as discussed below, only commenced expelling significant oil
since the Late Miocene (Kroeger et al., 2016; 2021). Indeed, when the Re-Os isotope
data for the Maui and Maari-Manaia oils are forward modelled to, for example, 100 Ma
in the future, a good correlation is obtained (Table 1). Not so for the Tui Area oils as
high variation in Osi values and a small range in '®Re/'®80s values hinder any
correlation. We therefore consider that the lack of an isochron fit for the Family 11 oils
is largely due to a combination of high variation in Osi values inherited from different
Late Cretaceous coaly source rock intervals, an insufficient spread in '®’Re/'880s
values, and insufficient time since oil expulsion for the evolution of an isochron,

although other factors discussed below may have also contributed.

Another potential cause of data point scatter on crude oil Re-Os isochron diagrams is
disturbance of the Re-Os systematics within the reservoir through processes such as
thermochemical sulfate reduction (TSR; Lillis and Selby, 2013), biodegradation and

water washing. TSR is a redox reaction that occurs in reservoirs containing anhydrite
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or another source of sulfate, whereby petroleum is oxidized to carbon dioxide and
sulfate is reduced to hydrogen sulfide (Goldstein and Aizenshtat, 1994; Walters et al.,
2015). There is, however, no evidence of TSR having affected the Family 11 oils,
which show no detectable H2S and only low CO:2 in bottom hole and separator PVT
samples (Sykes et al., 2011). Similarly, of the nine Family 11 oils, only the two Maari-
Manaia oil samples (Maari-MR8A and Manaia-2) are biodegraded, but only to levels
2-3 (Section 3.1.2). The '¥Qs/'®0s values of these two oils do not stand out from
those of the other Family 11 oils, and their '8’Re/'880s values are only slightly higher.
Biodegradation to levels 2—3 is likely restricted to hydrocarbons in the maltene fraction,
sparing the more resistant asphaltene fraction within which much of the Re and Os
resides. Biodegradation can therefore also be discounted as a significant process
affecting the Re-Os systematics of these oils, consistent with the findings of other
studies of biodegraded oils and tar sands (Selby and Creaser, 2005; Finlay et al.,

2011; Lillis and Selby, 2013).

Contact experiments have demonstrated that Re and Os can readily transfer between
aqueous solutions and oils (Mahdaoui et al., 2015; Hurtig et al., 2019), and all of the
Tui Area, Maui and Maari-Manaia oils in this study appear to have been water-washed
to varying degrees (Fig. 5). The Re-Os systematics of these low Re- and Os-bearing
oils may be more vulnerable to the adverse effects of water washing because water-
oil ratios of less than 100 (based on estimated concentration levels of 4 ppt Re and
0.07 ppt Os in groundwaters) would be required to completely overprint their Re-Os
systematics (e.g., Colodner et al., 1993; Paul et al., 2010; Mahdaoui et al., 2015). Such
water-oil ratios are likely in conventional petroleum systems, such as in offshore
Taranaki Basin, because reservoir rocks are commonly fully saturated with formation
water prior to the ingress of oil (Magoon and Dow, 1994; Levorsen, 2001). Moreover,

in the case of the Tui Area oils, the three pools of oil overlie an aquifer with a strong
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bottom water drive (NZOP, 2005; Matthews et al., 2008), which would help sustain Re
and Os concentration and isotope ratio gradients across the oil-water interface. The
relative degree of water washing indicated between the three oil pools
(Pateke>Amokura>Tui) matches the present-day direction of hydrodynamic flow from
Pateke to Tui, and would account for the consistent difference in '8’Os/'®0Os ratios
between the four Pateke and Tui oils if the 87Os/'80s composition of the formation
water is approximately 0.8 or lower (Fig. 8). However, there are currently no Os isotope
data for formation water in Taranaki Basin to support this assumption, and '8”0s/'8Q0s
values for formation waters elsewhere are generally more radiogenic (>1; Paul et al.,
2010; Hnatyshin, 2018). Furthermore, it has been shown that formation waters in deep
subsurface aquifers are generally severely depleted in Re and Os (Hnatyshin, 2018),
and thus crude oils may not gain appreciable Re and Os from any interaction with
these waters. This is evident in crude oils from the Duvernay petroleum system in the
Western Canada Sedimentary Basin whose '8’0s/'80s compositions are much lower
than estimated 870s/'®Q0s values for formation fluids in the basin, and thus, less likely
to have been impacted by interaction with these fluids (Liu et al., 2018). Therefore,
there is no definitive evidence to indicate whether any of the variation in '8’0Qs/'8Q0s
ratios amongst the Tui Area oils or the other Family 11 oils can be attributed to water
washing, rather than incomplete homogenisation of highly variable initial '8’Os/'880s

values.
5.2. Some comments on the actual event being dated

The terrestrial oils in this study did not yield a Re-Os isochron. However, this does not
discount the possibility of isochrons being obtained for terrestrial oils elsewhere.
Should an isochron emerge, it is important to consider what actual event or process is

being dated—oil generation, migration or emplacement—particularly if the assigned
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age is critical for establishing temporal relationships between elements of a petroleum
system. Most studies of marine and lacustrine oils have assigned isochron ages to the
time of oil generation (e.g., Cumming et al., 2014; Liu et al., 2018). However, the
process of oil generation is confined to the host kerogen generating the oil (Pepper
and Corvi, 1995a), thus the heterogeneity of source rock 870Os/'80s composition will
still exist within the generated oil residing within the source rock interval (Selby and
Creaser, 2005; Selby et al., 2007; Finlay et al., 2011; Rooney et al., 2012; Cumming
et al., 2014; Liu et al., 2018). Adequate homogenisation of 87Os/'8Qs ratios, which is
a requisite condition for forming a Re-Os isochron, can only occur with the mixing of
oil that results from expulsion, migration and accumulation. For the more oil-prone,
marine and lacustrine source rock organofacies, oil expulsion and primary migration
tend to be efficient and in geological terms, are thought to occur relatively soon after
the onset of generation (Pepper and Corvi, 1995a; Liu et al., 2018). Moreover,
secondary migration is also generally an efficient process (Pepper and Corvi, 1995b),
occurring over relatively short periods of geological time. Thus, for marine and
lacustrine oils, it may be satisfactory to equate Re-Os isochron ages with oil
generation, but it still remains that homogenisation will not commence until migration

proceeds upon expulsion.

The distinction between the timing of generation and migration is more critical for
terrestrial oils because coaly organofacies tend to be both more heterogeneous and
less efficient expellers of oil (Pepper and Corvi, 1995b). In coaly source rocks with oil
potential, there is typically a significant time lag between the onset of oil generation
and when the kerogen pore saturation threshold is reached to enable expulsion. The
lag duration will depend on, among other things, source rock quality (mainly HI) and
the burial and thermal histories, but can be 40 Myr or more (Pepper, 1991; Pepper

and Corvi, 1995b; Zhao and Cheng, 1998; Wilkins and George, 2002; Sykes et al.,
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2014). This is consistent with generation and expulsion histories extracted from the
model of Kroeger et al. (2022) for the Maui sub-basin and the Kahurangi trough (Fig.
9). We therefore propose that Re-Os isochron ages for terrestrial oils date the onset
of expulsion (i.e., start of migration) and that for oil-source fingerprinting, oil Osi values
for undisturbed systems should match the '8’Os/'80s composition of the source rock

at the time of oil expulsion (Ose), rather than generation (Osg).
5.3. Os isotope fingerprinting of Family 11 terrestrial oils

Given that oil expulsion from the central Maui sub-basin and northern Kahurangi
Trough is modelled to have commenced only within approximately the last 13 to 3 Myr
(Fig. 9; Kroeger et al., 2016; 2021), we consider 10 Ma as the average oil expulsion
date for the purpose of calculating the Osi and Ose values from the present-day Re-
Os data for the oil and source rock samples, respectively. The use of an average oil
expulsion date does not affect the outcome of Os isotope fingerprinting because Os;i
and Ose values will generally co-vary with changing oil expulsion dates, especially
when the '8"Re/'8Q0s values exhibited by both the terrestrial oils and source rocks are

low (< 306 for the samples studied here; Cumming et al., 2014).

The Osi values for the Family 11 terrestrial oils collectively display a wide range from
0.47 to 1.14, with a mean value of 0.78 (Table 1; Fig. 10). Although these values
overlap much of the range of Ose values (0.38—-1.38, mean = 0.81) for their inferred
Late Cretaceous Rakopi and North Cape Formation source rocks (Table S1), they also
show considerable overlap with the Ose values of Paleocene (Farewell Formation) and
Eocene (Mangahewa Formation) coaly rocks (Fig. 10). Moreover, they also overlap
the Osi values for the Family 41 and 42 marine oils and their potential Waipawa and
Whangai source rocks, respectively. The Os; values of the terrestrial oils in this study

are thus not sufficiently specific to provide a unique fingerprint of their Late Cretaceous
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coaly source rock formations on their own. Osmium isotope compositions therefore
appear to have limited potential for broad oil-source rock correlation within the

predominantly coal-sourced petroleum systems of Taranaki Basin.

Within Family 11, the Tui Area oils exhibit notably higher (more radiogenic) Osi values
(0.84-1.14) than oils from the Maui and Maari-Manaia fields, which have only
moderately radiogenic Osi values (0.47-0.65). This difference is inferred to be a direct
result of generation from different Late Cretaceous coaly source rock intervals within
the northern Kahurangi Trough and Maui sub-basin, possibly with greater relative
contributions from the Rakopi and North Cape formations to the Tui Area and
Maui/Maari-Manaia oil fields, respectively (Fig. 10). Rakopi Formation coaly sediments
appear to have more radiogenic Os compositions, possibly reflecting greater input
from weathering of upper continental crust, whereas North Cape Formation coaly
sediments have less radiogenic Os compositions, possibly from weathering of freshly
erupted mafic rocks (Rotich et al., 2021). The most recent basin models identify
Rakopi Formation as the principal source rock unit in both the Maui sub-basin and
Kahurangi Trough based on coaly source rock distribution, volume and maturity
(Kroeger et al., 2016; 2021). However, the less radiogenic Os compositions of the oils
in the Maui and Maari-Manaia fields may reflect a greater, though still subordinate,

contribution from the North Cape Formation.

Whilst the difference in Osi values between the Tui Area and the Maui and Maari-
Manaia oils may add further support for the derivation of these oils from different sub-
basins, it is evident from the wide variation in Osi values amongst the Family 11 oils
that more oil and source rock Re-Os isotopic data are needed to better constrain the

underlying controls on the '8’0s/'80s compositions of the terrestrial oils.
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5.4. Os isotope fingerprinting of Family 41 and 42 marine oils

Wide variation in initial '8Os/'80s compositions is also reported to have hampered
petroleum geochronology and oil-source correlation in some lacustrine (Cumming et
al., 2014) and marine (Liu et al., 2018) petroleum systems. The marine oils of this
study provide a further example. The average age of 10 Ma used to calculate Osi and
Ose values for fingerprinting the Family 11 terrestrial oils and their source rocks is also
deemed appropriate for comparing the Family 41 and 42 marine oils and their potential
source rocks. Family 41 oils from the Kora Field (Fig. 1) are modelled to have been
expelled from the Late Paleocene Waipawa Formation from the Miocene (15 Ma) to
present day (Brett, 2005; Clayton, 2011; Kroeger et al., 2022). Similarly, thermal
maturity models from a number of sites in East Coast Basin indicate potential
generation and expulsion of Family 42 oils from the Whangai Formation from the

Miocene to Pliocene (Field et al., 1997; Schlumberger, 2017).

The calculated Osi values at 10 Ma for the two Family 41 oils from Kora-1 are markedly
different (Fig. 10). The Kora-1(A) oil from the Eocene Tangaroa Formation sandstone
reservoir has a moderately radiogenic Osi value (0.66), consistent with the calculated
Ose values (0.48-0.68) for the Waipawa Formation source rock samples (Fig. 10). In
contrast, the Osi value (0.90) for the Kora-1(B) oil from the Miocene Mohakatino
Formation volcaniclastic reservoir is significantly more radiogenic. Both oils have the
distinctive heavy carbon isotopic signature and high Cso sterane content that are
diagnostic of the Waipawa Formation, and were undoubtedly sourced from this unit
(Reed, 1992; Killops et al., 1994; Killops, 1996; Rogers et al., 1999; Sykes et al., 2012;
Naeher et al., 2019). As the Waipawa Formation is estimated to be <30 m thick in the
vicinity of Kora Field (Clayton, 2011), it is reasonable to assume that the entire

thickness of the formation would lie within the oil expulsion window at the same time,
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thus leaving two possible scenarios to explain the high Osi value of the Kora-1(B) oil:
1) the Re-Os systematics of this oil have been disturbed, or 2) this oil was derived
from a different fetch or drainage area of the Waipawa Formation to that of the Kora-
1(A) oil. The latter is consistent with the modelling results of Kroeger et al. (2022)
which suggest that the Miocene Kora-1(B) accumulation was charged late, in the Plio-
Pleistocene and quite possibly from a fetch area further away from the volcano

unaffected by magmatic heating.

Disturbance of the Re-Os systematics through thermochemical sulfate reduction (Lillis
and Selby, 2013) can be discounted because the Kora-1(B) oil shows no detectable
H2S or COz in bottom hole PVT sample (Sykes et al., 2011). Any biodegradation in the
Kora-1(B) sample is also considered minimal (Fig. 4). Disturbance through interaction
with reservoir formation waters (Mahdaoui et al., 2015; Hurtig et al., 2019) seems
unlikely because most volcanic rocks have non-radiogenic '8’Os/'80s compositions
(generally <0.3; e.g., Lassiter and Luhr, 2001; Suzuki and Tatsumi, 2006), whereas
the Kora-1(B) oil, reservoired in volcaniclastic rocks, has a distinctly more radiogenic

Osi value (0.90) than the Kora-1(A) oil (0.66).

No Waipawa Formation mudstone samples of sufficient size for Re and Os isotope
analysis are available from the immediate vicinity of Kora Field. However, in their study
of the Re-Os systematics of Waipawa Formation in East Coast Basin (Fig. 1), Rotich
et al. (2020) suggested that scatter in 8’0s/'®Q0s values within the Taylor White
section may have been caused by localised variation in seawater Os;i values related
to the episodic and localised influx of large amounts of terrestrial organic matter
(Naeher et al., 2019). Such influxes may have supplied high loads of continental-
derived Os with more radiogenic '8’Os/'®0s compositions, not only within the Taylor

White section but also, potentially, within the respective fetch areas for the Kora-1(A)
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and (B) oils. Without further data, however, the cause of the higher Osi value of the
Kora-1(B) oil compared to those of the Kora-1(A) oil and Waipawa mudstone samples,

remains uncertain.

Similarly, the underlying cause of the higher Osi values of the Family 42 Waitangi
(0.78) and Kaikoura (0.86) seep oils compared to the Ose values of the potential
Whangai Formation source rock (0.46-0.58; Fig. 10) remains unknown. The Ose
values are from the upper (Paleocene) section of the Whangai Formation, which could
possibly explain the less radiogenic values given that seawater '8Qs/'®QOs
composition in the Paleocene ranged from 0.3 to 0.4 (Peucker-Ehrenbrink and
Ravizza, 2012). Deeper sections (Late Cretaceous) of the Whangai Formation would
likely exhibit more radiogenic Ose values because Late Cretaceous seawater
1870s/'880s composition ranged from 0.6 to 0.7 (Peucker-Ehrenbrink and Ravizza,
2012). However, these sections generally have very poor oil generation potential (Field
et al., 1997; Hollis and Manzano-Kareah, 2005). Therefore, the mismatch of
1870s/1880s compositions lends further support to previous suggestions that the Family
42 seep oils are not derived from known organofacies of the Whangai Formation.
Rather, they are more likely to have originated from another Late Cretaceous marine
source unit with similar biomarker and carbon isotope compositions as the Whangai

Formation.
6. Conclusions

This is the first study of the Re-Os systematics of terrestrial (coal-sourced) oils.
Although a radiometric age could not be determined, the study nonetheless provides
useful insights into the potential application of Re-Os geochronology and Os isotope
fingerprinting in coal-sourced petroleum systems. Nine genetically related terrestrial

oils (Family 11) from offshore Taranaki Basin contain similar, low concentrations of Re
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and '920s as their correlative Late Cretaceous coaly source rocks (Rakopi and North
Cape formations). The Re and '°20Os concentrations in these terrestrial oils are
generally one to two orders of magnitude lower than those in marine oils from Taranaki

(Family 41) and East Coast (Family 42) basins.

The 8"Re/'®0s and '870s/'®0s ratios of the Family 11 terrestrial oils do not display
a linear relationship and hence did not yield a Re-Os isochron age. We attribute this
to: (1) insufficient homogenisation of widely variable initial '8’Os/'80s (Os;) values and
Re abundance inherited from thick, coaly source rock intervals (up to about 2700 m)
within the Maui sub-basin and northern Kahurangi Trough kitchens; (2) insufficient
spread of '8’Re/'8Q0s values (only 275 units); (3) insufficient time since oil expulsion
for the evolution of an isochron (expulsion is modelled from approximately 10 Ma to
the present day); and (4) potentially, water washing of the oil columns. Although the
oil samples are all water-washed to varying degrees, there is no definitive evidence
that water washing has disturbed the Re-Os systematics. We recommend that future
Re-Os studies of terrestrial oils be done on simple, well-characterised systems with a
single source rock, relatively fast petroleum generation, well-defined migration

pathways and limited post-generation alterations.

Most previous studies of marine and lacustrine oils have assigned Re-Os isochron
ages to the time of oil generation. However, as adequate homogenisation of
1870s/'880s ratios can only occur with the mixing of oil that results from expulsion,
migration and accumulation, isochron ages correspond best to the timing of oll
expulsion. This distinction between the timing of oil generation and migration is more
critical for terrestrial oils because of the typically longer time lag between the onset of
oil generation and expulsion from coaly source rocks, which, in the case of the Family

11 study oils, is modelled to be up to about 40 Myr. Longer lag times are possible in
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other (sub-)basins, depending on, among other things, coaly source rock quality and
the burial and thermal histories. We therefore suggest that Re-Os isochron ages for
terrestrial oils should date the onset of expulsion (i.e., start of migration) and that for
oil-source correlation, calculated oil Osi values should match the calculated
1870s/'880s ratios of the source rock at the time of oil expulsion (Ose), rather than

generation (Osg).

Calculated Osi values for the Family 11 study oils display a wide range and do not
provide a unique fingerprint of their Late Cretaceous coaly source rock formations. Os
isotope compositions therefore appear to have limited potential for broad oil-source
rock correlation within the predominantly coal-sourced petroleum systems of Taranaki
Basin. Nonetheless, the observed Osi values are distinct between two sub-basins
which, consistent with basin modelling, suggest charge of the Tui Area Field and the
Maui and Maari-Manaia fields from different source kitchens. Significantly higher
(more radiogenic) Osi values of the Tui Area oils may indicate a charge predominantly
from the Rakopi Formation in the Kahurangi Trough, whilst the less radiogenic Osi
values of the Maui and Maari-Manaia oils may suggest a greater contribution from the
North Cape Formation in the Maui sub-basin, although further samples are needed to

confirm this.
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