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Abstract
Late authigenic pyrite cementation is common to abundant in the Middle Jurassic Laminaria and Plover Formation sandstone in numerous
wells on the Laminaria High and in the Vulcan Sub-basin of the northern Bonaparte Basin. Pyrite cementation developed in these reservoirs by
reduction of formation water sulphate in the presence of migrating and/or entrapped oil followed by the reaction of iron with the resultant
hydrogen sulphide. Sulphate reduction is considered to be most likely by sulphate-reducing microorganisms, which utilise hydrocarbons for
their metabolism.
Development of pyrite cementation in the sandstone is therefore dependent on the presence of sulphate- and iron-rich formation water. An
initial phase of oil entrapment in the Bonaparte Basin, indicated by oil-filled fluid inclusions, was not accompanied by pyrite cementation
suggesting that the original formation water was sulphate-poor. However, the large volume of late authigenic pyrite cementation associated
with a later phase of oil entrapment, as particularly evident in the Skua oil field in the Vulcan Sub-basin and the Jahal oil field on the Laminaria
High, indicates that sulphate- and iron-rich formation water has been input into the reservoir at a later stage. This hydrocarbon-charged fluid is
inferred to have migrated vertically via reactivated and dilated faults and fractures into the reservoir from below.
This late authigenic pyrite is disseminated, in fractures and in solution fronts and provides a fingerprint of the mechanisms involved in oilcharged and sulphate- and iron-rich fluid migration into and through the reservoirs. Therefore late authigenic pyrite is considered to provide not
only evidence of oil entrapment but a new methodology to understand and identify one mechanism of oil charged fluid flow into a structure.

Introduction
Pyrite cementation is present within many sandstone reservoirs of the North West Shelf of Australia. Much of the pyrite present precipitated
during shallow burial by bacterial reduction of interstitial formation water sulphate using organic matter in the sediments as a reducing agent
and energy source. Petrography of North West Shelf sandstones has also identified significant concentrations of pyrite developed much later in
the paragenetic sequence.
In the Vulcan Sub-basin of the Bonaparte Basin (Figure 1), late authigenic pyrite is particularly well developed in the Middle Jurassic Plover
Formation sandstone in parts of the Skua oil field within the oil column, at and below the present oil-water contact. In the northern Bonaparte
Basin pyrite is present within the oil column and below the oil-water contact in the Middle Jurassic Laminaria and Plover Formation sandstone
in several oil fields on the Laminaria High (Figure 1), including the Jahal oil field (Ellis, 2006). The stratigraphy of the Bonaparte Basin is
illustrated in Figure 2.
Two case histories, the Skua and Jahal oil fields in the Bonaparte Basin, are presented to demonstrate that late authigenic pyrite is an invaluable
indicator of hydrocarbon migration and entrapment and the complexity of fluid flow and formation water chemistry evolution.
Late Authigenic Pyrite Formation
Pyrite cementation has developed in North West Shelf reservoirs by reduction of formation water sulphate by sulphate-reducing
microorganisms (SRM - including bacteria and archaea) and by the reaction of iron with the resultant hydrogen sulphide (H2S) in the presence
of hydrocarbons at oil/water contacts. Dissimilatory SRM reduce sulphate to sulphide in order to obtain energy for metabolism. The sulphate S
is an electron acceptor for the electrons released in the oxidation of C in the hydrocarbon compound to CO2 or H2 to H+ (Rickard, 2012). Pyrite
(FeS2) formation is illustrated simplistically in the formulae:
8CH4 + 9SO4= + H+ = 9HS- + 8HCO3- +H2O (Rickard, 2012)
2H2S + Fe++ = FeS2 + 4H+

(1)
(2)

The development of pyrite cementation in sandstone is therefore dependent on the presence of sulphate-rich formation water. In the Bonaparte
Basin the formation water sulphate content in the Middle Jurassic reservoirs is quite variable ranging from moderate (580 mg/l in Laminaria-2)
to very low (10 mg/l in Jabiru 11ST1). Accordingly, the distribution of pyrite-cemented sandstones is more scattered. In many cases the lack of
pyrite associated with initial oil entrapment indicates that the original formation water was sulphate-poor (Ellis, 2007). However, extensive
pyrite cementation associated with a later phase of oil entrapment indicates that sulphate-rich formation water was introduced into the reservoir
possibly with the oil (Ellis, 2007).
Pyrite precipitation also needs a source of iron which may be present in solution as ferric (Fe+++) and/or ferrous (Fe++) ions derived from local
dissolution of iron-rich minerals in the reservoir or introduced as iron-rich fluid from an external source. Fe++ reacts with H2S, produced by
sulphate reduction, to precipitate pyrite as illustrated in formula (2).

In addition to a plentiful supply of sulphate, the availability of nutrients is essential to SRM activity in the deep subsurface. The most abundant
nutrient for SRM and pyrite precipitation in the case histories discussed are the hydrocarbons within the oil column. The utilisation of
hydrocarbon compounds in the sulphate reduction process has been discussed in the literature over many years and is summarised by Widdel et
al. (2007).
The Skua oil field, Vulcan Sub-basin
Skua 2 was drilled by BHP Petroleum in late 1985 to test the northeast-trending Skua tilted fault block, dipping to the southeast and bounded to
the northwest by the Swan Graben in the Vulcan Sub-basin (Figure 3). A 9 m oil column was intersected in Skua 2 from 2333 m consisting of 6
m of highly pyritic oil-bearing Late Cretaceous Gibson Formation sandstone in fault contact with and overlying 3 m of pyritic oil-bearing Early
Jurassic Plover Formation sandstone (Osborne, 1990). Drill-stem testing confirmed the presence of movable 43° API oil. Subsequent appraisal
drilling delineated the Skua oil field in excellent reservoir quality Early Jurassic Plover Formation sandstone with a maximum gross
hydrocarbon column of 46.5 m oil and 6.5 m gas. Production commenced in December 1991 and the field was abandoned in January 1997 after
producing 20.2 MMBBL of oil (Woods, 2004).
Fluid inclusion petrography and thermometrics
The hydrocarbon entrapment history of the Skua oil field has previously been interpreted using fluid inclusion hydrocarbon petrography of
sandstone cuttings and conventional core samples from the Plover Formation by Lisk et al. (1999) and Gartrell et al. (2002). These
interpretations, using the CSIRO-patented technique (Eadington et al., 1996) of the percentage of Grains containing Oil Inclusions (GOI) in
quartz grains at the quartz overgrowth/detrital quartz boundary and in fractures, indicate a palaeo-oil-water contact tilted down to the southwest
(Gartrell et al., 2002). Oil-filled fluid inclusions in Skua 3, 4, 8, and 9 are located both in fractures cutting detrital quartz, and at the quartz
overgrowth/detrital quartz boundary, indicating oil entrapment at the time of quartz overgrowth development. However in Skua 2 (Lisk, 2003)
oil-filled fluid inclusions preferentially occur in fractures cutting detrital quartz grains, even in the 2337–2340 m cuttings sample (GOI of
7.93%, Figure 4) within the pre-production oil column where only 3 of 23 grains with oil-filled inclusions are at the overgrowth boundary,
indicating a different timing for oil entrapment at Skua 2.
Thermometric measurements on aqueous fluid inclusions at the quartz overgrowth/detrital quartz boundary, carried out on two samples from
Skua 3, indicate that at the time of quartz overgrowth development formation water salinity was up to 67,000 mg/l at 2425–2428 m within the
interpreted palaeo-oil column and up to 223,000 mg/l at 2434–2437 m just below the palaeo-oil-water contact (Lisk et al., 1999). The high
salinity of 223,000 mg/l indicates subsequent input of high salinity fluids into the Plover Formation sandstone below the palaeo-oil column.
The present salinity of the formation water in the Plover Formation reservoir at Skua, based on Skua-4 produced water, is anomalously high at
119,691 mg/l (Figure 5) compared with produced formation water salinity elsewhere in the Vulcan Sub-basin of 41,512 mg/l from the Plover
Formation sandstone in the Jabiru oil field (Underschultz et al., 2002). Analysis of formation water produced from drill-stem testing in the Late
Cretaceous Puffin Formation sandstone in Skua 2 indicates similar high salinity of 101,402 mg/l (Figure 6) providing evidence of vertical
movement of highly saline fluid from the Jurassic reservoir.

Oil shows in cuttings and sidewall cores
A more complete understanding of the hydrocarbon entrapment history of the Skua structure can be developed by evaluating other evidence of
hydrocarbon entrapment in conjunction with the fluid inclusion analysis data. Generally, in the Skua wells the palaeo-oil columns based on oil
shows in cuttings and/or sidewall cores (phase 2°) are fairly consistent with the evidence of palaeo-oil columns based on oil-filled fluid
inclusions (phase 1°). However in Skua 2 the concentration of oil shows in sidewall cores down to 2350 m is consistent with the interpreted
later phase 2° palaeo-oil column based on elevated levels of oil-filled fluid inclusions in fractures (phase 2° on Figure 4).
Late authigenic pyrite and reservoir diagenesis
In Skua 2, abundant pyrite cementation is concentrated in the uppermost six metres of the reservoir from 2335–2341 m (Figure 4) with
petrography indicating up to 46% pyrite present as: fine pyrite crystals forming densely-packed aggregates; almost complete pore filling, and;
large patches suggesting that it has replaced labile grains (Martin, 1986). Pyrite is also associated with large vuggy pores where dissolution
appears to have accompanied replacement by pyrite. Cuttings descriptions and sidewall core petrography in conjunction with low resistivity
and high density and PEF wire-line log response indicate common to abundant pyrite cementation throughout the clean low gamma sandstone
units of Skua 2 over a 104 m interval from the top reservoir at 2335 m down to 2439 m (Figure 4), well below any fluid inclusion and/or oil
show evidence of a palaeo-oil column.
Pyrite cementation of the Plover Formation sandstone is significantly less common in the other Skua wells. Skua 8, 300 m east of Skua 2, has
pyrite cementation in a thin 2 m zone at the top of the reservoir, sporadically over a 4 m interval at the base of the uppermost sandstone unit
and an 8 m interval approximately 11 m below the pre-production oil-water contact and within the fluid inclusion-interpreted palaeo-oil
column.
Bacterial sulphate reduction is considered the most likely mechanism for late authigenic pyrite formation given the present reservoir
temperature of approximately 100ºC and the minimum quartz overgrowth homogenisation temperatures of 78ºC (Lisk et al., 1999). In addition
to an energy source for the sulphate-reducing bacteria metabolism supplied by the overlying oil column, the formation water sulphate reduction
process that lead to the pyrite cementation required sulphate-rich formation water. The formation water produced from Skua 4 contains 270
mg/l sulphate (Figure 5) however it is likely that the sulphate concentration was significant higher prior to active sulphate reduction as evident
from the higher sulphate levels (1,485 mg/l) in the formation water in the Puffin Formation sandstone in Skua 2 (Figure 6) which is interpreted
to have migrated vertically from the underlying Plover Formation. A supply of iron was also required for the precipitation of pyrite. In the case
of Skua 2 the shear abundance of pyrite and the 104 m vertical extent of common to abundant pyrite cementation, 98 m below the preproduction oil-water contact and 81 m below the palaeo-oil water contact (Figure 4), points to an external source of iron.
Hydrocarbon migration and entrapment history
The hydrocarbon entrapment history of the Skua structure interpreted from fluid inclusion petrography provides a picture of the geometry of
the initial phase of oil entrapment in the Skua structure at the time of quartz overgrowth development (phase 1º). Oil shows are interpreted to

represent a second phase (phase 2º on Figure 4) of oil entrapment and indicate a modification of the geometry of the Skua oil accumulation as a
result of minor structural modification. The lack of pyrite cementation at the palaeo-oil-water contacts of the first two phases suggests that the
initial formation water was sulphate-poor. Late authigenic pyrite cementation is interpreted to provide evidence of a further phase of oil
migration and entrapment as well as evidence of a change in formation water chemistry as a result of input of iron and sulphate-rich and oilbearing fluids into the Plover Formation sandstone at Skua.
The late authigenic pyrite is interpreted to represent the last main phase of hydrocarbon entrapment. In Skua 2 the abundant oil-filled fluid
inclusions are rare in quartz overgrowths indicating that oil saturation in the sandstone was very low at the time of quartz overgrowth
development and therefore the top Plover reservoir must have been below the palaeo-oil-water contact at this time. However there is strong
evidence of oil entrapment subsequent to quartz overgrowth development based on oil-filled fluid inclusions in fractures, oil shows in sidewall
cores, and the pre-production oil column. One explanation of this would be that the Skua 2 area was uplifted relative to the rest of the Skua
structure. The zone of pyrite cementation 11 m below the pre-production oil-water contact in Skua 8 provides evidence of a recent phase of
pyrite cementation as a result of formation sulphate reduction at a gradually rising oil-water contact.
The shear abundance of pyrite in Skua 2 and the 104 m vertical extent of common to abundant pyrite cementation (Figure 4) points to an
external source of iron. It is interpreted that iron-rich and sulphate-rich fluid migrated vertically from below via reactivated and dilated faults in
the Skua 2 area. Dormant sulphate-reducing bacteria are interpreted to be present in the reservoir, possibly resident since sandstone deposition,
as suggested for a North Sea oil field by Rosnes et al. (1991). The reaction of these sulphate-reducing bacteria with the sulphate and iron-rich
fluid resulted in sulphate reduction and pyrite precipitation in the presence of oil. The extensive pyrite cementation developed well below the
oil and palaeo-oil columns in Skua 2 is interpreted to indicate that hydrocarbons were entrained in the vertically migrating iron- and sulphaterich fluids. Lateral migration of these fluids to the northeast along the oil-water contact resulted in the precipitation of the pyrite-cement
evident in the adjacent Skua 8. The paucity of pyrite further to the northeast, probably indicates depletion of the supply of iron due to its
consumption in pyrite precipitation more proximal to the iron-rich fluid source. The fluid inclusion salinity data from Skua 3 provides evidence
of high salinity (223,000 mg/l) fluid migration below the oil-water contact (Lisk et al., 1999).
The focus of vertical migration of iron- and sulphate-rich and hydrocarbon-bearing fluid in the Skua 2 area is most likely a result of the
interaction of the northeast-trending Skua Fault and a northwest-trending accommodation zone that has facilitated fault dilation associated with
fault reactivation.
Jahal Oil Field, northern Bonaparte Basin
The Jahal oil field is an east–west-trending tilted fault block dipping to the north and fault bounded to the south on the eastern margin of the
Laminaria High in the northern Bonaparte Basin (Figure 2 and Figure 7). Jahal 1ST, drilled in 1996 by BHP Petroleum 200 m up-dip of the
discovery well Jahal 1, intersected a 33 m oil column in Middle Jurassic Laminaria Formation sandstone. Drill-stem testing produced a flow of
1,350 barrels of 57.4º API oil per day.

Fluid inclusion petrography, oil shows, and reservoir diagenesis
Fluid inclusion petrography by Dutkiewicz (1996) indicates abundant oil-filled fluid inclusions (GOI of 12.3–54.7%) at the quartz
overgrowth/detrital quartz boundary and in fractures within an interpreted 86 m thick palaeo-oil column (phase 1° on Figure 8). Fair to good oil
shows in conventional core extend over a 68 m interval define a later palaeo-oil column (phase 2° on Figure 8). What is most distinctive about
the Laminaria Formation sandstone and the underlying Plover Formation in Jahal 1ST1 is the presence of extensive, common to abundant
pyrite-cemented sandstone throughout all the main sandstone units from the top of the Laminaria Formation sandstone at 3300 m down to the
total depth at 3425 m in the Plover Formation sandstone (Figure 8). Core descriptions indicate consistently high pyrite concentration of 10–
20% and up to 30% and wire-line logs exhibit high density and PEF and low resistivity response (Figure 8). In the oil column the resistivity
response is anomalously low in the zones of highest pyrite concentration (Figure 8).
Petrography and the paragenetic sequence
Thin-section petrography of mechanical sidewall cores in Jahal-1 analysed by Tye (1996) indicate that authigenic minerals are dominated by
pyrite (7.5–27%) and quartz cement (4–8.5%). The pyrite is present as an anhedral, framboidal pore-filling cement and as subhedral to euhedral
cubic and octahedral crystalloids. Tye (1996) indicates that the timing of pyrite is difficult to constrain and that there appears to be two phases
of pyrite cement. In many cases an early phase of pyrite appears to pre-date quartz overgrowth development, however a second phase appears
to drape quartz overgrowths and therefore post-dates quartz overgrowth development. This second phase of pyrite cementation is interpreted to
be indicative of a further and later phase of the oil entrapment history of the Jahal structure. The presence of late authigenic pyrite, that postdates quartz overgrowth development is supported by very high GOI of 54.7% in a 20–30% pyrite-cemented sandstone near the top of the
reservoir (Figure 8). To trap oil-filled fluid inclusions in 54.75% of quartz grains implies high oil saturation and easy access of silica which is
considered unlikely in highly pyritic sandstone.
The pyrite cementation has formed as a result of formation water sulphate reduction in the presence of oil. The present reservoir temperature of
126.5ºC based on the drill-stem test in Jahal-1ST and the minimum quartz overgrowth homogenisation temperature of 109ºC (Dutkiewicz,
1996) are at or above the known temperature limits for sulphate-reducing bacteria activity of 110ºC (Stetter et al., 1993; L’Haridon et al.,
1995). However these temperatures are below the temperature limit for significant thermochemical sulphate reduction of 140ºC (Trudinger et
al., 1985; Worden et al., 1995) and 127ºC (Machel, 2001) and at the time of sulphate reduction and pyrite precipitation temperatures it is
anticipated to have been sufficiently below 100°C for bacterial activity. The presence of 580 mg/l sulphate (Figure 9) in formation water in the
same formation in the nearby Laminaria 2 (Figure 7) confirms the availability of sulphate for sulphate reduction.
Late authigenic pyrite and the oil migration and entrapment mechanism
Originally I interpreted that the pyrite cementation over a 125 m interval represented evidence of a palaeo-oil column of this dimension with
pyrite cementation developed throughout the reservoir during oil charge and/or oil leakage (Ellis, 2006). However with the degree of pyrite
cementation extending throughout the oil column, the palaeo-oil columns and well below, a mechanism more akin to the fluid flow processes
interpreted in the Skua 2 area seemed more plausible. The shear volume of pyrite points to an external source of iron and sulphate that has

migrated into the Jahal structure. The reaction of dormant sulphate-reducing bacteria resident in the reservoir with this sulphate- and iron-rich
fluid resulted in sulphate reduction and pyrite precipitation in the presence of oil. Given that extensive pyrite cementation is developed well
below the oil and palaeo-oil columns in the Jahal wells it is interpreted that hydrocarbons were entrained in the migrating iron- and sulphaterich fluids and pyrite precipitation occurred once temperature conditions were conducive to sulphate-reducing bacteria activity.
As in the case of Skua these fluids probably migrated in part vertically via reactivated and dilated faults and fractures and driven by buoyancy
and hydrodynamic forces. This is supported by the higher concentration of pyrite in Jahal 1ST than in Jahal 1 (which is 200 m further from the
east–west-trending bounding fault). Vertical fluid flow in the Jahal area was most probably further focussed by the interplay of the east–westtrending bounding fault with the older northwest-trending structural framework of the basin.
I propose that the late authigenic pyrite distribution in the Jahal wells provides an opportunity to understand oil-charged fluid flow into a
structure as the pyrite leaves a fingerprint of the fluid flow and the evolving biological and chemical reactions in the reservoir. The three
conventional cores cut over an 80 m interval of the Laminaria and Plover formations in Jahal 1ST1 provide at least part of the macro-picture of
the pyrite distribution with pyrite disseminated as individual crystals and patchy interstitial crystalline aggregates, in and adjacent to fractures
and minor faults and as solution fronts. Density and PEF log response provides further information on the geometry of the pyrite-cemented
sandstone with higher apparent pyrite concentration adjacent to the boundaries of the sandstone units as particularly seen in the uppermost
sandstone in Jahal 1ST from 3300–3312 m (Figure 8). In this sandstone and in other sandstone units, higher density and PEF response indicate
that pyrite is also concentrated in the middle of the sandstone as in the case of the 3360–3381 m unit which has particularly high density/PEF
response from 3370–3373 m (Figure 8). Similarly in the basal sandstone unit from 3402–3425 m there is a high density/PEF response in the
centre of the sandstone from 3412–3419 m (Figure 8).
This focussed pyrite distribution is probably indicative of the preferred migration pathway of initial oil-charged, sulphate- and iron-rich fluid
entering the trap as an advancing front via layers with the largest pores, as described by England et al. (1987). Subsequent fluid will be forced
into smaller and smaller pores. However unlike the England et al. (1987) model, the presence in the fluid of sulphate and iron in the presence of
sulphate-reducing bacteria contribute to the development of diagenetic or solution fronts as discussed by Selley (1992) and originally
recognised in roll-front uranium ore bodies (Rubin, 1970; Rackley, 1972). In Jahal, it is interpreted that oil-charged sulphate- and iron-rich
fluid migrating through individual sandstone units activates resident sulphate-reducing microorganisms resulting in sulphate reduction and
subsequent pyrite precipitation at the diagenetic front. The continuing input of oil-charged sulphate- and iron-rich fluid results in further pyrite
precipitation. However the input of Fe+++ and sulphate, which are both strong oxidizing agents, also results in oxidation of pyrite and
mobilization of Fe++ in solution resulting in a dynamic solution front advancing through the sandstone unit.
What adds further complexity to the hydrocarbon entrapment history is the presence of oil in the Jahal structure before the input of the oilcharged, sulphate- and iron-rich fluid. The earlier oil charge, indicated by oil-filled fluid inclusions and oil shows, may have leaked totally
before this later charge. In this case filling the structure with the new oil could have followed the model proposed by England et al. (1987) with
sulphate and iron-rich fluid having access to the whole structure with the resultant pyrite precipitation throughout the whole column and below.
However the input of the fluid from greater depths via reactivated and dilated faults and fractures may have been under sufficient pressure to

chaotically disrupt the existing oil column facilitating access of the sulphate- and iron-rich fluid and subsequent pyrite precipitation to the oil
column.
Conclusions
Extensive, common to abundant pyrite cementation in wells in the Skua and Jahal oil fields in the Bonaparte Basin provide excellent case
histories to better understand hydrocarbon migration and entrapment processes. The shear abundance of pyrite over a 104 m interval points to
an external source of iron with iron- and sulphate-rich and hydrocarbon-charged fluid migration vertically via reactivated and dilated faults in
the Skua 2 area. Dormant sulphate-reducing bacteria resident in the reservoir reduced sulphate resulting in pyrite precipitation in the presence
of oil. Lateral migration of these fluids to the northeast along the oil-water contact resulted in the precipitation of the pyrite-cement evident in
the adjacent Skua 8. The focus of vertical migration of iron- and sulphate-rich and hydrocarbon-bearing fluid in the Skua 2 area is most likely a
result of the interaction of the northeast-trending Skua Fault and a northwest-trending accommodation zone that has facilitated fault dilation
associated with fault reactivation.
In Jahal 1 and 1ST1 the degree of pyrite cementation extending throughout the oil column, the palaeo-oil columns and well below, is
interpreted to indicate a mechanism similar to the fluid flow processes in the Skua 2 area. The shear volume of pyrite points to an external
source of iron and sulphate that has migrated into the Jahal structure as a hydrocarbon-charged fluid. These fluids migrated vertically via
reactivated and dilated faults and fractures and driven by buoyancy and hydrodynamic forces. Vertical fluid flow was most probably focussed
by the interplay of the east–east-trending bounding fault with the older northwest-trending structural framework of the basin.
The pyrite distribution in the Jahal wells provides an opportunity to understand oil-charged fluid flow into a structure as the pyrite leaves a
fingerprint of the fluid flow and the evolving biological and chemical reactions in the reservoir. The focussed pyrite distribution is indicative of
the preferred migration pathway of the oil-charged, sulphate- and iron-rich fluid entering the trap as advancing solution fronts. This phase of oil
charge followed an initial oil charge which may have leaked before this later charge. However the input of the fluid from greater depths via
reactivated and dilated faults may have been under sufficient pressure to chaotically disrupt the pre-existing oil column facilitating access of the
sulphate- and iron-rich fluid and subsequent pyrite precipitation to the whole of the oil column.
The presence of late authigenic pyrite associated with and therefore an indicator of oil entrapment have been documented previously from the
North West Shelf of Australia. However the pyrite distribution in the Skua-2 and Jahal wells provides not just evidence of oil entrapment but a
new methodology to understand and identify one mechanism of oil-charged fluid flow into a structure.
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Figure 1. Location and tectonic elements, northern Bonaparte Basin.

Figure 2. Stratigraphy of the Bonaparte Basin.

Figure 3. Location of the Skua oil field, Vulcan Sub-basin, Bonaparte Basin.

Figure 4. Wire-line logs of the Skua 2 reservoir, showing interpreted hydrocarbon entrapment history. Pyrite, carbonate, and silica cement
shown as green, pink, and grey fill on PEF log.

Figure 5. Stiff water pattern of formation water from Skua 4 production from the Plover Formation.

Figure 6. Stiff water pattern of formation water from DST 2 in the Puffin Formation (1852–1855 m) in Skua 2.

Figure 7. Location of the Jahal oil field, Laminaria High, Bonaparte Basin.

Figure 8. Wire-line logs of the Jahal 1ST1 reservoir, showing interpreted hydrocarbon entrapment history. Pyrite, carbonate, and silica cement
shown as green, pink, and grey fill on PEF log.

Figure 9. Stiff water pattern of formation water from Laminaria 2 production test 1 in the Plover Formation.

