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ABSTRACT: Paleocene marginal marine to shoreface glauconitic sandstones (F-Sands) of the Farewell Formation from
the Maui Field in Taranaki Basin, New Zealand, demonstrate a diagenetic evolution driven by major shifts in acidic
pore-water composition, rate of burial, and clay-mineral authigenesis. Mechanical compaction is the principal
porosity-reducing mechanism during the first 2500 m of burial of the F-Sands. Continued mechanical compaction with
long-grain contacts, concavo-convex contacts, and deformed liable grains are common throughout the F-Sands. Late-
stage flow of dissolved CO2 in the pore fluids of the Farewell Formation is thought to have been generated from
thermal decarboxylation of coaly source rocks. The circulation of these CO2-rich fluids will have dissolved into
undersaturated pore fluids and partially catalyzed dissolution of feldspar and quartz, producing ions for the
precipitation of kaolinite and chlorite. Timing of the diagenetic reactions, as determined using paragenetic
observations, fluid-inclusion analysis, and burial history modeling, suggests that the quartz cements formed at a late
stage (. 1008C, corresponding to 0–7 Ma) and is consistent with the migration of hydrocarbons, and associated CO2,
into the F-Sand reservoir. Significant secondary porosity is generated through the dissolution of feldspar, which is
preserved due to late-stage of occurrence at close to present-day maximum burial. Dissolved solutes in the F-Sands
sandstones are being preferentially precipitated in interbedded and surrounding fine-grained heterolithic siltstone to
very fine-grained sandstone beds, leading to enhanced heterogeneity and preservation of secondary porosity. This
study provides an improved understanding for diagenetic reconstruction of marginal marine to shoreface facies.

INTRODUCTION

Paleocene fluvial to marginal marine arkosic sandstones beds of the

Farewell Formation are an important proven hydrocarbon reservoir in

Taranaki Basin, New Zealand (Fig. 1). The Paleocene sedimentary system

grades northwestward from fluvial deposits in southern Taranaki Basin,

including within the Manaia Graben (Fig. 1), into marginal marine to

shoreface glauconitic sandstones in central parts of the basin (known as the

F-Sands in Maui Field, this study and wider onshore Taranaki Peninsula;

Fig. 2) and then into shelf-marine mudrocks north of Taranaki Peninsula

(Fig. 3). The fluvial succession has lower reservoir quality than the

glauconitic sandstone beds due to intercalated sandstone and mudstone

facies and greater depths of burial (Martin et al. 1994; O’Neill et al. 2018).

The glauconitic sandstone facies (F-Sands; Fig. 2) display good reservoir

quality (av. 16.2 % porosity) (STOS 1993a, 1993b; Killops et al. 2009;

Strogen 2011), being a major oil reservoir in the Maui Field (Fig. 4) and

other smaller fields on the Western Platform (Tui, Amokura, and Pateke;

Fig. 1). The reservoir quality of the Farewell Formation and F-Sand

sandstones in Taranaki Basin is controlled mainly by grain-size variations

and presence of kaolinite, which is often cited as the single most important

cause of reservoir quality degradation across the Paleocene of Taranaki

Basin (Martin et al. 1994; Smale et al. 1999; Pollock et al. 2003; Killops et

al. 2009).

Fluvial Farewell Formation sandstone beds in the Kupe South Field (Fig.

1) contain a diagenetic mineral assemblage that documents major shifts in

pore-water chemistry during their burial history (Martin et al. 1994; Higgs

et al. 2013). The dissolution of terrigenous grains and carbonate cement by

the flow of CO2-rich fluids through sandstone beds is considered to have

generated secondary porosity in various Paleocene and Eocene reservoirs,

beneath Taranaki Peninsula, previously described by Schmidt and

McDonald (1979), Seewald (2003), Higgs et al. (2013), and references

therein. This process occurs in both clastic (Franks and Forester 1984;

Lundegard and Land 1986; Higgs et al. 2013; Yuan et al. 2015a) and

carbonate (Mazzullo and Harris 1992; Esteban and Taberner 2003)

reservoirs. The dissolution of feldspar grains and the generation of

significant secondary porosity in the F-Sands is discussed here in the

context of hydrocarbon maturation, the flow of aggressive acidic CO2-rich

fluids, and the potential ingression of meteoric fluids.

Glauconite-rich sandstone units such as the F-Sands are particularly

significant in siliciclastic shoreline systems, especially estuarine, barrier-

bar, and shoreface environments (Dyson 1998). Their lateral extent is

typically explained by the displacement of facies belts during marine

transgression. Glauconitic sandstone beds in shoreline depositional

systems can give those systems excellent reservoir quality (Winn 1994;

Çaǧatay et al. 1996; Slot-Petersen et al. 1998). The deformity of glauconite

grains relative to host terrigenous grains can provide an indication of the

extent of mechanical compaction and hence a proxy measure of reservoir

quality during drilling, including measurement-while-drilling (MWD)

controlled geosteering (e.g., Schulz-Rojahn et al. 2003).
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Here we present a diagenetic model for the Paleocene F-Sands of the

Farewell Formation based on its depositional setting and its burial history

at the Maui Field. In particular, we resolve the diagenetic paragenesis of

the F-Sands for improved understanding of the mechanisms involved in the

generation of secondary porosity, the precipitation of silica and clay

cement, and the role played by heterogeneities of the sandstone facies.

GEOLOGICAL SETTING

Taranaki Basin covers approximately 100,000 km2, mainly beneath the

shelf and continental slope offshore of central-western North Island, New

Zealand (Fig. 1). The only on-land sections of the basin occur beneath

Taranaki Peninsula and northwesternmost South Island. The basin contains

a Late Cretaceous to Quaternary sedimentary fill up to 8 km thick, as

described by King and Thrasher (1996). The basin comprises a relatively

undeformed block known as the Western Platform and a heavily deformed

area termed the Eastern Mobile Belt (Fig. 1) (King and Thrasher 1996).

The Eastern Mobile Belt contains significant shortening structures such as

the Taranaki Fault (Fig.1), which defines the eastern margin of the basin

along most of its length, and forms the locus of Miocene basement

overthrusting westward into the basin (Stagpoole and Nicol 2008).

FIG. 1.—Map of Central and Southern Taranaki Basin showing the Maui Field, bathymetry, subsurface structure, and key wells. See Figure 4 for the line of cross section

(A–A0) (bathymetry after Mitchell et al. 2012; faults and, fields after NZP&M 2014).
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The sedimentary fill of the Taranaki Basin records an early (~ 103–83

Ma) phase of extension, which is not well preserved in southern Taranaki

Basin (Strogen et al. 2017) and a second phase at ~ 84–57 Ma, concurrent

with sea-floor spreading in the Tasman Sea to the west (King and Thrasher

1996). This extension has been attributed either to an intracontinental

manifestation of a transform fault offsetting the spreading center, or to a

failed-rift (Strogen et al. 2017). This extension resulted in the formation of

normal fault-bounded grabens and half-grabens that became filled with

fluvial sandstone beds and intervening coal measures (Rakopi, North Cape,

and Farewell formations; Fig. 2). From 52 Ma to ~ 40 Ma the basin was

tectonically quiescent, characterized by regional subsidence. The Paleo-

cene to Eocene is characterized by overall transgression, with punctuated

regressions, leading to the accumulation of well-sorted inner-shelf to

fluvial sandstones (Fig. 3) capped by very fine-grained mudstones of the

Omata Member and Turi Formation (Fig. 2). Fluvial sediments of the

Paleocene and Eocene section (Farewell, Kaimiro, and Mangahewa

formations; Fig. 2) contain the vast majority of the discovered hydrocarbon

reserves in the Taranaki Basin, including the Maui Field (King and

Thrasher 1996).

The early Oligocene (33–29 Ma) section is represented by minimal to no

sediment accumulation in central and southern parts of the Taranaki Basin

(Strogen et al. 2014b). This changed after ~ 29 Ma with much higher rates

of sediment accumulation in a foredeep that developed along the eastern

margin of the basin (Stern and Davey 1990; Holt and Stern 1994) due to

loading by basement across the Taranaki Fault (Tripathi and Kamp 2008).

This was the expression in the Taranaki Basin of the early development of

the modern Australia–Pacific plate boundary through New Zealand

(Furlong and Kamp 2013). The Taranaki Fault at this time was a

backthrust to the developing Hikurangi subduction zone offshore eastern

North Island. Rapid subsidence of the foredeep led to bathyal conditions

and proximal accumulation of a thick (800 m) calcareous mudstone

succession (Otaraoa Formation; Fig. 2). By the latest Oligocene to earliest

Miocene (25–22 Ma), shortening across the Taranaki Fault had resulted in

a substantial basement high along the eastern basin margin, with shelfal

bioclastic carbonate sediment forming upon it and being redeposited into

the Taranaki Basin across a narrow shelf (Hood et al. 2003).

During the late Miocene–early Pliocene (from ~ 12 Ma) crustal

shortening in the southern Taranaki Basin and in the peninsula region,

resulted in reactivation of Late Cretaceous normal faults as reverse faults,

leading to the development or enhancement of positive structures

(antiforms) and widespread inversion of the southern Taranaki Basin

(Kamp and Green 1990; Crowhurst et al. 2002). These antiformal

structures plunge northward and have been tested by exploration drilling.

Southward, these structures emerge onshore in northern South Island,

where shortening and inversion continued into the Pleistocene (King and

Thrasher 1996; Vonk and Kamp 2008; Reilly et al. 2015; Bull et al. 2019),

bringing Farewell Formation into outcrop close to Cape Farewell in

northwestern South Island (Fig. 1).

The Maui Field

The Maui Field contains over three times more hydrocarbons than the

second and third largest in the Taranaki Basin (Pohokura and Kapuni), and

has been producing natural gas and condensate since 1979 (King and

Thrasher 1996). The Maui Field is composed of two anticlinal closures that

formed during the late Miocene–early Pliocene, bounded to the SE by the

normal Cape Egmont Fault and to the SW by the Whitiki Fault (Fig. 4)

(King and Thrasher 1996). The Maui High represents a pop-up structure,

which formed through displacement on Whitiki Fault (Fig. 4) (Reilly et al.

2016). Hydrocarbons are trapped at multiple levels: in the Paleocene F-

Sands (Farewell Formation), the Eocene C- and D-Sands (Mangahewa and

Kaimiro formations), and the Miocene Moki Formation (Fig. 5) (Killops et

al. 2009). Each of these reservoir units is capped by a mudrock section, and

produce mainly gas, but oil rims are present in the C- and D-Sands and in

the F-Sands on the Maui B structure (Seybold et al. 1996). The CO2

content of the Maui Field gas, recorded from samples from across the field,

is highly variable (av. 8.7%) but can reach a maximum of 21.5% (Funnell

et al. 2001). The F-Sands are draped over a structural high on the Maui B

structure (Fig. 4), thinning towards the northeast, producing oil until this

reservoir was abandoned.

FIG. 2.—Subsurface stratigraphy of Taranaki Basin east to west from the Western

Platform to Taranaki Peninsula (modified from King and Thrasher 1996).

SANDSTONE DIAGENESIS AND BURIAL MODELING, TARANAKI BASINJ S R 653

Downloaded from https://pubs.geoscienceworld.org/sepm/jsedres/article-pdf/90/6/651/5094584/i1527-1404-90-6-651.pdf
by guest
on 19 July 2020



Mudrock pressure calculations have shown that the Eocene Turi

Formation caprock is slightly (~ 3.5 MPa) overpressured, but the

underlying permeable reservoir horizons are close to hydrostatic pressure

(Fig. 4). The thin interbedded transgressive marine mudrocks act as

vertical pressures seals, producing minor pore-pressure variations between

the C-, D-, and F-Sands (Figs. 2, 4, 5).

The F-Sand Depositional Environment

The F-Sands accumulated in a shoreline setting that was oriented NE–

SW across the central part of the Taranaki Basin. The F-Sands show a

transition from a coastal-plain environment in Maui-1 in the south, to

upper and lower-shoreface environments in Tui-1 to the northwest (Fig. 3)

(Pollock et al. 2003; Pollock and Crouch 2005; Strogen 2011; Higgs et al.

FIG. 3.—Paleogeographic map of Taranaki

Basin at 57 Ma (late Tuerian, Paleocene) with

location of study wells (modifield from Strogen

2011).
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2012; Strogen et al. 2014b). The F-Sands in Maui-1 displays a low

percentage of dinocysts (, 3%) and numerous coal seams, both indicative

of a coastal-plain environment (Pollock and Crouch 2005; Higgs et al.

2012; Shiers et al. 2017). The F-Sands in wells MB-R(1) and MB-W(2),

drilled to the northeast from the Maui B platform, contain up to 10%

glauconite, an authigenic iron potassium phyllosilicate mineral, forming

exclusively in marine settings, commonly associated with low-oxygen

conditions (Odin and Matter 1981; Odin 1988). Normally, glauconite is

considered indicative of shallow marine shelfal environments where the

rates of sedimentation are low, but it has been shown to precipitate in

dolomitic lagoonal sediments and accumulate in marl–limestone alterna-

tions forming in brackish-water estuaries (El Albani et al. 2005). The F-

Sands (marginal marine to shoreface facies) and the Farewell Formation

(fluvial facies) more generally are thought to have been sourced from

erosion of crystalline basement in northwestern South Island and granite-

cored structural highs in the Taranaki Basin during the Paleocene (Higgs

and King 2018).

Reservoir Stratigraphy.—The F-Sands are 95 mTVD thick in the MB-

R(1) well and contain a 30 m oil column (STOS 1993a). Reservoir

sandstone beds are interbedded with siltstone beds up to 1.5 m thick, and

are often heavily bioturbated. Net-to-gross across all cored intervals is

consistently in excess of 90%. The F-Sands are split in the F1 and F0

sands, but both of these intervals are coastal-plain to shoreface deposits in

MB-R(1) and MB-W(2) wells (Pollock and Crouch 2005).

METHODOLOGY

Sampling

Cores from the F-Sands in the Maui Field have been cut in two

development wells (MB-R(1), 54 m (3218-3263 mTVDss)) and (MB-

W(2), 28 m (3232-3252 mTVDss)) from the Maui B Platform (Fig. 1).

Sixteen core samples were collected from sandstone beds in both wells

from sections that were predominantly clean sandstone without mudrock or

coal laminae. Thin sections produced from these samples were observed

under transmitted-light microscopy and analyzed by SEM and QEMSCAN

(Quantitative Evaluation of Minerals by SCANning electron microscopy).

Eleven polished thin sections were provided by Shell Taranaki Ltd.

Conventional wireline log data acquired over the cored intervals are

representative of the F-Sands across the Maui Field.

Petrographic Analysis.—27 sections were analyzed using transmitted-

light microscopy on blue-epoxy-impregnated thin sections, modal analysis

(300 counts per section) being undertaken on all samples to ascertain

mineralogy. The resulting data were used to calculate intergranular volume

(IGV) (Paxton et al. 2002), porosity loss through mechanical compaction

(COPL), and porosity loss by cementation (CEPL) (Lundegard 1992):

COPL ¼ Pi �
100� Pið ÞPmc

100� Pmc

� �
ð1Þ

CEPL ¼ Pi � COPLð Þ C

Pmc

� �
ð2Þ

where Pi is the initial or depositional porosity and Pmc is the intergranular

volume or minus-cement porosity calculated by subtracting the total

cement volume (C) from the total optical primary porosity (Po). The

calculated COPL and CEPL are accurate if three conditions are met. First,

the assumed initial porosity (Pi) must be correct. Second, the amount of

cement derived by local grain dissolution must be negligible or known.

And third, the amount of framework mass exported by grain dissolution

must be negligible or known (Lundegard 1992). The initial or depositional

porosity of F-Sands has been estimated as 42% (Pryor 1973).

FIG. 4.—Interpreted seismic line through the Maui B Field, displaying Maui-1

well wireline sonic log and associated reservoirs and formation overpressures

(calculated using RokDoc). The line of A–A0 section shown in Figure 1 (modified

from Line OTS-2, Strogen et al. 2014a).
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Scanning electron microscopy was undertaken on selected samples,

providing additional information on the pore-system geometry, authigenic

mineralogy, and paragenetic relationships. All thin sections were highly

polished to 30 lm and coated with 30 nm of carbon before analysis by a

Hitachi SU-70 field-emission scanning electron microscope (SEM)

equipped with an energy-dispersive detector (EDS). Backscatter scanning

electron microscopy of thin sections was conducted at acceleration voltages

of 15 kV with a beam current of 0.6 nA. The SEM-EDS assembly was

used for rapid identification of chemical species and their orientation in the

sample. The analysis was undertaken on gold palladium coated, freshly

broken samples glued onto aluminum stubs with silver paint.

QEMSCAN data were collected (20 lm spacing) from polished and

carbon-coated thin sections at three representative sample depths, two

medium to coarse-grained sandstones (3229.16 TVDss (MB-R-(1)); and

3238.7 TVDss (MB-W(2)) and one very fine-grained sandstone (3232.33

TVDss (MB-W(2)), in order to supplement scanning electron microscopy

and modal analysis. QEMSCAN analysis measures and identifies minerals

within a defined sample area, using a scanning electron microscope (SEM)

fitted with four light-element X-ray energy-dispersive spectrometer

detectors, allowing for fast, quantitative, and repeatable mineralogical

and rock texture analyses (e.g., Higgs et al. 2015).

One-Dimensional Burial History Modeling

The evolution of formation temperature in the stratigraphy intersected

by MB-R(1) in the Maui Field was modeled in one dimension using

FIG. 5.—Maui-1 wireline log suite and inter-

preted lithology (gamma ray (brown), sonic

velocity (green), density (red), and resistivity

(blue)) (SBPT 1969). See Figure 1 for well

location. Plotted using RokDoc.
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Schlumberger’s PetroModTM (V. 2015) software. PetroMod is based on a

forward-modeling approach to calculate the geological evolution of a basin

from its burial history (Hantschel and Kauerauf 2009). The burial model

uses well stratigraphy and associated lithologies from mud-log cuttings

data recorded in the well-completion report (STOS 1993a). The lithological

units used are mainly PetroMod (V. 2015) default lithologies, which have

been mixed based on well-log descriptions, mud log cuttings, and core

analysis reports for the wellbore.

The model was calibrated against corrected bottom-hole data for the

Maui Field (Rob Funnell, personal communication 2018), fluid-inclusion

microthermometry (Killops et al. 2009), and helium-porosity data (Fig.

6A, B) (STOS 1993a, 1993b). The law for porosity loss with depth was

used, because it utilizes effective stress rather than total depth and is

applicable for a wide range of rock types (Hantschel and Kauerauf 2009).

Heat flow was estimated after Funnell et al. (1996), uplift from Armstrong

et al. (1998), and paleo-water depths were extracted from biostratigraphy in

the well completion report (STOS 1993a).

RESULTS

F-Sand Sandstone Composition

The F-Sands in the Maui Field can be characterized as arkosic arenites

(Fig. 6A) with abundant quartz (Q: 36–60%, av. 46%) and feldspar (Fspr:

14–35%, av. 24%); lithic rock fragments of granite, schist, arenite, and

volcanics make up an av. 4% of the grains (Fig. 6A, Table 1). The

sandstones are moderately sorted, medium to coarse-grained, and

mineralogically moderately mature (Fig. 7A, B). The detrital grains range

in size from very fine to very coarse sand and are predominantly

subangular to subrounded (STOS 1993b, 1993a) (Fig. 7A, B, 8A). Both

orthoclase and plagioclase feldspars are present and display various stages

of alteration from fresh to highly corroded (Figs. 7A, 8A, 9A) and rarely

display overgrowths. QEMSCAN analyses record up to 40% feldspar

content (av. 23% plagioclase and av. 13% orthoclase; Table 2). Very rare

preserved skeletal carbonate grains are present in one-third of the samples.

Rare, primary pore-filling authigenic clay minerals form between 0 and

10% of the sandstone (Fig. 9F; Table 1). Detrital micas are present in most

sections, varying between 0 and 3% in abundance (Table 1), with high

percentages occurring in sandstones with interbedded mudrock beds.

Micas can vary between being undeformed to heavily deformed, both

broken and bent (e.g., Fig. 8E). Detrital mud clasts can form up to 6% of

the rock volume (Table 1). QEMSCAN (Fig. 7A, B) analyses identified the

presence of titanium oxide (1–3%). Hydrocarbon streaks are present in

primary intragranular porosity and very rarely fracture porosity (Fig. 8C).

Grains of yellow to bright green glauconite are present (0.7–10.7%) in

every sample (Fig. 8A, B), many of which are deformed and degraded (Fig.

7A, B).

Mechanical Compaction.—Maui Field F-Sand samples display

mechanical compaction of soft grains, such as deformed lithic clay grains,

kinked mica grains, and chemical compaction features such as concavo-

convex grain contacts at boundaries of detrital quartz grains (Fig. 8A).

Mechanical compaction led to fracturing of both feldspar and quartz grains

and bending and breaking of micas (Fig. 8E). The average values for

porosity loss due to compaction (28%) and cementation (5%) from Figure

6E (Lundegard 1992) show that mechanical compaction, rather than

cementation, is the main driver of porosity loss in the Maui F-Sands.

Authigenic Clay Minerals.—Authigenic clay minerals are not

common in any of the thin sections under transmitted light, rarely filling

pore space (Fig. 9F) and never rimming whole grains. SEM, SEM-EDS,

and QEMSCAN analyses identified sporadic thin chlorite grain-coating

alongside mixed-layer illite–smectite coats, which are in places impeding

the nucleation and growth of quartz overgrowths (Fig. 9D). Kaolinite

booklets can, on rare occasions, fill intergranular porosity and also bridge

pore throats (Fig. 9F). Heavily degraded glauconite grains, observed in

both reflected light, SEM, and QEMSCAN, show progressive alteration to

kaolinite and chlorite (Figs. 7, 9B).

Carbonate Cement.—Carbonate cements are localized throughout the

F-Sands occurring as isolated patches typically composed of euhedral

sparitic calcite cement fills (Fig. 9E) and partially or fully replacive of

detrital grains (Fig. 7A). Calcite cement can also be found between

cleavage planes of mica grains (Fig. 8F). QEMSCAN analyses (Fig. 7A)

support the hypothesis that calcite cement is sporadically developed in the

samples and host rocks and that it occludes secondary porosity. Modal

analysis from all thin sections has shown calcite to contribute up to 5% of

the rock volume.

Quartz Cementation and Fluid Inclusions.—Minor pressure disso-

lution of quartz grains has been identified in reflected-light microscopy

(Fig. 8A) and in backscatter SEM images (Fig. 10A). Quartz cements are

recognized in all samples used in this study, dominated by blocky and

sometimes thick macro-quartz overgrowths present on generally non-

coated detrital-quartz grain surfaces (Fig. 10A). The macro-quartz

overgrowths are defined as syntaxial quartz overgrowth larger than 20

lm in optical continuity with the host detrital quartz grain. They are

euhedral and contain abundant fluid inclusions in dust rims and pitted

crests (Fig. 9C). Although quartz cement is common amongst the samples

in this study, it usually contributes only 2% of the bulk rock and up to 6%

in some (Table 1). The formation of quartz overgrowths may have been

inhibited by the presence of chlorite coating on grains (Fig. 9D). Killops et

al. (2009) identified appreciably more aqueous inclusions than oil

inclusions in quartz overgrowths from the F-Sands in the Maui Field.

Oil inclusions occurring in dust rims between grains and overgrowths

document multiple phases of hydrocarbon charge. Homogenization

temperatures of quartz aqueous inclusions are between 938C to 1278C

(Killops et al. 2009).

Porosity.—Results of core analysis (Fig. 6B) show that helium reservoir

porosities range between 3 and 22% (av. 16.2%) (STOS 1993a, 1993b).

Total porosity is a combination of primary intergranular (11.4%; Table 1,

Figs. 6C, 8B), secondary dissolution (av. 1.7%; Table 1, Fig. 8A),

hydrocarbons (0.8%; Table 1, Fig. 8C), very minor fracture porosity, and

microporosity. Visible primary intergranular and secondary dissolution

pores are often interconnected, aided through minor fracturing of feldspar

grains. Secondary pores are formed through corrosion of feldspars,

producing honeycomb textures (STOS 1993a) (Figs. 8A, 9A). The final

present-day basin-modeling-derived porosity of ~ 18% (Fig. 6F) matches

the average helium porosity when fine-grained intervals are excluded. Rare

grain-size pores are evidence for total dissolution (Fig. 8A), though there is

a possibility that some of these are artefacts of sample preparation. The

limited amount of authigenic pore-filling or pore-throat blocking clay

cement types (av. 3%) would have assisted in maintaining high

permeability (av. 419 mD; Fig. 6B).

Burial History Modeling

Deposition of the F-Sands began during the early Paleocene (Fig. 11) in

a shoreface to inner-shelf setting (Strogen 2011), as indicated by the high

net-to-gross, presence of glauconite, and poorly developed thin shale

horizons. These deposits experienced slow initial subsidence rates of 32 m/

My. During the early Oligocene the basin was starved of sediment and

subsidence rapidly increased (King and Thrasher 1996; Strogen et al.

2014b), resulting in bathyal water depths (Fig. 11). Sedimentation rates

increased to 330 m/My during the late early Miocene due to the

SANDSTONE DIAGENESIS AND BURIAL MODELING, TARANAKI BASINJ S R 657

Downloaded from https://pubs.geoscienceworld.org/sepm/jsedres/article-pdf/90/6/651/5094584/i1527-1404-90-6-651.pdf
by guest
on 19 July 2020



progradation of Moki Formation basin-floor fans and associated mudrocks

of the Manganui Formation (Fig. 11). By the late Miocene (~ 6 Ma) the

rate of burial, particularly in southern and central parts of the Taranaki

Basin, would have slowed and anticlinal inversion structures formed

together with widespread uplift of the southern Taranaki Basin (Kamp and

Green 1990; Crowhurst et al. 2002; Bull et al. 2019).

The structural development of the Maui trap occurred during this period,

at ~ 8–6 Ma (King and Thrasher 1996; Funnell et al. 2004; Reilly et al.

2016), which coincided with the initial hydrocarbon charge into the Maui

Field (Killops et al. 2009). The trapping temperature (av. 1038C) inferred

from the homogenization of aqueous inclusions was reached at 7–7.5 Ma

(Killops et al. 2009), towards the end of the deposition of the Manganui

Formation. The burial history (Fig. 11) shows that trapping occurred close

to maximum burial depth. Rates of subsidence reduced during the Pliocene

due to a further reactivation of the Cape Egmont Fault, resulting in footwall

(location of the Maui Field) uplift which almost overcame reginal

subsidence (Reilly et al. 2016).

Diagenetic Paragenesis

Mechanical compaction (porosity loss) of the F-Sands in the Maui Field

began during shallow burial from ~ 50 Ma (Figs. 12, 13). Continued

increases in vertical effective stress due to burial led to deformation of

labile grains (micas and glauconite) and later formation of concavo-convex

and long grain contacts. The minor grain fracturing observed will have

formed throughout burial due to pressure at grain point contacts (Chuhan

et al. 2002, 2003) and potentially during uplift of the Maui structure (e.g.,

Reilly et al. 2016). Carbonate cementation may have started at shallow

depths, demonstrated by the occurrence of initial pore-filling calcite

cement, supported by the lack of grain–grain point contacts in some thin

sections, and has been identified elsewhere in the Paleocene of the

Taranaki Basin (e.g., Martin et al. 1994; O’Neill et al. 2018).

The onset of feldspar and mica degradation may have occurred during

shallow burial, contemporaneous with the precipitation of kaolinite

(Bjorlykke 1998; Lanson et al. 2002) (Fig. 12). Detrital glauconite grains

have been observed to be heavily deformed and would have begun to

dissolve approaching maximum burial depth and associated temperatures

above 100–1108C (Hansley and Nuccio 1992; Ivanovskaya et al. 2003).

Iron released during the degradation of glauconite has been shown in other

basins to reprecipitate as chlorite (Hansley and Nuccio 1992; Shannon

Sandstone, Wyoming). This process could account for chlorite rims

observed on detrital grains in the F-Sands. Fluid-inclusion data collected

by Killops et al. (2009) established that quartz cementation started at

approximately 938C in the F-Sands in the Maui Field, with a main phase

occurring between 978C and 1078C. In-situ temperature inferred by

homogenization of aqueous inclusions was reached at 7.0–7.5 Ma, towards

the end of accumulation of the Manganui Formation (Fig. 11; Killops et al.

2009). The liberation of silica from feldspar degradation and subsequent

clay reactions aided in the nucleation and growth of quartz overgrowths

(Fig. 12; e.g., Worden and Morad 2009).

Oil charging is interpreted to have begun at ~ 6 Ma (King and Thrasher

1996; Funnell et al. 2004) associated with the flushing of aggressive acidic

fluids, which has also been demonstrated in the Kapuni Field (Higgs et al.

2013; O’Neill et al. 2018). This acidic flushing may have led to enhanced

TABLE 1.—Model point-count summary (300 counts) for the F-Sands at the Maui Field (IGV, intergranular volume; COPL, porosity loss due to

mechanical compaction; CEPL, porosity loss due to chemical compaction). Thin sections provided by Shell Taranaki denoted using an asterisk after the

well name e.g. MB-R(1)*. x in cells denotes samples/sections used for SEM, BSEM, and QEMSCAN analyses.

Well

Depth Quartz Lithics Feldspar

Carbonate

Grain

Intergranular

Carbonate

Cement

Carbonate

replacement

cement

Heavy

Mineral

Mud

Clast Hydrocarbon

[m] MDAH [m] TVDss [%] [%] [%] [%] [%] [%] [%] [%] [%]

MB-R(1)* 3516.38 3218.90 54.3 5.3 17.3 0.3 1.0 0.3 0.3

MB-R(1) 3516.40 3218.95 60.0 3.3 12.0 1.3 0.3 1.0 0.7

MB-R(1)* 3517.93 3218.92 50.0 3.7 18.7 0.0 1.0 1.0

MB-R(1) 3518.30 3219.40 45.0 6.0 13.7 0.3 1.7 1.3 0.7

MB-R(1)* 3520.91 3221.62 48.0 2.3 27.0 0.3 0.7 4.3 0.7

MB-R(1) 3525.50 3225.88 43.3 4.0 27.3 0.3 0.3 0.3 0.3

MB-R(1) 3529.20 3229.16 50.7 5.3 21.3 0.3 0.3 0.3

MB-R(1)* 3531.94 3231.60 48.0 4.3 23.7 0.3 0.3 0.3

MB-R(1) 3535.20 3234.57 53.0 4.7 20.0 0.3 0.3 0.3 0.3 1.0

MB-R(1) 3539.20 3238.07 54.3 4.7 20.3 0.7 0.7 0.3

MB-R(1) 3545.20 3243.47 50.7 4.7 23.0 0.3 0.3 1.3 0.7 0.3

MB-R(1)* 3548.41 3246.17 51.7 3.0 19.3 1.7 0.3 1.7 1.0

MB-R(1) 3560.90 3257.82 50.3 2.0 25.0 0.3 3.0 1.7 1.0

MB-R(1) 3565.25 3261.69 44.0 8.3 23.3 2.0 0.3 0.3

MB-R(1) 3569.90 3262.77 52.0 5.0 19.0 1.0 0.3 0.7

MB-W(2) 4111.20 3232.33 40.3 2.3 22.3 3.0 1.3 0.3 0.3 0.7

MB-W(2)* 4113.88 3234.71 35.7 4.3 30.0 0.7 0.3 0.3

MB-W(2) 4115.20 3235.89 40.3 3.0 29.3 3.0 0.3 0.3 1.3 0.7

MB-W(2)* 4118.30 3238.65 42.0 1.0 35.0 1.3

MB-W(2)* 4120.10 3240.26 48.3 1.0 30.0 0.7 0.3 0.7 0.7

MB-W(2) 4121.10 3241.15 41.3 3.0 31.0 0.3 0.3 1.3 1.0

MB-W(2)* 4124.88 3244.53 44.3 4.7 22.7 0.3 2.0 1.0

MB-W(2) 4125.30 3244.91 44.0 6.7 24.7 1.3 0.3 0.3

MB-W(2) 4126.20 3245.71 42.3 4.3 24.0 0.7 0.7 1.0 0.7

MB-W(2)* 4127.60 3246.96 40.7 2.7 31.7 0.3 1.0 0.3 0.3 0.3

MB-W(2)* 4129.40 3248.58 42.3 2.7 24.0 0.7 5.7 3.3

MB-W(2) 4133.20 3251.98 40.7 4.7 30.7 0.3 0.3 0.3 0.3
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dissolution of carbonate cement and of framework grains and etching of

quartz overgrowths. Late-stage carbonate cementation is also still

occurring, as shown by precipitation into secondary porosity (Fig. 13).

DISCUSSION

The locally excellent reservoir quality of the F-Sands reservoir in the

Maui Field is mainly due to three key factors: the relatively shallow depth

of burial, limited amount of both authigenic silica and clay cements, and

the formation and preservation of secondary porosity (Fig. 13). The F-

Sands could be characterized as a geochemically closed system, where

dissolved solutes are redistributed within the reservoir section.

Reservoir Quality

Although some primary intergranular porosity has been lost through

mechanical compaction, the effective stress conditions of the reservoir are

still relatively low (33.1 MPa). The onset of silica cementation can occur in

the range between 70 and 1008C (Bjørlykke and Egeberg 1993), but the

start of significant silica cementation typically occurs between 90 and

1008C (Giles et al. 2009). Basin modeling results suggest that the F-Sands

have experienced a maximum temperature of 1058C (Fig. 11), suggesting

that silica cement could be significant, but this is not the case. The limited

occurrence of quartz cement in the F-Sands could be due their late entrance

into the chemical-compaction window (. 2500 m) only some 10 My ago

and with only ~ 7 My residence in the realm of significant quartz

cementation. Chlorite grain coatings have been shown, in places, to limit

the nucleation and growth of quartz overgrowths (Fig. 9D; e.g., Ehrenberg

1993; Stricker and Jones 2016; Stricker et al. 2016).

The limited volume of both pore-filling clay and quartz cement has left

pore throats open, resulting in excellent permeability and thus connectivity

within the reservoir (Fig. 8B). This has been enhanced through formation

of secondary dissolution porosity (Figs. 8A, 9A) and some minor

fracturing (Chuhan et al. 2002; Reilly et al. 2016). Additionally, the

limited ductile-grain content combined with the moderately well sorted

nature of the sandstones, led to moderate-efficiency grain packing, helping

to prevent porosity loss via compaction (Paxton et al. 2002). This is

suggestive of a facies control on reservoir quality, as demonstrated in many

other reservoirs in shelfal to shoreface facies (e.g., Mansurbeg et al. 2008;

Ambrose et al. 2017; Haile et al. 2018; Porter et al. 2018). Conversely, the

ductile nature of glauconite grains (Ranganathan and Tye 1986) would

have enabled non-elastic deformation of the sandstones (Hossain et al.

2009), which directly affects reservoir quality by potentially blocking pore

throats, but the relatively low glauconite content means that this would

only be a secondary process.

The present-day reservoir quality of the Farewell Formation in Maui

Field is a cumulative product of depositional attributes (facies and grain

size), mechanical compaction, and diagenesis during early and late stages

of burial (Figs. 11, 12, 13). Mechanical compaction and late generation of

secondary porosity are also the most significant diagenetic processes which

would have occurred in Farewell Formation at Kapuni Deep-1 (O’Neill et

al. 2018), which is the deepest well ( . 5500 m) that sampled the

Paleocene in the Taranaki Basin. The COPL-CEPL analyses, minor grain

fracturing, and grain deformation, all suggest that mechanical compaction

TABLE 1.—Extended.

Well

Mica

Clay

Cement

Quartz

Overgrowth

Intergranular

Porosity

Secondary

Porosity Glauconite

Feldspar

Overgrowth IGV COPL CEPL

SEM BSEM QEMSCAN[%] [%] [%] [%] [%] [%] [%] [%] [%] [%]

MB-R(1)* 2.7 12.3 5.3 0.7 15.7 31.2 2.1

MB-R(1) 3.0 2.3 1.0 12.0 1.7 1.3 17.0 30.1 3.5

MB-R(1)* 1.7 2.0 4.3 9.7 4.7 3.0 0.3 16.3 30.7 4.6

MB-R(1) 1.3 4.0 6.3 13.0 2.0 2.3 2.3 26.7 20.9 10.3

MB-R(1)* 0.7 5.0 1.7 4.3 4.3 0.3 0.3 12.0 34.1 4.6 x

MB-R(1) 2.0 2.7 2.7 10.3 3.0 3.0 0.3 16.7 30.4 4.2

MB-R(1) 0.3 2.0 3.0 11.7 2.0 2.0 0.7 17.7 29.6 4.2 x

MB-R(1)* 1.3 0.3 2.0 12.7 3.3 2.7 0.7 16.0 31.0 2.3

MB-R(1) 0.7 2.0 1.3 11.0 0.7 4.0 0.3 16.3 30.7 3.0

MB-R(1) 2.0 2.3 12.0 1.3 0.7 0.7 17.0 30.1 3.5 x

MB-R(1) 0.3 0.3 2.3 11.3 1.0 2.7 0.7 16.3 30.7 3.5

MB-R(1)* 1.3 1.0 13.0 1.7 4.0 0.3 17.0 30.1 2.1

MB-R(1) 1.7 2.0 10.7 1.7 0.7 19.7 27.8 6.5

MB-R(1) 2.3 1.0 15.7 0.3 2.3 0.0 21.3 26.3 3.9 x

MB-R(1) 0.7 6.3 0.7 12.7 0.3 1.0 0.3 22.0 25.6 6.4

MB-W(2) 5.0 10.0 0.3 3.3 10.7 18.7 28.7 10.5 x

MB-W(2)* 1.0 8.7 1.7 9.3 1.3 6.7 20.0 27.5 7.5

MB-W(2) 1.0 1.7 0.7 13.3 4.7 0.3 20.0 27.5 4.4

MB-W(2)* 1.0 2.3 3.0 9.3 0.7 3.7 0.7 15.3 31.5 4.1 x

MB-W(2)* 0.7 1.3 13.3 1.0 1.7 0.3 16.3 30.7 1.6

MB-W(2) 1.0 2.0 2.0 13.0 0.3 2.7 0.7 18.0 29.3 3.5 x

MB-W(2)* 1.0 6.3 3.3 4.3 1.7 7.7 0.7 15.7 31.2 7.1

MB-W(2) 0.3 1.0 3.0 14.3 0.3 3.0 0.7 20.3 27.2 4.4 x

MB-W(2) 0.7 4.3 1.3 15.0 0.3 3.3 1.3 23.3 24.3 5.8

MB-W(2)* 1.0 2.0 15.7 3.3 0.7 21.0 26.6 3.7

MB-W(2)* 1.3 2.0 2.3 10.7 1.0 3.3 0.7 19.0 28.4 3.6 x

MB-W(2) 0.3 2.7 2.3 14.7 1.7 1.0 21.3 26.3 4.7
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FIG. 6.—A) Ternary plot of present-day composition of the F-Sands at MB-R(1) and MB-W(2) from modal point-count data (Table 1). B) Measured porosity permeability

cross-plot from core-analysis data of the F-Sands at MB-R(1) and MB-W(2) (STOS 1993a, 1993b). C) Ternary plot displaying grain:matrix:porosity ratio of F-Sands at MB-

R(1) and MB-W(2) from modal point-count measurements. D) Plot of intergranular volume against depth in the F-Sands at MB-R(1) and MB-W(2). E) Compactional

(COPL) and cementational (CEPL) porosity loss for the F-Sands at MB-R(1) and MB-W(2) with remaining sample porosity (dashed lines). COPL and CEPL is calculated

after Lundegard (1992). F) Plot of modeled porosity development of F-Sands at MB-R(1) well against time, from 1D basin modeling (Fig. 11).
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was the key driving mechanism for porosity reduction during the first 2500

m of burial through the steady increase of vertical effect stress.

CO2 and Secondary Porosity

CO2-rich fluids have been shown to contribute towards feldspar

dissolution in clastic reservoirs (Lundegard and Land 1986; Hansley and

Nuccio 1992; Higgs et al. 2013; Cao et al. 2014; Yuan et al. 2015b).

Experimental work (e.g., Wang et al. 2017) and numerical modeling (e.g.,

Barclay and Worden 2000; Xu et al. 2005) further supports the dissolution

of feldspar by CO2-rich fluids. The flow of acidic CO2-rich fluids is an

important mechanism particularly driving dissolution of carbonate cements

and detrital grains and generating secondary porosity in the Kapuni Field,

Taranaki Basin (Higgs et al. 2013; O’Neill et al. 2018), and producing

oversized pores in some Taranaki reservoirs (Collen and Newman 1991).

Dissolved CO2 in pore fluids in the F-Sands could also have driven

feldspar dissolution, producing honeycomb-texture secondary porosity as

noted above.

The Maui Field oil has been typed to a Late Cretaceous coaly source

with a marine contribution (mostly likely the Rakopi Formation; Fig. 2)

(Sykes et al. 2012), which is also potentially providing associated CO2

through thermal decarboxylation of the coal beds. The source location is

more enigmatic, but it has been suggested that the most likely area is the

adjacent Maui Sub-basin, and migration is facilitated through the Cape

Egmont Fault, which bounds the field to the east (Funnell et al. 2001;

Reilly et al. 2016). Coaly source rocks present in the Paleocene

stratigraphy of the Maui structure are immature for CO2, but modeling

of the adjacent Maui Sub-basin suggests that the Rapoki Formation is

mature for CO2 expulsions (Funnell et al. 2001). Microthermometry

carried out by Funnell et al. (2001) of fluid inclusions from the overlying

C- and D-Sands in the Maui Field suggest an initial charge of hot brines

(1508C) with high CO2 content, at ~ 10 Ma. High trapping temperatures,

when compared to maximum reservoir temperatures in the F-Sand, is

suggestive of advective fault-controlled flow up the Cape Egmont Fault

(Funnell et al. 2001), and the potential charging of the F-Sands.

A second minor charge of high CO2 brines (1358C trapping

temperature) associated with an initial oil influx, occurred at ~ 5 Ma

(Funnell et al. 2001), when reverse displacement on the Cape Egmont fault

juxtaposed Cretaceous and Paleocene reservoirs, facilitating the cross-fault

flow of hydrocarbons and CO2 (Reilly et al. 2016). The suggested relatively

short migration pathway of these acidic fluids would restrict them from

reaching equilibrium with pore waters, leading to etching and degradation

of detrital grains in the F-Sands of the Maui Field. Bitumen-filled pore

FIG. 7.—QEMSCAN images of the F-Sands in the Maui Field (2 lm point spacing). A) Degraded feldspar grains, heavy-mineral, fractured quartz grains, and connected

intergranular porosity (3238.65 TVDss; MB-W(2)). B) Calcite cement filling secondary porosity, degraded orthoclase and glauconite grains, minor pore-filling kaolinite, and

pressure solution contacts (3238.65 TVDss; MB-W(2)).

TABLE 2.—Summary of QEMSCAN data (20 lm pixel spacing) for two

medium- to coarse-grained sandstones (3229.16 TVDss (MB-R-(1)); and

3238.7 TVDss (MB-W(2)) and one fine- to very fine-grained sandstone

(3232.33 TVDss (MB-W(2)) from the F-Sands of the Maui Field.

Depth (mTVDss) 3529.2 4119.3 3232.33

Well Name MB-R(1) MB-V(2) MB-R(1)

Background (/ ) 21.39 25.64 1.88

Quartz 34.55 28.43 31.02

Plagioclase 23.81 24.37 22.07

K-Feldspar 16.77 13.86 8.34

Calcite 0.05 0.14 0.04

Illite 0.06 0.09 0.41

Illite-Fe/Glauconite 0.43 1.96 6.28

Smectite 0.72 0.78 1.81

Chlorite 0.72 0.51 12.50

Kaolinite 0.77 0.45

Muscovite 0.17 0.30 0.56

Biotite 0.50 1.88 7.90

Pyrite 0.02 0.09 0.46

Rutile 0.18 0.24 0.47

Apatite 0.02 0.07 0.33

Others 0.05 0.01 0.05

Salts/"salt muds" 0.01 0.19

Unclassified 0.53 0.65 5.23
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FIG. 8.—Thin-section micrographs of the F-Sands in the Maui Field. A) Medium to coarse-grained sandstone with concavo-convex contacts, sutured grain contacts,

dissolved grains, and degraded feldspars (PPL; 3219.0 mTVDss; MB-R(1)). B) Medium to coarse-grained sandstone with connected intergranular porosity and glauconite

(PPL; 3251.82 mTVDss; MB-R(1)). C) Medium-grained sandstone with bitumen-filled pore space and associated etched grain rims (PPL; 3240.20 mTVDss; MB-W(2)). D)

Fine to very-grained sandstone displaying abundant glauconite and clay cement, and limited visible intergranular porosity (PPL; 3232.33 mTVDss; MB-W(2)). E) Medium to

coarse-grained sandstone with deformed mica and glauconite grain (XPL; 3238.70 mTVDss; MB-W(2)). F) Medium to coarse-grained sandstone with calcite cement growing

between cleavage planes in a mica grain (XPL; 3244.90 mTVDss; MB-W(2)). (Fspr, feldspar; Qtz, quartz; Gla, glauconite; /, porosity; Bt, bitumen; cal, calcite cement).
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FIG. 9.—SEM images of the F-Sands in the Maui Field. A) Heavily degraded feldspar grain displaying honeycomb porosity (3244.91 mTVDss; MB-W(2)). B) Heavily

degraded glauconite grain (3261.69 mTVDss; MB-R(1)). C) Macro-quartz overgrowths with etched crests (3244.91 mTVDss; MB-W(2)). D) Quartz overgrowths and grain-

coating chlorite (3261.69 mTVDss; MB-R(1)). E) Pore-filling calcite cement and open inter-granular porosity (3244.91 mTVDss; MB-W(2)). F) Degraded feldspar and pore-

filling kaolinite (3244.91 mTVDss; MB-W(2)). (Fspr, feldspar; Qtz, quartz; Gla, glauconite; /, porosity; Clr, chlorite; Kaol, kaolinite; Cal, calcite cement).
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space surrounded by etched grains (Fig. 8C) and pitted crests of quartz

overgrowths (Fig. 9C) identified in the F-Sands is suggestive of aggressive

acidic fluids, which could enhance secondary porosity. The relatively

recent charging of acidic fluids approaching maximum burial, and

associated dissolution, would have weakened the grain framework, but

limited subsequent burial has reduced the potential for secondary

compaction, which has helped contribute to the preservation of secondary

porosity in the F-Sands.

Furthermore, dissolution of detrital grains in sandstones is frequently

postulated to occur in the presence of low-salinity meteorically sourced

FIG. 10.—BSEM images of the F-Sands in the Maui Field. A) Fluid inclusions trapped in the dust rim of macro-quartz overgrowths (3238.07 mTVDss; MB-R(1)). B)

Mixed clay coating on surface of quartz overgrowth (3248.58 mTVDss; MB-W(2)). (Qtz, quartz; /, porosity)

FIG. 11.—1D burial history plot of MB-R(1) (PetroMod). Red lines are isotherms (paleo-water depth adapted from Killops et al. (2009)).
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FIG. 12.—Diagenetic Paragenesis for F-Sands

sandstone at the Maui Field (fluid-inclusion

microthermometry after Killops et al. 2009).

FIG. 13.—Plot of burial history and porosity development for the F-Sands in the Maui Field. Schematic thin-section micrographs displaying key features of diagenetic

paragenesis during burial. Dissolution of feldspars has enhanced porosity with further quartz cementation restricted due to chlorite grain coatings and relatively late deeper

burial of the F-Sands at the Maui Field.
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pore waters, which can be associated with flushing of solutes derived from

feldspar dissolution (e.g., Yuan et al. 2015a; Yuan et al. 2017). Ingression

of meteoric water into the F-Sands reservoir may have occurred from late

Eocene to early Oligocene (Figs. 11, 13; , 1 km burial depth) and

following late Miocene uplift associated with the Cape Egmont Fault

system (Fig. 4; Reilly et al. 2016). Significant leaching is likely to have

occurred during shallow burial, leading to loss of dissolved solutes from

the system, but subsequent rapid loading from 10 to 6 Ma (Fig. 13) would

have rapidly increased effective stress and destroyed secondary porosity.

The role played by meteoric fluids was important during shallow burial

(, 1 km, late Eocene to early Oligocene), but during later stages of burial

(since ~ 10 Ma) CO2 dissolved in pore fluids may have played a dominant

role in the dissolution of the detrital grains and cement.

Cement Distribution and Heterogeneity

It might be expected that degradation of detrital feldspars in the

predominantly arkosic F-Sands would have led to the precipitation of

pervasive clay cement, but analyses using both reflected-light microscopy

and SEM petrography have shown this not to be the case. It has been

proposed that deep sandstone reservoirs (. 2 km) are geochemically

closed systems, such that, at local scale, precipitation of cement equals its

dissolution (Ehrenberg 1993; Higgs et al. 2007; Bjørlykke and Jahren 2012

Bjørlykke 2014). Higgs et al. (2013) proposed that a substantial percentage

of the secondary minerals formed in Eocene formations in the Taranaki

Basin have been precipitated in fine-grained heterolithic beds around

coarser and well-sorted sandstone beds, for example in the Mangahewa and

Kaimiro formations of the Kapuni Field. This implies a net redistribution

of ions from coarse clean beds to fine heterolithic beds, a mechanism

which could be invoked for the Maui Field F-Sands interval where fine to

very fine-grained sandstone beds contain a significant percentage of clay

cement (Fig. 8D) compared with interbedded coarser-grained high-

permeability sandstone facies (Fig. 8B).

Fluid-inclusion analysis from the overlying D-Sands from Funnell et al.

(2001) identify a late influx of gas-rich brine, characterized by clathrate-

containing fluid inclusions, which is consistent with the formation of

authigenic late-stage calcite cement. It could be expected that these brines

may have flushed through the underlying F-Sands, leading to a proportion

of the observed calcite cementation filling secondary porosity. As

previously discussed, these brines can also be associated with high CO2,

which could lead to the dissolution and potentially reprecipitation of

carbonate cements, further enhancing heterogeneity in the F-Sands.

CONCLUSIONS

1. Mechanical compaction has been the key mechanism for porosity

reduction in the F-Sands of the Maui Field during their first 2500 m

of burial, shown by grain fracturing, concavo-convex and quartz-to-

quartz long grain contacts, deformed liable grains, and high COPL.

2. Dissolved CO2 in pore fluids in the F-Sands of the Maui Field may

have driven feldspar dissolution and enhanced secondary porosity

(av. 1.7%) in the F-Sands.

3. Secondary porosity has been maintained due to a reduction in burial

rates (from ~ 6 Ma), thereby helping to prevent porosity loss via

mechanical compaction.

4. The F-Sands display a limited amount of quartz cement because they

entered the chemical compaction window (. 2500 m) only in the

past 10 Ma and the significant quartz cementation realm ~ 7 Ma.

Quartz cement volumes are further controlled by chlorite grain coats

which could play an important role in deeper sections of the Farewell

Formation in the Taranaki Basin.

5. Dissolved solutes from CO2-rich fluids in the F-Sand sandstones are

preferentially precipitated in surrounding and interbedded fine-

grained heterolithic siltstone beds. This process increases overall

heterogeneity, leaving open pore throats and maintaining a primary

intergranular porosity in sandstone reservoirs.
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