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Figure 4.7  Sketches of the quartz-bearing mudstone breccia near Onedin. Complex relationships are
illustrated between granular rocks, mudstone and chert and the quartz-bearing mudstone facies.
(A) Map of the quartz-bearing mudstone in the area north of Onedin displaying the complex relationships
between lithologies typical of this facies over a short distance. From the top of section 9, north of Onedin
(GR 4546 7359). Dashed line is outcrop edge, solid lines are mapped contacts.
(B) Details of relationships exhibited among granular rock, quartz-bearing mudstone and mudstone from
areas (i), (ii) and (iii) in A. In some cases, the granular rock contains quartz crystals (dots with q). North has
the same orientation in all three illustrations.
(C) Map of outcrop about 20 m northwest of A (GR 4539 7350) displaying the relationship between the
base of the aphyric rhyolite and quartz-bearing mudstone breccia facies. The blocks of quartz-bearing
mudstone display sharp contacts with the surrounding mudstone.
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Now 4.8  Geochemistry of samples from the quartz-bearing mudstone facies in DDH 16A.
(A) Plots of Al2O3, TiO2, Zr, Nb and Y abundance in the quartz-bearing mudstone facies in DDH 16A. Log
displaying the 4 beds sampled, labelled 1–4 upward through the footwall stratigraphy at left. Note that bed 2
has only one sample analysed. Three samples from the base, middle and top of bed 3 are more representative.
Overall fluctuations are minor  within beds, but bed 1 displays an increase in Nb and Y from the bottom to
the top. Bed 3 also displays an increase in Y from the bottom to the top.
(B) Comparative plots of immobile element abundances of the quartz-bearing mudstone facies (solid
diamonds), mudstone (open circles) and rhyolite (grey triangles). Al2O3, TiO2, Nb and Y are all plotted
against Zr.
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Cracked quartz with jigsaw-fit texture are present in the quartz-bearing mudstone facies (Fig.

4.6F). Cracked quartz has several possible origins. Deformation could cause quartz to crack. If the

fractures are primary then several causes are possible. Fracturing can occur in response to violent

eruptions and is common in pumice clasts within pyroclastic deposits (Best & Christiansen 1997).

Similar jigsaw-fit quartz can also be produced during quenching of a lava and the formation of

hyaloclastites (McPhie et al. 1993). The clustered distribution of jigsaw-fit cracked quartz within

the quartz-bearing mudstone is consistent with the presence of pumice or glassy fragments. This

explanation is also compatible with the mixed population of quartz, where most of the large

bipyramidal quartz crystals are intact.

The volcanic detritus is supported by a fine-grained matrix except in near the base,  where

coarse sand and granule conglomerate form the matrix. The nature of this matrix remains

unknown and could be either ash or mud or a combination. It could also be pumice which is

totally obscured by later alteration, as in the hanging wall at Sandiego.

The quartz-bearing mudstone clasts, which appear to ‘float’ in fine sandstone and mudstone

between beds of quartz-bearing mudstone facies could form as a lag near the base of mass-flow

deposits with the quartz-bearing mudstone overlying these as the main body of the mass-flow

deposit (McPhie et al. 1993). Alternatively they could be pumice clasts that sank into either the

sedimentary substrate or the tops of the mass-flow deposits (Reynolds 1980, Fiske et al. 1998).

The decimetre- to metre-scale breccia restricted to north of Onedin and near DDH 16A may

be interpreted in several ways. Poorly consolidated muddy substrate and unconsolidated quartz-

bearing mudstone facies may have been redeposited together downslope, or large fragments of the

muddy substrate were ripped up during an erosive phase of a mass-flow, which later deposited both

the sedimentary clasts with the quartz-bearing mudstone mixture. A similar chaotic breccia formed

a subaerial deposit as the Kos Plateau Tuff pyroclastic flows moved over unconsolidated substrate

(Allen & McPhie 2001). These authors suggested that the breccia developed by liquefaction and

shear near the base of the energetic pyroclastic flow. The granular clasts could also be collapsed

blocks of lava, but these should be solid blocks, with curviplanar contacts. Instead these clasts

display interpenetrating contacts with the surrounding breccia and association with abundant

quartz veinlets, features best explained by intrusion of the breccia by granular aphyric rhyolite.

Near Rockhole, the abundant vesicles in the quartz-bearing mudstone clasts of the quartz-

bearing mudstone breccia facies (section 2), indicate that these may have been pumice fragments.

They could mark pumice near the top of a pumice breccia or a peperite at the margin of a quartz-

phyric intrusion or could also have been cold water-logged pumice clasts, which sank into the

upper fine-grained portion of the volcaniclastic sediment gravity deposited unit.

The limited geochemistry undertaken in this study does not indicate systematic fluctuations

in the contents of immobile elements within beds of the quartz-bearing mudstone facies, although

small variations do occur. Deposits interpreted to be the products of subaqueous eruptions in

Archaean volcanic successions of Canada display systematic decreases in immobile elements within

beds from the bottom to the top (Morton et al. 1991), which these authors equated with magma

chamber zonation. However, the uppermost unit within the Canadian sequence, also interpreted as

the direct deposit of a subaqueous eruption, did not exhibit these variations (Morton et al. 1991).

Similarity of the quartz-bearing mudstone with the sedimentary samples in Al2O3 abundance and
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lack of systematic variation in immobile element geochemistry indicate that this facies may not be

the direct product of an eruption, but resedimentedvolcanic detritus.

4.3.4 COARSE-GRAINED SEDIMENTARY FACIES ASSOCIATION

The coarse-grained sedimentary facies association is characterised by the granule conglomerate

facies with interbedded graded sandstone and mudstone facies and minor mudstone facies, or

intervals (<50 m thick) of very thickly bedded, interbedded graded sandstone and mudstone facies

with some mudstone facies. It is widespread within the upper KPF (Table 4.4).

Distribution, geometry and relationships

The coarse-grained sedimentary facies association forms a sequence which extends up to 1.5 km

along strike but can be less than 20 m thick south west of Onedin South and east of Gosford.

East of Onedin and north of Atlantis, small lenses up to 5 m thick cannot be traced beyond

200 m laterally. Northwest of Onedin South, it forms discontinuous outcrops over an area 500 m

wide by 1 km along strike.

East of Gosford, the facies association overlies the Onedin Member, quartz-bearing mudstone

facies and may be intruded by quartz-phyric rhyolite facies. It is overlain by mudstone facies. The

facies association is surrounded fine-grained facies associations I and II at Atlantis and east of

Onedin. It is juxtaposed with rhyolite facies associations south and north of Onedin South.

Although contacts are not exposed here, elsewhere sedimentary facies are intruded by the rhyolite

facies association. Dolerite intrudes the facies association southwest of Onedin. Two sections have

been measured through this facies association in creek exposures southwest of Onedin South (GR

4260 7230) and northeast of Gosford (Figs 4.10, 4.11).

Descriptions

This facies association is characterised by thick intervals of interbedded graded sandstone and

mudstone facies commonly intercalated with granule conglomerate facies. Granule conglomerate

beds are up to 3 m thick, with sharp, down-cutting bases. Many beds are normally graded, with

some massive and minor reverse graded, granule conglomerate to coarse- to fine sandstone. Fine

grained upper portions display diffuse laminae. The interbedded graded sandstone and mudstone

facies of this facies association are medium to thickly bedded (0.2–1 m thick) and display some

features of classic Bouma sequences (Bouma 1962) (Figs 4.9, 4.11). Normally graded sandstone

(Ta) grades up to laminated medium sandstone (Tb), overlain by cross-bedding and ripples in the

fine sandstone (Tc) capped by laminae of mudstone (Td). Bases are sharp and can be planar, down-

cutting or display load casts (Fig. 4.11).

Northeast of Gosford, this facies association is mainly composed of the interbedded graded

sandstone and mudstone facies which displays upward thickening cycles over three beds. Overall,

lateral bed thinning and upwards fining occurs in this sequence, which grades into mudstone with

only minor interbedded graded sandstone beds. Southwest of Onedin South, conglomerate and

interbedded graded sandstone and mudstone compose the facies association. The granule

conglomerate forms very thick, massive to normally graded beds (<2 m). Many contain abundant

mudstone clasts (Fig. 4.10).
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Granule and coarse sandstone components of this facies association are poorly to moderately

sorted and made up of angular to subrounded fragments of quartz and polymictic lithic clasts.

Quartz comprises up to 45% of the rock and includes polycrystalline quartz (<25%), volcanic

quartz (<10%) and plutonic quartz (<6%), 5 % is matrix and the rest consists of sedimentary,

metamorphic and volcanic/subvolcanic rock fragments as well as some K-feldspar fragments. Felsic

volcanic clasts include fine-grained rhyolite clasts; some display spherulitic textures. Other felsic

volcanic clasts contain embayed quartz and euhedral K-feldspar in a fine quartz+feldspar

groundmass. Aggregates of coarse quartz and feldspar crystals are abundant and display graphic and

intimately intergrown fabrics, indicative of granophyric textures. Fine kaolinite and clay fragments

may be altered fine-grained volcanic clasts and altered feldspar crystals. Sedimentary clasts include

round, slabby or irregular mudstone, quartz sandstone, chert and quartz-white mica fragments.

Less abundant metamorphic fragments include muscovite, polycrystalline quartz and quartzite

clasts.

Interpretation

The coarse-grained sedimentary facies association was deposited from sediment gravity flows such

as medium- to high-density turbidity currents. These flows were sourced from areas of

predominantly felsic volcanic and sub-volcanic lithologies, as well as some sedimentary and

metamorphic lithologies. The provenance is from a basement source with abundant volcanism or

volcanic detritus. It is uncertain if the detritus is syn-eruptive or represents erosion of inactive

volcanic centres. The limited stratigraphic thickness of this facies association suggests that it may be

related to short lived events. The overall tabular shape of most facies indicates that they represent

blanketing deposits, rather than channellised deposits, or that the present outcrops coincide with

the axes of broad depression rather than cross-sections.

4.3.5  FINE-GRAINED SEDIMENTARY FACIES ASSOCIATION I

Fine-grained sedimentary facies association I is the simplest and most widespread of the three fine-

grained sedimentary facies associations. It includes five facies: mudstone, chert, ironstone,

interbedded graded sandstone and mudstone, and poorly sorted lithic-rich pebbly sandstone facies

(Figs 4.11, 4.12, 4.13). This association occurs throughout the KPF, dominating the lower KPF,

and is common in the more diverse range of facies of the upper KPF (Table 4.5).

Distribution, geometry and relationships

This facies association is the most abundant facies of the KPF and is found throughout the study

area. In the lower KPF, it surrounds the basalt facies association. No contacts between these facies

association have been located. Higher in the stratigraphy, this facies is intercalated with the quartz-

bearing mudstone facies association and the coarse-grained sedimentary facies association, and

laterally gradational to the other fine-grained sedimentary facies associations, II and III.

Patchy outcrop makes the geometry of this facies association difficult to determine. However,

most sequences are probably tabular, over tens to hundreds of metres thick and continuous for

kilometres along strike.
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Figure 4.9   Facies variations in different types of sediment gravity mass flow deposits.
(A) Subaqueous volcaniclastic mass-flow deposit showing divisions for interpreted  basal debris flow (Mb),
transitional zone (Mt) and water settled fallout (Ma). Succession is 12–150 m thick (based on Yamada 1984
and Cashman & Fiske 1991).
(B)  Doubly graded, 20–60 m-thick subaqueopus volcaniclastic mass flow units (after Fiske & Matsuda
1964).
(C) Ideal turbidite displaying Bouma sequence of structures and grainsize (after Bouma 1962, Walker 1978).
(D) Sandy high density turbidite, showing deposits from the high density stage (S1-3) and from the residual
low density stage (Tc-e). Modified from Lowe (1982).
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Figure 4.10   Features of the coarse-grained sedimentary facies association.
(A) Section 8 m thick from pavement exposures in a creek west of  Onedin
South (GR 4260 7230). The facies association is predominantly granule
conglomerate facies with some interbedded graded sandstone and mudstone
facies. Mudstone is rare. Fine-grained dolerite intrudes the top of the
section.
(B) Specimen of the granule conglomerate facies from GR 4400 7420, 2 km
northwest of Onedin. Two beds are shown here. Both display normal
grading (younging direction arrowed). Large blue quartz and large feldspar
crystals are common in the upper bed, interspersed with angular volcanic
and sedimentary fragments.
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Figure 4.11  Lens of coarse-grained sedimentary facies association consisting of interbedded graded
sandstone and mudstone facies northeast of Gosford.
(A) Detailed map showing locations of measured sections (B,C) and relationships among facies in this area.
Note that younging in this succession is to the southeast.
(B) Measured section at  B. Abundant repetition of Bouma Ta, Tb, Tc and Td bedforms. Cross-bedding and
planar laminae are common in the fine-grained sandstone and mudstone. No overall pattern is apparent,
although some 3 m-thick sequences show upward thickening of beds (depicted by arrow)
(C) Measured section at C. This sections is 200 m southwest of section B (see A) and shows that lateral
variations in bed thickness are marked.
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Figure 4.12  Measured sections through the interbedded graded sandstone and mudstone facies of the lower
KPF.
(A) Map showing the location of B and C measured sections in thickly bedded turbidites north of Sandiego
(GR 4119 7350). Outlines depict folds and FZ marks faults or fault zones.
(B) Detailed measured 7 m-thick section at B. Only 0.5 m of section was obscured. One very thick bed
(about 1.5 m thick) dominated by sandstone, contains mud intraclasts near the base. Some beds display
erosional bases.
(C) Detailed measured section over 3.5 m at C. Beds are thinner than at B, but most are around 0.5 m
thick. Rippled and cross-laminated fine sandstone is more abundant in this section than at B. One coarse
sandstone bed, 0.1 m above the base, is not graded.
(D) Detailed section measured over 6 m in a creek near Hanging Tree (GR 3631 6339). This section depicts
more typical interbedded graded sandstone and mudstone facies near the base, composed of abundant, thin
beds.
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Figure 4.13  Features of the poorly sorted, lithic-rich pebbly sandstone facies.
(A) Section measured over 0.7 m in the poorly sorted lithic-rich pebbly sandstone north of Onedin (GR
4565  7386). Interbedded pebbly sandstone  and laminated sandstone characterise this facies (note the
largest clast determines the grain size depicted in the log, but the matrix is sandstone).
(B) Photograph of the poorly sorted, lithic-rich pebbly sandstone north of Onedin. This is laminae near the
base of the photograph. Taken from the area outlined in the measured section A.
(C) Photograph of poorly sorted, lithic-rich pebbly sandstone from north of Gosford where it is found
among basalt facies (GR 4507 7597). The white felsic volcanic clasts stand out against the dark matrix (r),
but the fine-grained elongate sedimentary fragments (arrowed) are less obvious.
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Description

The fine-grained sedimentary facies association I is characterised by abundant mudstone, which is

interbedded with 10–20 m-thick intervals of interbedded graded sandstone and mudstone facies.

Chert is less abundant and can be interbedded with either of the other two facies. Chert forms

elongate tabular beds up to 5 m thick which can be followed for up to 20 m along strike. Poorly

sorted lithic-rich pebbly sandstone is restricted to two areas within this facies association: one north

of Gosford, in the lower KPF between basalt facies (GR 4525 7610); and the other in the upper

KPF southwest of DDH 16A associated with quartz-bearing mudstone facies. Ironstone is rare in

outcrop, but may be present in the lower KPF which displays bedding parallel, aeromagnetic

signatures (Appendix 1). These are described in the section below on fine-grained sedimentary

facies association III.

The mudstone facies, the most abundant facies in this facies association, is red, yellow, or

green and incorporates ferruginous and pyritic mudstone. In outcrop, it exhibits well developed

pencils produced by the intersection of two strong foliations. Original internal details of the

mudstone are obscured by alteration and metamorphism as well as weathering. Mica can occur on

some of the cleavage planes, giving the rock a phyllitic sheen. Cubic pyrite, pseudomorphed by

iron oxide (<2 cm across), are common in the Onedin-Rockhole-Gosford area.

Sequences and beds of interbedded graded sandstone and mudstone facies punctuate

mudstone facies. Sequences at least 20 m thick are composed of thinly to medium bedded (3–30

cm thick) sandstone and mudstone beds. These display Ta3, Tb2, Tc and Td-e divisions (Bouma

1962, Walker 1979). Thinly bedded sequences predominate in the lower KPF, although some thick

to very thick beds (<2 m thick) occur in a creek north of Sandiego (GR 4119 7350). These grade

upsequence into medium to thinly bedded, interbedded graded sandstone and mudstone facies

which are cut by 2 m-thick lenses filled with coarse to medium-grained, cross-bedded and graded

sandstone. In the upper KPF, north of Gosford, thinly bedded sequences are laterally gradational

(over 500 m) to thickly bedded sequences of this facies, more characteristic of the coarse-grained

sedimentary facies association.

The poorly sorted, lithic-rich pebbly sandstone facies is composed of elongate to rounded

clasts (<5 cm diameter) in open framework in a sandstone matrix. Clasts include laminated to

thinly bedded mudstone, chert, and quartz-feldspar-phyric volcanics. The matrix is composed of

sand-size sedimentary clasts, chert, quartz, minor feldspar crystals and patches of

actinolite+carbonate+chlorite. Quartz grains scattered amongst the matrix display straight

extinction. Near Onedin, 25 cm thick beds of the lithic-rich, pebbly sandstone display diffusely

laminated sandstone tops and bases (Fig. 4.13).

Chert beds are generally  0.3 m thick, but can reach 30 m thick. They are white, grey, black,

pink and yellow to red when ferruginous. Laminae and thin bedding are apparent in some beds,

but many are massive, especially where overprinted by near-surface silicification. Chert can be

porous where sulfide minerals have weathered out. Deformation has contorted many chert beds

and few are continuous over more than 50 m. The chert is composed of 25–70 µm intergrown

quartz with straight crystal edges and 120 degree triple junctions between crystals. Minor chert

breccia near Atlantis (GR 4385 6730) is composed of angular blocks of chert (<10 cm across) in a

silicified matrix and is gradational to chert beds.



103

Interpretation

Much of this facies association is fine-grained and represents ambient hemipelagic suspension and

low density turbidite sedimentation. Periods of lower terrigenous input are marked by the chemical

sedimentary facies, chert and ironstone. The latter formed during times of increased deep basinal

water upwelling and hydrothermal activity, or during sediment by-pass (see below for discussion).

Periods of slow deposition were interrupted by intervals of high sediment influx when abundant

quartz and volcanic detritus were transported into the area by medium-density turbidity currents

and occasional debris flows. These are represented by the coarser interbedded graded sandstone and

mudstone facies and the poorly sorted lithic-rich pebbly sandstone facies. The coarser facies built a

fan of debris or filled a broad depression. Some areas were incised by channels which filled with

coarser-grained detritus, evident from the lens-shaped intervals of medium cross-bedded and

graded sandstone.

4.3.6  FINE-GRAINED SEDIMENTARY FACIES ASSOCIATION II

The second fine-grained sedimentary facies association is restricted to the upper KPF. It

encompasses six facies including mudstone, minor interbedded graded sandstone and mudstone

facies, chert and ironstone facies, which are present in all three fine-grained facies associations.

However, unique to this facies association and interbedded with the other facies are thinly bedded

to cross-bedded, fine sandstone and mudstone facies and the siliceous sandstone-mudstone facies

(Table 4.6, Fig. 4.14). Furthermore, it does not contain the poorly sorted, lithic-rich pebbly

sandstone facies present in fine-grained facies association I and contains less sandstone and coarser

components than fine-grained facies association I.

Distribution, geometry and relationships

This facies association is restricted to the Onedin-Rockhole-Gosford and Sandiego areas. The

thinly bedded and cross-bedded fine sandstone and mudstone facies is restricted to the Rockhole

area. The siliceous sandstone-mudstone facies is more widespread. It forms 8-10 m thick outcrops

between Rockhole and south of Onedin South and is intersected in drillcore at Gosford (GFD 3,

60–107 m) and Sandiego (SND 5, 200-263 m).

Around Rockhole, near Onedin and south of Onedin South this facies association is enclosed or

cross-cut by aphyric and quartz-phyric rhyolite and can be vertically and laterally gradational to

fine-grained facies association I or III (section 3, Fig. 4.5). At Gosford, the facies association is

intruded by dolerite and quartz-phyric rhyolite. At Sandiego, it is east of sulfide lenses, interbedded

with fine-grained facies association III and intruded by aphyric rhyolite. Fine-grained sedimentary

facies associations II and III display gradational contacts.

Description

The thinly bedded and cross-bedded fine sandstone and mudstone facies is composed of thin, fine

sandstone beds between very thinly bedded to laminated and cross-laminated, as well as cross-

bedded, red mudstone. Cross-beds and laminae are tabular, up to 10 cm thick and truncate against

the overlying bed at angles between 15˚ and 30˚. Normally graded, 20–30 cm-thick, coarse to fine

sandstone beds punctuate the fine sandstone and red mudstone.
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Figure 4.14   Photographs of rocks displaying charateristics of facies from the three fine-grained facies
associations:
(A) Chert beds intercalated with recessive mudstone northwest of Onedin South (FFAI, II and III). Some
thin bedding is apparent in the chert, but masked by surficial silicification. Foliations are well developed in
the mudstone facies (GR 4440 7290).
(B)  Four samples of thinly bedded to cross-bedded mudstone and fine sandstone facies (FFAII) from the
Rockhole area (GR 4684 7570). These are all characterised by thin beds and laminae enhanced by red and
white weathering. Some display cross-bedding (arrowed slab iii) and truncations (arrowed slab ii). All have
been faulted slightly along cleavage and so bedding is disjointed. Younging is towards the upper right corner.
(C) Siliceous sandstone-mudstone facies in GFD 3 at Gosford. (FFAII). This core diplays the typical thinly
bedded variations from fine-grained sandstone layers (white ) to ash(?)/mudstone layers (altered to green
chlorite). Grading is not clear in any of these beds (GFD 3, 89–95 m).
(D) Thinly bedded to laminated grey mudstone and fine-grained sandstone facies (FFAIII). Note the
alternating white sandstone (s) and mudstone (sls) with grey to black mudstone laminae (m). Some beds
display loaded bases and grading, but other do not. Syn-sedimentary fault present near the bottom of the
photography (black arrow, f ). Pyrite veins both follow (white arrow) and cross-cut bedding. Scale shows
centimetre divisions on the left and inches on the right (KPD 35, 119 m, Onedin).
(E) Folded (FKP2) ironstone north of gossan at Sandiego (FFAI, II, III). Note alternate magnetite/haematite-
rich laminae with chert-dominated laminae in the bed on the left hand side of the photograph (GR 3960
6740).
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 In the siliceous sandstone-mudstone facies, thin beds (<3 cm) to laminae (1–3 mm thick) of

red, or green in core, mudstone alternate with laminae and medium thick beds (10 cm thick) of

fine sandstone. Beds do not display unidirectional grading, but subtle gradational variations in

grain size are apparent in the thicker, fine sandstone and mudstone beds. The sequence is

punctuated by occasional sandstone lenses up to 30 cm thick. These are laterally and vertically

gradational  to mudstone and chert facies.

The siliceous sandstone-mudstone facies is only found in one drill core at Sandiego (SND 5).

Here it is composed of 5–10 cm-thick beds of grey-green mudstone and fine sandstone. These

display grading and contain very thin (1–2 cm thick) intervals of black mudstone.

In thin-section (sample from GFD 3, 65 m), bedding and laminae are defined by changes in

the quartz to sericite-chlorite-biotite-opaque ratio. Coarse laminae contain more abundant quartz

and are lighter in colour. Some contain small (0.1 mm long) elongate and round clasts of chert.

Quartz crystals are angular to subrounded and some clear, inclusion free crystals display straight

extinction. Many angular quartz crystals are composed of several sub-grains and have irregular, Y-

like shapes. One fine sandstone lamina disrupts a lamina of wavy, fine-grained carbonaceous

material. The carbonaceous lamina is disrupted with slightly curled ends and may be an algal mat

fragment. Phyllosilicates define tectonic foliations. Goethite (resulting in yellow rocks) and

haematite (resulting in pink to purple rocks) are derived from fine-grained opaques. Zircon and

epidote are present in thin-section as well as minor apatite.

Interpretation

Most of this facies association is composed of facies that display fine laminae and thin bedding in

fine-grained sedimentary rocks. This implies a low-energy environment, that allowed settling of

mud or siliceous (possibly originally vitric) detritus from suspension.

Cross-bedding, in the thinly bedded to cross-bedded sandstone and mudstone facies, is

restricted to two small areas near Rockhole. Tabular cross-bedding (<10 cm thick) with moderate to

low (15°–30˚) truncation angles, associated with predominantly fine sandstone and mudstone and

punctuated by few normally graded coarse sandstone beds, suggest deposition from a below wave

base currents. The thinly bedded to cross-bedded sandstone and mudstone may be the result of

local perturbations in other currents, such as in residual turbidity currents, or storm-induced

currents, reworking the fine-grained fraction of the unconsolidated substrate (Kneller & Branney

1995).

The grain size variations within beds may indicate fluctuating currents, such as turbidity

current. Variations in grain size can also be generated from fluctuating sediment supply (such as

volcanic eruptions) and subsequent settling of fine-grained ash or mud through the water column.

The single algal mat clast and associated coarse sandstone laminae were probably deposited by

storm-generated currents.

Fine-grained facies association II was deposited below storm wave base, possibly in deep water

or a shelf environment. Most mudstone facies and the siliceous sandstone-mudstone facies was

deposited by suspension, while chert and minor ironstone are probably the result of increased

basinal upwelling and/or local hydrothermal venting coupled with a reduction in the terrigenous

sediment supply. Turbidity currents deposited the normally graded interbedded sandstone and

mudstone facies. Thin cross-bed sets in the restricted thinly bedded to cross-bedded fine sandstone
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and mudstone facies suggest some below wave base current reworking of fine-grained sediment

from pre-existing unconsolidated deposits. Storm-generated currents deposited coarse sandstone

and an algal mat fragment.

4.3.7 FINE-GRAINED SEDIMENTARY FACIES ASSOCIATION III

Fine-grained sedimentary facies association III is the most lithologically diverse of the fine-grained

facies associations. It occurs in thin units within the upper KPF, where it is identified as the

Onedin Member. It includes seven different facies. Thinly bedded to laminated grey mudstone and

fine sandstone, black mudstone with cherty nodules, shard-rich sandstone and calcareous

mudstone are unique to this facies association and are interbedded with mudstone, ironstone and

chert (Table 4.7). The unique facies are difficult to recognise in weathered outcrops and so this

facies association is mainly restricted to the main prospects in drillcore. Fine-grained sedimentary

facies association III does not contain the poorly-sorted, lithic-rich pebbly sandstone present in the

fine-grained sedimentary facies association I or the siliceous sandstone-mudstone or the thinly-

bedded to cross-bedded fine sandstone and mudstone facies found in the fine-grained facies

association II.

Distribution, geometry and relationships

The fine-grained sedimentary facies association is intersected in drillcore and outcrops near

Onedin, Rockhole and Gosford, with similar facies present at Sandiego. In the Onedin-Rockhole-

Gosford area this facies association equates to the Onedin Member (Chapter 2, Fig 2.5). It is

uncertain if the facies association at Sandiego is at the same stratigraphic level as the Onedin

Member.

This facies association is thin and extensive. It is continuous in  outcrop between Onedin

South and Rockhole, over 3.5 km and in this area reaches a maximum thickness of 150 m at

Onedin. At Gosford, the facies association is 20–30 m thick and can be traced for at least 1.5 km

along strike to the northeast. At Sandiego, it forms two main sequences. A thick unit (<300 m) is

strongly folded and associated with the base metal occurrences at depth and the main Sandiego

gossan at the surface. It forms scattered outcrops over the entire strike length of the prospect (0.5

km). The thin unit (30 m thick) outcrops 150 m ENE of the Sandiego gossan and is present in

drillhole SND 5. This facies association is difficult to recognise away from drillcore. It may be more

widespread, but given the destructive effects of weathering and laterite formation, it is difficult to

identify in surface outcrops.

The facies association is faulted against or overlies the quartz-bearing mudstone facies

association throughout the Onedin-Rockhole-Gosford area. At Onedin South, it overlies or is

intruded by quartz-phyric rhyolite and at Gosford, it overlies a small body of quartz-phyric

rhyolite. In the Onedin-Rockhole-Gosford area, the facies association is intruded at its upper

margin by extensive aphyric rhyolite. This contact may be marked by 1 m-wide lenses of mixed

perlite breccia and siliceous mudstone facies. At Gosford, it is intruded by amygdaloidal quartz-

phyric rhyolite and interbedded with fine-grained sedimentary facies association II. Further

northeast, the facies association grades laterally into the coarse-grained facies association and fine-

grained sedimentary facies association I. At Sandiego, the thick sequence of this facies association

overlies the quartz-bearing mudstone facies, is overlain by quartz-bearing mudstone facies and
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quartz-phyric rhyolite, and intruded by lenses of quartz-phyric rhyolite (GD 27). The thin unit

east of the gossan area is overlain by the quartz-bearing mudstone facies, is interbedded with fine-

grained sedimentary facies association II (siliceous sandstone facies) and intruded by feldspar-

phyric rhyolite (SND 5).

Description

The seven facies in this facies association are not all present at any locality. The calcareous

mudstone, shard-rich sandstone facies, ironstone and chert facies commonly form elongate lenses,

rather than continuous beds. At Onedin, where the Onedin Member is up to 150 m thick and

possibly thickened in the FKP1 fold hinge, it overlies or is faulted against the quartz-bearing

mudstone footwall. The Onedin Member comprises mudstone interbedded with thinly bedded to

laminated grey mudstone and fine sandstone, black mudstone with cherty nodules, altered

calcareous mudstone and shard-rich sandstone. Ironstone and chert are abundant in the upper

portions. At depth (Fig. 2.10), the whole sequence is reduced to 50–70 m thick, with more

calcareous mudstone and few ironstone and chert. Five hundred metres north of Onedin, where

the sequence has thinned to 50 m, the calcareous mudstone and the shard-rich sandstone cannot be

recognised.

At Onedin South, the facies association is 170 m thick, but is probably thickened by folding.

In DDH 9 carbonate is present 20–30 m from thequartz-bearming mudstone of the footwall,

whereas ironstone is more common within 100 m of the hanging wall rhyolite. At the surface, both

silicified carbonate and ironstone are 20 m from the hanging wall and only minor chert

interbedded with mudstone near the footwall (Fig. 2.11).

Between Onedin and Rockhole, this facies association is composed of surface outcrops of

interbedded ironstone, red mudstone and chert with minor lenses of silicified carbonate. Abundant

interbedded ironstone, mudstone and chert dominate the Onedin Member at Rockhole,  with

discontinuous lenses of silicified carbonate (weathering) stretching over 850 m along strike, near

the access track (GR 4796 7492).

At Gosford,  outcrops consist of interbedded ironstone and red mudstone with minor chert.

In drillcore (GFD 3, 218-234 m), thinly laminated grey mudstone and fine sandstone beds are

interbedded  with ironstone (with up to 70 cm thick). The banded ironstone is composed of

alternating laminae of quartz and quartz+magnetite with carbonate and chlorite, cross-cut by

veinlets of pyrrhotite. Some bands are folded. Actinolite/tremolite needles are present in some

mudstone layers.

North to south lateral facies variations occur in the fine-grained facies association III, at

Sandiego. In the north, calcareous mudstone is present within 30 m of the footwall of the

succession, and chert is in contact with the hanging wall (SND 4-4a). In the south,  carbonate-

altered calcareous mudstone is found as three lenses at the top in contact with the hanging wall,

near the middle and in contact with the footwall. Chert and ironstone are absent in the south

(SND 1). Quartz-bearing mudstone separates the main areas of this facies association from another

area of facies association III. The easterly succession is marked at the surface by an outcrop of

silicified carbonate (GR 3980 6840). In SND 5, which intersected the eastern succession, ironstone

is overlain by thinly bedded to laminated grey mudstone and fine sandstone, black mudstone with

chert nodules and interbedded graded sandstone and mudstone facies.
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 Facies Descriptions

The thinly bedded to laminated grey mudstone and fine sandstone facies is composed of laminae to

very thin beds (<1–30 mm thick) of grey, green or black mudstone and fine sandstone. In thin

section, the facies contains black, carbonaceous debris, lenses of fine, quartz-rich sandstone, white

mica, biotite, quartz, chlorite and scattered opaques. The mudstone and fine sandstone can contain

some graphitic and/or carbonaceous lenses, but are mainly composed of quartz, biotite, white mica,

chlorite, and opaques. Normal grading is common from the fine sandstone to mudstone and

laminated mudstone. Features of this facies are consistent with Bouma Ta-e divisions (Fig. 4.9,

Bouma 1962, Walker 1979). Black mudstone laminae or discontinuous lenses, up to 2 mm long,

occur at the top of individual turbidite units. Some of the black mudstone are associated pyrite.

Truncation of bedding and small scours are present, often filled with fine sandstone from the

overlying unit. Other sedimentary features include ball and pillow structures and syn-sedimentary,

fault truncations of bedding (Fig. 4.14D).

The black mudstone with cherty nodules varies from black mudstone to interlaminated black

mudstone with laminae and thin beds of mica to chlorite-rich mudstone and minor fine sandstone.

The nodules are composed of polycrystalline quartz up to 0.2–0.5 mm across. Small (20–40 µm)

intergrown quartz crystals form bands near the rim of some nodules. In other nodules, grain size

variation is less systematic, with fine- and coarse-grained patches dispersed throughout the nodule.

Sporadic carbonate is present in many of the nodules and can be found anywhere from the centre

to the rim of the nodules.

The shard-rich sandstone facies at Onedin displays delicate bubble-wall shards and Y-shaped

shards. Bubble-walls can display squared off protrusions. Shards can be up to 1.5 mm long and 1

mm across and are uncompacted and undistorted. They are preserved in carbonate (Chapters 7, 8).

Calcareous mudstone facies contains, small (<0.02 mm) dolomite crystals which appear to

have grown uninhibited in mud (Chapter 8). These are overprinted by multiple generations of

carbonate and chlorite and in some places, sulfide minerals.

The most common ironstone in the succession is composed of laminae and very thin beds of

different proportions of granoblastic quartz (25–50 µm across) intergrown with euhedral to

subhedral magnetite. Similar sized quartz can form thin laminae or lenses. Variations occur in core

from Onedin, Onedin South and Sandiego, where laminae of quartz, carbonate and/or iron-rich

silicate minerals accompany magnetite. The silicate minerals include up to 1.6 mm long, needle-

like laths of stilpnomelane, slabby grunerite crystals and iron-rich chlorite. Apatite is associated

with quartz in quartz-rich bands. Cross-cutting pyrite and pyrrhotite are present in some samples.

Many ironstones display complex folds.

Geochemistry

Major and REE geochemistry of two mudstone and six ironstone samples from around the upper

KPF was completed (Fig. 4.15, Appendix 7). The ironstone contain abundant TiO2 (1.4 wt%),

Al2O3 (<3.7 wt %) and P2O5 (0.3–11 wt %). REE content of the mudstone is similar to North

American Shale Composite, Fig. 4.15) (NASC). The REE plot for the ironstone resembles both the

local mudstone Post Archaean Australian Shale (PAAS) and NASC standard shale values. In the

chondrite-normalised plots (Fig. 4.15) the KPF ironstone appear to be different from the iron



110

Figure 4.15   Ironstone and mudstone geochemistry at Koongie Park.
(A) Major element content of the ironstone at Onedin (black), Onedin South (green) and Gosford (red).
(B) Major element content of dark mudstone. The Al2O3 and the TiO2 are less abundant and Fe2O3 and
P2O5 are more abundant in the ironstone than the mudstone.
(C) Chondrite-normalised REE patterns for ironstone from Onedin (black), and Gosford (red) all plot well
above chondrite-normalised multi-element curves for REE in silica exhalites associated with ore deposits:
Thalanga (Th-S17, Th-S27) (Duhig et al. 1992) and Tetsusekiei, clastic (tet-clastic) and chemical sediments
(tet-chem) associated with Kuroko deposits, Japan (Kalogeropoulos & Scott 1983).
(D) Chondrite-normalised multi-element plots for the mudstone at KP and shale standards, PAAS and
NASC. Mudstone from DDH 9 at Onedin South is most similar to the standards. This sample is used to
normalise the ironstone REE analyses presented in (E). Colours the same as in A. Mudstone-normalised
ironstone plots are similar to the pattern of chemical tetsusekiei.

100

10

1

0.1

0.01

S
iO

2

Ti
O

2

A
l 2O

3

F
e 2

O
3

M
nO

M
gO

C
aO

N
a 2

O

K
2O

P
2O

5

w
t%

mudstone

Onedin South

Gosford

Onedin

65176
GFD 3 226

DDH 9 216

DDH 9 268.1
GFD 3 180.3

DDH 5 287.4
DDH 5 106.9

KPD 31 233.4
DDH 5 282.4

S
iO

2

Ti
O

2

A
l 2O

3

F
e 2

O
3

M
nO

M
gO

C
aO

N
a 2

O

K
2O

P
2O

5

100

10

1

0.1

0.01

w
t%

0.001

B

100

10

1

0.1

0.01

La C
e P
r

N
d

P
m

S
m E
u

G
d

T
b

D
y

H
o E
r

T
m Y
b Lu

ThalangaTh-S17
Th-S27 }

Kuroko
Tet-Chemical
Tet-Clastic }

S
am

pl
e/

ch
no

dr
ite

 p
pm

A

ED

100

10

1

La C
e P
r

N
d

S
m E
u

G
d

D
y E
r

Y
b

1000

DDH 9 268.1

NASC
GFD 3 180.3

PAAS

sa
m

pl
e/

ch
on

dr
ite

 p
pm

C

0.1

La C
e P
r

N
d

S
m E
u

G
d

D
y E
r

Y
b

1

sa
m

pl
e/

D
D

H
9 

26
8.

12
 p

pm



111

formation and siliceous units at Thalanga, and the Tetsusekii exhalite associated with the Kuroko

deposits of Japan (Kalopageros & Scott 1983), mimicking standard shale curves and displaying a

negative Eu anomaly.

However, when normalised against mudstone (e.g. Hekinian et al. 1993) a different REE

pattern emerges with LREE depletion and HREE enrichment relative to mudstone and a positive

Eu anomaly in some specimens (Fig. 4.15). Total REE abundances are still elevated compared to

exhalative deposits associated with VHMS deposits (Fig. 4.15).

Interpretation

Sedimentation rates during the deposition of this facies association were probably low, allowing a

variety of fine-grained sedimentary facies to accumulate. Black mudstone indicates that the

conditions of ambient sedimentation for periods during the deposition of the Onedin Member

were reduced. The thinly bedded and laminated grey mudstone and fine sandstone were deposited

by low-density turbidity currents. Syn-sedimentary faults either earthquakes or settling of the

sediments, and the ball and pillow or pseudonodules structures suggest loading and dewatering

from rapidly deposited wet sediment (Collinson & Thompson 1989).

Chert indicates periods of low sedimentation coupled with silica super-saturation of the

seawater. The REE geochemistry of the many ironstone are dominated by terrigenous detritus, very

similar to the mudstone in the area. However, once the mudstone component is subtracted from

this data, some ironstone do show a REE signature similar to many hydrothermally generated

ironstones (Danielson et al. 1992, Duhig et al. 1992, Hekinian et al. 1993, Spry et al. 2000). The

geochemical REE signatures suggest a mixed detrital-hydrothermal origin of the ironstone at

Koongie Park (Lottermoser & Ashley 2000). The banding in these units may be related to

upwelling from hydrothermal areas of the basin, possibly even local hydrothermal input, of iron

interacting with fluids fluctuating in oxidation states. Some terrigenous suspension sedimentation

was probably concomitant with the chemical sedimentation.  Some of the lensoidal cherts and the

chert nodules may be diagenetic, possibly reflecting high concentrations of silica in the pore-water

due to break-down of siliceous volcanic debris.

Distant eruptions formed glass shards which settled through the water column. The glass

shards may be pyroclasts, formed by the eruption of either subaqueous or subaerial eruptions, or

spalled off the carapace of pumiceous lava. At times carbonate mud may have been delivered by

carbonate-bearing turbidity currents, probably derived from a nearby shallow-marine environment.

4.4  FACIES ANALYSIS

The facies and facies associations in the KPF provide constraints on the overall setting. In this

section, facies, their abundance, distribution and provenance and fragmentation, transportation

and depositional processes are considered.

The provenance gives information on the wider of the Koongie Park area during the

Palaeoproterozoic. The distribution and characteristics of the sedimentary facies and facies

associations reflect the depositional environment. The volcanic facies can be used to infer both the

environment of eruption as well as the environment of deposition.
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4.4.1  FACIES ABUNDANCE

Point counting the facies distribution map (see backpocket) at 1 km grid spacings reveals that

sedimentary facies dominate the KPF in the Koongie Park area. Sedimentary rocks comprise 58%,

the quartz-bearing mudstone facies association 3% and volcanic and subvolcanic rocks 39% of the

succession (Fig. 4.16). The mafic facies association is slightly more abundant (23 %) than the felsic

volcanic facies association (16%). The proportion of these facies is consistent with the abundance

of facies found in the KPF further north (Fig. 4.16) (Blake et al. 1999).

4.4.2  PROVENANCE

Sand and coarser clastic components in the KPF in the Koongie Park area vary from being quartz-

dominated in the lower KPF to increasingly abundant feldspar- and lithic-rich in the upper KPF

(Fig. 4.17A, Appendix 6). Volcanic quartz is more abundant in the upper KPF than in the lower

KPF. Rock fragment types also vary up-sequence, with biotite to muscovite-grade metamorphic,

plutonic and some sedimentary fragments in the lower KPF and almost equal components of

sedimentary and volcanic/subvolcanic clasts in the upper sedimentary facies (Fig 4.17B). All the

coarse (> 2 mm) volcanic detritus in the KPF is felsic. Glass shards and pumice clasts in some of

the facies of the upper KPF represent pyroclastic input (see above, Tables 4.1-4.8, Appendix 5).

Clasts types

Metamorphic

Metamorphic fragments form a minor portion of the quartz-lithic and lithic sandstone of the

interbedded graded sandstone and mudstone facies found throughout the KPF. These include

single crinkled fragments of muscovite, some associated with sutured quartz, quartzite and fine-

grained quartz-muscovite metasedimentary fragments. Well rounded quartzite clasts occur in a

lithic-rich portion of the quartz-bearing mudstone facies north of Onedin (GR 4502 7374). The

metamorphic clasts are derived from low to moderate grade, regional metamorphic terrains

Figure 4.16  Abundance of the different rock types in the KPF at (A) Koongie Park and (B) north of
Koongie Park. Sedimentary rocks are patterned, mafic volcanic rocks are black and felsic volcanic rocks are
grey. Similar abundances of rock types are found throughout the area. Sedimentary rocks are more abundant
than volcanic rocks. Mafic volcanic rocks are more abundant than felsic volcanic rocks.
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Figure 4.17  (A) Quartz-feldspar-lithic triplot of sandstone compositions from the lower KPF, upper KPF
and the Moola Bulla Formation. The lower KPF is dominated by quartz, whereas the upper KPF contains
abundant lithic clasts.
(B) Photomicrograph of sandstone from the interbedded graded sandstone and mudstone facies from the
lower KPF. Subrounded to rounded quartz (q) is polycrystalline and metamorphic in origin. Metamorphic
clasts (m), and tourmaline (t) are common. Biotite (b) is present in patches. (specimen no. 11/25/27, x 50, x
nicols).
(C) Photomicrograph of granule conglomerate from the upper KPF. Round and angular quartz (q), feldspar
(f ), sedimentary clasts (s) and volcanic clasts (v) including a granophyre clasts (g, specimen no. 9/27/7, x 30,
x nicols)
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Sedimentary

Sedimentary clasts occur throughout the sedimentary and volcaniclastic facies of the KPF. The

most common clasts include chert, laminated mudstone and fine sandstone.

Chert is abundant in the interbedded graded sandstone and mudstone facies, granule

conglomerate facies and in lithic-rich portions of the quartz-bearing mudstone facies. Most granule

to coarse sand-sized chert clasts are subrounded to rounded. These clasts were probably derived

from pre-existing chert which was exposed and survived a long residence time in the weathering/

erosion cycle. However, near the base of the quartz-bearing mudstone facies, near Rockhole

(section 2 in Fig. 4.5, Fig. 4.6C), slabs up to 1.5 m long and 0.3 m thick, of laminated chert occur.

This laminated chert may have originated within the basin as it is different in character from many

of the chert clasts, both in its large size, shape and internal texture. The laminations suggest

deposition from traction currents or rhythmic pulses of silica. It may be related to a hydrothermal

vent field or be derived from above storm wave base portions of the basin.

In the lower KPF, laminated, mudstone fragments dominate some silicified inter-basalt

sedimentary intervals (Fig. 4.13C). Laminated mudstone clasts are abundant in the poorly sorted,

lithic-rich pebbly sandstone found among the coherent basalt facies north of Gosford. Deformed,

elongate slabs (<2  x 5 cm) of mudstone punctuate the basal sandstone of interbedded graded

sandstone and mudstone facies and are abundant in the granule conglomerate facies. The turned-

up edges and fractures through these slabs indicate that they may have been soft and were

deformed by surrounding clasts as the sediment was compacted. They are probably ripped-up

muddy substrate from within the basin, picked up during an erosive phase of sediment transport.

Boulders, cobbles and pebbles (<30 cm long) of angular, laminated sandstone-mudstone

compose the monomictic banded-sandstone-clast breccia facies found near Onedin and are present

in lithic-rich basal portions of the quartz-bearing mudstone facies in the Onedin area. A local

source is indicated for the clasts by the large clast size and restricted distribution.

Recycling of sedimentary rock is indicated by rare quartz with overgrowths, fine-grained

quartz sandstone clasts and quartz+white mica clasts in the quartz-lithic and lithic sandstone of the

interbedded graded sandstone and mudstone facies and in the granule conglomerate facies.

Plutonic Igneous

Granitoid and pegmatite clasts make up the plutonic igneous clastic components of the KPF. Sand-

sized plutonic clasts are prominent in the lower KPF. Granule and sand-sized plutonic igneous

clasts in the upper KPF are found in the granule conglomerate and the interbedded graded

sandstone and mudstone facies. The clasts include plutonic quartz crystals, possibly feldspar

crystals (see below), polycrystalline quartz enclosing muscovite or tourmaline and quartz-feldspar

aggregates. The latter display graphic and myrmekitic intergrowths and granophyic textures. The

presence of granite clasts in the upper KPF indicate deep levels of erosion in the source area.

Volcanic Clasts

Volcanic clasts are present throughout the KPF, but are most abundant in the upper KPF. Clasts

include quartz and feldspar crystals, glass shards, pumice and felsic volcanic rock fragments. No

obvious mafic clasts have been found in the samples from the KPF at Koongie Park.
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Feldspar crystals

Two main types of feldspar crystals are present in the coarse-grained component of sedimentary

facies of the upper KPF. These are euhedral K-feldspar (and rare plagioclase) and irregular K-

feldspar. Many are altered to kaolinite at the surface. The euhedral feldspar crystals originated as

phenocrysts in a volcanic/subvolcanic rock or magma. The phenocrysts were probably liberated by

the erosion of porphyries, lavas or pyroclastic eruption products. If the feldspars come from

subvolcanic rocks, the sources must have been uplifted and exposed in the source area. The

irregular K-feldspar crystal, could be fragments eroded from granite or pegmatite, or from a

volcanic source.

Quartz crystals

Volcanic quartz crystals occur in three main forms. The most abundant are round and embayed

crystals common in the quartz-bearing mudstone facies and the quartz-bearing mudstone breccia

facies, the granule conglomerate facies, the poorly sorted lithic-rich pebbly sandstone facies and the

interbedded graded sandstone and mudstone facies. Smaller (<1 mm), less regular quartz crystals

fragments also occur in the fine-grained facies associations. Less common is bipyramidal quartz

which is restricted to the quartz-bearing mudstone facies and quartz-bearing mudstone breccia

facies. The third type consists of irregularly distributed fractured quartz crystals which display

jigsaw-fit and can occur in clusters within the quartz-bearing mudstone facies.

Round and embayed quartz are indicative of resorption, caused by a pressure drop as magma

rises prior to an eruption. It is unlikely that these crystals were liberated by explosive eruptions as

they are not broken. Instead, they may have been derived from porphyries, lavas, or pumice.

Subsequent liberation of the crystals from their initial volcanic host must have been completed

without significant reworking as these crystals display no signs of abrasion.

The bipyramidal shape of quartz indicates mineral growth at high temperature in a felsic

magma that allowed the quartz to attain its true crystal shape (Roycroft & Baronnet 1998).

Residence time in the growth medium was sufficient to allow crystal growth to be completed,

without physical or chemical changes marked by resorption or embayments. The bipyramidal

shape of the quartz is consistent with rapid  movement of the host magma to the surface. The

pristine shapes of these crystals probably indicate direct deposition by a quiet effusive eruption,

although derivation of the crystals from an easily eroded host, such as pumice or non-welded

deposits, with a subsequent short residence time in any abrasive transport system cannot be

discounted.

As discussed above, clustered jigsaw-fit, fractured quartz crystals probably occur within clasts.

Fractured quartz is common in the products of explosive eruptions and hyaloclastite. Deformation

can also fracture quartz. The jigsaw-fit, fractured quartz in the KPF were fractured in situ within

the facies, or in the source of the clasts.

Glass Shards

Glass shards are sporadically preserved in the carbonate-altered shard-rich sandstone facies at

Onedin. The glass shards are not deformed and display delicate multiple bubble walls. Some

bubble walls have square terminations (Fig. 4.18). These delicate features suggest that the shards

formed by the disruption of magmatic foam. This could occur on the outer, vesicular carapace of a
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lava or during eruption of a vesicular magma. Particles may have settled through the water column

as they suffered minimal reworking.

Perlitic glass clasts

Fragments of perlitic glass are poorly preserved in the altered quartz-bearing mudstone facies, the

footwall to sulfide lenses at Onedin (Fig 4.6F). The perlite may be part of an intrusion which has

mixed with the quartz-bearing mudstone (peperite) or be glassy volcanic clasts. Rapid quenching of

silicate melt produces glass. This can occur in subaqueous or subaerial settings or in shallow

intrusive settings. Glassy fragments could be derived directly from any of these sources through

erosion, ongoing volcanism or tectonic disruption. In this case, hydration of the glass to perlite

must have occurred after deposition in the quartz-bearing mudstone facies because such clasts are

unlikely to survive erosion and transportation without disaggregating.

Well-defined, angular and wispy perlite clasts are a distinctive component of the mixed perlite

breccia and siliceous mudstone facies at the top of the aphyric rhyolite in the Onedin area. This

facies is interpreted as peperite, formed where upper parts of sill that mingled with the host mud

were quenched (Chapter 5).

Pumice

Three types of pumice clasts are preserved in the upper KPF: (1) tube pumice clasts displaying

blocky shapes are the main component of the pumice breccia facies; (2) tube pumice shards with

ragged edges occur in the quartz-bearing mudstone facies of SND 1, at Sandiego (Fig. 4. 6E); and

(3) round pumice clasts with round to ovoid vesicles in the quartz-bearing mudstone breccia facies

at the top of section 2 near Rockhole. The tube pumice contain few, small (<0.2 mm total <1%)

quartz phenocrysts in a silicic groundmass. The ragged pumice contains quartz phenocrysts (<1

mm, <10 %) and few euhedral feldspar (<1 mm, <1%) in a silicic groundmass and the pumice at

Figure 4.18   Photograph of bubble-wall shards overprinted by carbonate alteration. Delicate glass walls
(arrowed i) occur around bubble (b). KPD31 313.6 m, ppl., photomicrograph is 4 mm across.



117

the top of the quartz-bearing mudstone breccia facies appear silicic, although this may be a

secondary, associated with the laterite in the Rockhole area.

Tube pumice forms as vesiculating magma or lava is stretched by flow (McPhie et al. 1993).

Quench fragmentation of moving vesiculating lava probably formed the tube pumice with straight

edges, perpendicular to the vesicle elongation direction, e.g., woody pumice (Kato 1987). The

perpendicular quench fractures suggest that the pumice was erupted in a subaqueous setting.

Explosive eruption of moving vesiculating silicic magma probably produced the tube pumice

shards with ragged margins (Sparks 1978). Vesiculation of stagnant magma produces pumice with

ovoid or round vesicles (Stevenson et al. 1994b). Disruption by explosive eruptions or quenching

could then form fragments with round vesicles. Rounding of these fragments occurred during

subsequent reworking in an above wave-base setting, so the primary source was most likely

subaerial or in shallow water.

Volcanic Rock Fragments

Rhyolite fragments are present in the poorly sorted, lithic-rich pebbly sandstone facies of the lower

KPF, among the basalt north of Gosford. Clasts are well rounded and silicified with scattered

embayed to bipyramidal quartz phenocrysts. Felsic volcanic clasts of varying grain size (fine to

medium grained) are abundant in the granule conglomerate facies in the upper KPF, and in the

lithic and quartz-lithic sandstone of the interbedded graded sandstone and mudstone facies

throughout the KPF. Clasts with granophyric textures were eroded from exposed, uplifted shallow

intrusions or thick felsic lavas.

Implications of clast types for provenance

Throughout the KPF, fragments of plutonic, pegmatitic, metamorphic and recycled sedimentary

rocks indicate continuous exposure of a source region composed of uplifted, eroding, tectonised

continental crust or mature island arc crust. These sources may be on the edges of the basin, or in

uplifted blocks within the basin. Overall, mechanical textural immaturity of the sandstone and

granule component of the KPF is demonstrated by a lithic-rich nature, angular to rounded

fragment populations and abundant clay matrix. The presence of K-feldspar indicates that some of

the sediment escaped chemical weathering.

Sedimentary clasts could have come from exposed chert and possibly ironstone outside the

basin and eroded from the hinterland, as well as intra-basinal sources. Volcanic clasts are more

abundant in the upper KPF than in the lower KPF. These clasts are dominated by felsic fragments

and attest to contemporaneous volcanism and/or new exposure of felsic volcanic rocks in the source

region. Accompanying pyroclastic input at this stratigraphic level implies explosive volcanism both

in distal subaerial and subaqueous environments, within or at the basin margins. Local intra-

basinal submarine volcanism is evident from the pumice breccia facies in the south.
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Lithofacies Name Interpretation

Interbedded graded sandstone and mudstone facies. High- and low-density turbidity currents with possible
minor sandy debris flow.

Granule conglomerate facies. Debris flows punctuated by high-density turbidity currents.

Quartz-bearing mudstone facies. Megaturbidite (high concentration turbidity current and
sandy debris flow).

Pumice breccia facies. Debris flow.

Poorly sorted, lithic-rich pebbly sandstone facies. Debris flow.

Thinly bedded to laminated grey mudstone and fine
sandstone facies.

Low-density turbidity currents intercalated with
hemipelagic and chemical suspension sedimentation.

Mudstone facies,
ironstone facies,
chert facies,
black mudstone with cherty nodules facies,
shard-rich sandstone facies and
calcareous mudstone facies.

Hemipelagic and chemical suspension sedimentation,
possibly from local hydrothermal input. Some fine
sandstone and mudstone may be deposited by low-density
turbidity currents.

Table 4.9  Interpreted transport mechanisms involved in deposition of the sedimentary and volcaniclastic
facies of the Koongie Park Formation in the Koongie Park area.

4.4.3 TRANSPORT AND EMPLACEMENT PROCESSES

Depositional structures and textures in the sedimentary and volcaniclastic facies at Koongie Park

are discussed in this section of the chapter and summarised in Table 4.9. They provide evidence

that transport and emplacement processes in this area were dominated by sediment gravity flows.

However, lithofacies characteristics provide insights into transport processes operating just prior to

and during deposition and do not indicate processes operating over the whole transport distance or

even the transport regime of the current as a whole (Kneller & Branney 1995).

Coherent volcanic facies were emplaced as intrusions and possibly lava flows. Emplacement

processes relating to the sill above the Onedin Member near Onedin are pursued in Chapter 5.

Coarse-grained Sedimentary Facies

Interbedded graded sandstone and mudstone

Normally graded sandy basal portions of the interbedded graded sandstone and mudstone facies

indicate that most of these units were deposited by low- to medium-density turbidity currents. The

coarse units in these sequences (Ta) grade up into tractional fine sandstone and mudstone cross-

laminated and plane laminated phases (Tb, c, d) and suspension deposited mudstone (Te), typical

of turbidity current deposited beds (Bouma 1962, Walker 1992b). Thinner, fine sandstone to

mudstone beds abundant in the lower portion of the KPF were probably also deposited by

turbidity currents as they display features of the tractional upper flow regimes (Tb, Tc and Td).

The transport and emplacement process for minor non-graded sandstone without tractional

divisions of the upper portions, interbedded with classical turbidites, 0.4 m above base of measured

section C (Fig. 4.11, 0.3 m above base of measured section B, Fig. 4.12), remain enigmatic.  In

recent years, theories on the formation of these units has become controversial. The conventional

interpretation proposed sand deposition from high-density turbidity currents when the turbulence
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(velocity) was reduced, no longer supporting the sand (Lowe 1982). The concept of high-density

turbidity currents has recently been questioned by Shanmugam (1995, 1996) who advocated the

deposition of massive sand beds from sandy debris flows. Another interpretation (Kneller 1995,

Kneller & Branney 1995) involved deposition of non-graded sand from a quasi-steady state flow

which is non-uniform and depletive. Nevertheless, all three interpretations involve sand-rich, high

particle concentration sediment gravity flows.

Granule conglomerate facies

The granule conglomerate facies was built up by deposition from sediment gravity flows which

included both turbidity currents and debris flows.

Many of the non-graded sandstone beds were probably transported by debris flows and

emplaced by freezing en masse, or else moved as bedload at the base of a progressively aggrading

deposits.  Large ‘floating’ clasts are present in some of the granule conglomerate.

Several classical turbidites occur in the measured section in the creek west of Onedin South

(Fig. 4.10). In many areas away from the measured section, granule conglomerate beds display

normal grading. These beds were emplaced by turbidity currents.

Planar stratification is abundant in the fine-grained portions of this facies (e.g., 5–6 m above

the base of the measured section Fig. 4.10). This interval contains thinly bedded, non-graded and

two doubly graded, fine to medium sandstone with no intervening mudstone. Hiscott (1994)

described similar stratification in the upper parts of beds with basal inverse grading and interpreted

them to represent deposition from turbulent eddies.

Minor inverse graded beds are also present. One 1.5 m thick bed grades from coarse

sandstone to granule conglomerate at the top (7.3 m above the base of the measured section,

Fig. 4.10). A sharp contact divides this deposit from the turbidite above. The traditional

interpretation is that inverse grading was formed in a traction carpet, or the lower portions of a

high-density turbidity current and emplaced by frictional freezing. Hiscott (1994) questioned the

ability of traction carpets to produce thick beds. Since the bed is 1.5 m thick, it is more likely the

product of a high-density turbidity current, where grain-grain interactions prevented coarse clasts

from sinking through the suspension (Lowe 1982, Postma et al. 1988). Kneller (1995) suggested

that such deposits could form from a depletive waxing current such as when a flow encounters the

base of a steep slope.

Poorly sorted, lithic-rich pebbly sandstone

The poorly-sorted, lithic rich pebbly sandstone facies displays abundant pebbles scattered in a

matrix of coarse to fine sandstone or mudstone. Two main beds occur in the unit north of Onedin

(Fig 4.13). The lower bed is massive with pebbles scattered throughout and could be a debris flow

deposit. Cohesiveness of the sediment-water mixture, grain-grain interactions, and buoyant lift of

the larger clasts induced by shear, may have combined to prevent settling of the pebbles. Once the

flow decelerated, it was ‘frozen’ en masse. The overlying bed is about 25 cm thick. Diffuse parallel

laminae occur in the fine-grained fractions in the middle and near the top of the bed and overlie

massive sandstone. The upper portion of the bed displays normal grading with parallel laminae at

the uppermost contact. Three explanations are plausible: (1) Sediment gravity currents may be

stratified, with a denser lower portion and a less dense upper portion. The top could behave like a
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turbidity current and produce a normally graded bed, whereas the lower portion acted like a debris

flow and entrain coarser clasts gliding on the laminar boundary between the two portions of the

flow; (2) initial steady state deposition from an aggrading flow, which lapsed into a tractional flow

regime and evolved into a depletive, waning flow; or (3) the current is a sandy debris flow, resulting

in diffuse parallel laminae. The third explanation accounts for the presence of pebbles and poor

sorting. It is most likely that these beds were deposited from sandy debris flows with medium-

density turbulent tops.

Away from this location, abundant ‘floating’ clasts and poor sorting suggest that most beds of

this facies were deposited by debris flows.

Volcaniclastic Facies

Pumice breccia

This unit is composed mainly of pumice clasts in a sandy mudstone matrix. In many cases, the

pumice clasts are in contact with one another (Table 4.1). The presence of matrix suggests that

deposition involved a current rather than a direct settling process.

The pumice clasts would have been water-logged during or prior to transport. The fine grained

component exceeds 5% mud, which was sufficient to form a cohesive suspension capable of

carrying the pumice and other clasts (Lowe 1982). Hence, transportation is interpreted to have

involved a pumice-rich debris flow which deposited en masse when the velocity of the flow

declined.

Quartz-bearing mudstone facies

The quartz-bearing mudstone facies in the Onedin-Rockhole area displays features characteristic of

deposition from sediment gravity flows. In the measured sections near Rockhole (Fig. 4.5), where

the unit is unaffected by the topographic complications of the Onedin area, the basal part of the

quartz-bearing mudstone facies consists of a number of 20–40 m-thick, normally graded beds.

Normal grading is most commonly attributed to deposition from turbidity currents (Lowe 1982,

Shanmugam 1996). However, Kneller (1995) suggested that all waning sediment gravity flow types

might emplace beds with normal grading. The depletive waning flow is a normal turbidity current

or surge-type flow. Uniform waning flows are theoretically possible, but probably not common.

They produce deposits of uniform thickness both up and downstream. The simplest explanation is

deposition by turbidity currents.

Incomplete sections overlie the bases of these units and whether or not additional units are

present is uncertain. Some exhibit inverse grading (Fig. 4.5, measured section 1), are non-graded

(Fig. 4.5 measured section 1) or doubly graded (Fig. 4.5, measured section 2). The thick unit in

measured section 3 (Fig. 4.5) may be an amalgamation of  several units such as those in sections 1

and 2.

All have fluctuating quartz contents. These features suggest that there were changes in the

nature of the transporting flow at these locations (Kneller 1995, Kneller & Branney 1995) and that

this variation has also occurred laterally. In Kneller’s (1995) model, the inverse grading may reflect

an unsteady and waxing current (temporal acceleration) or a non-uniform and depletive current

(slowing, spatial acceleration). Double grading in measured section 2 may reflect changing flow
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conditions, from a waxing depletive flow to a depletive waning flow or high-density turbidites with

a basal traction carpet (Lowe 1982). Large clasts (1.5 m long) were deposited in the Rockhole area

from changes in the quasi-steady current, where hindered settling and abundant grain interactions

provide some support for clasts near the base.

Away from Rockhole, the quartz-bearing mudstone appears massive, although quartz

abundance fluctuates (Fig. 4.5). The lithic clasts have a narrow size range (3–8 mm), whereas lithic

clasts near Rockhole are more abundant and range from 5 mm to 1.5 m in size. An explanation for

the reduction in lithic clast abundance and size is that the transporting flows decelerated near

Rockhole, depositing the larger clasts. Triggers for deceleration include run out,  flow emergence

from a channel, a reduction in slope or topographic barriers.

The thickness of the units imply long-lived currents and rapid sediment supply. Multiple thin

beds of quartz-bearing mudstone facies near Onedin (Fig. 4.5) could be formed by multiple-surge

events rather than single-surge events such as conventional turbidity currents. The uniqueness of

the quartz-bearing mudstone in the stratigraphy, and its thickness suggest that it may be related to

a catastrophic event, such as a large volcanic eruption, or collapse of a delta or shelf area where

abundant volcanic detritus was stored.

The fine upper, parallel laminated portion of the unit may be composed of ash into which

water-logged, quartz-bearing pumice clasts sank (Clough et al. 1981, Allen & McPhie 2000).

These pumice clasts could be part of a submarine eruption.

Rhyolite and Mafic Facies Associations

Emplacement of the mafic facies and the rhyolite facies association is briefly discussed in this part

of the chapter. An in-depth discussion of controls on the emplacement of one aphyric rhyolite sill

in the Onedin area is presented in Chapter 5.

The mafic facies association contains basalt lavas. Pillows found in the large unit north of

Sandiego (Fig. 4.1A), indicate subaqueous emplacement.  However, it is also possible that the

pillows formed in basalt that was shallowly intruded into wet sediment.

Although the dolerite facies is closely associated with basalt, its relationship remains

enigmatic. It may mark the interior of thick basalt lavas, or intrude the basalt facies. Among

sedimentary rocks, dolerite is intrusive. The chilled and cross-cutting margin of a dolerite intrusion

in a creek west of Onedin South (GR 4260 7230) indicates emplacement at a high level into cold,

sedimentary rocks.

Late basalt dykes cross-cut the whole succession in the Koongie Park area. These are present in

drillcore at all the prospects and include dykes which cross-cut dolerite.

Many differently shaped intrusions occur in the KPF. The rhyolite facies association includes

extensive sills, e.g., aphyric rhyolite between Rockhole and Onedin South. Other sill-like intrusions

display some lateral thickness variation and minor apophyses, e.g., quartz-phyric rhyolite at

Onedin. There are also large irregular shaped intrusions which cross-cut other units, e.g. quartz-

phyric rhyolite at Rockhole, and small intrusions which cross-cut pre-existing rhyolite, such as the

quartz-feldspar porphyry north of Rockhole (Fig. 4.2). These relationships suggest a complex

history of emplacement for the rhyolite facies association.
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The simplest emplacement model for the extensive aphyric sill above the Onedin Member,

between Rockhole and Onedin South is that the magma rose to its level of neutral buoyancy

(LNB) (McBirney 1963, Ryan 1987, Walker 1989a). The magma intruded unconsolidated, wet

sediment below the water-sediment interface. The intrusion level of the sill was where the

underlying sequence had a greater density than the magma (> 2.2–2.3 x 103 kg/m3) (Walker

1989a), and the overlying sediment had a density less than the magma (< 2.2–2.3 x 103 kg/m3).

The density of saturated sediments is 1.5–2.0 x103 kg/m3 from oceanic cores up to 1 km depth

(Moore 1962, Baldwin 1971, Walker 1989a) (Chapter 5).

Intrusion of sills changes the properties of the surrounding sediments. Initially wet and

unlithified sediment becomes dry and indurated, changing its density and tensile strength

Furthermore, the sills themselves solidify and therefore increase in density from 2.2–2.3 x103 kg/

m3 to 2.6 x103 kg/m3 (Walker 1989a). Subsequent sills intrude at higher levels, as density of the

solidified sills and indurated sediments exceeds that of the silicic magma and locally raises the

LNB. This process has been described for mafic sills in the Guaymas Basin (Einsele et al. 1980,

Einsele 1986).

4.4.4  TIMING OF EMPLACEMENT

Deposition of the lower KPF involved local eruption of basalt during ambient mud deposition, and

chemical sedimentation of silica and ironstone during periods of hydrothermal upwelling and

lowered terrigenous input. Debris flows delivered debris eroded from a felsic volcanic terrane.

During deposition of the upper KPF, pyroclastic debris such as glass shards and pumice

erupted some distance from the Koongie Park area became incorporated in the sediment supplying

the basin. It is difficult to determine how long coarse volcanic clasts were in the sedimentary cycle

prior to deposition, but clasts were probably not directly associated with eruptions, as the deposits

display varied clast sources. An exception is the pumice breccia in the south, which could have

formed synchronously with eruption from a subaqueous vent. Another possible exception is the

quartz-bearing mudstone facies. It is thick and extensive and may have been fed by a large-scale

eruption.

The intrusion of felsic magma accompanied sedimentation above the Onedin Member to

form a sill-sediment complex. Subsequently, dolerite intruded the consolidated sequence, followed

by basalt dyke intrusion.

4.5 FACIES MODEL FOR THE SETTING OF THE KPF AT KOONGIE PARK

This section aims to outline the facies architecture of the KPF preserved at Koongie Park. Four

aspects of the development and setting of the basin are discussed: (1) the environment of

deposition; (2) variations in the palaeogeography of the basin; (3) the palaeovolcanism; and (4) the

evolution of the basin in this area.

4.5.1  ENVIRONMENT OF DEPOSITION

Facies described in this study which indicate that the KPF accumulated in a subaqueous

depositional environment include basaltic pillow lavas, turbidites and a variety of sediment gravity

flow deposits and ironstone. Peperite found at the margin of many rhyolitic units are consistent
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with this setting. No above storm-wave-base features, such as tractional bedding  and hummocky

cross-stratification  have been identified at Koongie Park, although there is some indication of near-

wave-base sedimentation near Rockhole (see below). Abundant turbidity current-deposited

sandstone and mudstone, thick unchannelised mudstone, thick volcaniclastic deposits and finely

banded ironstone are consistent with below storm-wave-base deposition. The level of storm wave

base varies within modern seas from 10–200 m (Johnson & Baldwin 1996).

A marine subaqueous setting is most likely for the KPF. Evidence for this are small casts of

randomly oriented, keg-barrel-shaped anhydrite (Warren 1999), which surround the rhyolitic sills.

These crystals grew as a result of the heating of wet, unconsolidated sediment by intrusions and

were preserved as the surrounding sediment was locally lithified. Heating seawater to 150°C

produces anhydrite (Bischoff & Seyfried 1978). Most lake waters are unlikely to produce anhydrite

when heated (Hardie 1991).

4.5.2  PALAEOGEOGRAPHY

The Koongie Park area remained below storm-wave-base as the sediment was deposited and it is

likely that some subsidence accompanied sedimentation and volcanism. Local subsidence during

sedimentation is evident in local syn-sedimentary faults identified in the Onedin-Rockhole-

Gosford area. Variation in the thickness of the quartz-bearing mudstone, and its total absence in

some areas, such as the northern limb of the FKP2 fold at Rockhole, indicate uneven substrate,

perhaps due to the presence of syn-sedimentary faults or channels, e.g., Snowy River Volcanics (Cas

& Bull 1993). Broad volcanogenic sediment-filled channels, several kilometres wide, have been

observed off island volcanoes, such as Reunion Island in the Indian Ocean (Ollier et al. 1998) and

Lipari and Vulcano in southern Italy (Gamberi  2001). Both options remain plausible.

Variations in topography may also be created by volcanic deposits such as lavas, which can be

constructional. The monomictic banded-sandstone-clast breccia north of Onedin was possibly a

topographic high. It could be part of the autobrecciated outer carapace or talus of a felsic lava.

Other possible origins for this facies include collapsed levee sediment or a fault-related collapse

breccia. North of Onedin, the monomictic banded-sandstone-clast breccia is also associated with

other breccias, which contain fragments of this breccia. Topographic variation in this area may have

affected deposition of the quartz-bearing mudstone facies, resulting in the formation of the quartz-

bearing mudstone clast breccias and the interfingering of 5–40 m-thick mass flow deposits with

mudstone facies.

4.5.3 PALAEOVOLCANOLOGY

Mafic volcanism

Basaltic volcanism occurred before and after silicic volcanism. It was generally effusive or intrusive.

Only two occurrences of basalt breccia are known. One appears to be in part a pillow breccia and

the other is a pseudobreccia, possibly related to a fault. Small volume, tabular or lenticular basalt

intrusions or lavas are scattered within the lower KPF. It is unknown if these are related to a

common vent. The largest area of basalt, 5.5 km north of Sandiego, contains pillow basalts as well

as massive fine-grained basalt and intercalated sedimentary rocks. It may represent a small basaltic

shield volcano or a depression filled with basalt and sediments.
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Dolerite intruded the succession after most of the host sedimentary rocks had lithified. Late

basaltic activity is represented by dykes which cross-cut all the stratigraphy.

Felsic Volcanism

The Koongie Park area was distal from silicic volcanoes for a large portion of its history. Distal

felsic volcanism is represented in the lower KPF by volcanic fragments in sediment gravity flow

deposits. Felsic detritus is more abundant in the upper KPF. It occurs in sedimentary facies

deposited predominantly by medium- to high-density turbidity currents and debris flows. Some

clasts are water-settled pyroclasts. Volcanic components such as quartz and feldspar crystals,

volcanic rock fragments, pumice clasts and shards. During deposition of the upper KPF, silicic

eruptions were occurring at emergent and submerged vents probably quite far from the Koongie

Park area.

Some widespread, thick (<200 m) volcaniclastic deposits (quartz-bearing mudstone facies)

may be the result of subaqueous or subaerial eruptions which delivered abundant volcanic detritus

to the below wave-base environment by mass flows.

Intra-basinal felsic volcanism is marked by the emplacement of high-level felsic intrusions

throughout the Koongie Park area. Many of these intrusions are syn-sedimentary sills, evident from

their tabular, bedding-parallel geometry and upper peperitic margins. Above the Onedin Member,

felsic intrusions dominate the stratigraphy (intrusion:sediments ratio is 4:1), forming felsic

complexes enclosing screens of sedimentary rocks. Fewer intrusions occur below the Onedin

Member. The felsic magma rose to its level of neutral buoyancy and spread laterally into

unconsolidated sub-seafloor sediments. The intrusions locally lithified the surrounding sediments

and subsequent intrusions rose to a higher level (Einsele 1986). This process of intrusion could

have been contemporaneous with sedimentation.

Two possible origins for these intrusions are envisioned: (1) they could represent the roots of a

caldera (Lipman 1997), the topmost parts of which are no longer preserved. The widespread extent

of these units in the upper stratigraphy argues against them being part of a single cryptodome

complex; or (2) rapid sedimentation kept pace with intrusion, preventing volcanism and forming a

sill-sediment complex instead, e.g., basalt sills in the Guaymas Basin (Einsele 1986). A possible

silicic equivalent is described by Hanson (1991) from a Devonian island-arc sequence in California.

A silicic intrusive complex, formed where magma intruded wet sediments, may never have reached

the seafloor (Hanson 1991).

Some felsic magma reached the seafloor at least in the south, forming the pumice breccia

facies, and possibly near Onedin forming the monomictic banded-sandstone-clast breccia facies.

4.5.4 DURATION OF BASIN DEVELOPMENT.

U-Pb dating of zircon in a unit in the upper KPF indicates that it formed around 1843 ± 2 Ma

(Page et al. 1994). The whole KPF had been deformed and intruded by the Loadstone

Monzogranite by 1827 ± 2 Ma (Blake et al. 1999), allowing a possible 10 Ma for sedimentation

and deformation. Although the lower and upper KPF are distinct, and there are periods dominated

by suspension and chemical sedimentation, no major formation-wide disconformities were

identified in the study area. The KPF probably represents continuous filling of the hosting basin.



125

Recent oceanic sedimentation rates vary greatly. Pelagic clay sedimentation rates are around

0.2 mm/year (Holmes 1965). A basin receiving ash and volcanic detritus, such as the Kito-Yamada

Trough, in the Japan Sea has sedimentation rates averaging 0.7 mm/year (Ingle et al. 1989). Closer

to continents, sedimentation rates can be higher. For an outer fan, near the Cascadia continental

margin, sedimentation rates were around 1 mm/year (Westbrook et al. 1994). Given this rapid

sedimentation rate for the KPF, the basin may have filled to 2–3 km thickness in only 2–3 million

years. It is likely that the sedimentation rate was lower and that the basin developed over a longer

period of time, possibly 5 Ma, and certainly less than 10 Ma.

4.5.5 EVOLUTION OF THE KPF AT KOONGIE PARK

The KPF in the Koongie Park area preserves six stages of basin evolution (Fig. 4.18). The volcanic

facies, which constitute 39% of the rocks in this area, are fundamental to understanding this

evolution.

Stage 1: Basin initiation is marked in the lower KPF by local basaltic volcanism. Felsic volcanic-

derived detritus in debris flow deposits indicate distal felsic volcanism on the margins or elsewhere

within the basin. Basaltic volcanism reflect extension in the crust, caused by tectonic forces or high

heat input into the crust, pulling apart the area, and allowing upwelling of fairly unmodified

mantle-derived magma (Chapter 6). High heat flow may also have contributed to hydrothermal

fluid circulation in the basin and deposition of chert and ironstone during periods of low

terrigenous input. Sediments reflect the infilling of a subsiding basin. Turbidity currents were fed

from a nearby continental landmass, shelf or highs within the basin. The provenance of these

sediments indicate the presence of continental crust. All the sedimentary deposits of this stage of

basin formation are consistent with a below-wave-base depositional environment, which may have

been deep water.

Stage 2: Deposition of the upper KPF reflected a change in basin provenance with increasing felsic

volcanic detritus and the delivery of coarse clasts. Progradation of the basin fill, could indicate

increasing volcanism or erosion of volcanic rocks in the source area and may lead to a reduction in

the overall depth of the basin. Rapid topographic changes, accompanied by high rates of supply of

volcanic debris, are typical in volcanic environments. As volcanoes develop, they can steepen or

reduce local topography, thereby changing drainage patterns, and produce and deliver abundant

volcanic detritus to sedimentary systems (Kuenzi et al. 1979, Vessell & Davies 1981, Carey 2000).

A developing felsic volcano, or chain of volcanoes, could explain this provenance change.

Stage 3: Deposition of a widespread, coarse volcaniclastic unit (quartz-bearing mudstone facies) in

the upper KPF indicates proximity to large silicic volcanic eruption near Koongie Park. This

eruption inundated the sedimentary system with abundant detritus that was moved downslope by

mass-flow processes. It infilled uneven topography, which was created by faults and/or local

collapse and/or lavas. Minor local volcanism may have preceded the mass influx of volcaniclastic

debris, producing a small lava dome near Onedin.
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Figure 4.19   Stages 1–6  in the development of the
KPF at Koongie Park. The block diagrams are not
to scale.
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Stage 4: A period of quiescence allowed fine-grained sediment to accumulate along with ironstone

and chert. These chemical sediments may reflect increased sea-level or hydrothermal venting and

upwelling from deeper in the basin. Distal explosive volcanism continued to deliver fine-grained

detritus, such as shards, into the area. This change to finer-grained sedimentation may indicate

either isolation of the basin from the area of volcanism by the development of faults, or

topography, or waning of volcanic activity from the nearby centre. Fining-upward sequences have

been noted in young marginal basins where horst and graben development has led to the isolation

of the basins from volcanism (Carey 2000). The change to finer-grained sedimentation could also

be indicative of tilting of the area in response to the arrival of felsic magma at shallow crustal levels.

Stage 5: During sedimentation of fine-grained detritus overlying the Onedin Member in the upper

KPF, felsic magma rose to its level of neutral buoyancy within the succession, intruding beneath the

water-sediment interface to form extensive sills and intrusive complexes. Only small portions of

this magma reached the seafloor. Pumice produced from the intra-basinal eruptions was

resedimented into local talus deposits. The sills could be related to caldera formation or to

contemporaneous extension and sedimentation. The silicic magmatism dominated over any basaltic

volcanism at this stage. High heat flow associated with a shallow magma chamber and the

intruding rhyolite initiated hydrothermal fluid circulation and the alteration of rocks near Onedin.

Stage 6: Mafic magma in the form of dolerite and late basalt dykes intruded the succession. The

dykes are indicative of continued extension. These are all hydrothermally altered at Onedin

(Chapter 7), indicating that although volcanism had waned, high geothermal gradients were

maintained in some parts of the basin.

4.6 IMPLICATIONS FOR THE SETTING OF THE KPF AT KOONGIE PARK

The setting of the KPF at Koongie Park must be consistent with:

1. Bimodal volcanism, early and late basaltic volcanism was separated by a period dominated by

low viscosity rhyolite/rhyodacite intrusions;

2. Overall extension to form the basin, indicated by early mafic volcanism and late basalt dykes;

3. Proximity to a continental landmass, and possibly continental margin arc (within 10 Ma);

4. Probably floored by metamorphosed mafic and sedimentary rocks consistent with formation in

an ensialic setting;

5. Explosive felsic volcanism in close proximity to, or within, the basin and increasing in intensity

during the development of the basin;

6. The predominance of sedimentary rocks with less abundant felsic volcanic rocks;

7. Small number of volcaniclastic units derived directly from eruptions;

8. The KPF at Koongie Park covers about 144 km2. This is only about 15% of the whole of the

KPF which has a total preserved area of approximately 1000 km2 and was originally much

more extensive.

The constraints above suggest that at the time the KPF was deposited the area was part of a

larger pull-apart, volcano-sedimentary basin which was close to a continental sediment source.

From the deposits alone, the tectonic setting for this basin is unclear. Extensional basins develop in
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a variety of tectonic settings, including convergent, divergent, passive/strike-slip plate margins and

intra-plate settings (Sengor 1995).

Recent interpretations of the regional geology place the KPF in a subduction environment

(Sheppard et al. 2001), close to a tectonised continental margin arc (Tyler et al. 1995, Tyler et al.

1998, Griffin et al. 2000, Sheppard et al. 2001, Page et al. 2001) and overlying basement of

thickened arc crust or ensialic crust (Sheppard et al. 1999a, 2001). From the regional geophysics

Shaw et al. (2000) concluded that the area may be better interpreted as a strike-slip related

subduction environment. Either interpretation is consistent with the constraints on the

depositional environment for the KPF set out above.

Possible modern analogues include continental backarc basins close to continental margins,

such as the Okinawa Trough or the Japan Sea (Letouzy & Kimura 1986, Tamaki et al. 1992) or

forearc basins close to continents, such as the Andean continental margin (Thornburg & Kulm

1981, Moberly et al. 1982), the Bering Sea near to Alaska (Dickinson 1982) or the Sunda Forearc

in Indonesia (Moore et al. 1982). Limitations of the forearc basin model for the KPF include a lack

of abundant detritus derived from intermediate volcanism and no subduction complexes

identifiable in the Halls Creek Orogen. The KPF preserve no evidence of oceanic crust, so if the

basin was a continental backarc basin, extension did not progress to seafloor spreading in this area,

or this part of the sequence is not preserved.

4.7  IMPLICATIONS FOR THE SETTING OF BASE METAL MINERALISATION

From the foregoing discussion on the setting of the KPF it is obvious that many of the early

assumptions about the footwall, host and hanging wall to base metal occurrences for the Koongie

Park prospects are erroneous (Kennecott 1973, Asarco 1983–88, Sewell 1999, Saunders 1999).

Firstly, Sandiego and Onedin do have different settings within the succession. To correlate them

with a single stratigraphic position (‘Mimosa member’) may be an oversimplification. Recognition

of the Onedin Member indicates that for at least some areas, the ironstone-chert-mudstone facies

association can be traced between prospects, from Onedin South to Rockhole and probably

Gosford. Ironstone at Onedin may contain some hydrothermal component, but this signature is

diluted by the terrigenous sedimentary input and is not necessarily related to hydrothermal vents

associated with the massive sulfide deposits.

The ‘coolibah tuff ’ broadly equates to quartz-bearing mudstone facies,  which underlies the

host stratigraphy to base metal occurrences at Onedin and Sandiego. This facies is not simply

pyroclastic in origin. At Sandiego, alteration and deformation have resulted in convergence in the

texture of several rocks of different origins. The common connection is that they all contain

volcanic quartz.  Contact relationships and petrography indicate that some units which are all

considered to be ‘coolibah tuff ’ include pumice breccia, as well as quartz-phyric rhyolite sills.

Between Onedin and Rockhole,  the ‘coolibah tuff ’ are deposits from sediment gravity mass flows

rich in volcanic detritus. The mass flows may have been supplied by volcanic eruptions or slumping

of volcanic debris. This facies may be a widespread marker, although some portions of it could be

channellised. Also, grain-size reduction, and reduction in the abundance of volcanic quartz with

distance, may cause some facies variations. Both changes could make this unit difficult to recognise

over larger distances, and reduce its usefulness as a stratigraphic and time marker.
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The ‘weldons lava’ overlying the host to mineralisation at Onedin is an extensive aphyric,

rhyolitic sill. Rhyolite also occur in the footwall sequence. At Sandiego, aphyric, quartz- and

feldspar-phyric rhyolite occur both in the footwall and hanging wall to the massive sulfide deposit.

Nevertheless, the sills mark intra-basinal felsic activity.

The depositional environment of the KPF at Koongie Park was a below-storm-wave-base

subaqueous, marine environment which experienced high heat flow and shallow magma chambers,

evident from the mafic and felsic volcanic rocks. This setting is appropriate for the accumulation

and preservation of VHMS deposits.
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