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Unusual Baryte-bearing Hybrid Basalt,
Bourke-Byrock Area, Northern New South Wales

f.l. sutherland*, b.j. barron y, d.m. colchester*, a.r. mckinnon*

Abstract:  Drilling near Mount Oxley and Mullagalah in the Bourke-Byro ck area, NSW,
intersected basaltic breccia pipes. The Mount Oxley basalt is an unusual hybrid rock
involving intimate veining and intermingling between a sli  ghtly evolved basanite and a strongly
evolved, late-stage, baryte-bearing trachyte. The basanite consists of abundant phenocrysts
of altered olivine and diopside-augite, and rarer phenocrysts of nepheline, anorthoclase and
Ti-rich magnetite, in a groundmass of plagioclase laths and Ti-rich magnetite grains. The
trachytic component is dominated by alkali feldspar, large ly sanidine, with calcic amphibole
(Ti-Mg-rich hastingsite), baryte (with up to 2% Sr in coarse r crystals) and secondary
carbonates. Olivine-microgabbro and microsyenite xenoliths in the basalt suggest that the
cumulates were formed from both the basanitic and trachytic magmas prior to emplacement.
Xenoliths of, and xenocrysts from, high pressure ultrama ¢ m etamorphic assemblages (spinel
harzburgite and spinel websterite) indicate a mantle sourc e for the basanitic magma. Two-
pyroxene temperatures based on Wells thermometry suggest these ultrama ¢ assemblages
were re-equilibrated under an ambient paleogeotherm between 990{1035 C. Similar basalt
appears in the Mullagalah breccia pipe, but lacks the phenocrystic nepheline and the hybrid
baryte-bearing trachyitic component found in the Mount Oxl ey basalt. Xenoliths in the
Mullagalah breccia include a cumulate-like olivine-beari ng diopside-amphibole (K-Ti-rich
ferroan pargasite) assemblage. The Mount Oxley and Mullagalah intrusions are not well dated,
but were probably formed during Late Mesozoic-Late Cenozoic intraplate basaltic activity that

occurred in eastern Australia, from magmas generated at mantle depths exceeding 38 km.

Keywords:
INTRODUCTION

Cenozoic to Mesozoic intraplate basaltic erup-
tives are a feature in eastern Australia (John-
son 1989, Sutherland 2003). In New South
Wales, the most westerly Cenozoic basalts
give way to Miocene potassic, leucite-bearing
lavas and minor trachytes, which form a lin-
ear, apparently age-progressive trail extend-
ing from Byrock, NSW, in the north to Cos-
grove, Victoria, in the south (Cundari 1973,
Byrnes 1993, Zhang and O'Reilly 1997, Paul
et al. 2005, McQueen et al. 2007). Mesozoic
intraplate basalts and silicic derivatives also
outcrop among the western Cenozoic basalts
and are plentiful in the Gunnedah and Dubbo
areas (Tadros 1993, Meakin and Morgan 1999).
This paper describes an unusual hybrid basaltic
intrusion found in this western zone, which was
encountered in drill cores near Mount Oxley,
east of Bourke (Byrnes 1993). Although this
intrusion received petrographic examination,
neither nepheline nor baryte were reported. The

Breccia pipe, baryte, basalt, trachyte, xenocrysts, xenol iths

signi cance of these minerals is discussed in this
study. Another basaltic diatreme drilled nearby
at Mullagalah is also described and is compared
with the Mount Oxley intrusion.

The geological setting in the Bourke-Byrock
area (Figure 1) forms part of the Palaeozoic
Lachlan Orogen, with exposures of folded Or-
dovician to Devonian sedimentary and volcanic
rocks, emplacements of serpentinite and a range
of mineralisation (Byrnes 1993). Late Cenozoic
leucititic bodies outcrop at Byrock were dated
at » 17Ma (K-Ar dating, Sutherland 1985).
Leucititic lavas of similar age outcrop farther
south at El Capitan, near Cobar (Ar-Ar dating,
McQueen et al. 2007). Minor fresh tholeiitic
basalt was also drilled 25km west of Byrock,
but is so far undated (Byrnes 1993). Sur cial
Cenozoic sedimentary beds, wind blown sands
and alluvium from the present Darling, Bogan
and Warrego drainages partly obscure bedrock,
particularly along the boundary of the Palaeo-
zoic basement rocks and the Mesozoic Surat
Basin beds to the north (Figure 1).
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Figure 1. Locality map Bourke-Byrock area, New South Wales, showing locations of the Mt
Oxley and Mullagalah basaltic diatremes (drill cores) in rdation to the Paleozoic basement rocks,
Mesozoic basin boundary, outcrops of Cenozoic leucititesral the main drainages and major roads.
Inset shows area within New South Wales.
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Samples of the Mount Oxley and Mullagalah
basalts and associated intrusive breccias were
made available to the authors as fragments,
thin sections and polished sections, together
with some initial petrographic reports and elec-
tron microprobe (EMP) analyses of mineral
phases. These materials were donated to the
Australian Museum, Sydney, for further study
by Dr lan Plimer, then at North Broken Hill
Ltd, and lan Matthais, CRA Cobar ozce, in
1983. The Mount Oxley samples $ 419500 mE,
6671100mN) came from a hole (T16) drilled
by North Broken Hill-Preussag Australia while
investigating geochemical prospects and aero-
magnetic anomalies at» 146.16E and 30.08S
(Preussag Australia Pty Ltd & North Broken
Hill Ltd 1981a,b, North Broken Hill & Preussag
Australia Pty Ltd 1982).

The Mullagalah drill core sample (MUl 647)
came from a drilling depth of 647 feet within
a magnetic anomaly formed by an inclined
diatreme west of Mullagalah, at » 146.17E
and 30.44S (North Broken Hill Ltd 1971 a,b).
Initial mineral analyses for these company in-
vestigations were undertaken by the Geology
Department of the University of Melbourne.

Further microscopic studies and mineral
analyses were made on the donated samples
using facilities at the School of Earth Sciences,
Macquarie University and CSIRO Division of
Exploration Geoscience, North Ryde, in 1989,
and at the School of Natural Sciences, Univer-
sity of Western Sydney, Parramatta, in 2006
to complete the study. Both the Mount Ox-
ley and Mullagalah intrusive basalt breccias
contain numerous xenoliths and xenocrysts of
the local country rocks and deeper crustal and
mantle lithologies which are also described here.
The breccias lie southwest of the Bundabulla-
Bokhara basalt “elds which includes buried
alkaline intrusives and rare outcrops (Madden
1999, Jaques 2006 and pers. comm. 2007).

MATERIALS

Mount Oxley

Thin sections cut from the Mount Oxley core
are basalt and basalt-intruded breccias (T16,
1-3; S89; 4C3/5). In the breccias, fragments
of quartzite and arkose commonly reach up to
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9mm across. The quartz grains in these rocks
are highly strained, partly recrystallised and
show sutured grain boundaries. Some quartzite
fragments show the e®ects of partial melting
where altered brown glassy material is inter-
spersed through the matrix, possibly as mini-
mum melts of K-feldspar. The contact between
the breccia and invading basalt is commonly
marked by a coarser crystallised feldspathic
selvage. The ne grained basalt is porphyrytic,
and contains rare sub-euhedral nepheline phe-
nocrysts up to 3mm long (Figure 2). Abundant
phenocrysts and glomerocrysts of altered olivine
and fresh clinopyroxene, up to 2mm across,
occur with sporadic microphenocrysts of opaque
iron oxide and alkali feldspar (Figure 3.1). The
olivine is replaced by carbonate and clay. Eu-
hedral clinopyroxenes are sometimes partially
resorbed along their margins and exhibit strong
core to rim and sector growth zoning. The
basalt groundmass ranges from chilled glassy
material near its outer contacts with the breccia
and grades into a ne grained matrix containing
small plagioclase laths and opaque iron oxide
grains.

Figure 2. Nepheline “phenocryst' (2.8 mm long,
1.7mm wide) in basanite, with squarish in-
clusion of anorthoclase, with reacted margins,
within the phenocryst bottom right. Back
scattered SEM image. Note bright crystals in
the basanite host represent opaque Fe-oxides
(Ti-rich magnetite). Photomicrograph: Adam
McKinnon.
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Trachytic pools, veins and segregations
inter- nger with the basalt and represent a late
phase of crystallisation (Figure 3.2). Some veins
form mosaics of alkali feldspar and in places
have broken up and become incorporated into
the host basalt. These trachytic veins can reach
several centmetres in length and up to a cen-
timetre in width. They grade into amphibole-
baryte-carbonate-bearing trachyte that occu-
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pies pockets throughout the host basalt, and
sometimes invades xenoliths within the host
rock. This produces baryte-replacement of
pyroxenes in pyroxenites (Figure 4), with baryte

surrounding small cores of secondary quartz
in some replacements. The last formed veins
cut across all other structures in the rocks and
represent fracture “1lings containing secondary

carbonates, clays and iron hydroxides.

Figure 3. Mount Oxley intrusion petrology (T16). 3.1: Anort hoclase microphenocryst (centre)
in basanite. Note altered olivine, rare clinopyroxene grans amid plagioclase laths and opaque
Fe-oxide grains; 3.2: Pool of baryte-bearing trachyte (lidnter coloured, coarser material, centre-
right) interacting with basanite host (darker, ner-graine d material, left); 3.3: Close up of trachyte
pod, showing clinopyroxene prisms (strong relief), scatteed amphibole (irregular grayish grains)
and rare opaque iron oxide grains in an abundant alkali feldpar-baryte-bearing matrix; 3.4:
Reaction zone between baryte-bearing trachyte (lighter maerial, centre-right) and microgabbro
xenolith (grayish material, top left), marked by bladed ilm enite (opaque crystals). Amphibole
forms scattered irregular intergrowths. Photomicrographs (PPL): lan Graham.
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Medium to coarse grained xenoliths up
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that show various degrees of crystallinity and

to 3cm across and associated disaggregated degradation due to oxidation, as well as abun-

xenocrysts are scattered liberally throughout
the host basalt. In addition to local crustal
materials, there are olivine microgabbro (Fig-

dant xenoliths and xenocrysts of crustal and
probable mantle origin. Fragments up to 2cm
across make up 55% of the rock embedded in a

ure 5.1) and microsyenite assemblages. These pale yellow smectite clay matrix. Basalt forms

textures suggest that they represent cumulates
related to the phenocrystic basalt and its late-
stage trachytic component. The microgabbro
xenoliths show reaction margins against the tra-
chytic component, which partly replaces olivine
(Figure 5.2). Ultrama ¢ metamorphic assem-
blages among the xenoliths are spinel meta-
harzburgite (Figure 5.3), in which olivine is
altered to mesh-textured carbonates, talc and
clays (Figure 5.4), and spinel meta-websterite.
The xenocrysts and composites (derived from
the xenolith assemblages) typically show reac-
tions with the host magmas, such as incipient
melting and initial crystallisation of secondary
minerals (Figure 6.1), feldspathic segregation
mantles (Figure 6.2), opaque Fe-oxide reaction
rims (Figure 6.3), and strong resorption (Fig-
ure 6.4).

Mullagalah

The Mullagalah drill core sample (MUl 647)
from a depth of 647 ft (190 m) is an unsorted vol-
canic breccia (Figure 7.1). It contains volcanic
lithic fragments of diverse, but related, basalts

about 60% of the fragments. The largest of
these contains 15% of subhedral altered olivine
(up to 1.5mm across) and sporadic clinopyrox-
ene microphenocrysts (up to 0.2mm across),
some showing hour glass and core to rim zon-
ing (Figure 7.2). The groundmass shows °ow
banding and strongly chilled broken margins
containing up to 40% of °ow-aligned prismatic
clinopyroxene microlites (Figure 7.3), set in
a clay-degraded, in part carbonated and once
vesicular volcanic glass. The matrix is charged
with minute opaque oxide grains & 0.02mm).
Olivine phenocrysts are altered to patchy car-
bonate, talc, and a yellow to brown smectite
clay, which also pervades the glassy matrix.
Some basaltic fragments contain prominent, eu-
hedral diopside crystals, with simple and knee-
shaped twins and partly resorbed margins and
interiors. Sparse, altered olivine euhedra reach
1.5mm. The groundmass contains °ow-aligned,
wispy plagioclase microlites up to 0.05 mm long,
and some cases sections or fragments contain
abundant vesicular remnants up to 0.04 mm in
yellow brown iron-stained glass.

Figure 4. Enstatite-rich meta-websterite,

showing invasion of Ba-rich trachyte melt

into xenolith. Note replacement of pyrox-

enes with baryte (bright white patches).

The less intense white grains in the host
basanite represent Ti-rich magnetite-
ulvospinel grains in the groundmass.
Large scale bar = 100 m. Back scattered
SEM image: K. Kinealy.
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The breccia contains a range of xenocrysts
(20%) mostly less than 1.5mm in size. These
are cleavage fragments of diopside, pale yellow
to orange brown, pleochroic amphibole, yellow-
brown Cr-bearing spinel, green spinel; rare
opaque Fe-oxides, carbonate-altered olivine,
quartz, rare degraded plagioclase and oxidised
biotite °akes up to 1 mm long. Some quartz
exhibits reactions rims of prismatic diopside.
A diopside-amphibole composite 2.5 mm across
encloses a small altered olivine grain and may

SUTHERLAND et al.

represents a cognate source for xeno-crystal
material (Figure 7.4). Subrounded crustal xeno-
liths include partly recrystallised microsyenite,
foliated feldspathic microbreccia, foliated sandy
and silty claystone, deformed and nely recrys-
tallised mircoporphyritic felsic volcanic mate-
rial, and recrystallised quartzite or vein quartz.
The Mullagalah basalts di®er from that at
Mount Oxley in lacking signi cant groundmass
plagioclase, phenocrystic nepheline or a late-
stage baryte-bearing trachytic phase.

Figure 5. Mount Oxley xenolith petrology (T16). 5.1: Cumulate-textured micrograbbo, showing
euhedral diopside intergrown with large plagioclase crysils, with altered olivine in interstitial
grains and inclusions in diopside; 5.2: Altered, reacted @ine grain (centre) in cumulate-textured
microgabbro. Note original grain is marked by opaque iron oide rims, a prominent reaction zone
of alkali feldspar laths, intersertal amphibole, partly surrounding a smectitic clay altered core, with
coarser trachytic material, bottom right; 5.3: Spinel meta-harzburgite xenolith in basanite host
(dark material, left), showing spinel (grey crystal, centre) intergrown with orthopyroxene (lighter
crystals, centre top and bottom) and altered olivine (meshiextured material, centre bottom and
right side); 5.4: Meta-harzburgite showing altered olivine, with magnesite replacements (mesh-
textured diagonal zone, with mosaic cores), intergrown wih orthopyroxene grains (left and right
sides). Photomicrographs (PPL): lan Graham.
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ANALYTICAL TECHNIQUES

Because the Mount Oxley basalt is invaded by
ubiquitous late-stage baryte-bearing trachytic
patches and veins and is riddled with xenocrysts
and xenoliths, no bulk chemical analysis of
the material was attempted. The mineralogy
of the basalts, and a range of xenocryst and
xenolith minerals from Mount Oxley and Mul-

lagalah were investigated using a Leica DMLP
polarising microscope. Electron microprobe
(EMP) analysis, supplemented with back scat-
tered electron (BSE) imaging con rmed the
mineralogy. Because several EMP facilities
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were used over a protracted time, the analytical
results come from several sources and operators.
These include a JEOL probe "tted with wave-
length dispersive spectrometers (WDS) at the
University of Melbourne (I.R. Plimer and D.
Sewell analysts), an automated ETEC probe at
Macquarie University, North Ryde (B.J. Barron
analyst), a CAMECA system in the Division
of Exploration Geoscience, CSIRO, North Ryde
(F.L. Sutherland and K. Kinealy analysts)and
a JXA super probe with 3 WDS detectors
at the School of Natural Sciences, University
of Western Sydney, North Parramatta (A.R.
McKinnon and F.L. Sutherland analysts).

Figure 6. Mount Oxley xenocryst minerals (T16). 6.1: Plagioclase composite xenocryst (centre)
in basanite (PPL), showing incipient melting, marked by patchy opaque Fe oxide dustings and
invasions along grain boundaries. Note altered olivine pheocryst (bottom right); 6.2: Enstatite
xenocryst (dark coloured core) with plagioclase-rich reation zone (lighter rim) in basanite (XPL);
6.3: Spinel xenocryst (light coloured core) with prominent Fe-oxide reaction zone (opaque rim) in
basanite (PPL); 6.4: Resorbed Ti-rich magnetite micro xenaryst (crystal is 1.1 mm long) with
more Ti-rich reaction rims, in basanite. Photomicrographs lan Graham; Back scattered SEM

image: A. McKinnon
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Operating procedures and conditions for the
EMP analyses mostly utilised a 15kV acceler-
ation voltage, beam current of 20nA, Bence-
Albee corrections and natural mineral stan-
dards. Analytical precision was usually within
1% for elements above 10 wt% as oxides, within
8 5% at 1{10 wt% oxides and within § 10%
at < 1 wt% oxides. Because several di®erent
instruments provided EMP analyses incorpo-
rating a range of variations in base line drift
during the runs, as well as potential di®erences
related to surface polish in the samples and
operator factors, the results are presented here
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as normalised 100% totals. Most results repre-
sent anhydrous minerals, while the few hydrous
minerals were normalised by assigning a volatile
content equivalent to the di®erence from 100%
in the total. The accuracy of the representative
analyses listed in Tables 1 to 5 can be judged
by the closeness of the calculated cation totals
to the theoretical cation total of the unit cell
for the analysed mineral. In most cases, cation
totals for the anhydrous minerals fell within
0.0{0.5% of the theoretical cation total, while
cation totals for the hydrous minerals were
usually within 1% of the theoretical totals.

Figure 7. Mullagalah basalt breccia petrology (MUI 647). 71: Basalt fragments in breccia. Note
microphenocrysts and plagioclase microlites in ground mass(left fragment) and dark glassy matrix
(right fragments), with qaurtzitic fragments (top and bott om); 7.2: Contact of basalt fragment
with breccia (left). Note large altered olivine phenocrystin the basalt (centre); 7.3: Flow-textured
basalt fragment. Note alignment of olivine (altered grain, top right), clinopyroxene, microlitic
plagioclase crystals and glassy bands; 7.4: Cumulate-likelivine-bearing amphibole (grey zones)
and clinopyroxene (light zones) xenolith within breccia. Photomicrographs (PPL): lan Graham.
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End members for the pyroxene group min-
erals were calculated after the method of Yoder
and Tilley (1962) and the computer program
of Cebeira (1990). Amphibole compositional
names were determined using the computer
program of Yavuz (1996). Spinel group end
members were calculated from a computer
program written by Ross Pogson, Australian
Museum. Two-pyroxene temperatures for the
co-existing pyroxenes in the ultrama ¢ meta-
assemblages used Wells (1977) thermometry
which provides the most reliable results for such
assemblages (generally withing§ 50*C at tem-
peratures < 1300°C; Taylor 1998, Trebaudino
and Bruno, 1993). For comparison, Wood and
Banno (1973) two-pyroxene temperatures were
also calculated and generally yielded results 15{
95*C higher.

RESULTS

Representative photomicrographs and mineral
analyses of the Mount Oxley and Mullagalah
basalt breccias are presented in Figures 2{7 and
Tables 1{5.

Mount Oxley Basalt

The phenocryst assemblage is dominated by al-
tered olivine and clinopyroxene (Figure 3.1 and
Table 1). The clinopyroxene is zoned Al-rich
diopside (diso; 56 hdig; 22 tschyg jdo; 8 acy; s),
with more calcic, Fe- and Ti-rich rims (di 40 hdzg
tschys jde). Sparse opaque oxide phenocrysts
belong to a Cr-bearing, Ti-rich magnetite-
ulvospinel series (usp; mti; mfg mcy spy).
Rare large nepheline phenocrysts (Figure 2)
are K-bearing (ness ksis). They include co-
existing zoned alkali feldspar, largely anortho-
clase (alkyg orpg angz), which shows a reaction
rim marking the alkali feldspar / nepheline
boundary. Alkali feldspar microphenocrysts
(Figure 3.1) and twinned, zoned anorthoclase
crystals (» abgo; 75 Orao; 32 ans; g) may also
represent this phenocrystic phase. The ground-
mass contains plagioclase laths of intermediate
composition (» ansg; s abae; 49 0Ory; 3), small
ulvospinel grains and rare calcic amphibole
grains (alumino-edenite) and variable amounts
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of glassy matrix. Overall, the mineralogy repre-
sents a porphyritic, evolved “nepheline’-bearing
basanite.

The invasive late-stage trachytic crystalli-
sations that inltrate the basalt (Figures 3.2
and 3.3) are dominated by mosaics, tablets and
laths of K-rich alkali feldspar, largely sanidine in
composition (» orss abgo ans). In places the al-
kali feldspar is inter-grown with clinopyroxene,
calcic amphibole (titano-magnesio-hastingsite),
interstitial and clustered baryte grains and sec-
ondary carbonate Tlings. The baryte is Sr-
bearing (up to 2%) in coarser crystals (Table 2).
Rare isolated green sodic clinopyroxene grains
may also belong to this assemblage and classify
as hedenbergite, after Yoder and Tilly (1962)
(hdgo diy7 jd10 tschy), or as aegirine-augite
under IMA nomenclature (Cebeira 1990).The
high jd value favours aegirine-augite over typical
hedenergite.

The last-formed veins that cut across all the
basalt-trachyte features, incorporated xenoliths
and host breccia are dominated by carbonate
minerals including magnesite, Al, Fe-rich ser-
pentinitic clay (Wicks and O'Hanley 1988) and
nontronitic clay (GAiven 1988) (Table 2).

Mount Oxley Xenoliths / Xenocrysts

Xenoliths and xenocrysts in the basalt and
breccias represent various lithologies and min-
eral compositions. Those of interest to the
basalt genesis and mantle source include the
cumulate-textured magmatic equivalents and
high pressure ultrama ¢ metamorphic-textured
xenolithic assemblages.

Coarse olivine-clinopyroxene-plagioclase
and medium grained olivine-plagioclase cumu-
lates (Figure 4.1) contain similar mineralogy
to phenocryst and matrix phases in the
basalt and probably represent near-cognate
early crystallisations formed prior to basalt
eruption. Such crystallisations presumably also
provided xenocrysts such as a strongly resorbed
ulvospinel which shows increased Ti contents
in the rim zone (Figure 5.4). Other igneous-
textured alkali feldspar-rich xenoliths may
represent early dismembered K-rich feldspathic
cumulates related to the late-stage feldspathic
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veins which were introduced into and broken up
in the host basalt.

Ultrama ¢ meta-assemblages in the xeno-
liths include spinel meta-websterites (Figure 4)
and spinel meta-harzburgite (Figures 5.3 and
5.4). Two types of meta-websterite di®er in
the range of Mg contents within the phases
(Table 3). One type contains Al-rich enstatite
(engs; g9 fso; 10 WOy, 2), Al-rich augite (di es; 67
tschie; 17 jde; 7 aGs; 7 hds; 4) and Cr-bearing
spinel (Spra; 75 CMya; 14 hCg; 9 Mty 3 USPY; 1).
Mg numbers for the phases range from 0.90 to
0.72. This type is more magnesian and Cr-rich
than in the second type, which contains Al-rich
enstatite (enze; 77 fsp1; 22 Wo,), Al-rich augite
(dise; e0 Nd1g; 19 tschip; 13 jdg; 9 @cy; 2) and Cr-
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bearing spinel (sg1; 82 hco; 10 CMy; g Mty; 2
uspp; 1)- Mg numbers for the phases range
from 0.81 to 0.60. Despite the di®erent ranges
in Mg numbers, the two types give similar re-
equilibrated temperature ranges, based on Wells
2-Pyroxene thermometry (990 § 5*C, using
Fe* recalculated T).

The Mg-rich spinel harzburgite (Table 4)
contains Al-rich enstatite (engg fsg; 10 WO1; 2),
Al-rich diopside (diGSi 66 tSCh14i 15 jdgi 10 hd5] 6
ac; 5) and Cr-bearing spinel (spki; s2 hcy; 10
CMg; 7 Mty; 2 USPy; 1). Mg numbers for these
phases range from 0.91 to 0.78. The Wells 2-
Pyroxene T estimates (1005 to 1035C, Fe3+
calculation) are higher than those for the spinel
meta-websterite assemblages (985{106C).

Phenocryst Assemblage, Oxide wt%

Mineral Cpx Cpx(core) Cpx(rim) Spl Nep Alk
SiO; 48.71 48.90 46.18 0.72 43.39 68.16
TiO» 0.93 1.65 2.70 20.88 - -
Al,03 6.92 8.36 7.95 3.07 33.33 17.99
Cry03 0.83 0.13 0.01 4.77 - -
Fe, O3 2.60 - - 48.02 - -
FeO 5.79 6.86 8.95 17.78 0.31 -
MnO 0.18 0.23 0.22 0.65 - -
MgO 14.27 13.02 11.02 3.35 - -
CaO 18.94 19.70 22.17 0.34 0.90 0.63
Na,O 0.71 1.15 0.76 0.20 17.39 8.09
K20 - 0.01 0.05 0.02 4.68 4.95
NiO 0.14 - - 0.17 - -
Cation Sum 3.999 4.009 4.034 23.912 24.096 19.950
(Oxygens) 6 6 6 32 32 32
Cation Ratios % Ca 44.0 Ca 45.6 Ca 49.8 Fe 74.4 Na 83.9 Na 69.2
Mg 42.0 Mg 41.9 Mg 34.5 Ti 19.5 K 14.2 K 27.7
Fe 14.0 Fe 12.4 Fe 15.7 Mg 6.0 Cal.8 Ca 3.0
Name Augite Diopside  Diopside Ulvospinel Nepheline Anortloclase
Mg/(Mg+Fe ?*) 0.815 0.771 0.687 0.254 - -

Table 1. Representative normalised EMP analyses, phenocsf phases, basanite host (T16, 4C

3/5). Cpx Clinopyroxene, Spl Spinel, Nep Nepheline, Alk Alkali feldspar.

Fe,O3 and FeO by

stoichiometry. Oxygen nos. are based on respective unit csl Cpx (dise:1, tSChyg.0, hdig:5, ac 5.1);
Cpx core (diso:2, hda1:g, tschig:7, jde:2) and Cpx rim ( dizg:9, hdzg:7, tschys:s, jds.7); Spl (USpsy:e,

Mtie:7, Mfg.0, MC7:1, SPs:s); Nep (Negz.o, Ksia:2); Alk (abeg:2, Or27:7, an, s.o).

concentrations below the level of detection.

Dashes indicate



Late Vein Assemblage (S89), Oxide wt% Late Alterations (T16

Oxide wt%

Mineral Alk Amp Cpx Bar Ser Smc
SiO; 64.52 42.02 51.16 - 48.60 44.07
TiO» 0.13 3.53 0.40 - 0.12 0.08
Al,03 19.62 14.78 2.28 - 6.69 11.96
Cr,03 0.00 0.47 - - 0.03 0.05
Fe, O3 - - 4.81 - - 15.05
FeO 1.04 8.48 13.38 - 13.69 -
MnO 0.00 0.13 0.77 - 0.04 0.01
MgO 0.41 14.45 5.63 - 15.81 1.23
CaO 1.06 10.77 18.69 - 0.72 0.64
Na,O 4.29 2.95 2.88 - 0.24 0.49
K20 8.87 1.36 0.02 - 0.18 0.21
F20 - 0.09 - - - -
(H20) - (0.97) - - (13.76) (26.21)
BaO - - - 63.69 - -
SrO - - - 1.47 - -
SO3 - - - 34.84 - -
Cation Sum 4,992 16.202 3.976 0.990 5.780 10.217
(Oxygens) 32 23 6 4 9 22
Cation Ratios% K 54.5 Mg 53.6 Ca 46.3 Ba 96.7 Mg 54.9 Al 51.7

Na 40.1 Ca 28.7 Fe 34.3 Sr 3.3 Fe 26.7 Fe 41.5

Cab.5 Fe 17.6 Mg 19.4 - Al 18.4 Mg 6.7

Name Sanidine Hastingsite Hedenbergite  Baryte Serpentine  Nontronite
Mg/(Mg+Fe 2*) - 0.835 0.429 - 0.673 0.140

Table 2. Representative normalised EMP analyses, baryte-baring veins, Mt Oxley basanite (S89). Alteration rims, veins, basanite (T16).
Alk Alkali Feldspar, Amp Amphibole, Cpx Clinopyroxene, Bar Baryte, Ser Serpentine group, Smc Smectite group. 3 and FeO by
stoichiometry. H,O by di®erence from 100%. Oxygen nos. from respective unit dsl Alk (0rsg4.5, abao:1, ans.s); Amp (titano-magnesio-
hastingsite); Cpx (hdsg.7, diz7:1, jd10:2, tSCho:2); Bar (Sr-bearing baryte); Ser (Al-Fe-rich “serpentinite’); Smc (nontronite).
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Xenocrysts in the basalt such as Mg-Al-
rich pyroxenes and spinels show reaction rims

(Figures 5.2 and 5.3) and resemble phases in the

ultrama ¢ meta-assemblages (Table 4). Com-
positions are Al-rich enstatite (eng; o1 fSg; 9
WO1; 2), Al-rich diopside (di55i 56 tSCh24] 25
hdio; 11 jd7 ac7) and Cr-bearing spinel (Spi; s2
hcy; 10 CMe; 7 Mta; 2 USPy; 1). Mg numbers for

these phases range from 0.96{0.71 and match

values for these minerals in the ultrama ¢ xeno-
liths.

Mullagalah Basalt Breccia

The basalt fragments are dominated by phe-
nocrysts of altered olivine and clinopyroxene, in
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a ne grained partly glassy groundmass. Only
the fresh pyroxene was analysed.

The zoned clinopyroxenes have Al-rich
augitic cores (dig; s9 tschyr hdig; 11 acs; o
jd2; 3) and Al-rich diopsidic outer margins
(di55] 60 '[SCh23i 25 hd7i 10 aCy; 10) and Mg num-
bers range from 0.87 to 0.92 (Table 5). In
composition (Caus; 47 M0ao; 47 Feio; 13), they
have less Mg and more Fe than clinopyrox-
ene phenocrysts in the Mount Oxley basalt
(Ca44i 50 Mgg5i 42 Felgi 16)1 which have lower
Mg numbers (0.69{0.82). The compositions are
also more aluminous (AbO3; 8.7{9.0 at%) and
sodic (NaO 1.3{1.4 at%) than for Mount Oxley
clinopyroxene phenocrysts (AbO3 6.9{8.4 wt%;
NazO 0.7{1.2 wt%).

Pyroxenite Xenolith Assemblage

(T16), Oxide wt%

Pyroxenite Xenolith Assenblage
(589), Oxide wt%

Mineral Opx Cpx Spl Opx Cpx Spl
SiO, 54.64 50.98 - 53.39 51.19 -
TiO» 0.26 0.73 0.34 0.21 0.84 0.21
Al;,03 4.89 7.78 53.08 4.30 6.48 60.04
Cr,03 0.52 0.62 12.78 0.16 0.28 7.48
Fe; O3 0.00 2.32 0.00 0.00 0.44 0.00
FeO 6.70 1.11 14.53 13.45 5.86 10.63
MnO 0.14 0.11 0.26 0.26 0.18 0.19
MgO 32.08 14.99 18.64 27.14 13.95 21.11
CaO 0.85 19.46 0.01 0.97 19.46 -
Na,O 0.07 1.89 0.07 0.12 1.32 -
K20 0.02 - 0.01 - - -
NiO 0.09 0.11 0.29 - - 0.45
Cation Sum 3.998 3.999 24171 3.998 4.000 24.134
(Oxygens) 6 6 32 6 6 32
Cation Ratios% Mg 88.4 Mg 45.8 Mg 56.9 Mg 76.7 Cad4.5 Mg 53.0
Fe 9.9 Ca 43.7 Fe 22.4 Fe 21.3 Mg 44.4 Fe 38.2
Cal? Fe 10.4 Cr 20.7 Ca20 Fe 11.1 Crs8.1
Name Enstatite Augite Spinel Enstatite Augite Spinel
Mg/(Mg+Fe 2*) 0.895 0.707 0.718 0.782 0.809 0.569

Table 3. Representative, normalised EMP analyses. Pyroxdte xenoliths, Mount Oxley basanite.
Opx Orthopyroxene, Cpx Clinopyroxene, Spl Spinel. Oxygen ms. are based on respective unit
cells. F& 03 and FeO by stoichiometry. Wells (1977) 2-pyroxene temperatires: T16 (993 C); S89
(988C). Pyroxenite (T16) phases: Opx (ergs.4, fSo:9, W01:7); Cpx (digs:9, tSChis:1, jdg:9, aCs:3,
hds.7); Spl (Sp74:2, cMi3z.7, hcg.g, Mta.g, Uspo.g). Pyroxenite (S89) phases: Opx (eRs.7, fS1:3,
WO0:0); CpX (disg:1, hdig:s, tschiz:e, jds:2, aci:2); Spl (Sps1:2, hCo:a, CM7:6, Mty:3, USPD:4).
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Xenoliths in the breccia include a cumulate-
like, olivine-bearing clinopyroxene-amphibole-
composite (Figure 7.4). Clinopyroxene, amphi-
bole and spinel xenocrysts are probably derived
from this association. The clinopyroxene is Mg-
and Al-rich diopside (» digg tschi» jd1p hd7 ac;
Mg number 0.87{0.94), the spinel is a zoned Cr-

bearing member of the spinel-hercynite series
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(Sp7o; 74 hC17; 21 Mta.g CMy USPy; 2; Mg number
0.70{0.72) and the amphibole is K-Ti-enriched
ferroan pargasite (Table 5). These phases may
represent an ultrama ¢ cumulate association,
as the clinopyroxene has a higher Mg number
(0.93) than for the clinopyroxene phenocrysts
in the basalt (0.87{0.92).

Xenolith Assemblage

Xenocryst Assemblage

Oxide wt% Oxide wt%
Mineral Opx Cpx Spl Opx Cpx Spl
SiO; 54.15 51.39 0.02 54.42 51.02 0.00
TiO» 0.13 0.70 0.27 0.14 0.78 0.27
Al;,03 5.37 7.76 59.28 4.97 7.74 61.24
Cr,03 0.32 0.71 7.42 0.36 0.49 6.62
Fe; O3 0.94 1.68 0.00 0.86 2.55 0.00
FeO 5.72 1.66 10.79 5.53 0.99 9.48
MnO 0.15 0.15 0.41 0.18 0.12 0.14
MgO 31.96 14.90 21.15 32.42 14.78 21.59
CaO 0.90 19.03 - 0.83 19.47 0.03
Na,O 0.14 1.99 - 0.10 1.98 -
K20 0.01 0.02 0.12 - 0.01 0.01
NiO 0.21 0.04 0.54 0.19 0.08 0.49
BaO 0.02 - - - - -
Cation Sum 4.000 4.001 23.994 4.001 3.998 24.085
(Oxygens) 6 6 32 6 6 32
Cation Ratios% Mg 89.0 Mg50.3 Mg 70.8 Mg90.7 Mg505 Mg70.8

Fe9.2 Ca46.2 Fel7.7 Fe88 Ca476 Fel7.7

Cals8 Fe34 Crll5 Cal6 Fe21 Crll5
Name Enstatite Diopside Spinel Enstatite Diopside Spinel
Mg/(Mg+Fe 2*) 0.909 0.941 0.784 0.913 0.964 0.708

Table 4. Normalised representative EMP analyses, harzburige xenolith and xenocryst phases
(T16). Opx Orthopyroxene, Cpx Clinopyroxene, Spl Spinel. Oxygen nos. are based on respective
unit cells. Fe;O3 and FeO by stoichiometry. Xenolith: Opx (engg.o, fSg:2, W01:6); CpX (digs:7,
tschia:g, jdg.4, hds:s, aca:6); Spl (Spsi:6, NCs:1, CMy:5, Mt2:2, USPg.4). Xenocrysts: Opx (engo:7, fsg:s,
woy:6); CpX (diss:2, tsChps:1, hdio:s, jd7:0, aGs:0); Spl (SPs1:7, hCa:s, CMe:g, Mty:a, USPo:s). Wells
(1977) 2-pyroxene temperature: xenolith (1005C ).



Phenocryst assemblage (fresh) Xenocryst{Xenolith assenmhage
Oxide wt% Oxide wt%

Mineral Cpx Cpx(core) Cpx(rim) Cpx Spinel(core) Spinel (ri m) Amp
SiO; 47.74 49.11 48.04 52.07 0.01 0.06 39.58
TiO 1.49 1.25 1.37 0.52 0.54 0.62 3.77
Al;O3 9.03 8.67 8.87 6.66 59.56 60.03 15.05
Cr;03 0.05 0.03 0.80 1.80 2.02 0.04
Fe,O3 3.82 2.98 4.08 0.85 5.28 3.81 12.63
FeO 3.32 3.29 2.20 2.01 13.39 14.71 -
MnO 0.08 0.11 0.09 0.16 0.27 0.22 0.05
MgO 12.39 14.55 13.40 14.85 18.91 18.32 11.89
CaO 20.59 18.58 20.57 20.23 0.02 - 11.30
Na,O 1.38 1.43 1.32 1.73 - - 2.41
K,0 0.02 0.04 0.01 0.01 0.02 0.01 2.43
BaO - - - - - - -
NiO 0.08 - - 0.21 0.17 0.21 0.06
(H20) - - - - - - (0.96)
Cation Sum 3.999 3.999 3.971 4.001 24.016 24.008 16.216
(Oxygens) 6 6 6 6 32 32 24
Cation Ratios% Ca 47.8 Mg 46.5 Ca47.0 Ca47.0 Mg 62.9 61.9 Mg 46

Mg 40.0 Ca42.8 Mg 42.6 Mg 47.0 Fe 33.9 34.4 Ca 31.8

Fe 12.2 Fe 10.7 Fe 12.2 Fe 5.0 Cr3.2 3.6 Fe 21.5
Name Diopside Augite  Diopside Diopside Spinel Spinel Pargste
Mg/(Mg+Fe 2*) 0.870 0.888 0.916 0.929 0.716 0.698 1.000

Table 5. Normalised EMP analyses, phenocryst and xenolith pases, Mullagalah basalt breccia (MUI 647). Cpx Clinopyroxene, Spl
Spinel, Amp Amphibole. Oxygen nos. are based on respectivenit cells. Fe;O3 and FeO by stoichiometry. (H,O) estimated by di®erence
from 100%. Amphibole (average of 2 analyses). Phenocryst€px (diss:2, tschas:1, hdig:5, aCio:0); Cpx core (disg:3, tscha1.0, hdig-4, acs:2,

jd2:1) and Cpx rim (di sg:7, tsChys.g, aCy.4, hd7.0). Xenocryst / xenolith: Cpx (di gs:9, tsChi1.9, jdo.9, hdg.s, ac:3); Spl core (spr3:2, hcy7:s,

Mtg.1, CMy.g, USP1:.4); Spl rim (Spvo:s, NCz0:9, Mta:g, CMy.1, USP1.1); AMp (potassian, titanian, ferroan pargasite).
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Figure 8. Pressure(GPa){Temperature C) diagram showing relationships of two-pyroxene
temperature estimates for Mount Oxley ultrama ¢ xenolith me ta-assemblages, with intersections
of selected eastern Australian geotherms and experimentahineral assemblage transitions.
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DISCUSSION

The porphyritic ma ¢ intrusions described
here were related to lamprophyres in some
previous reports (Byrnes 1993), and were
compared with camptonites and monchig-
uites.  Camptonites contain amphibole to-
gether with olivine and clinopyroxene as phe-
nocrysts, while monchquites also contain micas
and feldspathoids (Rock 1991). Amphibole
is absent from the Mount Oxley phenocrysts,
but does occur as a groundmass phase in
the hybrid late-stage trachytic crystallisations.
This hybrid occurrence is insuzcient to jus-
tify a camptonite nomenclature and a basaltic
terminology is preferred for the mac host.
Amphibole occurs in the Mullagalah basalt,
but is xenocrystic and probably derived from
amphibole-clinopyroxenite xenoliths. For the
ensuing discussion the Mount Oxley and Mul-
lagalah ma c bodies are related to basanitic
magmas.

Mount Oxley Basalt Petrogenesis

This basaltic intrusion displays a dual pet-
rogenetic identity. Emplaced as a slightly
evolved undersaturated magma, it become
closely intermingled with a late-stage barium-
and sulfur-bearing, evolved alkaline trachytic
melt. The high temperature, high pressure
ultrama’ ¢ xenoliths within the basanite suggest
initial evolution took place within the sub-
continental mantle lithosphere, although the
trachytic material could mark a higher level
crustal fractionate. Such mantle-derived lava
mingled with evolved felsic lava is rare in eastern
Australian intraplate basalts. One example,
however, is the meta-lherzolite and granulite
xenolith-bearing nepheline hawaiite co-mingled
with anorthoclase-bearing trachyte in the 3 Ma
Mount St Martin volcanic centre in the Nebo
Province, Queensland (Sutherland et al. 1977,
Grixn et al. 1987). The hybrid lava there, how-
ever, lacked phenocrystic nepheline in the ma ¢
component and baryte in the felsic component,
which feature in the Mount Oxley association.
The Mount Oxley basanitic magma began
crystallising its phenocrystic phases (olivine
and diopside) at mantle depths prior to its
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eruption, while some crystallisation probably
took place at higher levels to produce cumulate
olivine microgabbros, as plagioclase joined the
liquidus phases. These gabbros would crys-
tallise at depths shallower than pressures re-
lated to the olivine + plagioclase/two pyroxene-
spinel transition zone (0.6{0.9 GPa, see O'Reilly
et al. 1989). Nepheline, anorthoclase and
ulvospinel would form accessory crystallising
phases as the magma fractionated. A further
injection of basanitic magma carrying mantle
fragments probably broke up the higher level
cumulates and intermingled with evolved tra-
chytic melts, which had concentrated K, Ba,
S and volatiles before erupting in explosive
breccias. Such melt compositions possibly link
into syenitic/carbonatitic melts. The age of the
explosive emplacement is uncertain on present
“eld relationships. Miocene leucitite emplace-
ments are known to occur to the south at
Byrock and El Capitan (McQueen 2007) and
are inferred to the north east for a volcanic
pipe exposed in the Bokhara area (Jaques 2006
and pers. comm. 2007). Buried plugs giving
magnetic anomalies are also known to the north
east in the Bundabulla area (Madden 1999),
where alkali basalt and mantle xenolith-bearing
ankaramite were recovered in drill cores recov-
ered below the Early Cretaceous Surat Basin
sequence. These bodies suggest Mesozoic to
mid-Cenozoic age limits for the Mount Oxley
intrusions.

The ultrama ¢ xenoliths in the Mount Oxley
intrusives represent mantle lithologies and their
thermal conditions at the time of basanite
eruption.  The spinel meta-harzburgite was
re-equilibrated at temperatures between 1000{
1035C, while spinel meta-websterites were
re-equilibrated at 985{1000°C, suggesting a
slightly higher level origin within an ambient
lithospheric geotherm (Figure 8). The absence
of garnet in the spinel-bearing metapyroxenites
and peridotites favours sampling from above the
spinel-garnet pyroxenite and spinel-garnet peri-
dotite transitions respectively (Figure 8). The
lack of garnet, however, precludes precise pres-
sure estimates and hence depths of origin, based
on garnet-two pyroxene thermobarometry (see
Sutherland et al. 2005). Potential pressures can
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be assigned from intersections of two-pyroxene
re-equilibration temperatures with a known
geotherm, but this geotherm dependency pro-
duces wide variations from projected models.
Several xenolith-derived geotherms proposed for
eastern Australian volcanic regions include a
Cenozoic South East Australia (SEA) geotherm
(O'Reilly and Gritn 1985), a lower temperature
variant based on di®erent thermobarometry
(Taylor 1998), a more perturbed, higher tem-
perature variant (Sutherland 2003) and an even
cooler geotherm (Gaul et al. 2003). Intersec-
tions of such geotherms with the Mount Oxley
mantle xenolith re-equilibration temperatures
are shown in Figure 8. These range in pressure
estimate di®erences by up to 0.5 GPa, or about
15 km in depth for the di®erent models. Using
an estimated Moho depth of 38 km (c. 1.05 GPa)
for the Bourke-Byrock section (Collins et al.
2003) allows for mantle pressures within the
spinel pyroxenite and spinel-peridotite stability
“elds respectively, compatible with the ultra-
ma c lithological temperatures recorded for the
xenolith suite.

Mullagalah Basalt Petrogenesis

The Mullagalah basalt fragments are incom-
pletely crystallised, but their main phenocrysts
and incipient crystallites suggests they repre-
sent a similar but slightly less evolved magma
than for the Mount Oxley basanite. The
high pressure clinopyroxene and Cr-rich spinel
xXenocrysts suggest it also incorporated mantle
fragments in its evolution. The common amphi-
bole xenocrysts and amphibole-clinopyroxene
cumulate assemblages indicate that a hydrous
crystallisation was involved at depth, though
not necessarily directly from the erupted Mul-
lagalah magma.

Mount Oxley { Mullagalah Magmatic
Links

The basanitic magmas that produced the
Mount Oxley and Mallagalah intrusions are

probably quasi-contemporaneous, but their age
relationships to the other Mesozoic-Cenozoic
ma c bodies in the area remain untested. They
lie along a northern extension of the Miocene
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leucitite migratory line that trends south from
Byrock. If their basanitic magmas formed as
part of this trail, although tapping a less potas-
sic mantle source, they would be about 18 Ma in
age on extrapolation from the 17.2 Ma age at El
Capitan (McQueen et al. 2007). Alternatively,
they may be linked to the pre-Early Cretaceous
buried alkali basaltic plugs further north at
Bundabulla (Madden 1999). The relatively
fresh nature of the Mount Oxley and Mullagalah
basanites and their inclusion suites, apart from
post-eruptive alteration of the olivines, would
suggest Cenozoic links. A fresh appearance,
however, is unreliable, as similarly fresh al-
kali basalts and mantle xenolith suites around
Dubbo, NSW, extend from Miocene to Jurassic
or older ages (Meakin and Morgan, 1999). The
Mount Oxley and Mullagalah breccia pipes were
related to kimberlitic bodies in some explo-
ration reports. The basanitic petrogenesis and
lack of obvious garnets within the xenocryst and
ultrama c xenoliths, however, weakens such ori-
gins and renders the breccias unlikely diamond
prospects.

Mount Oxley Features

Distinctive features are nepheline phenocrysts
in mantle-origin basanite combined with abun-
dant baryte in hybrid trachyte. The depth of
nepheline crystallisation is uncertain, but the
mineral can crystallise under mantle conditions
(Edgar 1984). Nepheline stability is limited by
reactions with SiO, in the system, where albite
+ nepheline gives liquid and nepheline + albite
gives jadeite. This gives a maximum stability
around 2.4 GPa at 1256 C. Baryte is rather rare
in primary magmatic rocks, but is known in
late-stage vesicles in porphyritic rhyolite, and
in diorite and is common in hydrothermal veins
(Zussman 1998). It is also recorded in syenite-
carbonatite and lamproite associations (Fitton
and Upton 1987) and in lamprophyres (Rock
1991).

Secondary baryte crystals are known in
Jurassic alkali basaltic diatremes (Dundas) and
alkali dolerite intrusions (Prospect) that intrude
the Sydney Basin Triassic beds. At Dun-
das, baryte is found with calcite and pyrite
in vughs in the diatreme and also in veins
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within metasedimentary fragments and wall
rocks (Australian Museum specimens D35753,
D41757). In the Prospect intrusion, baryte is
rare and the last mineral to crystallise in the
paragenetic sequence (England 1994), where it
develops on albite, prehnite, calcite, siderite and
pyrite (Australian Museum specimens D35330,
D35351, D35686, D38535, D51168, D51170). It
would originate from late meteoric hydrother-
mal °uids, rather than the earlier magmatic
deuteric °uids based on oxygen isotope evidence
(Williams and Carr 2005). In both the Dundas
and Prospect intrusions, baryte was probably
derived from barium released from the intruded
Triassic shales, whereas the baryte in the Mount
Oxley intrusion probably derived from Ba en-
richment in fractionated trachytic magma.
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