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ABSTRACT 14 

The Hart Dolerite is the intrusive component of the Hart–Carson Large Igneous 15 

Province, which extends over an area of >160,000 km2 in the Speewah and Kimberley 16 

Basins in the western part of the North Australian Craton. In the core of the Speewah 17 

Dome, a ca. 500 m thick composite sill of Hart Dolerite comprising four discrete 18 

gabbroic units and two later-stage dyke and sill units of potassic granophyre ,all 19 

intruded into metasedimentary rocks of the Speewah Group, which have a maximum 20 

depositional age of 1814 ± 10 Ma. Cross-cutting relationships between the intrusive 21 

units indicate a younging-upwards sequence. The gabbros locally contain platinum-22 

group element enrichment and vanadiferous titanomagnetite mineralisation. New ID-23 

TIMS U-Pb geochronology of baddeleyite from gabbro units in the Speewah Dome 24 

yield upper-intercept ages (all 2σ) of 1792.7 ± 1.3 Ma and 1791.7 ± 4.1 Ma, 25 

complemented by a SHRIMP age of 1792.1 ± 5.9 Ma (2σ) for baddeleyite in a late-26 

stage pigeonite vein in Hart Dolerite 120 km south of the Speewah Dome. These 27 

results are consistent with regional historical data from late-stage potassic granohyres 28 

and a model of rapid emplacement of the Hart Dolerite at 1792.6 ± 1.2 Ma in an 29 

intracratonic extensional setting within a few million years of the recently revised 30 

maximum age of sedimentation at ca. 1814 Ma. In a global setting, the period around 31 

ca. 1793 Ma reports a number of Large Igneous Provinces indicating continental 32 

extension, high heat-flow in the mantle and the large-scale generation of mafic melts. 33 

Keywords: baddeleyite, large igneous province, mafic igneous rocks, petrography, U-34 

Pb geochronology 35 
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 36 

INTRODUCTION 37 

Large igneous provinces (LIPs) are generated when large volumes of mantle-derived 38 

magmas are emplaced in either less than 5 Ma or in multiple short pulses over a time-39 

span of 30-50 Ma and extend over an area greater than 100 000 km2 (Ernst and 40 

Buchan, 2001; Bryan and Ernst, 2008). Their inferred intraplate origins and settings are 41 

commonly based on models of extension produced by the impingement of a mantle 42 

plume at the base of the lithosphere, rather than plate-margin mechanisms (De Paolo 43 

and Manga, 2003; Sleep, 2006). During ascent, the melts typically show evidence of a 44 

complex evolutionary history reflecting staged intervals of fractionation and crustal 45 

contamination (e.g. Neumann et al., 2011; Ernst et al., 2019).  46 

In continental settings, the intrusive and extrusive components of LIPs represent 47 

stratigraphic markers that can be used to correlate sequences at local, regional, and 48 

global scales (e.g. Haggerty, 1996; Ernst and Bleeker, 2010; Gumsley et al., 2017). 49 

Intrusive parts of some LIPs host globally significant accumulations of metals, such as 50 

chromium, nickel, vanadium, titanium, iron, and platinum-group elements, in areas that 51 

include the Bushveld Complex in South Africa, the Norilsk and Talnakh chonolith 52 

intrusions and elongated sills in Russia, as well as the Jinchuan and Panzhihua 53 

intrusions in China, all with markedly short emplacement histories (Zeh et al., 2015; 54 

Kamo et al., 2003; Sluzhenikin, 2011; Li et al., 2005; Pang et al., 2010; Shellnutt et al. 55 

2012; Mudd and Jowitt, 2014; Mudd et al., 2018). High-precision geochronology of LIPs 56 

can be used effectively to constrain the timing of their development, evolution and 57 

mineralisation events (Denyszyn et al., 2018). 58 

The Hart–Carson LIP consists of intrusive and extrusive igneous rocks that are 59 

correlated using geochemistry.  Stratigraphic evidence is consistent with a widespread 60 

Paleoproterozoic emplacement event across the Kimberley region in the western part 61 

of the North Australian Craton (Fig 1; Griffin et al., 1993; Tyler et al., 2006; Sheppard et 62 
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al., 2012). Sills of Hart Dolerite intruded mainly siliciclastic rocks of the Speewah Group 63 

and lower parts of the greenschist-facies Kimberley Group up to the level of the Carson 64 

Volcanics (Table 1; Sheppard et al., 2012). There are also undated dolerite sills in the 65 

upper Kimberley Group that may be younger than the Hart Dolerite, in the absence of 66 

observed relationships (e.g. Sheppard et al., 2012). The Hart Dolerite proper comprises 67 

a suite of tholeiitic rocks that range from olivine-bearing gabbro to potassic-quartz 68 

granophyre, and are interpreted as having been produced by closed-system 69 

fractionation from a common magma source (Thorne et al., 1999).  70 

The Hart Dolerite extends over an area of about 160,000 km2 and has an estimated 71 

minimum volume of ca. 300,000 km3 (Griffin et al., 1993; Sheppard et al., 2012, Hollis 72 

et al., 2014; Orth et al., 2015), and therefore meets most criteria for a large igneous 73 

province (Ernst and Buchan, 2001; Bryan and Ernst, 2008). However, the criterion of 74 

either rapid emplacement (ca. 1–5 Ma) or multiple short pulses over a more extended 75 

period of 30 to 50 Ma (Bryan and Ernst, 2008) has not been demonstrated, because 76 

existing constraints on the age of the Hart Dolerite consist of imprecise SHRIMP 77 

207Pb/206Pb ages (all mean ages are quoted with 2-sigma or 95% confidence intervals, 78 

unless noted otherwise) of 1799 ± 17 Ma for zircon and 1795 ± 15 Ma for baddeleyite 79 

in two separate outcrop samples of Hart Dolerite potassic quartz granophyre 80 

(Sheppard et al., 2012). Furthermore,  there have been no reliable ages for the 81 

gabbroic phases of the sills.  82 

We present new information from mapping and sampling of a ca. 500 m thick sill of 83 

Hart Dolerite that outcrops in the core of a doubly plunging, regional anticline, known 84 

locally as the ‘Speewah Dome’, that hosts two major mineral  systems on the eastern 85 

margin of the Speewah Basin (Fig. 1). The gabbroic sequence in the sill within the 86 

dome host a JORC-compliant vanadiferous titanomagnetite resource of 4.7 billion 87 

tonnes @ 0.3% V2O5 + 2% Ti + 14.7% Fe with co-magmatic sulphide-poor, Stella-type 88 

platinum-group element (PGE) mineralisation (Eupene, 1970; Blockley, 1972; Rogers, 89 
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1998; Maier et al., 2003; Niplats, 2008; Speewah Metals, 2012). In addition, some 90 

major faults host a JORC-complaint resource of 27.2 Mt @ 9.5% CaF2 in veins of 91 

coarse-grained massive fluorite that are perhaps genetically unrelated to the gabbro 92 

event (Eupene, 1970; Blockley, 1972; Alvin, 1993; Rogers, 1998; Alvin et al., 2004; 93 

Gwalani et al., 2010). Diamond drilling in the Hart Dolerite has established that the 94 

rocks rich in vanadiferous titanomagnetite and cogenetic PGE mineralisation are part of 95 

a tabular composite sill that can be divided into six discrete units based on their 96 

textures. These units are separated by sharp igneous contacts that can be mapped in 97 

outcrop and correlated between drillholes (Figs. 2 and 3). We describe the mineralogy, 98 

textures, and distribution of the rock types in the study area. 99 

We also present new U-Pb ages by Sensitive High-Resolution Ion Microprobe 100 

(SHRIMP) and by Isotope Dilution-Thermal Ionisation Mass Spectrometry (ID-TIMS) for 101 

baddeleyite and zircon from samples of three different rock types from the sill of Hart 102 

Dolerite in the Speewah Dome, as well as from a sample from a vein of pigeonite 103 

gabbro that intrudes another sill of Hart Dolerite about 120 km to the south-southwest 104 

(Fig. 1). Our results provide the first precise dates for the emplacement age of mafic 105 

rocks from the Hart Dolerite and provide first indications for the timing of magmatism in 106 

the Kimberley region, the constraints on the timing of Speewah Basin development, 107 

and better establish the geodynamic environment of the Hart–Carson LIP and its 108 

relationship with development of the North Australian Craton. The observations 109 

presented in this study also indicates that the Hart–Carson LIP represent a voluminous 110 

magmatic event on the North Australian Craton that is yet to be correlated equivalent 111 

with igneous rocks elsewhere that might constrain paleogeographic reconstructions. 112 

However, the evidence for large-scale mafic igneous events in an intracontinental 113 

setting at ca. 1793 Ma from other cratonic regions suggests a period of widespread 114 

extensional activity with high heat-flwo and magma generation. 115 

 116 
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REGIONAL GEOLOGICAL SETTING 117 

The Kimberley region consists of igneous and metamorphic basement rocks of the 118 

Western Zone of the Lamboo Province, overlain unconformably by mainly siliciclastic 119 

sedimentary rocks deposited in the Speewah and overlying Kimberley Basins before 120 

being metamorphosed to greenschist facies (Fig. 1 and Table 1; Griffin and Grey, 121 

1990; Sheppard et al., 1999, 2012; Johnson, 2013; Phillips et al., 2017). Although the 122 

crystalline rocks of the Western Zone are exposed only at the margins of the Speewah 123 

Basin, deeper magnetic responses from the area covered by rocks in the Speewah and 124 

Kimberley Basins suggest that these crystalline rocks extend beneath the region (Gunn 125 

and Meixner, 1998). The oldest outcrops in the Western Zone are greenschist to 126 

granulite facies turbiditic metasedimentary rocks of the Marboo Formation (Tyler et al., 127 

1999). The Marboo Formation has a maximum depositional age constrained by detrital 128 

zircon geochronology of ca. 1872 Ma (Tyler et al., 1999). 129 

During the ca. 1870–1850 Ma Hooper Orogeny, the Marboo Formation was intruded, 130 

metamorphosed, and locally partially melted by mainly felsic magmas of the 1864–131 

1852 Ma Paperbark Supersuite (Tyler et al., 1999; Griffin et al., 2000; Page et al., 132 

2001). The Central Zone of the Lamboo Province, which represents a ca. 1865–1810 133 

Ma island arc that developed above a west-dipping subduction zone, was accreted to 134 

the Western Zone during the ca. 1832–1808 Ma Halls Creek Orogeny (Kohanpour et 135 

al., 2017). The Western and Central Zones subsequently collided and accreted with the 136 

western passive margin of the proto-North Australian Craton, which is preserved as the 137 

Eastern Zone of the Lamboo Province (Fig. 1; Blake et al., 2000; Tyler et al., 2012). 138 

The peak of the accretion event included the emplacement of mainly felsic magmas of 139 

the ca. 1832–1808 Ma Sally Downs Supersuite, which outcrop along the suture 140 

between the Central and Western Zones (Blake et al., 2000; Page et al., 2001).  141 

The Speewah Group overlies the Western Zone, and contains detrital zircons with a 142 

dominant ca. 1860 Ma age component that reflects derivation from the Paperbark 143 
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Supersuite (Hollis et al., 2014; Ramsay et al., 2017). Zircons in rhyodacitic 144 

volcaniclastic beds within the Valentine Siltstone in the middle of the Speewah Group 145 

are dated at 1835 ± 3 Ma (Table 1; Sheppard et al., 2012). This age was first correlated 146 

with the early stages of the Halls Creek Orogeny and interpreted as an indicator of 147 

synvolcanic deposition on the foreland of a back-arc basin (Page and Sun, 1994; 148 

Sheppard et al., 2012; Tyler et al., 2012). More recently, detrital zircons from the 149 

Tunganary Formation, near the base of the Speewah Group, yielded a detrital zircon 150 

age component at 1814 ± 10 Ma, including a youngest zircon at 1803 ± 12 Ma (Table 151 

1; Ramsay et al., 2017). This ca. 1814 Ma component represents detritus from rocks 152 

that crystallised during the later stages of the Halls Creek Orogeny and indicates that 153 

the Speewah Group was deposited over the Western Zone of the Lamboo Province in 154 

an intracratonic setting after accretion of the Kimberley Craton to the North Australian 155 

Craton (Ramsay et al., 2017).  156 

Numerous Hart Dolerite sills, with a combined thickness of about 3000 m, intrude the 157 

Speewah Group and lower parts of the overlying Kimberley Group, up to the basal part 158 

of the Carson Volcanics (Fig. 1 and Table 1; Sheppard et al., 2012; Hollis et al., 2014). 159 

Thicker sills with gabbroic and granophyric rock types separated by sharp contacts 160 

imply that these units were formed during more than one intrusive event (Plumb and 161 

Gemuts, 1976). The predominantly tholeiitic compositions are typical of intraplate mafic 162 

melts produced by decompression melting of the mantle (Campbell and Griffiths, 1990; 163 

Ganguly, 2005). However, xenolithic rocks, negative Ta and Nb anomalies, and Sm–164 

Nd isotope data suggest that the magma was contaminated by crustal material upon 165 

ascent and emplacement (Plumb 1968; Thorne et al. 1999; Sheppard et al., 2012; 166 

Hollis et al., 2014). The xenolithic inclusions and flow textures are also interpreted to 167 

indicate that the magma was emplaced in a turbulent fashion (Morin and Corriveau, 168 

1996; Ferreira et al., 2015). The overall change from an early olivine-bearing gabbro to 169 
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later-stage felsic granophyre has been attributed to closed-system fractionation of 170 

melts derived from a common magma source (Alvin, 1993; Thorne et al., 1999).  171 

 172 

GEOLOGY OF THE STUDY AREA 173 

The Speewah Dome is a doubly plunging, regional anticline about 20 km in diameter 174 

within metasedimentary rocks of the Speewah Group on the eastern margin of the 175 

Speewah Basin (Fig. 1; Dunnet and Plumb, 1964; Alvin, 1993; Thorne et al., 1999). 176 

The dome has a core of gabbroic to doleritic rocks surrounded by an annulus of 177 

potassic quartz granophyre from the Hart Dolerite. This pattern of igneous zonation and 178 

the low angle-intrusive contacts of potassic quartz granophyre against the gently 179 

dipping metasedimentary rocks have been used to suggest that the Hart Dolerite 180 

represents a differentiated lopolithic intrusion (Dunnet and Plumb, 1964; Eupene, 1970; 181 

Alvin, 1993; Thorne et al., 1999).  182 

In the Speewah Dome, the Hart Dolerite and Speewah Group are cut by regional-scale 183 

north and northeast-trending faults (Fig. 2; Thorne et al., 1999). Locally, the faults have 184 

provided conduits for fluids which altered and replaced the wall rocks and precipitated 185 

veins that are variably rich in K-feldspar, quartz, carbonate, fluorite and barite (Eupene, 186 

1970; Blockley, 1972; Alvin, 1993; Rogers, 1998; Alvin et al., 2004; Gwalani et al., 187 

2010). These veins were initially considered to have crystallised from volatile 188 

components that evolved during the differentiation of the Hart Dolerite (Eupene, 1970; 189 

Blockley, 1972). Later geological and geochemical studies suggested that the veins 190 

were the products of fractionation from more localised, fault-hosted, brecciated 191 

carbonate-rich rocks that were described as carbonatites, with an implied igneous 192 

origin (Alvin, 1993; Alvin et al., 2004; Gwalani et al., 2010). Noble gas and C, O, and H 193 

isotope data from minerals in the veins and replaced wall rocks of Hart Dolerite indicate 194 
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a significant crustal component that supports a predominantly hydrothermal rather than 195 

a magmatic origin for these fluids (Czuppon et al., 2014).  196 

REVISED GEOLOGY OF THE HART DOLERITE IN THE SPEEWAH DOME 197 

Mapping over an area of about 200 km2 and drilling of six vertical diamond holes up to 198 

582 m deep in the core of Speewah Dome  provided the geological framework for this 199 

study (Fig. 2). Each of the drillcores passed through the Hart Dolerite into a footwall of 200 

metasedimentary rocks. The subhorizontal basal contact of the dolerite indicates that 201 

the igneous rocks are part of a tabular sill with a total thickness of about 500 m (Fig. 3). 202 

However, rather than a single differentiated gabbroic to potassic granophyre sill 203 

emplaced during a single igneous event, the sill is a composite intrusion in which sharp 204 

igneous contacts separate six rock types that can be mapped and correlated between 205 

drillholes (Fig. 3). These are summarised in Table 2 and described in detail here, in 206 

order to provide a framework for the understanding of the history of igneous intrusion in 207 

a complex mafic magmatic system. 208 

Coarse-grained gabbro 209 

The gabbro at the base of the sill is approximately 100 m thick and has a lower contact 210 

against metasedimentary rocks of either Valentine Siltstone or Tunganary Formation. 211 

(Figs. 2 and 3). The gabbro has a 0.1 – 0.2 m thick aphanitic lower zone, and becomes 212 

coarse grained (up to 10 mm) in the 2–5 m above the contact (Fig. 4a). The coarse-213 

grained minerals are dominated by variably chloritised, augitic pyroxene enclosing 214 

about equal amounts of mostly sericitised, finer-grained laths of plagioclase. The lower 215 

part also contains up to 5% chloritised olivine and 5% subhedral titanomagnetite, 216 

frequently enclosing silicate inclusions.  Minor minerals include andraditic grossular, 217 

more common near the basal contact, and biotite, the abundance of which increases 218 

upward. There are also trace amounts of fine-grained pyrite, apatite,  and baddeleyite. 219 

Within 10 m of the upper contact, the gabbro becomes medium-grained; this includes 220 
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an uppermost 1–5 m thick interval of chloritised pyroxene and sericitised plagioclase 221 

against a sharp contact marking the base of the overlying spotted magnetite gabbro. 222 

The contact between the gabbros can be correlated between drillholes as a 223 

subhorizontal surface (Fig. 3). 224 

Spotted magnetite gabbro 225 

Above this sharp subhorizontal lower contact, the spotted magnetite gabbro ranges in 226 

thickness from 150 to 250 m and outcrops extensively (Figs. 2 and 3). It is medium-227 

grained, subophitic, and dominated by about equal amounts of partially sericitised 228 

plagioclase and augitic pyroxene, plus 1–2% of subhedral titanomagnetite. However, in 229 

the upper 15–20 m of this unit, the titanomagnetite consists of aggregates of fine 230 

subhedral grains that increase in size from 1–2 mm up to 5 mm. These aggregates 231 

create a distinctly spotted appearance in both drillcore and outcrop (Fig. 4b). In the 20–232 

50 cm beneath the sharp upper contact that is mapped as another subhorizontal 233 

surface, plagioclase is sericitised and pyroxene is chloritised. Interstitial minerals 234 

throughout this unit include minor fine-grained quartz, K-feldspar, apatite, pyrite, and 235 

baddeleyite.  236 

Disseminated magnetite gabbro 237 

The ca. 100 m thick disseminated magnetite gabbro overlies the spotted magnetite 238 

gabbro and outcrops intermittently through thin soil cover (Figs. 2 and 3). Its basal 239 

contact is subhorizontal and sharp, but with broad 1-5 cm deep channels into the 240 

underlying unit. This gabbro is dominated by a dark, medium-grained, subophitic 241 

texture but shows upwards gradational changes in mineralogy and in the abundance of 242 

xenoliths. The lower 50 m interval contains subequal amounts of plagioclase and 243 

augite, the latter exhibiting abundant granular and lamellar pigeonite exsolution. Within 244 

this interval, the lower 20 m contains traces of olivine and up to 20% disseminated 245 

subhedral vanadiferous titanomagnetite that decreases in abundance upwards. The 246 
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medium-grained vanadiferous titanomagnetite overgrows finer-grained, subhedral 247 

ilmenite that contains abundant fine silicate inclusions. In a 1–5 m interval about 15–20 248 

m above the basal contact, there is a marked increase in the trace abundance of 249 

chalcopyrite, which coincides with PGE enrichment. 250 

In the upper 50 m, where the vanadiferous titanomagnetite abundance is reduced to 251 

trace amounts, the abundance and grain size of graphically intergrown K-feldspar and 252 

quartz both increase. In some localities, the uppermost 0.3 – 1.0 m is a dark reddish 253 

pink, coarse-grained felsic granophyre that has a subhorizontal upper contact either 254 

against the Valentine Siltstone or the pegmatitic gabbro. Finer-grained interstitial 255 

minerals in this gabbro include K-feldspar, quartz, apatite, zircon, baddeleyite, pyrite 256 

and chalcopyrite. A sample of this gabbro, collected over a 2 m interval (8–10 m depth) 257 

about 50 m above the base of the unit in drillhole SDH08-06, yielded baddeleyite for 258 

geochronology (sample GS11043-1, Figs. 2 and 3; Table 2). 259 

The disseminated magnetite gabbro is also characterised by the abundance and 260 

distribution of xenoliths with 10 mm thick, lighter-coloured, altered outer margins that 261 

are mainly dispersed through the 20–30 m interval above the basal contact (Fig. 4c). 262 

The xenoliths and coarser-grained laths of plagioclase in the groundmass are typically 263 

oriented with their long axes parallel to the subhorizontal basal contact. Angular to 264 

rounded xenoliths are up to 30 cm in diameter, with larger examples more abundant 265 

near the basal contact. Smaller xenoliths above the contact are typically tabular or 266 

more irregular in shape with diffuse margins (Fig. 4c). Xenoliths include coarse-grained 267 

gabbro, fine-grained anorthosite, medium- to coarse-grained granitic gneiss, and fine-268 

grained siltstone. Zircons were recovered for geochronology from a xenolith of granitic 269 

gneiss (sample GS11042-3), which was exposed in an outcrop immediately above the 270 

base of the magnetite gabbro (Fig. 2 and Table 2).  271 

Pegmatitic gabbro 272 
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This coarse-grained to pegmatitic gabbro (grain size 20–30 mm) occurs as localised 273 

sills up to 50 m thick, which are better preserved above parts of the disseminated 274 

magnetite gabbro in the central and northern parts of the Speewah Dome where the 275 

sequence is less eroded (Figs. 2 and 3). Thinner sills have also been intersected in 276 

drillcores within the spotted magnetite gabbro and along the contact between the 277 

spotted magnetite and disseminated magnetite gabbros. The pegmatitic gabbro has a 278 

subophitic texture with subequal amounts of variably saussuritised plagioclase and 279 

partly chloritised augitic pyroxene, as well as up to 5% skeletal titanomagnetite, 280 

variable amounts of graphically intergrown quartz and K-feldspar, and minor 281 

baddeleyite in sills to about 20 m thick. In sills >20 m thick, the abundance of 282 

graphically intergrown quartz and K-feldspar increases upwards such that that this 283 

gabbro contains diffuse segregations, cross-cutting veinlets and thin dykes of potassic 284 

granophyre (Fig. 4d). Baddeleyite was recovered for geochronology from a surface 285 

outcrop as sample (GS12051-2) in a sill above the disseminated magnetite gabbro 286 

(Fig. 2 and Table 2).  287 

Mafic and felsic granophyres 288 

In addition to granophyric rocks in the upper parts of the disseminated magnetite and 289 

pegmatitic gabbros, there are two subordinate units that are characterised by a 290 

groundmass of potassium feldspar-rich, quartz granophyre. These typically outcrop as 291 

1–2 m wide dykes that cut through the spotted magnetite and disseminated magnetite 292 

gabbros. Less commonly, they form 2–5 m thick sills overlying the gabbroic rocks 293 

described above. However, in drillhole SDH09-01, which was collared near a major 294 

northeast-trending fault, an intercalated sequence of mafic and potassic quartz 295 

granophyres were intersected over a vertical thickness of about 130 m (Figs. 2 and 3). 296 

The older of these rocks is a mafic granophyre consisting of fine- to medium-grained 297 

(0.5–2.0 mm) potassic groundmass supporting abundant (60–80%) saussuritised 298 

dolerite xenoliths up to 2 cm in diameter and sericitised plagioclase laths up to 2 mm 299 
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long (Fig. 4e). The younger coarse-grained potassic quartz granophyre locally cross-300 

cuts dykes of mafic granophyre. In addition to K-feldspar–quartz intergrowths up to 5 301 

cm in diameter, the felsic granophyre contains sparse, partially sericitised, plagioclase 302 

laths up to 2 mm long, and up to 20% of an acicular ferromagnesian mineral 303 

pseudomorphed by epidote and chlorite (Fig. 4f). 304 

 305 

GEOCHRONOLOGY 306 

Samples and mineral separation  307 

As described above, samples for geochronology were collected from diamond drillcore 308 

for the disseminated magnetite gabbro (GS11043-1), whereas the sample of pegmatitic 309 

gabbro (GS12051-2) and the granitic xenolith (GS11042-3) in the disseminated 310 

magnetite gabbro were collected from surface outcrops. Sample coordinates are 311 

provided in Table 2 and locations are indicated on Fig. 2.  312 

A fourth sample (GSWA 206156), a pegmatitic pigeonite gabbro vein, was collected for 313 

geochronology from a surface outcrop about 120 km south-southwest of the Speewah 314 

Dome (Fig. 2 and Table 2). The vein is about 6 cm wide and intruded into medium-315 

grained dolerite (Fig. 4g) near the upper contact of a Hart Dolerite sill intruding the 316 

Lansdowne Arkose (Table 1). In some places these veins cut the dolerite sharply, but 317 

locally they grade into the host dolerite. The geochronology sample consisted of 318 

bladed, subhedral pigeonite up to 6 cm long enclosed by saussuritised calcic 319 

plagioclase, with interstitial granophyre, and minor chlorite, biotite, and ilmenite. 320 

Selection of samples for geochronology was based on optical examination and/or 321 

scanning electron microscopy of polished thin-sections to identify dateable minerals. 322 

For four of the five samples, about 2 kg of either quartered drill-core or unweathered 323 

rock chips that had reported baddeleyite and zircon in the petrographic studies was 324 

sent to Geotrack Laboratories in Melbourne for mineral separation. About 3 kg of 325 
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sample GSWA 206156 was processed by the laboratory of the Geological Survey of 326 

Western Australia (GSWA). For all samples, zircons or baddeleyites were concentrated 327 

using a high-density liquid and magnetic techniques, then hand-picked under a 328 

binocular microscope.  329 

Analytical methods  330 

Baddeleyite crystals from the disseminated magnetite and pegmatitic gabbros, and 331 

zircons from the granitic gneiss xenolith, were dated by the ID-TIMS U-Pb method. 332 

Baddeleyite exhibited coatings of microcrystalline zircon, which gave the grains a 333 

frosted appearance. This coating is difficult to remove, so baddeleyite crystals with the 334 

least evident coatings were selected for analysis, although all were affected to some 335 

degree. No pre-treatment methods were used beyond cleaning the grains with 336 

concentrated distilled HNO3 and HCl; due to their small size, no chemical separation 337 

methods were employed. The samples were spiked with an in-house 205Pb–235U tracer 338 

solution. Dissolution was by vapor transfer of HF, using Teflon microcapsules in a Parr 339 

pressure vessel placed in a 220°C oven for six days. The resulting residue was re-340 

dissolved in HCl and H3PO4 and placed on an outgassed, zone-refined rhenium single 341 

filament with 5 µL of silicic acid gel. U-Pb analyses were carried out using a Thermo 342 

Triton Plus mass spectrometer at the John de Laeter Centre, Curtin University, in peak-343 

jumping mode using an electron multiplier. Uranium was measured as an oxide (UO2). 344 

Fractionation and deadtime were monitored using SRM981 and SRM982. Mass 345 

fractionation was 0.10 ± 0.09 %/amu. Uranium decay constants are from Jaffey et al. 346 

(1971). The weights of the grains were calculated from measurement of 347 

photomicrographs and estimates of the third dimension. The weight of the grains only 348 

provides information about absolute U concentration and does not contribute to the age 349 

calculation; an uncertainty of 50% may be attributed to this estimate. Data were 350 

reduced and plotted using the software packages Tripoli (from CIRDLES.org) and 351 

Isoplot 4.15 (Ludwig, 2012).  352 
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Grains for analysis by SHRIMP were mounted with appropriate standards in 25 mm 353 

diameter epoxy discs, which were then polished to section the crystals for analysis. 354 

Measurements of U, Th and Pb in zircon and baddeleyite were conducted using the 355 

instruments at the John de Laeter Centre, Curtin University, with operating procedures 356 

similar to those described by Wingate and Lu (2017). Reflected light, transmitted light 357 

and cathodoluminescence (CL) images (for zircon) were used to guide all analyses. 358 

Measurements consisted of five or six scans through the mass range using a spot size 359 

of ca. 20 µm diameter and a primary ion beam (O2-) with an intensity between 2 and 4 360 

nA. U/Pb ratios in zircon were determined relative to the Temora-2 zircon standard 361 

(238U/206Pb age = 416.8 Ma; Black et al., 2003), and 207Pb*/206Pb* ratios (Pb* refers to 362 

radiogenic Pb) were monitored during most sessions using the OG1 zircon standard 363 

(207Pb/206Pb age = 3465.4 ± 0.6 Ma; Stern et al., 2009). Element concentrations were 364 

estimated by comparison with the SL13 zircon standard (238 ppm 238U; Claoué-Long et 365 

al., 1995). U/Pb ratios in baddeleyite were determined relative to the Phalaborwa 366 

standard (206Pb/238U age = 2060 Ma; Heaman 2008), and element concentrations were 367 

estimated by comparison with the CZ3 zircon standard (551 ppm 238U; Pidgeon et al., 368 

1994; Nasdala et al., 2008). Owing to bias of U/Pb ratios during SHRIMP analysis of 369 

baddeleyite (Wingate and Compston, 2000), these ratios were used only semi-370 

quantitatively in assessing age concordance, and isotopic dates were based on 371 

207Pb/206Pb ratios. Analyses of standards were interspersed with those of unknown 372 

grains during each analytical session. Data were reduced using SQUID 2.50 and 373 

Isoplot 3.75 (Ludwig, 2009, 2012), using decay constants recommended by Jaffey et 374 

al. (1971). Correction for initial or common Pb was made using measured 204Pb/206Pb 375 

and contemporaneous common-Pb isotopic compositions determined according to the 376 

model of Stacey and Kramers (1975). SHRIMP analyses >5% discordant or indicating 377 

high common Pb (f204 >1%, where f204 is the proportion of common 206Pb in total 378 

measured 206Pb), are considered to be of low reliability and are candidates for rejection. 379 
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For both ID-TIMS and SHRIMP analyses, uncertainties for individual analyses in data 380 

tables (Supplementary Data Tables 1 and 2) and error bars and ellipses in concordia 381 

diagrams are at the 1σ level, whereas sample mean ages are quoted with 2-sigma or 382 

95% uncertainties. 383 

Results 384 

Baddeleyite was recovered from the disseminated magnetite gabbro, pegmatitic 385 

gabbro, and the gabbro pegmatite vein, whereas zircons were recovered from the 386 

spotted magnetite gabbro and from the granitic gneiss xenolith hosted by the 387 

disseminated magnetite gabbro.  388 

Disseminated magnetite gabbro (sample GS11043-1) 389 

Four baddeleyite crystals were analysed by ID-TIMS (Supplementary Data Table 1; 390 

Fig. 5a). Calculated weights were between 0.2 and 0.4 µg, with U concentrations 391 

generally high, between 551 and 1682 ppm. Th/U ratios are typically low in 392 

baddeleyite; these analyses indicate ratios between 0.03 and 0.05. Likely due to the 393 

microcrystalline zircon coatings, each analysis exhibits signs of Pb loss and 394 

discordance, up to 2.5%. A free regression of all four analyses (MSWD = 2.2) yields an 395 

upper intercept of 1791.7 ± 4.1 Ma (Fig. 5a), and a lower intercept of 68 ± 200 Ma, 396 

which is within uncertainty of the origin. If the regression is anchored at the origin, the 397 

upper intercept is 1790.5 ± 1.4 Ma (MSWD = 1.6). We interpret the date of 1791.7 ± 4.1 398 

Ma as the crystallisation age of the disseminated magnetite gabbro. 399 

Pegmatitic gabbro (sample GS12051-2) 400 

Four baddeleyite grains analysed by ID-TIMS had calculated weights between 0.1 and 401 

0.3 µg, with U concentrations between 541 and 1075 ppm and Th/U ratios between 402 

0.04 and 0.07 (Supplementary Data Table 1; Fig. 5b). Minor Pb loss is indicated by 403 

each analysis, resulting in 1–2% discordance and attributable to the presence of zircon 404 
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coatings. A regression through all data (MSWD = 1.3) yields an upper intercept of 405 

1792.7 ± 1.3 Ma (Fig. 5b), and a lower intercept at -167 ± 210 Ma, which is within 406 

uncertainty of the origin. Anchored at the origin, the regression yields an upper 407 

intercept of 1793.4 ± 1.1 Ma (MSWD = 2.1). We interpret the date of 1792.7 ± 1.3 Ma 408 

as the crystallisation age of the pegmatitic gabbro. 409 

Pigeonite gabbro vein (sample GSWA 206156) 410 

This sample yielded about 200 baddeleyite crystals, which are pale to dark brown and 411 

pleochroic, subhedral to euhedral, and up to 200 µm long (Fig. 4h). Forty-two crystals 412 

were analysed by SHRIMP (Supplementary Data Table 2; Fig. 5c). Concentrations of 413 

238U range from 31 to 538 ppm, with a median of 98 ppm, and Th/U ratios from 0.01 to 414 

0.14, with a median of 0.03. Two analyses indicate high common Pb (f204 >2%), 415 

whereas all others indicate low common Pb (median f204 = 0.1%). Of the remaining 40 416 

analyses, 37 yield a weighted mean 207Pb*/206Pb* date of 1792.1 ± 5.9 Ma (MSWD = 417 

1.4), and three analyses that are significantly (>2σ) younger are excluded. Although 418 

there is a correlation in these data (R = 0.7) between the 207Pb*/206Pb* date and the 419 

common-Pb correction (f204), the common-Pb corrections are very small and extend to 420 

both positive and negative values (negative values arise where background counts are 421 

similar to those for 204Pb+). The main effect is to slightly increase dispersion in the data, 422 

rather than bias the weighted mean value significantly. The date of 1792.1 ± 5.9 Ma is 423 

interpreted as the magmatic crystallisation age of the pigeonite gabbro vein. 424 

Granitic gneiss xenolith in disseminated magnetite gabbro (sample GS11042-3) 425 

Zircons from the granitic xenolith are colourless to pale brown and prismatic. Forty 426 

grains were analysed by SHRIMP and 10 by ID-TIMS (Supplementary Data Tables 1 427 

and 2; Fig. 5d). Of 40 SHRIMP analyses, 19 are >5% discordant, indicate high 428 

common Pb, or are very imprecise (probably implying an analytical problem) and are 429 

excluded from further consideration. The remaining 21 analyses yield 207Pb*/206Pb* 430 
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dates of 2699–1805 Ma, and can be divided into three groups. The oldest three 431 

analyses yield 207Pb*/206Pb* dates of 2699, 2514, and 2013 Ma, interpreted as the ages 432 

of xenocrysts within the granitic xenolith. Thirteen analyses yield a weighted mean 433 

207Pb*/206Pb* date of 1876 ± 8 Ma (MSWD = 1.4), whereas five analyses that yield 434 

207Pb*/206Pb* dates of 1840–1818 Ma are significantly younger.  435 

Nine of ten ID-TIMS analyses are less than 5% discordant (one is 30% discordant), but 436 

the dates of 2379–1774 Ma are mostly dispersed beyond analytical precision 437 

(Supplementary Data Table 1; Fig. 5d). The oldest two analyses yield 207Pb/206Pb dates 438 

of 2379 and 2039 Ma, and may represent xenocrysts within the xenolith. The remaining 439 

seven analyses are all significantly younger than the mean date of 1876 ± 8 Ma for 13 440 

SHRIMP analyses, and presumably reflect loss of radiogenic Pb.  441 

Provided all the zircons are not inherited, the weighted mean 207Pb*/206Pb* date of 1873 442 

± 6 Ma for 13 SHRIMP analyses may represent the crystallisation age of the granite 443 

protolith. Accordingly, the 14 younger analyses (1851–1774 Ma) are interpreted to 444 

reflect minor ancient loss of radiogenic Pb. 445 

DISCUSSION 446 

The precise geochronological characterisation of selected units within the sill of Hart 447 

Dolerite in the Speewah Dome is the first evidence to support the interpretation that 448 

igneous activity at ca. 1793 Ma was of short duration, which would indicate that the 449 

Hart–Carson magmatic province comprises discrete pulses of mafic magmatism 450 

comprising a single LIP-forming event. Within this new context, we can evaluate the 451 

tectonic evolution of the westernmost component of the North Australian Craton as  it 452 

relates to other parts of the Australian continent. This study also provides a 453 

comprehensive account of the mineralogical and petrographic features of the igneous 454 

units that comprise the composite sill of Hart Dolerite in the Speewah Dome and 455 

represent an essential framework for interpreting geochronological results. A 456 
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subsequent study on the geochemical and isotopic evolution of this magmatic system, 457 

based on mineral chemistry and whole-rock geochemical and isotopic analyses, will 458 

form the basis of a subsequent contribution.  459 

Episodic emplacement of the sill of Hart Dolerite in the Speewah Dome 460 

The sill of Hart Dolerite in the Speewah Dome is shown from surface and drillcore 461 

mapping to be subhorizontal and tabular in form, with a thickness of about 500 m (Fig. 462 

3). This contrasts with the model of Eupene (1970), which proposed that the core of 463 

gabbroic rocks with an annulus of felsic granophyre against the country-rock 464 

represented the feeder and upper parts of a lopolithic intrusion. Within the sill, sharp 465 

contacts subdivide the igneous rocks into four gabbroic and two potassic quartz 466 

granophyric units with distinct petrological features, each of which represents at least 467 

one discrete pulse of magma.  468 

The location of this sill in the Speewah Basin suggests that the rheological contrast 469 

between siltstone and sandstone units exerted significant control on the style of 470 

emplacement. The widespread preservation of the Valentine Siltstone on the upper 471 

surface of the igneous rocks and a lesser degree of preservation along the lower 472 

contact suggests that the siliciclastic Tunganary Formation and Lansdowne Arkose 473 

provided an important control for emplacement (Table 1; Sheppard et al., 1999). The 474 

subhorizontal upper and lower surfaces of the gabbro units suggest that they were 475 

emplaced under conditions in which the minimum stress was vertical (Kavanagh et al., 476 

2006; Taisne and Jaupart, 2009; Cashman and Sparks, 2013).  477 

Textural and mineralogical features in the igneous units indicate that they young 478 

upwards. The coarse-grained and spotted magnetite gabbros each have an uppermost 479 

interval of sericite and chlorite alteration consistent with heating from above. There are 480 

also small-scale channelised structures in the upper surface of the spotted magnetite 481 

gabbro that appear to reflect the effects of thermo-mechanical erosion during 482 
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emplacement of the overlying disseminated magnetite gabbro. The pegmatitic gabbro 483 

locally overlies and also occurs as sills within the disseminated magnetite gabbro 484 

showing that the pegmatitic gabbro is a late-stage phase. All the gabbroic rocks were 485 

cross-cut by locally composite potassic quartz granophyre dykes where the mafic 486 

granophyre is disrupted and cut by the coarse feldspar-rich granophyre. 487 

Textural and mineralogical features in the igneous rocks also provide evidence of the 488 

processes associated with emplacement and crystallisation. Abundant xenoliths in the 489 

disseminated magnetite gabbro and mafic granophyre indicate rapid emplacement of a 490 

turbulently flowing magma (Morin and Corriveau, 1996; Ferreira et al., 2015). The pale, 491 

diffuse margins on xenoliths in the disseminated magnetite gabbro indicate that 492 

assimilation, which typically increases the density of the xenolithic fragments, was in 493 

progress (Lesher, 2017). This density increase potentially contributed to an increase in 494 

the rate of settling during melt crystallisation and is reflected by the greater abundance 495 

of xenoliths along the basal contact of the disseminated magnetite gabbro. Vertical 496 

mineralogical changes within each gabbro unit imply that sufficient time elapsed for 497 

fractional crystallisation to proceed. These include transitions from olivine-bearing 498 

sections to biotite-bearing sections within the coarse-grained gabbro, the transition 499 

from olivine-bearing to quartz-bearing potassic granophyre in the disseminated 500 

magnetite, and the segregation of veinlets and dykes within the pegmatitic gabbro.  501 

Age of the Hart Dolerite and xenocrystic components 502 

Previous SHRIMP U-Pb zircon ages of 1799 ± 17 and 1795 ± 15 Ma were obtained 503 

from samples of relatively small-volume, late-stage felsic granophyres (Page and Sun, 504 

1994; Sheppard et al., 2012). Our new U-Pb baddeleyite ages for the gabbros provide 505 

the first high-precision age constraints on their crystallisation. An ID-TIMS U-Pb upper-506 

intercept age of 1791.7 ± 4.1 Ma was obtained from the disseminated magnetite 507 

gabbro and another of 1792.7 ± 1.3 Ma from the pegmatitic gabbro that cross-cuts the 508 
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disseminated magnetite gabbro. These are complemented by a SHRIMP U-Pb upper-509 

intercept age of 1792.1 ± 5.9 Ma for a pigeonite gabbro vein in the Hart Dolerite about 510 

120 km south of the Speewah Dome. The ages agree within analytical uncertainty at 511 

1792.6 ± 1.2 Ma (2σ), which is consistent with a short duration (<3 Ma) for 512 

emplacement of the Hart Dolerite, and with typical durations reported for large igneous 513 

provinces of similar size (Ernst and Buchan, 2001; Bryan and Ernst, 2008).  514 

Older ages for zircons from granitic gneiss inclusions hosted by the disseminated 515 

magnetite gabbro and for zircons from the spotted magnetite gabbro clearly indicate a 516 

xenolithic relationship with the Hart Dolerite. The results are also consistent with a 517 

SHRIMP U-Pb age of 1876 ± 4 Ma for 34 zircons from a pelitic migmatite in the 518 

Lamboo Province (Kirkland et al., 2014). There are also three SHRIMP and four ID-519 

TIMS U-Pb analyses between ca. 2699 and 2013 Ma that are similar to late Archean to 520 

Paleoproterozoic zircon results from the Lamboo Province (Tyler et al., 1999; Kirkland 521 

et al., 2013; Kirkland et al., 2014; Lu et al., 2016).  522 

Regional significance of the Hart–Carson LIP 523 

Geochronology results presented here from the mafic phases of the sill in the core of 524 

the Speewah Dome, particularly the ID-TIMS U-Pb analyses, are the first precise ages 525 

for the mafic events in the study area and also the entire region of Hart Dolerite. The 526 

new ages that are within error of previously published ages from the potassic quartz 527 

granophyres, some 200 to 400km from the Speewah Dome, provide additional 528 

constraints on the tectonic evolution of the western North Australian Craton. In the 529 

Kimberley region, predominantly siliciclastic metasedimentary rocks of the Speewah 530 

Group that host the composite Hart Dolerite sill in this study unconformably overlie the 531 

Western Zone of the Lamboo Province. The youngest detrital zircon age component in 532 

the Speewah Group from a sample in the Speewah Dome is dated at 1814 ± 10 Ma, 533 

and includes a youngest zircon at 1803 ± 12 Ma (1σ) (Ramsay et al., 2017). The 534 
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youngest SHRIMP U-Pb zircon ages indicate that sedimentation post-dated the Halls 535 

Creek Orogeny and implies that the Speewah Basin developed in an intracratonic 536 

setting during the later stages of the amalgamation of crustal blocks that formed the 537 

northern parts of the Australian continent. The abundance of zircons with ages 538 

recording events from the ca. 1870–1850 Ma Hooper Orogeny is consistent with 539 

siliciclastic sediments being derived from local sources (Hollis et al., 2014). Some 540 

zircons dated at ca. 1835 Ma in volcaniclastic and tuffaceous rocks of the Valentine 541 

Siltstone appear also to represent an inherited population in the Speewah Group, 542 

reflecting igneous activity that may be related to extension that accommodated the 543 

Speewah Basin (Sheppard et al., 2012; Ramsay et al., 2017). 544 

The ca. 1793 Ma emplacement of the Hart Dolerite into the Speewah and lower 545 

Kimberley Groups is correlated with eruption of the Carson Volcanics within the 546 

Kimberley Basin and attributed to extension following amalgamation of the Kimberley 547 

and North Australian Cratons (Sheppard et al., 2012). In other regions, the abundance 548 

of vanadiferous titanomagnetite in these systems is attributed to mantle-derived melts 549 

undergoing an initial period of deep crustal fractionation at pressures in excess of 10 550 

kbar followed by emplacement at shallower levels (Pang et al., 2007). Although field 551 

evidence indicates episodic emplacement and crystallisation within the composite Hart 552 

Dolerite sill in the Speewah Dome, the new SHRIMP and ID-TIMS U-Pb ages 553 

presented in this study indicate that these events occurred over an interval as short as 554 

3 Ma.  555 

The Hart–Carson LIP in a global context  556 

If the Kimberley Craton at ca. 1793 Ma was significantly larger than it is today, and 557 

parts were subsequently rifted away during breakup of the Rodinia supercontinent, as 558 

suggested by Li et al. (1996) and Sheppard et al. (2012), then originally contiguous 559 

parts of the Hart Dolerite and its host rocks might be found on other continents. 560 
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Paleomagnetic data for the Hart Dolerite place the Kimberley Craton in low latitudes 561 

(ca. 5˚S) at ca. 1793 Ma (McElhinny and Evans, 1976; Kirscher et al., 2018). A ‘semi-562 

stable’ link between the North Australian Craton and Laurentia between ca. 1800 and 563 

1730 Ma was suggested by Kirscher et al. (2018). However, there is no counterpart in 564 

Laurentia to the Hart–Carson LIP, and the relevant Laurentian paleopoles (all 565 

somewhat younger than the Hart Dolerite) are poorly constrained in age and/or 566 

reliability, and are only broadly permissive of a link between Laurentia and the North 567 

Australian Craton at that time.  568 

A synthesis of paleomagnetic data by Pisarevsky et al. (2014) indicated that several 569 

cratons shared low latitude positions at ca. 1770 Ma, including Amazonia, Baltica, West 570 

Africa, North China, and the Australian cratons, whereas Laurentia occupied 571 

moderately high latitudes. Pisarevsky et al. (2014) suggested, based mainly on 572 

geological arguments, that Laurentia and Australia were separated by an ocean basin 573 

until at least 1650 Ma. The Kirscher et al. (2018) paleomagnetism-based reconstruction 574 

permits either a close fit between these paleocontinents or a significant separation by 575 

oceanic crust, although it does suggest that Laurentia and Australia shared a similar 576 

drift history in the Paleoproterozoic. Potentially correlative units include the Avanavero 577 

LIP of the Amazonian craton (Reis et al., 2013), the Pará de Minas dyke swarm in the 578 

Sao Francisco Craton (Cederberg et al., 2016), the Uruguayan dykes in the Rio de la 579 

Plata craton (Teixeira et al. 2013), the Tomashgorod dykes in Baltica (Bogdanova et al. 580 

2012), and the Libiri dykes in West Africa (Ernst et al., 2014).  581 

The Avanavero LIP extends over at least 300,000 km2 in the Amazonian Craton, and 582 

the have geochemical features typical of an intraplate basalt province (Reis et al., 583 

2013). The Avanavero Dolerite sills have baddeleyite and/or zircon U–Pb ages 584 

between about 1795 and 1780 Ma (Norcross et al., 2000; Santos et al., 2003; Reis et 585 

al., 2013), although the most precise results are ID-TIMS U-Pb baddeleyite ages of 586 

1794.5 ± 1.6 and 1792.6 ± 1.3 Ma for sills in the Pakaraima and Urupi Blocks of the 587 
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Guiana Shield (Reis et al., 2013). These ages partially overlap with our new Hart 588 

Dolerite ages of 1791.7 ± 4.1, 1792.7 ± 1.3, and 1792.1 ± 5.9 Ma (average 1792.6 ± 589 

1.2 Ma).  590 

The tholeiitic Pará de Minas dyke swarm extends for about 1400 km in the southern 591 

Sao Francisco Craton (Chaves and Correia Neves, 2005). The dykes are potentially 592 

related to intracontinental rifting (Cederberg et al., 2016). Samples of three dykes 593 

yielded ID-TIMS U-Pb baddeleyite ages of ca. 1795 Ma (1798 ± 4, 1791 ± 7 and 1793 594 

± 18 Ma, Cederberg et al., 2016). The Florida dyke swarm (a.k.a. Uruguayan or Piedra 595 

Alta dykes) extends through the Rio de la Plata craton with rocks classified as tholeiitic 596 

andesites and andesitic basalts and are thought to be related to intraplate magmatism 597 

in an extensional setting (Teixeira et al., 2013). One dyke yielded an ID-TIMS U-Pb 598 

baddeleyite and (metamorphic) zircon intercept age of 1790 ± 5 Ma (Halls et al., 2001). 599 

The ages for the Pará de Minas and Florida dyke swarm are within uncertainty of the 600 

new age for the Hart Dolerite.  601 

Within the East European Craton, a.k.a. Baltica), there are widespread 1.80–1.75 Ga 602 

mafic dykes related to coeval anorthosite–mangerite–charnockite–granite (AMCG) 603 

plutonism (Shumlyanskyy et al., 2012). Zircons from a pegmatitic zone within one dyke 604 

yielded a combined SIMS and ID-TIMS U-Pb zircon age of 1787 ± 6 Ma 605 

(Shumlyanskyy et al., 2012). Furthermore, baddeleyite from a medium-grained dolerite 606 

sample of the same dyke provided an ID-TIMS age of 1791 ± 5 Ma (Bogdanova et al., 607 

2013), which is again within uncertainty of the age of the Hart Dolerite. In the SAMBA 608 

(South America – Baltica) reconstruction, Johansson (2009) proposed that ca. 1790 Ma 609 

mafic magmatism in the Ukrainian Shield was linked to not only the Ananavero LIP in 610 

Amazonia, but also to the Libiri dykes in West Africa (Ernst et al., 2014), for which an 611 

ID-TIMS U-Pb baddeleyite age of ca. 1790 Ma was reported in an abstract (Baratoux et 612 

al., 2016).  613 
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Based on isotopic age and broad compatibility of paleomagnetic constraints with 614 

possible reconstructions, the mafic igneous provinces described above are possible 615 

matches with the newly defined ca. 1793 Ma Hart–Carson LIP. Further studies of 616 

precise dating, paleomagnetic determinations and perhaps studies of the host rocks 617 

and any components from the basement associated with ca. 1793 Ma events may 618 

provide additional support for a more definitive correlation.  619 

 620 

CONCLUSIONS 621 

Mapping of surface outcrops and drillcores shows that the Hart Dolerite in the Speewah 622 

Dome is a 500 m thick, composite, tabular sill that intrudes the Speewah Group at the 623 

level of the Valentine Siltstone. This composite sill, which is locally mineralised with 624 

sulphide-poor Stella-type PGE enrichment and vanadiferous titanomagnetite, 625 

comprises six discrete textural units separated by sharp igneous contacts, with cross-626 

cutting relationships that indicate a younging-upwards sequence of four gabbroic sills 627 

which were then intruded by two granophyric dyke units. Abundant xenoliths in the 628 

disseminated magnetite gabbro and mafic granophyre indicates the mafic and potassic 629 

granophyre melts were emplaced rapidly and that magma flow was turbulent. However, 630 

the overall mineralogical change from olivine-bearing, through titanomagnetite-rich, to 631 

later-stage potassic granophyre across and within the sills suggests that successive 632 

melts were derived from a magma source undergoing closed-system fractional 633 

crystallisation.  634 

Despite textural and mineralogical evidence for episodic emplacement and 635 

fractionation, ID-TIMS  upper-intercept ages from baddeleyite in two successive 636 

gabbroic intrusive events are identical within uncertainty at 1792.7 ± 1.3 Ma and 1791.7 637 

± 4.1 Ma. This relatively short interval for mafic magmatism in the sill in the Speewah 638 

Dome is also supported regionally by a SHRIMP upper-intercept age of 1792.1 ± 5.9 639 

Ma for baddeleyite from a mafic pegmatite vein within Hart Dolerite about 120 km to the 640 
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south, and in agreement with previous, less-precise SHRIMP U-Pb ages for late-stage 641 

potassic granophyres collected some 200 to 400 km from the Speewah Dome. Taken 642 

together, these results indicate that the Hart Dolerite was emplaced in multiple pulses 643 

and each crystallised within about 3 Ma at ca. 1793 Ma, and imply that the Hart-Carson 644 

represents an LIP. 645 

During emplacement, the Hart Dolerite was contaminated with a variety of rock types 646 

that included a felsic granulite which contains a youngest zircon component at ca. 1872 647 

Ma as well as older Paleoproterozoic zircons. These ages are typical of crystalline 648 

metasedimentary rocks in the Western Zone of the Lamboo Province, which is 649 

interpreted as the basement beneath most of the Kimberley region. The more precise 650 

age for the Hart Dolerite further constrains the timing of extensional events in the 651 

Speewah and Kimberley Basins when combined with the maximum depositional age 652 

represented by a youngest detrital zircon component of ca. 1814 Ma in the Speewah 653 

Group. The ca. 1793 Ma age of the Hart Dolerite indicates that within about 10 Ma of 654 

the Kimberley Craton being amalgamated with the North Australian Craton, extensional 655 

tectonics thinned the lithosphere, allowing the impingement of a mantle hotspot to drive 656 

decompression melting in the upper mantle.  657 

There are several mafic igneous provinces globally that are similar in age to the ca. 658 

1793 Ma Hart–Carson LIP, but further systematic studies of the palaeomagnetic 659 

responses, geochemistry and perhaps the associated host-rocks will be required 660 

before a clear counterpart to the Hart–Carson LIP can be identified in another 661 

continent. However, it does appear that the ca. 1793 Ma interval was a period of 662 

extensional tectonics and high-heat flow that produced extensive volumes of mafic 663 

melts in cratonic areas that are now widely separated cratonic blocks. 664 
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Figure captions 1001 

Fig 1. Regional geological map showing the Hart Dolerite and Carson Volcanics (Hart–1002 

Carson large igneous province), major sedimentary basins, and basement units of the 1003 

Lamboo Province (Geological Survey of Western Australia, 2015). Also shown are 1004 

SHRIMP U–Pb sample locations in the felsic phase of the Hart Dolerite (from Sheppard 1005 

et al., 2012) and new sample locations in gabbroic rocks. 1006 

Fig 2. Local geology of the Hart Dolerite within the Speewah Dome based on mapping 1007 

during this study and by GSWA (Thorne et al., 1998), showing the locations of 1008 

drillholes and geochronology samples (see also Table 2) . 1009 

Fig 3. Interpreted cross-section of the Hart Dolerite sill based on drillhole information, 1010 

illustrating the distribution and thickness of the mafic and felsic rock types, and the 1011 

schematic locations of three geochronology samples (Table 2). Datum is the basal 1012 

contact of the sill (at 600 m depth) with underlying Speewah Group metasedimentary 1013 

rocks. 1014 

Fig 4. Photomicrographs and outcrop images of: (a) coarse-grained gabbro showing 1015 

minor olivine and more abundant plagioclase enclosed by coarse-grained augitic 1016 

pyroxene (crossed-polars); (b) medium-grained gabbro with aggregates of magnetite in 1017 

weathered outcrop from the upper interval of the spotted magnetite gabbro (pen is 1018 

about 10 cm long); (c) outcrop of medium-grained disseminated magnetite gabbro 1019 

showing blocky aligned xenoliths and amoeboid xenoliths with leucocratic margins 1020 

(hammer is about 50 cm long); (d) coarser-grained to pegmatitic gabbro in outcrop 1021 

containing granophyric segregations of quartz and K-feldspar (pouch is about 5 cm 1022 

wide); (e) mafic granophyre in three polished sections of drillcore, showing the close-1023 

packed, greenish grey, altered, gabbroic xenoliths in pink potassic matrix (field of view 1024 

is about 30 cm); (f) felsic granophyre in outcrop showing altered acicular 1025 

ferromagnesian minerals in a potassic matrix. Scale is about 5 cm in length; (g) 1026 

pegmatitic pigeonite gabbro vein (sample GSWA 206156) in outcrop of medium-1027 

grained dolerite – the vein is 6 cm wide; (h) baddeleyite crystals recovered from sample 1028 

GSWA 206156. 1029 

Fig 5. Concordia diagrams showing U–Pb analytical data by IDTIMS for baddeleyite in 1030 

(a) sample GS11043-1 (disseminated magnetite gabbro), and (b) sample GS12051-2 1031 

(pegmatitic gabbro); (c) by SHRIMP for baddeleyite in sample GSWA 206156 1032 

(pigeonite gabbro vein); and (d) by IDTIMS and SHRIMP for zircons in sample 1033 

GS11042-3 (granitic gneiss xenolith). In (c) and (d), yellow squares indicate analyses 1034 
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included in calculating igneous crystallisation or protolith age; red circles indicate 1035 

analyses of inherited zircons; black squares indicate radiogenic-Pb loss; crossed 1036 

squares indicate analyses with discordance >5% or high common Pb. In (d), two 1037 

discordant analyses are not shown. Uncertainties in mean ages are 2-sigma 1038 

confidence intervals; MSWD, mean square of weighted deviates; error ellipses and 1039 

error bars are 1 sigma.  1040 

 1041 

Supplementary Data Tables 1042 

Supplementary Data Table 1. ID-TIMS U–Pb analytical data  1043 

Supplementary Data Table 2. SHRIMP U–Pb analytical data  1044 
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Table 1. Stratigraphic succession in the Speewah and Kimberley Basins 

Group/ 
Supersuite 

Stratigraphic 
Unit 

Maximum 
thickness 
(m) 

Description  

Kalkarindji 
Supersuite 

Antrim 
Plateau 
Volcanics 

--- Massive and amygdaloidal tholeiitic basalt and basalt breccia; commonly capped by ferricrete. 
Agglomerate with brecciated flow tops. Minor sandstone and chert interbeds (Traves, 1955). Part of the 
c. 511 Ma Kalkarindji large igneous province (Jourdan et al., 2013). 

Kimberley 
Group 

Pentecost 
Sandstone  

1400 Medium-grained quartz sandstone with interbeds of fine-grained to medium-grained feldspathic 
sandstone, micaceous and glauconitic sandstone, shale-pellet conglomerate (Gellatly and Derrick, 
1967). 

 Elgee 
Siltstone 

250 Red-brown siltstone with thin interbeds of fine-grained micaceous, ferruginous and feldspathic 
sandstone. The basal interval includes beds of stromatolitic, sandy or oolitic dolomite (Gellatly and 
Derrick, 1967). 

 Warton 
Sandstone 

500 Cross-bedded, commonly white to purple, medium-grained quartz sandstone and minor feldspathic 
sandstone. Locally there is a 1–5 m thick siltstone between the volcanic rocks and sandstone with 
siliceous stromatolites (Gellatly, and Derrick, 1967).  

 Carson 
Volcanics 

1400 Green to black, locally amygdaloidal basalt and basaltic volcaniclastic rocks with interbeds of 
feldspathic or argillaceous quartz sandstone, laminated siltstone and mudstone (Gellatly, et al., 1967).  

Hart Dolerite 3000 Gabbro, dolerite, diorite, granophyre; pyroxene granophyre differentiate overlies the dolerite and 
gabbro in some thicker sills (Dow and Gemuts, 1967). Intrudes all units of the Speewah Group, the King 
Leopold Sandstone and lower Carson Volcanics. 

  King Leopold 
Sandstone 

1050 White, thick-bedded, medium-to coarse-grained quartz sandstone with trough cross-bedding and minor 
pebble bands (Dow and Gemuts, 1967). 
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Speewah 
Group 

Bedford 
Sandstone 

500 Argillaceous and feldspathic quartz sandstone containing minor quartz, chert and claystone pebbles 
and showing large-scale cross-beds; basal red-purple-brown medium-grained quartzite and thin 
interbeds of flaggy micaceous fine sandstone (Griffin et al., 1993). 

 Luman 
Siltstone 

75 Rippled red-brown to grey-green micaceous siltstone and phyllite interbedded with fine feldspathic 
sandstone (Dow and Gemuts, 1967). 

 Lansdowne 
Arkose 

400 Pink to red-brown, medium-grained feldspathic to arkosic sandstone with small cross-beds, less coarse 
poorly-sorted sandstone and green to brown micaceous siltstone, shale and phyllite (Dow and Gemuts, 
1967). 

 Valentine 
Siltstone 

75 Dark grey-green tuff and tuffaceous siltstone with conchoidal fracture surfaces, grey-green flaggy 
laminated siltstone and fine feldspathic sandstone (Dow and Gemuts, 1967). Intruded by Hart Dolerite 
sill in the Speewah Dome area. Zircons dated at 1835 ± 3 Ma in volcaniclastic rock (Page and Sun, 1994; 
Sheppard et al., 2012) were proposed as reflecting a xenocrystic component by Ramsay et al. (2017). 

 Tunganary 
Formation 

290 Fine-grained feldspathic sandstone interbedded with micaceous or sericitic siltstone, phyllite and minor 
coarse quartz sandstone (Dow and Gemuts, 1967). Youngest detrital zircon age  component at 1814 ± 
10 Ma includes a youngest zircon at 1806 Ma (Ramsay et al., 2017) 

 O’Donnell 
Formation 

260 Rippled and graded massive poorly sorted coarse to granule quartz sandstone, locally lithic, ferruginous 
or glauconitic; olive green to fawn micaceous silty shale, and conglomerate mainly near the base (Dow 
and Gemuts, 1967) 

Lamboo 
Province 

Western 
Zone 

--- Metagreywackes of the Marboo Formation with oldest zircons from the peak of metamorphism at c. 
1872 (Worden et al., 2008). Intruded by granitic rocks of the Paperbark Supersuite and overlain by late-
stage felsic volcanic rocks of the ca. 1855 Ma Whitewater Volcanics (Page et al., 2001). 
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Table 2. Geochronology samples in the Hart Dolerite sill 

Northing 
(mN) 

Easting 
(mE) 

Sample         
ID 

Rock type 

8075529 350412 GSWA 206156 Pegmatitic pigeonite gabbro vein 
8198709 385864 GS12051-2 Pegmatitic gabbro 
8190784 387832 GS11043-1 Disseminated magnetite gabbro 
8203010 387731 GS11042-3 Xenolith of felsic granulite in basal disseminated 

magnetite gabbro 

UTM coordinates (Easting and Northing) are GDA94 Zone 52 
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