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Abstract
The Eastern Australian Potassic Suite (EAPS) is an alkaline volcanic province made up of over 20 widely dispersed
outcrops that extend almost 700 km, inferred to form the southern portion of the Cosgrove continental hotspot track. In
contrast to the large basaltic volcanic complexes to the east and north, the EAPS occurs exclusively as mafic potassium–
rich occurrences with inferred low–volume expressions with outcrop extents on the order of hundreds of metres to a few
kilometres. These localities mostly occur on lithosphere thicker than 120 km suggesting that the lithosphere–asthenosphere
boundary may have a strong influence on their depth of generation. The primary felsic mineral in these rocks is leucite,
which has previously seen the EAPS defined as leucitites in constantly evolving classifications of exotic, but potentially
economically significant alkaline rocks. However, this classification does not reflect their chemical or genetic affinity. In this
study, we undertake a systematic re–evaluation of these occurrences with the aim of understanding their source enrichment
processes and melting conditions. Newly acquired major, trace, and volatile element whole–rock data shows that the
EAPS is chemically variable, but exceptionally enriched in potassium compared to other East Australian volcanism, with
high K2O/Na2O and MgO (Av.: K2O 4.98 wt%; K2O/Na2O 3.23; K/Na 2.12; MgO 12.14 wt%). We report the only
complete volatile element data for the EAPS which show the lavas are similarly enriched in nitrogen compared to other
lamproites, while being more CO2-rich despite being partially degassed (N: 44–350 ppm; CO2: 1129–10274 ppm). Despite
not occurring on a craton, the EAPS trace element patterns and chemistry most closely resemble cratonic (anorogenic)
lamproites. Additionally, the mineralogy, major and trace element concentrations closely match the classification criteria
for lamproites. Trace element ratios of these near-primary mantle melts have a primitive signature generated from a
highly enriched source that has previously undergone a degree of mixed silicate–carbonatite metasomatism. The most
likely source for these rocks based on these new data is a hydrous phlogopite–bearing and olivine–poor assemblage that
originates in the garnet stability field (i.e. phlogopite–garnet–pyroxenite). The inherited titanian affinity and elevated
phosphorus contents of these magmas suggest apatite and oxide minerals were also present in the source. This new
data helps inform interpretations of regional variations in melt generation and mantle source mineralogy in the highly
heterogeneous metasomatised mantle beneath eastern Australia. We further suggest that the mechanisms that generated
the EAPS likely include a combination of edge–driven convection and shear–driven upwelling as well as channelised melt
flow which contributed to metasomatic depletion and refertilisation cycles. These cycles are synonymous with the initial
stages of continental destabilisation that could develop toward rifting.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Key words: leucitite, lamproite, pyroxenite, potassic magmatism, intraplate volcanism, mantle metasomatism, Australia,
Eastern Australian Volcanic Province27

28

Introduction 1

Volcanism in Eastern Australia is dominated by large-volume basaltic eruptive centres ranging in age from late Mesozoic times to near 2

present day (Johnson, 1989). This activity has recently been shown to have been generated from a chemically similar mantle source, forming 3

a 3,000 km long volcanic province, the Eastern Australian Volcanic Province (EAVP; Shea et al., 2022). However, potassic and ultrapotassic 4

magmatism of a similar age is also common, spanning over 25 volcanic expressions spread over approximately 700 km (Figure 1a,b), and 5
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provides a unique insight into the geodynamic processes occurring beneath the Australian continental lithosphere. Potassium-rich mafic6

magmas (i.e. potassic magmas; where K2O exceeds Na2O, K/Na ≥1, and MgO ≥3 wt%) are comparatively rare globally, yet they are7

important in our understanding of melting and recycling processes in the mantle, including processes linked to the concentration of critical8

metals (Foley et al., 1987; Mitchell, 2021; Müller et al., 1992; Müller and Groves, 1993; Wang et al., 2006, 2022). Despite their relative scarcity9

when compared with tholeiites, alkaline magmas, and more specifically potassic magmas, are present in almost all tectonic settings and are10

believed to represent some of the first melts generated in magmatic provinces. They tend to be more enriched in volatile and moderately11

volatile elements such as water, carbon, nitrogen, sulfur and fluorine (Edgar et al., 1994; Ezad and Foley, 2022; Foley et al., 1987, 2022;12

Foley and Ezad, 2024; Pe-Piper and Piper, 1992; Pe-Piper et al., 2014; Prelević et al., 2004, 2005). Thus, they prove a useful tool to examine13

mass transfer processes such as metasomatism and incipient or partial melting in the mantle. However, due to the preferential mobility14

of alkali elements in low-temperature fluids, potassic volcanic rocks are susceptible to mineral-scale alteration and rapid breakdown of15

potassic minerals leading to a preservation bias (Ngwenya and Tappe, 2021; Putnis et al., 2007; Roux and Hamilton, 1976). Alkaline volcanic16

fields such as those in western North America and Europe (e.g. Sierra Nevada (USA), Roman Province (Italy), Western Mediterranean17

Lamproites (Spain)) are often used as natural laboratories for understanding metasomatic processes and the interdependencies between18

melting, metasomatism and tectonic and geodynamic conditions including cratonic, orogenic, and active subduction environments (Farmer19

et al., 2002; Elkins-Tanton and Grove, 2003; Lee et al., 2006; Lustrino et al., 2019; Prelević et al., 2005, 2007; Prelević and Foley, 2007;20

Prelević et al., 2008b, 2012, 2013). The Eastern Australian alkaline occurrences are similarly young (< 35 Ma) and have yet to undergo21

significant alteration. Thus they represent a unique tectonic setting with elements of recent subduction and orogenic processes, potentially22

currently undergoing cratonisation. These rocks, however, are relatively unknown beyond the Australian geoscientific community and offer a23

unique opportunity to study these processes in an intraplate setting that exhibits a number of poorly understood phenomena.24

In eastern Australia, volcanism was geographically expansive during the Cenozoic (Figure 1) while eruptions continued until roughly25

5,000 years ago within the Newer Volcanic Province of Victoria in the south, and Kinrara in North Queensland (Blackburn et al., 1982;26

Cohen et al., 2017; Heath et al., 2020; Johnson, 1989; Smith and Prescott, 1987). The Newer Volcanic Province and the Cenozoic volcanism27

are both generally thought to be associated with plume activity due to a north–south age–progressive trend displayed in some of the volcanic28

regions (Cohen et al., 2008, 2013; Cundari et al., 1978; Davies et al., 2015; McDougall and Wellman, 1976; Sutherland, 1983; Wellman and29

McDougall, 1974). The alkaline magmas comprise a suite of leucite–bearing potassium-rich rocks known within the regional literature as the30

”New South Wales Leucitites”, named for the state within which most of the rocks erupted (Figure 1b; Cundari, 1973; Davies et al., 2015;31

McQueen et al., 2007). While the vast majority of previous work centres on the basaltic volcanoes with compositions spanning tholeiitic32

through alkali basalt, information about the potassic fields is relatively sparse.33

Within these potassic rocks, which we define here as the Eastern Australian Potassic Suite (EAPS), the presence of leucite as well34

as other potassic phases such as the amphibole K–richterite, sanidine, and most commonly phlogopite mica, gives rise to primitive melt35

compositions that are extremely enriched in K compared to basalts. Much like the basalts, these potassic lavas have been explained as plume–36

derived magmatism due to an apparent age progression when corrected for suspected erroneous ages (Cohen et al., 2008, 2013; Wellman and37

McDougall, 1974). Plume related genesis for the EAVP remains an open point of scientific interest with numerous recent geophysical studies38

investigating the mechanisms of magma generation, and a mechanism involving plume activity has not been excluded (Davies et al., 2015;39

Sutherland, 1983; Rawlinson et al., 2017).40

The Cosgrove Track, as it is commonly known, spans over 2000 km of the Australian continent from Airlie Beach in far–north Queensland41

through central–western New South Wales and Victoria (Figure 1a–b; Davies et al., 2015; Sutherland, 1983). It comprises predominantly42

sub–aerial effusive volcanism of basaltic to basanitic composition within the volcanic fields of Hillsborough through to Buckland in Queensland43
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Fig. 1. (Caption next page.)

followed by a gap in volcanism of roughly 700 km until the next eruptive centre at Byrock at the northern end of the EAPS (Figure 1a Shea 44

et al., 2022). The EAPS centres traverse the remainder of New South Wales and have been interpreted previously to extend into northern 45

Victoria before a transition in both composition and eruptive style that straddles the geographic margin of the Older and Newer Volcanic 46

Provinces (Heath et al., 2020; Shea et al., 2022). Geodynamically, this north–south sequence of volcanism has been used to link lithospheric 47

architecture to compositional differences within the magmas as a function of plume–lithosphere interactions and mechanical processes such 48
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Fig. 1. (a) Distribution of the EAVP (green) and EAPS (orange) outcrops as defined in Shea et al. (2022) and this contribution, respectively. Map
coloured by depth of the lithosphere-asthenosphere boundary (LAB) from Rawlinson et al. (2017). Orogenic blocks (grey lines) and the western boundary
of the Tasmanides (red dashed line) inferred to demarcate cratonic Australia to the west and orogenic Australia to the east from Glen et al. (2016);
note mismatch to LAB depth where the 180 km contour is used by geophysical studies (Hoggard et al., 2020). Yellow line = the interpreted path of the
Cosgrove plume (Davies et al., 2015) with inferred offshore progression of the plume (dotted line); open circles along the path mark the approximate
locations of the outcrops with preferred ages as described in Cohen et al. (2008). (b) Zoom of Eastern Australia that also shows the location of the
basanitic diatremes from Bokhara River (orange diamond) (Shea et al., 2024), leucite-bearing lavas at Jugiong and Harden (Harvey and Joplin, 1940),
and EAPS sample areas (white boxes). Panels (c), (d), and (e) show the north, central and southern field areas and EAPS sample locations (pink
circles) of this study. Dashed black lines = LAB contours at 120 and 150 km. These depths are commonly inferred to represent the depth of melting
for the source assemblages of the leucite–bearing EAPS lavas. The volcanic fields around Shepparton from Paul et al. (2005) are included in (e), while
the Mount Webb aillikites of Sudholz et al. (2023) are shown in (a) along with kimberlites of the Adelaide Fold Belt (AFB; Dalton et al., 2025), and
Kimberley block kimberlites and (Cenozoic) West Kimberley lamproites (Jaques et al., 1984, 1986); the chemistry of these lavas are compared with the
EAPS lavas in text. Abbreviations: Cratonic Australia (CrA); Delamarian orogen (DO); Lachlan orogen (LO); Mossman orogen (MO); New England
orogen (NEO); Sydney–Gunnedah–Bowen basin (SGBB); and Thomson orogen (ThO).

as edge–driven convection (EDC) and shear–driven upwelling (SDU) (Davies et al., 2015; Duvernay et al., 2021, 2022; Manassero et al.,49

2024; Rawlinson et al., 2016, 2017). Other recent work has also highlighted the potential for volumetrically large changes in slab flux from50

subduction at the Tonga–Kermedec trench (3,500 km east of the EAPS) to influence magma generation in eastern Australia (Mather et al.,51

2020). The recent focus on geophysical interpretations has decoupled discussions of the EAPS genesis from the petrology of the magmatic52

sources and concentrated them on lithospheric architecture and mantle flow control. This is best exemplified by the observation that the53

northern– and southern–most portions of the Cosgrove track are on thin lithosphere of roughly 50 km thickness and erupt relatively normal54

basaltic compositions in contrast to the EAPS which erupts through much thicker lithosphere that exceeds 120 km and is in some cases55

up to 150 km (Figure 1a–e; Glen, 2005; Shea and Foley, 2019; Shea et al., 2022). Previous work in subduction–related magmatic arcs has56

correlated elevated K contents to an increased melting depth (Dickinson, 1975). However, this correlation was shown to be highly dependent57

on arc type and is likely more sensitive to source composition than depth of melting (Dickinson, 1975). To our knowledge, there is currently58

no published petrological explanation to demonstrate why leucite–bearing magmas would preferentially erupt through thicker lithosphere59

in an intraplate setting. Instead it is much more feasible that the distributions of leucite–bearing magmas both in Eastern Australia and60

globally is a function of favourable source mineralogy and melt extraction conditions (Bergman, 1987; Bracco Gartner et al., 2023, 2025;61

Foley et al., 1987; Fraser et al., 1985; Jaques et al., 1984, 1986; McCulloch et al., 1983; Mitchell and Bergman, 1991).62

The last detailed appraisals of the EAPS were in the 1970s and 80s, and did not consider all of the mapped occurrences (Birch, 1976, 1978,63

1980; Cundari, 1973; Cundari and Ferguson, 1982; Cundari and Salviulo, 1989). As such, there are a number of gaps in our understanding64

of the EAPS, their chemistry, and genesis. In this contribution we present the most complete set of modern whole–rock chemical analyses65

for the EAPS. We provide an updated classification of these rocks in line with the current understanding of alkaline rocks. Using this new66

data, we present a number of likely mechanisms for the formation of the EAPS, identify source assemblages, and isolate the most likely67

metasomatic agents.68

Leucite–bearing Lavas in Eastern Australia69

The vast majority of the leucite–bearing rocks in Eastern Australia occur as part of the “NSW leucitite suite” shown in Figure 1c and d.70

However, there are a number of other occurrences which are reported to contain leucite including at Harden and Jugiong (Harvey and Joplin,71

1940), within a lamprophyre near Wollongong (Southern Highlands), and in far–north Queensland within the McLean Volcanic field (Figure72

1a–b; Barron et al., 1996).73

The first leucite–bearing volcanic occurrences in Australia were described by Judd and Curran in separate papers in 1887 focusing on the74

Byrock and El Capitan volcanoes (Figure 1b–c; Curran, 1888; David and Anderson, 1889; Judd, 1887). Both papers described the outcrops75

as leucite–basalts, and Curran noted that to his knowledge this was the first leucite–basalt described outside of the Wyoming and Roman76
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Leucitite fields. Further occurrences of leucite–bearing volcanics to the south of Byrock and El Capitan were identified in the Lake Cargelligo, 77

Tullibigeal, and Condobolin areas (Figure 1d) and were classified as leucite–basalts, following the then established terminology (Browne, 78

1933; David and Anderson, 1889; Stonier, 1893). Curran (1891) was the first to undertake any microscopic assessment of the leucite–basalts, 79

but it was not until Harvey and Joplin (1940) that detailed petrography and geochemical analyses were carried out. This work involved a 80

summary of the mineralogy of a sample each from Byrock, El Capitan and Lake Cargelligo as well as descriptions and comparison of the 81

whole rock major elements as determined by wet chemistry for these three samples with 17 others from around the world. These chemical 82

analyses were the first analyses of EAPS rocks and, coupled with the comparison to other leucite and mica bearing volcanic rocks worldwide, 83

led Harvey and Joplin to suggest that the NSW occurrences be called mica–leucite–basalts or, more generally, lamproites (Harvey and Joplin, 84

1940). In particular, the comparison was made to recently described lamproites of the West Kimberley in Western Australia by Prider and 85

Wade (Prider, 1939; Wade and Prider, 1940) noting similar K2O and MgO enrichment, but also similarly low SiO2 and Na2O shared between 86

the EAPS and the West Kimberley lamproites (Harvey and Joplin, 1940). Furthermore, Harvey and Joplin (1940) noticed that K2O/Na2O 87

of the EAPS was considerably higher than the average analysis of other leucite–basalts globally which, when coupled with the higher MgO 88

and TiO2 and the distinct mineralogy of the EAPS samples (i.e. abundant titanian poikilitic phlogopite) led to the conclusion that the NSW 89

leucitites should be removed from the leucite–basalt grouping on both mineralogical and chemical basis. 90

The next examination of these samples saw the application of the name “olivine leucitite” to these rocks (Wellman et al., 1970), effectively 91

ignoring the work and classification of Harvey and Joplin despite citing the paper. The samples were then classified by Aldo Cundari as 92

melanocratic leucitites in a series of papers that examined the field, petrological, and geochemical characteristics of both the whole-rock and 93

mineral compositions, including geochronological work that yielded ages of ∼14 Ma for Begargo Hill (Figure 1d; Cundari, 1973; Cundari et al., 94

1978; Cundari and Ferguson, 1982; Cundari and Salviulo, 1989). The most complete petrological and field description of the EAPS to date 95

is given by Cundari (1973) and includes modal mineralogy, whole–rock, and selected mineral analyses by electron microprobe. Ewart et al. 96

(1988) referred to the EAPS lavas as either ”high–potassium mafic regions”, or leucitites; confirming the classification given by Wellman and 97

McDougall (1974) that has been used since. Ewart et al. (1988) also included the Pine Lodge basalt near the town of Cosgrove in northern 98

Victoria as part of the series, based on the observation of leucite in the outcrop and the geochemical assessment by Birch (1976) and Birch 99

(1978) (Figure 1b and e). Birch (1978) suggested that leucite–bearing basalts may extend south from Pine Lodge toward Euroa and into the 100

Newer Volcanic Province. The observation by Paul et al. (2005) of 5% leucite in basalt occurrences to the south of Pine Lodge–Cosgrove at 101

Seven Creeks East, to the south of Euroa, extended the known occurrences of leucite in Eastern Australian basaltic rocks even further south, 102

well into the Newer Volcanic Province of Victoria (Figure 1b and e). Significantly, the area around Euroa includes a number of volcanic 103

outcrops that display mixed chemistry, indicating links in magmatic origin to the eastern edge of the Newer Volcanic Province (Figure 1b 104

and e; Heath et al., 2018, 2020; Paul et al., 2005). 105

Although leucite is known to be present in other volcanic rocks in Eastern Australia, such as the McLean volcanic field in far–north 106

Queensland, in lamprophyres near Wollongong, and in a ”monchiquitic basalt” at Harden, these outcrops vary drastically in age, chemistry, 107

and interpreted geodynamic setting (Figure 1a–b). Harvey and Joplin (1940) also interpreted the Harden basalts to be lamprophyric, 108

specifically leucite monchiquites. Chemically, when compared to the EAPS, this corresponds to lower SiO2 (39–41 wt%), much higher Al2O3 109

(10–15 wt%) and Na2O (3–5 wt%), and significantly lower K2O (1–2 wt%). The Hoskings Peak outcrop within the McLean field is yet to be 110

studied in its entirety, largely due to its limited exposure and geographically isolated location. Given the age and genetic association of other 111

outcrops to the south with the Cosgrove hotspot track (i.e. Buckland (Figure 1a); Shea and Foley, 2019), it is possible that the McLean field 112

is an additional expression of volcanism synonymous with the EAPS (Barron et al., 1996). 113
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Methods114

A comprehensive description of methods can be found in the supplement with an abridged version presented here. Aliquots of each sample115

were inspected for alteration features and the most representative portions were disaggregated and powdered. Aliquots were taken from116

areas free from iddingsite, xenocrysts, and xenoliths. Powders were produced by cutting and drying a small block close to the location of117

the thin section block, then partially disaggregated using a rock crusher. Rock fragments from the disaggregated samples were collected and118

only fragments in the size range of 5–15 mm were used to ensure a clean powder. Fragments were powdered in a TEMA agate puck mill for119

between 2 and 10 minutes. Agate mills were cleaned between samples by milling silica sand for around 5 minutes, rinsed with tap–water,120

then washed with milli–Q water, and cleaned with ethanol.121

X–Ray Fluoresence Spectroscopy & Loss on Ignition122

Fused disc XRF was undertaken using a lithum metaborate: lithium tetraborate (LiM:LiT) flux in a 12:22 ratio. Sample powders were weighed123

into clean Pt crucibles in 1 g aliquots recorded to four decimal places and combined with 10 g of pre–dried LiT:LiM flux (sample:flux=1:10).124

Homogenised sample-flux mixtures were then melted at 1050 °C for 20 minutes in a rocking furnace at the Macquarie GeoAnalytical (MQGA)125

Facility within the School of Natural Sciences, Macquarie University. NH4I tablets, reacted for 3 minutes, were used as a releasing agent to126

increase surface tension before the mixture was poured into a Pt mould and cooled under air to room temperature. Analyses were carried out127

using a PANalytical Axios 1kW WDXRF, with the U.S.G.S. Hawaiian Basalt BHVO-2, BCR-2, and OKUM reference materials, along with128

an in-house standard PB-SS (alkaline basalt from Prospect, NSW) used to monitor accuracy and precision. Multiple analyses of BHVO-2129

or BCR-2 from each measurement batch returned values ranging from 0.05–8% from the GeoReM preferred values (Jochum et al., 2005),130

with only Al2O3 (1.19%) and P2O5 (8.01%) deviating by more than 1% for BHVO-2. Uncertainties on BHVO-2 measurements were also131

calculated with only P2O5 and Cr2O3 exceeding 1% standard error (2.23 and 2.33%, respectively). Values for all other reference materials132

showed similar accuracy and precision to those reported above for BHVO-2. Loss on Ignition (LOI) was undertaken by weighing ∼1.4 g of133

sample (recorded to four decimal places) into pre–dried alumina crucibles. Samples were then fired in an 1100 °C furnace overnight (minimum134

10 hours), and reweighed with absolute loss determined numerically before conversion to percent loss.135

Trace Element Geochemistry136

Trace elements were determined using solution ICP–MS at MQGA. Digestions were undertaken on a sub–set of sample powders selected after137

XRF analyses were complete to reduce the total number of digestions and limit replicates on sub–samples from the same localities. A 100mg138

aliquot of sample powder (recorded to four decimal places) was added to clean savillex Teflon 15mL beakers and digested via sequential139

fluxing under concentrated HF (Merck, Suprapur grade), concentrated HNO3 (Merck, Analar grade), perchloric (HClO4; Merck Suprapur),140

and HCl acids. Care was taken to ensure residual fluorides and chlorides from acids were not present following each step and additional141

method steps were undertaken to digest spinels present in the sample see Supplement for method steps. Final sample solutions were diluted142

to 100mL with 2% HNO3 and 0.25% HF in a 1:1000 sample solution. A 5mL aliquot of the diluted sample solution was separated and143

prepared for ICP–MS analysis with the addition of 0.02mL of a multi–element internal standard spike containing 6Li, As, Rh, In, Tm and144

Bi to correct for instrument drift. Spiked samples were run on an Agilent 7700cs quadrupole ICP–MS for the masses of 7Li, 9Be, 45Sc, 47Ti,145

51V, 53Cr, 55Mn, 59Co, 60Ni, 65Cu, 66Zn, 71Ga, 85Rb, 88Sr, 89Y, 91Zr, 93Nb, 95Mo, 114Cd,121Sb 133Cs, 137Ba, 139La, 140Ce, 141Pr,146

146Nd, 147Sm, 153Eu, 157Gd, 159Tb, 160Gd, 163Dy, 165Ho, 167Er, 169Tm, 173Yb, 175Lu, 178Hf, 181Ta, 184W, 208Pb, 232Th, 238U. Method147

and acid blanks were carried out at the beginning and end of each run, as well as after 10 analyses in each run. Internationally recognised148

standards BCR-2, BHVO-2, and BIR-1 in 1:1000, 1:2000 and 1:5000 spiked solutions were analysed throughout the run to monitor accuracy149



Revised manuscript resubmitted to Journal of Petrology 7

and precision. The calibration standard used was BCR-2 and additional analyses of BCR-2 were used as a secondary standard. Measurements 150

of BHVO-2 fell within 1.03–30.66% of the GeoReM preferred values, with the majority of elements within 10% of the reference value. Only 151

Li, Be, Cr, Cu and Cd were above 15% (17.18, 30.66, 26.28, 28.23 and 65.38%). However all of these elements were within 15% of either 152

BCR-2 or BIR-1, both of which are closer to the average concentration of the unknown samples analysed. All measurements of BHVO-2 fell 153

within a 3% standard error for all elements except Mo, which had a standard error of 8.06%. 154

Volatile Element Analysis 155

Carbon, Hydrogen, Nitrogen, and Sulfur were determined using a Elementar vario EL cube elemental analyser (Elementar, Langenselbold, 156

Germany) at MQGA following the methods of Alard et al. (2022) and Ananuer and Alard (in prep.). Whole rock sample powders were 157

weighed into pre-formed Sn-foils in either 50 or 100mg aliquots added to a flux of WO3 (tungsten oxide, Elementar Langenselbold, Germany) 158

in a ratio of 1:1.1 (i.e. sample / WO3 ≈ 1.1) prior to drying in a vacuum oven (ca. 0.1 bar) for around 24 hours at 105 °C flushed with Ar-gas. 159

Sample filled Sn-foil packets were then compressed by hand into pellets. Pellets were weighed pre- and post-packing to ensure no ruptures 160

or loss of sample from packets. Sample pellets were then loaded into the analyser and ignited in an oxygen-He gas atmosphere furnace at a 161

temperature of 1150 °C. Prior to ignition the system was purged with He to wash out atmospheric nitrogen. A blank was run before each 162

sample to reduce possible contamination from previous sample(s). Ignition under O2 atmosphere causes the complete decomposition of the 163

sample powder releasing H2O and CO2 as well as NOx and SOx which are reduced through reaction with Cu-chips in the reduction chamber 164

to NO2 and SO2 respectively. Halogens are removed prior to reduction in order to prevent reaction with the Cu-chips by a silver wool trap 165

placed at the top of the combustion chamber. 166

Volatile gases emitted after ignition were isolated by gas chromatographic separation and measured using a thermal conductivity detector 167

(TCD), or infrared detector (IR; S-only). The TCD has an intrinsic LLD of roughly 40 ppm for all elements, while IR has a theoretical LLD 168

ca. 1 ppm. However, long-term (≈5 years) blank measurements indicate that LLD is ca. 100 ppm for N, 32 ppm for C, 150 ppm for H, and 169

40 and 5 ppm for S by TCD and IR, respectively (Alard et al., 2022). Measurements obtained on 7 procedural blanks (Sn foils + 100 mg of 170

WO3) obtained during this study are in-line with the long-term performances of the elemental analyser. Precision and accuracy were assessed 171

by repeated analyses of the Geo-Reference Materials BCR-2, BE-N, DR-N, OKUM, PM-S, and WS-E. Measured values were within 15% of 172

the reported value for all elements; procedural blanks and standard analyses are provided in the supplementary materials (Supplementary 173

Table 1). A major limitation of this technique is the lack of reliable reference values for the standard reference materials, especially for the 174

elements N and C, but also H; this is remedied in part by the work of Ananuer and Alard (in prep.). 175

Results 176

Petrography 177

Geographically the extent of the samples makes it most logical to discuss the petrography in the context of each sample relative to those 178

within the same geographic region. The clusters are defined as Tindarey (north; Figure 1c), Tullibigeal (central; Figure 1d) and Griffith and 179

Shepparton (south; Figure 1d–e). 180

The term ”xenocryst” is used here to describe an olivine or clinopyroxene for which a primary magmatic origin is unlikely. The primary 181

first order characteristic we use to demarcate xenocrystic olivine from phenocrystic olivine is the strong size contrast between these grains 182

and the overall texture of the rock, and the strongly anhedral form of xenocrysts. This is due to the time that is required for an olivine to 183

increase in size by roughly an order of magnitude (i.e. from 100 µm to ∼1 mm). Where size is not a clear indicator additional textures were 184

used to highlight potentially xenocrystic grains. These textures include undulose extinction; any evidence of resorption or disequilibrium 185
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such as melt infiltration (or reaction i.e. incongruent phlogopite production); those that show signs of turbid/violent movement/transport 186

such as cracking, fracturing and rounding of euhedral faces. Another key feature of phenocrystic and groundmass olivine is the strong affinity 187

to host opaque mineral inclusions, whereas xenocrystic olivine in most of the samples are often inclusion-free. Xenocrystic pyroxene is more 188

obvious with anhedral forms and cracks or fractures, while magmatic clinopyroxene exhibits a clearly euhedral form absent of any evidence 189

of transport. Small xenoliths that exhibit relatively depleted mineralogy between dunitic and harzburgitic are observed in both the Tindarey 190

and Tullibigeal areas (Table 1; Figure 2c). 191

In the interest of simplifying the assemblage across localities and limiting unnecessary repetition we first note that all samples in this 192

investigation display magmatic olivine (as olivine or the alteration mineral iddingsite), and opaque oxide minerals belonging primarily to the 193

hematite and rutile groups (Figure 2). Additionally with the exception of the southern exposures, leucite and phlogopite mica of a magmatic 194

origin are present in all samples as is clinopyroxene. Sulfur bearing minerals, as sulphides, phosphates (as apatite), and carbonates are also 195

present in all sample sites, excluding the southern grouping. Sulphides are less abundant and smaller than phosphates and carbonates which 196

are common intergrowths in phlogopite. In addition to crystalline carbonates that are present in phlogopite plates (usually in the order of 197

10 µm), carbonated melts are preserved as glasses in samples along the entire northern and central sections of the lamproite chain (Figure 198

2c–d). Silicate glasses are also present in some samples, and are most common in the central Tullibigeal group. The comparative mineralogy 199

and the corresponding rock name for each sample site is given in Table 1. 200

Tindarey (Northern sample sites): Byrock and El Capitan are the two most northern exposures and are located north of the 201

town of Cobar (Figure 1b–c and 2a–b). These two localities are extremely heteromorphic despite exhibiting similar whole rock chemistry 202

(Heteromorphism: chemically similar but mineralogically distinct). Byrock presents with a strong porphyritic texture and megacrystic 203

phlogopite plates exceeding 6mm, which are heavily intergrown but continuous crystals (Figure 2a). These phlogopites are also clearly 204

titanian from the strong reds in cross-polarised light which is common feature among lamproites (Mitchell, 2020, 2021). Olivine is scarce 205

at Byrock as a phenocryst, and this outcrop is the only exposure to display (rare) phenocrysts of richterite in the northern area (Table 1). 206

Leucite and clinopyroxene are abundant within sections from Byrock which is in strong contrast to El Capitan where leucite is absent from 207

the phenocrysts and clinopyroxene is a minor phenocrystic phase (Figure 2a–b). El Capitan hosts an aphanitic groundmass with abundant 208

olivine phenocrysts, where the groundmass hosts the majority of the potassic minerals (Lct > Phl > Rct > Sa). Sanidine is present in both 209

localities as groundmass but only rarely as phenocrysts in Byrock. The crystallisation sequence for Byrock suggests phlogopite is the liquidus 210

phase, either co-crystallising with or followed by olivine, then clinopyroxene with leucite, sanidine, and richterite being co-crystallising 211

phases. The lack of clear phlogopite groundmass further suggests that the available water in the magma was locked up within the abundant 212

phlogopite phenocrysts during initial crystallisation. Thus, resulting in a lack of available water to allow the formation of further richterite, 213

and facilitating the growth of large leucite phenocrysts as the magma ascended. The texture of El Capitan on the other hand, suggests a 214

more rapid ascent and extrusion with only olivine and minor clinopyroxene forming phenocrysts with the remaining magma freezing quickly 215

at the surface (Figure 2a–b). 216

Tullibegeal (central sample sites): The vast majority of samples in this study come from the central area with 15 sample sites (Table 217

1; Figure 1c–d). All sites contain olivine and clinopyroxene phenocrysts, while most also contain phenocrystic leucite. Only two sites contain 218

phenocrystic sanidine (Figure 2d), while nine contain phlogopite as a phenocrystic phase (Table 1). Phlogopite phenocrysts are more diverse 219

in this group with the abundance and style differing between a rare (sample 25) through major (sample 03) phase, and from clearly defined 220

euhedral plates (sample 03) through to poikilitic plates (sample 14). Minor alteration of olivine to iddingsite was observed at two sites in 221

the central area, and all central samples host xenocrystic olivine. Leucite, phlogopite and clinopyroxene are present in the groundmass of 222

every central outcrop, while olivine is present in most sites. Sanidine is uncommon as a phenocrystic phase (Table 1), usually occurring as 223
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Fig. 2. Summary of petrographic textures and phases of the EAPS. Selected samples arranged north to south starting with (a) 0901 – Byrock, (b)
0801 – El Capitan, (c) 1402x4 – Wallaroy Hill, (d) 2202 – Lake Cargelligo, (e) 0102 – Lake Cargelligo, and (f) 2001 – Pine Lodge (Cosgrove). Coloured
circles in top right of each panel correspond to the colour scale used for the EAPS samples in all geochemical plots; see Figure 3. Key features include
porphyritic texture of (a) compared to a more equigranular texture in (b); (a) including small (< 20 µm) apatite and carbonate grains entrained in
poikilitic phlogopite. (d) shows prevalence of sanidine in some samples, also contrasting the porphyritic texture of (a). (c) and (e) show examples of
where nepheline is present, highlighting the restricted formation in melt pools (glass). (f) displays highly altered texture of Pine Lodge (Cosgrove), with
most olivine converted to iddingsite and only rare olivine cores preserved. Diopside and phlogopite are also present at Pine Lodge (f); diopside appears
fluid mediated with spindly, wavy forms and all leucite at least partly transformed to analcime. Multiple labels for the same mineral present in (a) –
(f) highlight varying forms, textures, and sizes within the sample. All images are plane polarised light on thin sections (≈30 µm) except (c) which is
a thick section (> 100 µm). Large anhedral olivine are xenocrysts e.g. (b), (d), and (e). Mineral abbreviations used are the IMA-CNMNC approved
symbols (Miyawaki et al., 2021), taken from the compilation of (Warr, 2021). Anl = Analcime; Di = Diopside; Idd = Iddingsite; Lct = Leucite; Nph =
Nepheline; Ol = Olivine; Phl = Phlogopite; Rct = Richterite; Sa = Sanidine.

euhedral to subhedral crystals (Figure 2d), but occurs as a groundmass phase in about half of the sites while (K–)richterite occurs only in224

four samples (samples 07, 03, 05, and 16; Table 1). Richterite is potentially present as a minor or trace phase in additional localities given225

the heteromorphic nature of the samples and that it forms in this grouping primarily as small (in the order of 20µm), anhedral, and heavily226

overgrown groundmass crystals. Nepheline was observed in four sub-samples of this group (0102, 0103, 1402x4, and 1903), but was not227

observed in the remaining samples from these sites. In each of these samples, nepheline occurs exclusively within veins or glassy melt pools228

(Figure 2c and e) which we interpret to be secondary or late-stage crystallisation. This is partially reinforced by the proximity of these melt229

features to xenocrysts and xenoliths suggesting the crystallisation of nepheline may represent a reaction product between the final melt and230

mantle cargo (Figure 2c). These observations are addressed further in the classification section of the discussion. Crystallisation sequence is231
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interpreted to vary between sites, but, in general olivine appears to be the first phase to form, with either clinopyroxene or phlogopite next 232

likely. Leucite is always euhedral but is certainly one of the later forming phases given it is usually less abundant than the other phenocrystic 233

phases, while dominating the groundmass. Groundmass leucite is commonly completely surrounded by euhedral clinopyroxenes, usually 234

10µm or less wide, that define the boundary between crystals. 235

Griffith and Shepparton (Southern sample sites): The southern sample sites are distinct from all other samples described here 236

and necessitate caution in their interpretation (Table 1; Figure 2e). Characterised by olivine and clinopyroxene phenocrysts across all sites, 237

these samples all display clear evidence of alteration by fluids suggesting the original texture and petrological character of the rocks have 238

been lost (Figure 2e). Oxide minerals are present as both groundmass and phenocrysts, and the groundmass for all sites is dominated by 239

pseudoleucite or analcime. Griffith (sample 18; Table 1) was previously reported to host primary analcime (Cundari, 1973). However, we 240

found no textural evidence of this being the case and instead the broader fabric of our samples appear heavily fluid mediated (Table 1). Pine 241

Lodge (sample 20; Figure 2e), which is commonly known as Cosgrove, exhibits minor polysynthetic twinning characteristic of leucite but 242

can also be preserved in pseudoleucite that has not undergone full transformation to analcime (Figure 2e). Violet Town (sample 21; Table 243

1) largely matches the petrology and mineralogy of Pine Lodge by exhibiting both altered olivine (iddingsite; Figure 2e), minor pyroxene, 244

and altered leucite, however Violet Town also includes nepheline. Both samples 20 and 21 include feldspar group minerals, which in the case 245

of Pine Lodge (sample 20) is sanidine but ranges between sanidine and anorthoclase at Violet Town. All sites in this group exhibit severe 246

alteration of olivine to iddingsite, however occasional cores of olivine are preserved (Figure 2e). The extent of alteration is also visible in the 247

whole rock chemistry, that will be discussed further below. 248

Major and Minor Element Geochemistry 249

The samples presented here are silica-undersaturated and for the most part enriched in potassium (Table 2; Lanati and Shea, 2025). All 250

but one plot within the foidite field of the TAS diagram and contain SiO2 40–45 wt% (Figure 3a and c), with the vast majority of samples 251

containing >4 wt% K2O, placing them within the leucititic and potassic to ultrapotassic fields (Figure 3b–c). Coupled with all samples having 252

MgO > 3wt% and most displaying K2O/Na2O > 2 the suite (K2O = 1.18–7.37 wt%; MgO = 6.97–16.98 wt%; K2O/Na2O = 0.34–7.83), 253

meets the ultrapotassic screens used by Foley et al. (1987) (K2O > 3 wt%; MgO > 3 wt%; K2O/Na2O > 2) for 38 of 49 analyses. On a molar 254

basis they have K/Na of 0.22–5.15, are on average moderately peralkaline (Av: 1.01) and trend toward perpotassic (Table 2; [(K+Na)/Al = 255

0.54–1.28] and [K/Al = 0.13–0.93]; Supplementary Figure 1). When plotted against MgO, which along with K2O is the only element to vary 256

significantly, all other elements show minor variations but represent some of the most enriched compositions for TiO2, P2O5, Cr, Ni, and 257

Cu globally when compared with other basaltic melts (Figure 4b and e, and 5d–f). The EAPS samples also exhibit lower Al2O3 and FeOT 258

than the primitive basalts of the EAVP (plotted as EAVP Prim; Shea et al., 2022), while CaO, MnO, and Na2O overlap with the basalts 259

(Figure 4f and 5b–c). EAPS samples can be geographically discriminated in terms of K2O versus Na2O with more potassic compositions in 260

the northern volcanoes at Byrock and El Capitan than in the central exposures centred around Tullibigeal and Lake Cargelligo (Figure 3b). 261

The southern exposures have consistently lower K2O/Na2O at ≤0.5. In order to compare the new analyses with primitive melts globally, 262

published data was filtered for Mg number ≥ 55, FeOT ≥ 6 wt%, MgO ≥ 4 wt%, and SiO2 <60 wt% to remove fractionated and evolved 263

melts based on filters similar to Prelević et al. (2008b) and Shea et al. (2022). A complete summary of the filtering process and datasets is 264

provided in the supplement. When compared with leucitites from the Sierra Nevada volcanics (Farmer et al., 2002) and the Roman province 265

(compiled from GEOROC database (https://georoc.eu/; version 2023-12-01) the EAPS lavas are enriched in TiO2 and FeOT , while SiO2 266

is generally lower (Figure 4a, b, and d). In Figures 3, 4, and 5 the EAPS lavas are also compared to lamproites using the compilations 267

from Casalini et al. (2022) and Sarkar et al. (2025) indicating a considerable overlap with anorogenic lamproites in most chemical spaces. In 268
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Fig. 3. Major element discrimination diagrams showing data from this study in (a) unnormalised total–alkali versus silica (TAS), (b) K2O vs. Na2O,
and (c) K2O vs. Si2O space. Note: that for volatile–rich (i.e. H2O+ ≥ 2wt% and CO2 ≥ 0.5 wt%, or LOI ≥ 2.5 wt% (Le Maitre et al., 2002)) samples like
ours the TAS cannot be used for classification purposes, but is provided for general information purposes. TAS (a) after Tilley (1950) with volcanic rock
classification fields (Le Bas et al., 1986), and alkalinity divide (label: A–SA; Irvine and Baragar, 1971). Potassium–sodium diagram (b) after Middlemost
(1975); ultrapotassic field divide follows Foley et al. (1987). Potassium–silica diagram (c) after Middlemost (1975) and Peccerillo and Taylor (1976);
dividing lines and field names of Wheller et al. (1987). Range of published EAVP data that passes chemical screens (see text for specifics) represented
by polygons (darkest grey); i.e. highest density of points usually > 80% of all analyses. EAPS symbols (large circles) coloured by latitude in (a)–(c).
Data sources: Shea et al. (2022)(EAVP and EAPS Lit); Shea et al. (2024) (Bokhara River); Sudholz et al. (2023) (Webb Aillikites); Paul et al. (2005)
(Pine Lodge and Shepparton); Sarkar et al. (2025) (anorogenic lamproites only); Casalini et al. (2022) (orogenic and anorogenic lamproites); Farmer
et al. (2002) (Sierra Nevada leucitites); Plank (2005) (Arcs); Willbold and Stracke (2006) (OIBs); Palme and O’Neill (2013) (primitive mantle (PM));
McDonough (1990) (sub–continental lithospheric mantle (SCLM)); Gale et al. (2013) (N-MORB). Roman province and selected kimberlites compiled
from GEOROC database (https://georoc.eu/; version 2023-12-01). Full list of data references in the Supplement.

order to remove orangeite samples (also described as ”carbonate-rich-olivine-lamproites”) which have been the subject of some recent debate 269

(Pearson et al., 2019; Tappe et al., 2022), we further filtered the data compilation from Sarkar et al. (2025). The filters used, based on the 270

statistical analysis of Pearson et al. (2019), were: SiO2 ≥ 35 wt%; K2O/Na2O ≥ 1; CO2 ≤ 3wt%; and CaO wt% < group 1 bound defined 271

by Foley et al. (1987) [i.e. CaO = 0.7×Al2O3+6]. Note, of the anorogenic lamproites that pass our filters roughly 272 are West Kimberley 272

lamproites (Figure 1a), the only other Cenozoic potassic magmatism in Australia (Jaques and Foley, 2018; Jaques et al., 1984; Phillips et al., 273

2022). Orogenic lamproites are more enriched in Al2O3 and, marginally, Na2O, but with lower TiO2 and FeO than the anorogenic lamproites 274

and EAPS lavas (Figures 3b, 4b–d, and 5b). However, anorogenic lamproites are clearly delineated by lower CaO than the EAPS, which 275

overlap with orogenic lamproites and Sierra Nevada leucitites as well as intraplate basalts from the broader EAVP (Figures 5c and 6a,b,d). 276
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Table 2. Continued.

ID TAx Mg#y K2O/Na2O K/Naz (Na+K)/Alz K/Alz N C H S (IR) S (TCD) CO2 H2O (wt%)
0901.1 7.93 69.09 7.03 4.62 0.99 0.82 206 1237 2675 330 306 4532 4.78
0901.2 7.42 69.36 6.19 4.07 1.01 0.81 162 1153 2041 306 281 4223 3.65
0901a.1 8.48 60.93 6.69 4.40 1.15 0.93 169 942 1573 7 13 3451 2.81
0901a.2 7.03 67.27 7.75 5.10 0.96 0.81 189 839 2693 220 200 3076 4.81
0801 6.07 71.88 7.50 4.93 0.95 0.79 213 1319 3559 279 255 4833 6.36
0802 6.96 71.90 7.83 5.15 1.08 0.90 204 2459 2495 17 18 9010 4.46
0803 6.53 72.30 6.47 4.26 1.04 0.84 186 2584 2966 258 240 9468 5.30
1501 5.61 71.54 2.19 1.44 0.82 0.48 133 518 3456 31 23 1898 6.18
0701 7.42 68.26 1.60 1.05 1.11 0.57 139 480 2458 66 59 1759 4.39
1402 4.81 66.70 0.69 0.45 0.74 0.23 140 1133 2396 30 21 4151 4.28
1403 7.09 73.00 2.67 1.75 1.09 0.70 108 605 2755 28 20 2217 4.92
1401 7.91 72.94 3.14 2.07 1.16 0.78 143 654 541 47 11 2396 0.97
2201 6.02 74.87 6.75 4.44 0.92 0.75 261 1363 2157 285 273 4994 3.86
2202 6.08 74.70 6.12 4.02 0.92 0.74
0203 7.88 70.02 1.25 0.82 1.15 0.52 124 874 2146 9 5 3202 3.84
0202 6.28 70.34 2.12 1.40 0.88 0.51 132 700 2039 13 3 2565 3.64
0201 6.46 69.89 2.33 1.53 0.89 0.54 91 972 1797 15 8 3561 3.21
0302 7.30 71.51 2.71 1.78 1.05 0.67 105 611 1829 17 12 2239 3.27
0301 7.59 71.67 4.27 2.81 1.04 0.77 205 924 1809 13 6 3386 3.23
0105 6.37 70.20 1.84 1.21 0.89 0.49 164 987 1416 29 20 3616 2.53
0101 6.25 70.29 1.99 1.31 0.87 0.49 206 360 2112 166 147 1319 3.77
0102 6.29 69.93 2.19 1.44 0.87 0.51 175 428 2206 94 77 1568 3.94
0103 6.37 70.54 1.86 1.22 0.89 0.49 162 477 2371 71 53 1748 4.24
0104 6.53 69.81 1.80 1.19 0.90 0.49 210 665 1618 46 38 2437 2.89
1602 7.63 72.31 4.05 2.66 1.17 0.85 147 972 1339 14 6 3561 2.39
1604 7.83 72.04 3.84 2.53 1.16 0.83 88 761 1405 14 3 2788 2.51
1603 8.51 67.15 3.75 2.47 1.25 0.89 100 1171 1347 21 18 4291 2.41
1601 7.52 71.87 3.80 2.50 1.13 0.81 105 1826 2174 8 4 6691 3.89
2301 6.29 75.06 2.42 1.59 0.94 0.58 246 1012 1383 45 45 3708 2.47
0402 7.98 71.78 3.16 2.08 1.16 0.78 161 643 1916 29 26 2356 3.42
0401 7.05 73.05 3.73 2.46 1.02 0.73 350 703 1694 26 23 2576 3.03
2501 7.39 69.26 2.06 1.36 1.01 0.58 241 461 603 44 49 1689 1.08
2502 7.65 69.02 2.18 1.43 1.06 0.63 224 523 410 48 75 1916 0.73
2601 8.16 66.68 2.43 1.60 1.23 0.76 295 2804 491 60 89 10274 0.88
0502 8.51 69.04 3.13 2.06 1.25 0.84 84 535 712 239 236 1960 1.27
0501 9.00 69.03 3.29 2.16 1.28 0.88 112 308 1091 43 35 1129 1.95
0503 8.24 69.27 2.74 1.80 1.18 0.76 121 2598 637 20 30 9519 1.14
1904 6.89 72.09 2.60 1.71 1.02 0.64 951 1113 27 42 3485 1.99
1903 6.91 72.76 2.26 1.48 1.01 0.61 830 654 32 41 3041 1.17
1902 7.62 71.13 2.37 1.56 1.06 0.65 55 1227 1635 21 20 4496 2.92
1701 6.79 75.25 2.54 1.67 1.00 0.62 108 1279 1938 35 26 4686 3.46
1702 6.95 75.19 2.68 1.76 1.03 0.65 247 1089 1931 22 17 3990 3.45
1704 6.91 74.75 2.55 1.67 1.01 0.63 57 1110 2238 19 16 4067 4.00
1703 7.46 60.54 2.43 1.60 0.97 0.60 86 1414 2016 19 14 5181 3.60
1801 4.86 76.04 0.64 0.42 0.91 0.27 44 484 2799 52 40 1773 5.00
2001 3.71 55.78 0.46 0.30 0.54 0.13 324 1562 3185 55 62 5723 5.69
2101 5.30 61.07 0.34 0.22 0.84 0.15 249 1186 2431 92 85 4346 4.34
2102 4.67 61.08 0.43 0.29 0.66 0.15 257 984 2006 57 60 3605 3.59

Age References= † : Cohen et al. (2008); ‡ : ”Woodend” field age from Wellman and McDougall (1974); All other ages from Wellman et al. (1970).
x= K2O+Na2O (wt%)
y= Mg# = 100 × [Mg/(Mg+Fe2+)]
z= molar

Orogenic lamproites also show significant spread in K2O versus SiO2 and K2O versus Na2O space traversing the calc–alkaline to leucititic277

fields, and shoshonitic to ultrapotassic fields in Figure 3b, c. In contrast, anorogenic lamproites are much more restricted in both K2O versus278

SiO2 and K2O versus Na2O space, exclusively plotting within the leucititic and ultrapotassic fields (Figure 3b, c). Other Australian alkaline279

rocks are included for comparison, specifically the Mount Webb aillikites that erupt through thick lithosphere in Central Australia (Sudholz280

et al., 2023) and the basanitic Bokhara River diatremes (Shea et al., 2024, Figure 1a, b). The Bokhara River locality was inferred to be281

part of the same volcanic event as the EAPS (Cohen et al., 2008; Jaques, 2002) until a recent investigation showed these diatremes to be282
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Jurassic in age (Shea et al., 2024). The Webb Aillikites show greatest affinity to kimberlites from Tikiusaaq in western Greenland and less 283

frequently with the anorogenic lamproites, but share almost no major or minor element characteristics with the EAPS (Figures 3a–c, 4, and 284

5a–d). Bokhara River, however, does share some chemical similarity with the less enriched expressions of the EAPS, most notably Wallaroi 285

Hill and the southern localities at Pine Lodge, Shepparton, and Griffith (Figures 1b, d, e and 3a–c).

Fig. 4. Major element ’Harker’ variation diagrams displaying all major and selected minor elements against MgO wt% with EAPS lavas plotted together
with published data. EAVP prim point density polygon covers > 80% of all analyses in most cases. Data sources for published literature as in Figure
3; full references in the Supplement.

286
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Fig. 5. Alkaline major element variation diagrams and select trace elements against MgO wt% for EAPS lavas and published data. EAVP prim point
density polygon covers > 80% of all analyses in most cases. Data sources for published literature as in Figure 3; full references in the Supplement.

Trace Element Geochemistry287

The EAPS rocks display a flat enrichment in the HFSE and LILE’s, when compared with the average concentration of leucitites and288

lamproites, with approximately 100× N–MORB and up to 1000× primitive mantle (PM) values for Ba (Figure 7a and e–h). Regardless289

of the normalising system chosen, Ti exhibits a slight negative anomaly and Eu is unaffected by feldspar fractionation, whereas a minor290

negative PM–normalised Pb signature is observed for the central and southern EAPS outcrops. In contrast, the northernmost outcrops,291

Byrock and El Capitan (Figure 1a–c), exhibit no Pb anomaly (Figure 7a). The lack of negative Nb–Ta anomaly and Ce/Pb values largely292

within the mantle array do not support evidence of subduction input, while the strong convex upward up shape of the pattern results in high293
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Fig. 6. Lamproite discrimination diagrams as defined by Foley et al. (1987), showing the EAPS lavas analysed in this study compared to values for
other alkaline lavas. Group I, II, and III refer to I – lamproites, II – kamafugites, III – leucitites (Foley et al., 1987). Coloured pentagons correspond to
high-pressure hydrous pyroxenite experiments from Shu et al. (2024) and Shu et al. (in revision). Note the EAPS lavas south of Griffith (34°S; yellow
and orange circles) are not ultrapotassic. Pyroxenite and peridotite partial melt divide is plotted in (b) as shown in Herzberg (2011) and Herzberg and
Asimow (2008). Data sources for published literature as in Figure 3; full references in the Supplement.

La/Yb and Sm/Yb values that suggest significant garnet in the mantle source (Figure 7a). Patterns are steep among the EAPS samples, yet 294

illustrate decreasing enrichment from north to south with the southern volcanoes often exhibiting the lowest PM–normalised values of the 295

suite (Figure 7a). Values for Ba vary the most dramatically, from 6940 ppm for the El Capitan volcano (sample 0803) to 573 ppm for sample 296

1603 within the Tullibigeal fields (Table 3). Rb and Sr are also most enriched within the El Capitan volcano, with Rb = 366 ppm and Sr = 297

2824 ppm for samples 0803 and 0801 respectively. The Griffith sample (1801) exhibits the lowest concentrations of both Rb and Sr (41 and 298

940 ppm), while also having Cs contents of 0.97 ppm which is significantly below the average of all samples (1.44 ppm) and only higher than 299

the southernmost samples from Violet Town (Table 3; Figure 1e), which also exhibits a strong negative K anomaly (yellow lines; Figure 300

7a). Due to the apparent alteration (Figure 2e), the Pine Lodge outcrop near Cosgrove (sample 2001) was not analysed for trace elements 301

in this study but was previously analysed by Paul et al. (2005) whose data also show lower–than–average concentrations of fluid–mobile 302
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elements such as Cs, Rb, Ba, Th, U, K, and Sr (gold circles; Figure 7b). Interestingly, HREEs heavier than Dy cross the N–MORB values303

which is a common feature of melts from the EAPS, EAVP, lamproites, and Sierra Nevada leucitites, but is absent in the Roman Province304

leucitites (Figure 7a–g). The most similarity is shared between our samples and both kimberlites and anorogenic lamproites (Figure 7d and305

f). It should be noted that among the potassic rocks plotted (Figure 7e–h), both lamproite groups display a much larger range of values306

(grey band in Figure 7e–f) than those of the leucitites (Figure 7g–h). Comparing the EAPS to orogenic lamproites there is a clear lack of307

strong positive Pb, and strong negative Nb, Ta, and Ti anomalies associated with the orogenic lamproite group. Barium and Th are on308

average more enriched in the published orogenic lamproite samples than samples presented here, as are Yb and Lu (Figure 7e). Anorogenic309

lamproites, on the other hand, show relatively good agreement with the EAPS samples and share both Pb and Sr anomalies (Figure 7f). The310

primary deviation of the EAPS from the average anorogenic lamproite occurs for Rb, Ba, La, and Ce, however these are minor except for Ba311

(Figure 7f). Both of the published leucitites fields included for comparison show overall less enriched patterns (Figure 7g–h). The leucitites312

of the Roman province lavas deviate from the EAPS with strongly positive Ce, Th, U, and Pb anomalies, moderately negative Zr and Hf,313

and strongly negative Nb, Ta, P, and Ti (Figure 7g). The EAPS sit above the average Sierra Nevada leucitites from Nb – Pr, and again from314

Nd – Er (Figure 7h). Interestingly for the heaviest rare earth elements (i.e Yb and Lu) both of the sub-groups associated with subduction,315

the orogenic lamproites and Roman province leucitites (Figure 7e and g) are more enriched than the EAPS while the intraplate magmas,316

the anorogenic lamproites and Sierra Nevada leucitites, are similarly depleted to the EAPS (Figure 7f and h).317

Volatile Element Geochemistry318

CHNS analyses reveal that the northern exposures of Byrock and El Capitan are the most sulfur–enriched of all the EAPS lavas with up to319

330 ppm S, which is a roughly six times higher than the remainder of the localities included here that contain in the order of 50 ppm or less320

(Table 2; Figure 8c). Carbon contents range between 839 and 2459 ppm for the northern localities, and over a similarly large range for the321

the central exposures (308–2804 ppm; as CO2 = 1129–10274 ppm; Table 2; Figure 8d). Nitrogen is the only element where measurements322

fall below the long–term detection limits established by Ananuer and Alard (in prep.), but all values are above the intrinsic detection limits323

of the technique. Given the scarcity of published measurements for N we report all values measured for this study, however analyses below324

150 ppm should be treated with caution (Figure 8b). N concentrations are highest in the central area but also exhibit the most variation325

(44–350 ppm), while the northern lavas cluster around 162–213 ppm N (Table 2; Figure 8b). Hydrogen varies between 410–3559 ppm, which326

is equivalent to 0.73–6.36 wt% H2O, across the entire EAPS and displays no clear trend or clustering between eruptive centres (Table 2;327

Figure 8a). The southern centres of Shepparton and Pine Lodge show moderate variation and are generally more enriched in H and N, and328

slightly enriched in C compared to the remaining localities measured in the central and northern areas, while S contents are within error of329

the average. Shepparton is more enriched in C, H, and N (1562, 3185, and 324 ppm respectively), but slightly depleted in S (55 ppm) in330

comparison to Pine Lodge (C= 1186, H= 2431, N= 249, S= 92 ppm; Table 2).331

Compared to published values the EAPS analyses show similarity with lamproites, lamprophyres and leucitites with respect to H2O332

and S contents, but are most similar to lamproite CO2 contents (Figure 8a, c, and d). H2O contents also overlap with some kimberlites,333

specifically those from west Greenland (Tappe et al., 2017). However, kimberlites as a group span a large range of values for H2O, S, and334

CO2 (Figure 8a, c and d). Sulfur contents of the EAPS also resemble those of the Roman leucitites and other leucitites globally, but the335

EAPS are more magnesian overall (Figure 8c). Published literature that combines analysis of both trace elements and volatile elements is336

scarce (e.g. Tappe et al., 2017), although new compilations are becoming more common (Giuliani et al., 2024). Further, volatile elements are337

rarely measured by dedicated methods like we have employed here. Nitrogen is perhaps the best example of this with the available published338

data being severely limited (Figure 8b), however the reliability of published S analyses is also questionable given most data are determined339



Revised manuscript resubmitted to Journal of Petrology 19

Ta
bl

e
3.

Tr
ac

e
el

em
en

t
co

nc
en

tr
at

io
ns

,i
n

pp
m

,o
ft

he
EA

PS
sa

m
pl

es
(a

rr
an

ge
d

by
in

cr
ea

sin
g

de
gr

ee
s

of
la

tit
ud

e
so

ut
h)

.
ID

09
01

.1
09

01
.2

09
01

a.
1

09
01

a.
2

08
01

08
02

08
03

15
01

07
01

14
03

14
01

22
01

22
02

02
03

02
02

02
01

03
02

03
01

01
05

01
01

01
02

01
03

Li
7.

83
8.

30
9.

48
8.

68
9.

03
7.

70
9.

07
5.

61
7.

70
5.

97
8.

08
8.

10
8.

19
7.

88
7.

66
7.

92
7.

09
6.

78
7.

51
7.

46
7.

80
7.

61
B

e
5.

45
5.

52
6.

38
5.

71
6.

16
5.

75
6.

81
3.

45
4.

57
3.

57
5.

63
6.

77
8.

26
3.

84
3.

62
3.

75
4.

65
3.

98
3.

95
3.

95
4.

13
3.

95
Sc

19
.8

19
.1

21
.9

20
.2

20
.2

21
.4

19
.2

16
.3

22
.4

17
.7

19
.0

21
.8

21
.4

24
.4

23
.3

24
.0

21
.0

22
.2

25
.4

24
.3

23
.5

24
.6

T
i

28
76

1
29

88
6

32
86

1
30

68
5

31
47

9
34

01
5

30
34

5
20

40
1

28
95

6
22

59
9

24
90

4
22

48
8

22
10

8
25

10
8

22
53

8
24

49
2

26
01

6
25

34
8

22
51

4
23

98
4

22
79

4
24

70
7

V
18

7
18

8
21

7
19

4
20

1
20

4
18

4
13

6
23

7
18

2
18

4
16

8
16

3
22

9
22

1
22

9
19

6
17

4
23

3
22

6
22

8
23

6
C

r
16

4
16

2
18

3
17

5
36

9
35

6
26

1
25

8
37

0
31

5
34

1
38

7
46

7
41

5
42

0
44

0
41

9
45

1
34

8
31

7
24

9
34

3
M

n
86

3
89

7
10

33
98

5
11

42
10

55
99

6
90

5
12

49
10

22
10

64
10

76
10

08
12

56
12

21
12

55
11

35
11

15
12

56
12

05
12

14
12

24
C

o
51

52
53

54
63

62
60

43
57

53
52

55
53

56
56

56
55

55
56

54
55

55
N

i
24

4
25

1
27

0
29

2
50

2
47

6
48

8
34

8
31

9
43

2
43

4
44

0
43

9
32

3
32

5
32

4
40

9
40

3
32

9
31

9
31

6
31

6
C

u
15

0
81

10
7

76
91

97
91

45
84

69
77

86
79

83
80

84
71

60
80

76
81

83
Zn

11
9

12
2

13
4

12
6

14
5

13
5

13
4

99
13

1
10

3
11

5
11

0
11

4
11

9
11

4
11

7
12

2
11

8
11

7
11

8
11

7
11

8
G

a
21

.0
20

.0
22

.5
21

.0
21

.0
21

.0
20

.0
15

.0
19

.8
17

.0
20

.0
18

.6
18

.7
19

.0
18

.0
19

.0
19

.0
18

.0
20

.0
19

.0
19

.0
19

.0
R

b
18

8
17

2
21

4
16

8
25

8
30

5
36

6
11

7
12

1
16

7
13

4
28

2
23

0
10

1
10

8
12

9
10

1
13

9
11

2
10

0
11

5
95

Sr
19

39
19

59
15

14
19

72
28

24
23

23
24

05
11

10
14

16
10

17
13

14
20

90
24

16
12

74
12

13
13

02
11

92
13

11
12

55
12

30
12

82
12

87
Y

31
.0

31
.0

35
.0

31
.0

37
.0

35
.0

36
.0

28
.0

31
.5

26
.0

28
.0

29
.7

32
.3

30
.0

28
.0

29
.0

29
.0

28
.0

29
.0

29
.0

29
.0

29
.0

Zr
65

0
65

1
81

0
69

1
80

4
79

8
77

8
56

7
71

3
65

5
80

6
90

5
10

11
57

6
53

0
55

4
66

7
58

8
57

1
54

6
55

3
57

2
N

b
15

2
15

3
18

6
15

8
16

9
17

8
16

5
10

1
11

6
11

4
12

6
16

4
16

0
11

4
10

3
10

8
10

3
88

99
10

6
78

10
8

M
o

0.
39

0.
39

0.
67

0.
38

0.
34

0.
63

0.
63

1.
01

0.
81

1.
04

0.
85

0.
45

0.
67

1.
72

1.
63

1.
82

1.
00

0.
70

1.
52

1.
83

1.
56

1.
67

C
d

0.
09

0.
08

0.
09

0.
07

0.
14

0.
08

0.
09

0.
05

0.
10

0.
08

0.
07

0.
12

0.
12

0.
09

0.
09

0.
09

0.
08

0.
08

0.
08

0.
09

0.
10

0.
09

Sb
0.

20
0.

18
0.

18
0.

17
0.

20
0.

20
0.

27
0.

15
2.

51
0.

22
0.

12
0.

11
0.

13
0.

13
0.

12
0.

09
0.

17
0.

11
0.

12
C

s
1.

92
1.

92
2.

10
1.

84
1.

80
1.

75
2.

90
1.

04
1.

58
1.

54
1.

64
2.

13
2.

79
1.

34
1.

29
1.

34
1.

16
1.

33
1.

31
1.

30
1.

32
1.

30
B

a
21

33
21

96
17

39
45

36
31

06
28

19
69

40
91

3
15

06
13

18
13

39
50

14
29

81
12

21
11

44
12

21
11

34
10

27
10

44
11

73
12

10
10

87
La

15
9

16
2

19
5

16
5

21
3

19
6

21
2

11
0

96
10

2
10

5
13

0
13

8
88

84
85

94
95

83
84

87
82

C
e

30
6

31
2

37
4

31
8

41
3

38
5

41
1

23
3

20
7

21
6

22
2

26
8

29
4

18
8

17
6

18
2

20
4

20
6

17
4

17
5

18
3

17
4

P
r

35
.6

36
.1

41
.5

36
.8

46
.3

43
.3

46
.8

29
.7

26
.5

27
.6

27
.2

33
.3

35
.5

23
.4

21
.8

22
.6

25
.7

26
.3

21
.4

21
.6

22
.8

21
.3

N
d

12
8

13
1

15
0

13
3

16
5

15
5

16
8

11
3

10
2

10
4

10
4

12
2

13
4

89
85

87
99

10
3

83
84

89
83

Sm
18

.1
18

.4
21

.4
18

.8
22

.8
21

.6
23

.6
17

.8
16

.4
17

.0
16

.0
18

.5
19

.9
14

.5
13

.7
14

.2
16

.1
16

.3
13

.6
13

.8
14

.3
13

.6
E

u
5.

30
5.

40
6.

17
6.

20
6.

70
6.

30
8.

10
5.

00
4.

82
5.

00
4.

60
6.

06
5.

99
4.

30
4.

10
4.

20
4.

70
4.

80
4.

00
4.

10
4.

30
4.

00
G

d
15

.4
15

.8
14

.9
16

.1
19

.4
18

.2
20

.2
12

.6
11

.7
12

.4
13

.1
12

.5
13

.2
12

.3
11

.7
12

.0
13

.2
13

.4
11

.4
11

.5
12

.0
11

.4
T

b
1.

62
1.

65
1.

89
1.

66
1.

95
1.

84
2.

04
1.

57
1.

53
1.

58
1.

43
1.

58
1.

70
1.

43
1.

36
1.

40
1.

50
1.

48
1.

30
1.

33
1.

40
1.

30
D

y
6.

58
6.

70
7.

58
6.

67
7.

56
7.

17
8.

04
6.

43
6.

46
6.

78
6.

01
6.

33
6.

94
6.

21
5.

89
6.

04
6.

28
6.

12
5.

65
5.

81
6.

07
5.

63
H

o
1.

09
1.

11
1.

24
1.

09
1.

21
1.

14
1.

29
1.

02
1.

05
1.

11
0.

99
1.

03
1.

13
1.

05
0.

99
1.

02
1.

03
0.

99
0.

93
0.

97
1.

02
0.

94
E

r
2.

75
2.

80
3.

10
2.

73
3.

02
2.

82
3.

23
2.

45
2.

58
2.

74
2.

38
2.

52
2.

76
2.

61
2.

45
2.

53
2.

52
2.

40
2.

31
2.

41
2.

52
2.

34
Y

b
1.

72
1.

71
1.

88
1.

66
1.

66
1.

54
1.

83
1.

42
1.

59
1.

74
1.

52
1.

52
1.

73
1.

68
1.

58
1.

64
1.

52
1.

43
1.

50
1.

58
1.

64
1.

51
Lu

0.
23

0.
23

0.
24

0.
22

0.
22

0.
20

0.
24

0.
18

0.
21

0.
23

0.
20

0.
19

0.
23

0.
23

0.
22

0.
22

0.
20

0.
19

0.
20

0.
21

0.
22

0.
20

H
f

14
.5

14
.8

18
.0

15
.4

15
.7

15
.7

17
.2

12
.8

14
.0

17
.4

17
.2

19
.9

22
.7

12
.3

11
.3

12
.0

13
.5

12
.3

10
.8

11
.3

11
.6

11
.3

T
a

8.
75

8.
93

10
.3

4
8.

78
7.

43
8.

43
8.

24
5.

45
5.

62
7.

48
6.

56
7.

78
8.

22
6.

05
5.

41
5.

78
6.

32
4.

44
4.

37
5.

71
3.

13
5.

61
W

0.
95

1.
02

1.
11

0.
72

1.
87

2.
38

3.
36

0.
53

1.
71

0.
84

3.
73

3.
19

2.
64

2.
73

1.
77

2.
82

2.
02

1.
99

1.
73

P
b

17
.2

0
17

.7
0

19
.9

1
15

.6
0

16
.3

0
14

.3
0

20
.2

0
8.

20
8.

21
11

.1
0

11
.2

0
14

.1
4

16
.1

3
8.

10
7.

90
7.

70
8.

20
7.

60
6.

90
7.

60
8.

00
6.

60
T

h
17

.6
0

17
.6

0
22

.1
3

17
.4

0
19

.1
0

16
.3

0
21

.1
0

9.
70

7.
80

13
.3

0
11

.4
0

12
.4

6
14

.3
8

9.
20

8.
70

8.
90

7.
80

6.
70

8.
00

8.
80

9.
20

8.
20

U
3.

44
3.

44
3.

71
3.

43
3.

49
3.

21
4.

38
2.

45
2.

01
3.

06
2.

65
3.

14
3.

50
2.

16
1.

98
2.

52
1.

96
1.

74
1.

82
1.

95
1.

98
2.

05



20 Lanati et al.

Ta
bl

e
3.

Co
nt

in
ue

d.
ID

01
04

16
02

16
04

16
03

16
01

23
01

04
02

04
01

25
01

26
01

05
02

05
01

05
03

19
04

19
03

19
02

17
01

17
02

17
04

17
03

18
01

21
01

21
02

Li
7.

62
7.

59
7.

32
6.

79
7.

17
6.

59
8.

95
9.

00
7.

86
5.

91
7.

18
7.

45
6.

79
6.

32
6.

52
7.

42
6.

06
6.

60
5.

49
5.

81
5.

38
5.

74
6.

33
B

e
4.

02
4.

64
5.

15
5.

26
3.

85
3.

04
5.

58
4.

98
4.

51
4.

43
5.

02
5.

32
4.

77
3.

72
3.

54
4.

49
3.

48
3.

88
3.

21
3.

06
2.

51
3.

84
2.

74
Sc

25
.2

20
.1

19
.8

16
.7

21
.5

19
.8

20
.3

20
.8

19
.1

20
.8

21
.6

19
.9

21
.3

21
.8

21
.9

21
.1

17
.9

19
.8

16
.4

15
.0

21
.8

22
.0

24
.2

T
i

25
53

1
24

52
1

24
94

9
25

55
7

26
01

4
19

13
1

22
81

5
22

57
7

25
99

9
26

00
8

28
03

8
24

53
5

24
49

4
23

52
0

23
66

2
23

33
4

16
17

7
20

51
9

16
98

2
18

43
7

21
55

0
24

36
3

22
16

5
V

24
1

16
4

17
0

14
0

22
3

16
6

16
9

16
0

19
7

19
1

20
2

17
6

19
5

17
9

20
5

19
0

14
2

16
7

14
1

14
4

20
9

23
6

25
1

C
r

35
0

31
4

36
7

22
3

40
0

41
8

45
0

47
8

30
9

26
9

40
7

38
1

41
3

30
6

33
9

27
9

39
8

42
9

32
0

19
1

53
9

30
6

28
3

M
n

12
46

11
17

10
86

95
0

11
89

10
71

10
57

11
20

11
27

11
37

11
79

11
04

11
48

11
21

11
32

11
19

10
19

11
05

92
9

77
3

11
56

11
99

13
01

C
o

56
53

50
43

57
56

49
52

52
50

51
49

52
54

56
52

52
56

47
36

63
57

60
N

i
32

4
44

4
42

1
30

2
40

4
47

2
40

5
42

9
35

2
31

9
34

3
34

3
36

7
36

6
44

1
34

0
48

7
53

2
42

8
24

5
58

5
35

5
33

9
C

u
86

55
62

46
97

56
75

63
70

77
95

10
4

78
38

54
81

53
58

54
47

13
7

77
81

Zn
11

9
12

2
12

8
12

8
11

8
10

0
12

0
12

0
12

1
12

1
13

5
13

2
12

3
10

9
10

7
11

1
99

11
0

91
10

0
99

12
0

12
1

G
a

20
.0

19
.0

18
.0

19
.0

19
.0

15
.3

20
.0

19
.0

18
.6

19
.1

21
.0

20
.0

19
.0

17
.0

17
.0

19
.0

16
.0

17
.0

15
.0

16
.0

14
.0

19
.7

19
.4

R
b

11
0

13
8

12
6

11
9

10
8

95
12

9
14

5
10

8
11

2
11

2
11

5
12

3
11

9
94

10
3

10
0

11
0

87
86

41
24

5
86

Sr
12

20
15

47
14

94
13

97
14

62
11

21
13

81
12

85
14

44
11

96
18

98
21

34
15

74
14

78
13

40
14

84
11

38
12

04
12

39
10

06
94

0
11

16
95

8
Y

29
.0

33
.0

34
.0

34
.0

27
.0

24
.0

32
.0

32
.0

28
.6

32
.6

35
.0

34
.0

32
.0

27
.0

27
.0

28
.0

27
.0

29
.0

25
.0

25
.0

23
.0

30
.3

28
.0

Zr
58

2
68

1
70

9
77

6
57

9
48

7
76

1
69

0
57

4
73

1
75

8
73

6
66

7
57

3
55

5
65

4
50

5
58

4
48

6
45

9
43

2
48

0
37

4
N

b
11

1
12

6
12

0
10

5
13

4
87

10
2

92
10

6
11

9
11

0
95

10
6

99
10

2
11

7
72

93
76

74
10

4
99

85
M

o
1.

55
0.

87
1.

26
0.

83
1.

39
1.

16
1.

59
0.

87
2.

08
1.

60
3.

48
1.

19
1.

79
1.

58
1.

79
1.

39
1.

24
1.

27
1.

39
1.

59
2.

06
2.

95
2.

72
C

d
0.

08
0.

08
0.

11
0.

09
0.

11
0.

12
0.

07
0.

08
0.

11
0.

10
0.

06
0.

06
0.

05
0.

06
0.

03
0.

07
0.

12
0.

11
0.

11
0.

13
0.

06
0.

09
0.

08
Sb

0.
10

0.
17

0.
13

0.
17

0.
15

0.
16

0.
11

0.
14

0.
12

0.
11

0.
12

0.
10

0.
10

0.
10

0.
13

0.
13

0.
00

C
s

1.
33

1.
24

1.
26

1.
21

1.
30

1.
35

1.
70

1.
86

1.
36

1.
07

1.
06

1.
08

1.
04

1.
29

1.
19

1.
22

1.
31

1.
38

1.
15

1.
54

0.
97

0.
78

0.
62

B
a

10
51

11
57

12
99

57
3

13
39

10
87

16
59

15
00

13
11

81
6

14
03

15
34

10
87

10
62

10
24

14
10

12
35

13
00

12
51

99
8

83
1

82
9

72
6

La
83

12
8

12
9

13
0

88
78

10
6

10
8

97
10

4
11

5
11

8
10

5
90

87
93

85
92

82
70

74
74

57
C

e
17

6.
0

26
7.

0
28

2.
0

27
7.

0
18

0.
0

16
4.

8
22

6.
0

23
0.

0
20

1.
7

22
2

24
9.

0
25

4.
0

22
6.

0
19

2.
0

18
6.

0
19

5.
0

18
4.

0
19

6.
0

17
3.

0
14

5.
0

15
7.

0
15

5.
8

11
5.

8
P

r
21

.8
34

.5
34

.9
34

.5
22

.3
20

.6
27

.9
28

.5
25

.5
28

.6
31

.6
31

.9
27

.9
24

.8
24

.3
24

.7
22

.8
24

.5
22

.3
19

.1
19

.4
19

.6
14

.5
N

d
84

13
1

13
3

13
3

84
80

10
8

11
1

98
11

2
12

4
12

4
10

7
92

90
92

90
94

84
71

74
76

56
Sm

13
.9

20
.3

20
.7

20
.7

13
.6

12
.9

16
.9

17
.5

15
.3

17
.7

19
.5

19
.3

16
.7

15
.2

15
.0

15
.3

14
.3

15
.2

13
.8

12
.2

12
.1

13
.2

10
.7

E
u

4.
10

5.
80

5.
90

5.
90

4.
00

3.
85

5.
00

5.
10

4.
62

5.
10

5.
70

5.
80

4.
90

4.
50

4.
40

4.
70

4.
30

4.
50

4.
10

3.
60

3.
40

3.
98

3.
29

G
d

11
.6

14
.3

16
.6

16
.6

11
.4

9.
2

14
.1

14
.5

11
.0

12
.6

15
.9

15
.7

13
.8

10
.9

10
.9

11
.1

12
.0

12
.3

9.
9

9.
1

10
.0

10
.3

8.
7

T
b

1.
33

1.
80

1.
82

1.
80

1.
29

1.
19

1.
58

1.
62

1.
41

1.
60

1.
77

1.
73

1.
53

1.
40

1.
40

1.
45

1.
33

1.
37

1.
27

1.
20

1.
12

1.
39

1.
19

D
y

5.
74

7.
45

7.
49

7.
62

5.
64

5.
14

6.
61

6.
74

5.
98

6.
91

7.
30

7.
10

6.
35

5.
86

5.
90

6.
12

5.
80

6.
00

5.
44

5.
28

4.
85

6.
30

5.
58

H
o

0.
96

1.
19

1.
21

1.
23

0.
94

0.
85

1.
09

1.
11

0.
98

1.
15

1.
20

1.
15

1.
05

0.
95

0.
96

1.
01

0.
97

0.
98

0.
90

0.
88

0.
80

1.
07

0.
97

E
r

2.
37

2.
86

2.
87

2.
92

2.
28

2.
04

2.
71

2.
72

2.
35

2.
72

2.
91

2.
83

2.
56

2.
31

2.
33

2.
45

2.
32

2.
37

2.
22

2.
22

1.
94

2.
57

2.
37

Y
b

1.
54

1.
67

1.
67

1.
72

1.
50

1.
31

1.
66

1.
62

1.
41

1.
72

1.
73

1.
62

1.
51

1.
39

1.
44

1.
54

1.
51

1.
54

1.
41

1.
46

1.
23

1.
66

1.
61

Lu
0.

20
0.

22
0.

22
0.

22
0.

20
0.

17
0.

23
0.

22
0.

18
0.

22
0.

23
0.

21
0.

20
0.

18
0.

19
0.

20
0.

20
0.

20
0.

19
0.

19
0.

16
0.

22
0.

22
H

f
11

.4
14

.7
15

.1
16

.5
12

.0
10

.4
15

.7
14

.6
12

.0
15

.3
15

.1
14

.4
12

.8
12

.3
11

.9
14

.0
10

.4
11

.9
10

.1
10

.1
9.

3
10

.3
7.

8
T

a
10

.0
7

6.
37

6.
37

5.
32

7.
36

4.
70

4.
73

5.
26

5.
85

6.
08

5.
18

4.
16

4.
88

5.
16

5.
46

6.
04

3.
65

4.
60

3.
81

4.
20

5.
94

5.
76

4.
50

W
2.

05
1.

83
1.

47
1.

22
1.

66
2.

99
2.

73
2.

10
1.

76
2.

66
1.

41
1.

40
1.

41
1.

74
0.

93
1.

96
0.

00
P

b
7.

00
10

.6
0

9.
40

11
.8

0
8.

50
7.

18
10

.9
0

9.
80

8.
19

8.
80

1.
80

6.
80

6.
20

6.
90

6.
80

9.
00

7.
80

7.
80

7.
60

7.
70

4.
90

4.
60

4.
80

T
h

8.
20

11
.2

0
10

.8
0

9.
50

10
.0

0
7.

36
9.

60
8.

90
8.

70
9.

15
7.

90
7.

90
8.

10
7.

70
8.

00
10

.2
0

8.
00

8.
10

7.
80

7.
90

7.
70

8.
56

6.
45

U
1.

90
2.

91
2.

71
2.

49
3.

53
1.

79
2.

38
2.

22
2.

09
2.

01
2.

01
1.

97
1.

97
1.

99
1.

90
2.

42
1.

76
2.

00
1.

84
1.

81
1.

68
1.

78
1.

52



Revised manuscript resubmitted to Journal of Petrology 21

Fig. 7. Trace element variation diagrams with measured trace elements normalised to primitive mantle (PM) values from Palme and O’Neill (2013).
All panels show new analyses from this study coloured by latitude with N–MORB values from Gale et al. (2013) and SCLM values from McDonough
(1990) included for reference. Panels (b) – (d) shows EAPS comparison with published values for other Australian lavas; (b) published EAPS (note
variability in the number of points per element) and the Shepparton lavas analysed by Paul et al. (2005); (c) EAVP primitive lavas; and (d) Bokhara
River basanite and Mount Webb ailikite (orange and yellow diamonds, respectively). (d) also includes West Greenland kimberlites (black crosses and
grey band; Tappe et al., 2017). The grey bands in panels (c)–(h) represent the absolute range for the dataset plotted within the band; the average
pattern for each dataset shown as line with symbol. (a) EAPS (this study); (b) EAPS published values; (c) EAVP primitive lavas; (d) Bokhara, UML &
Kimberlite; (e) Anorogenic lamproites (Casalini et al. (2022) only; comparison between Sarkar et al. (2025) and Casalini et al. (2022) in Supplementary
Figure 2); (f) Orogenic lamproites; (g) Roman Province leucitites; (h) Sierra Nevada leucitites. Data sources for published literature as in Figure 3; full
references in the Supplement.

via XRF. While there are occasional instances where the EAPS samples exhibit elevated volatile element concentrations that are replicated 340

in whole rock trace element ratios or non-volatile elements (i.e. S vs. Cu; S vs. Ni; S vs. Pb; H2O vs. La/Yb; C vs. (La/Yb)N ) these are not 341

consistent across the dataset (Figure 8d; Supplementary Figures 3 and 4). Therefore, unlike the general enrichment trends in major and trace 342

elements (Figures 3–7, and 9), we observe no systematic spatial trend in volatile element geochemistry, nor do we see any clear correlation 343

when plotted against any of the common whole rock trace element ratios for volatile–bearing or influenced sources. This suggests the volatile 344
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Fig. 8. Volatile element results plotted against relevant trace element ratios or Mg#. H2O (a) and N (b) are plotted against Ba/La based on similar
behaviour and likely source (sediments). Sulfur (c) shows a degree of degassing with samples from the same outcrops showing both high and low-S for
similar Mg#. CO2 (d) also exhibits degassing, but still overlaps with global lamproites, lamprophyres, and some kimberlites. Colours for EAPS (this
study) follow the scale plotted on panel (d). Published values are screened for Mg# ≥ 55 and represent converted total abundances for all species of that
element reported. Data sources:“All MORB” in (b) from Johnson and Goldblatt (2015) and Gale et al. (2013); GEOROC precompiled files (kimberlites,
peridotites, pyroxenites, lamproites, lamprophyres, and leucitites); kimberlites from Tappe et al. (2017) highlighted in black; Jia2003 (N-only; lamproites
and lamprophyres; Jia et al. (2003)). Full reference list for GEOROC files in the Supplement.

analyses are likely modified by degassing upon ascent and eruption which is not unexpected for potassic and ultrapotassic melts that are345

considered relatively volatile-laden (Prelević et al., 2004). We tested CO2/Ba for our samples to investigate if degassing has occurred and, if346

so, to what degree. Observed ratios between 0.5–13 suggest significant degassing has taken place compared to ratios of around 140 exhibited347

in undegassed basalts and melt inclusions (Supplementary Figures 3 and 4; Hauri et al., 2018; Matthews et al., 2017, 2021). Degassing, in348

the case of the EAPS, is most obviously exemplified by the clear separation of values for S from the same outcrops (i.e. Byrock) in Figure349

8c, where degassed samples exhibit S ∼≤100 ppm. Given the majority of samples sit at or below this threshold, we suggest that the values350

reported here represent minimum values and are probably decoupled from the source volatile contents.351

Discussion352

Classification of the EAPS Rocks353

Lamproites as a group of rocks have been considered enigmatic for much of the time since they were first described, and the same can be said354

for leucitites and leucite–bearing rocks that have been variably described and named around the world. In most cases the name assigned to a355

rock or outcrop is inconsequential except to give the reader a general idea of the mineralogy or approximate chemical range within which it356
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sits. Lamproites and leucitites are not easily identified in hand specimen with few obvious markers to isolate what the rock is, perhaps with 357

the exception of phenocrystic phlogopite or leucite in lamproites and leucitites respectively. All naming schemes for highly-alkaline rocks 358

require modal mineralogy and mineral chemistry analyses or microbeam imaging techniques, making reclassification time– and resource 359

intensive (Le Bas, 1989; Le Bas and Streckeisen, 1991; Le Maitre et al., 2002; Mitchell and Bergman, 1991; Mitchell, 2020, 2021; Pearson 360

et al., 2019; Tappe et al., 2005, 2022; Woolley et al., 1996). This is further complicated by the wide range of textures present in this type of 361

rock and the prevalence of heteromorphism. Recent contributions have worked to identify chemical and mineralogical markers of tectonic or 362

geodynamic setting for both of these melt types, leading to the general (yet imperfect) association of leucitites with subduction–related melts 363

(Innocenzi et al., 2024; Lustrino and Wilson, 2007; Lustrino et al., 2019), and lamproites with orogenic or anorogenic (i.e. intraplate/cratonic) 364

melting processes (Prelević et al., 2008a, 2010, 2012, 2013). This paper seeks to re-evaluate the EAPS in light of this more general association 365

of melts with specific melting and mass transfer processes in well understood geodynamic settings. 366

The primary distinguishing feature between leucitites and lamproites is the presence of phlogopite mica in lamproites and its absence in 367

leucitites (Table 4; Bergman, 1987; Mitchell and Bergman, 1991; Mitchell, 2020, 2021; Rock, 1991; Woolley et al., 1996). While the presence 368

of other minerals such as leucite, olivine, and sanidine are shared between both rock types, the diversity and modal abundance of other 369

mineral species occurring in lamproites is in itself characteristic (Table 4). The EAPS exhibits a similar diversity of minerals present in 370

the rock to the range of minerals expected in lamproites, as well as poikolitic and phenocrystic phlogopite mica which are also expected in 371

lamproites and not in leucitites (Figures 2a, b, and d–e; Tables 1 and 4). There are two major barriers to the entire EAPS being reclassified 372

as lamproites. Firstly, as stated clearly in Woolley et al. (1996) several minerals preclude a rock from being included in the lamproite 373

group. Specific feldspars (Na-rich alkali feldspar; plagioclase), foids (nepheline; kalsilite; sodalite; nosean; hauyne), and garnets (melanite; 374

schorlomite; kimzsyite) as well as melilite and monticellite, should not occur as primary phases in lamproites but may occur in leucitites 375

(Mitchell, 2020; Woolley et al., 1996). Nepheline occurs in both the samples reported on here and those of previous studies (see petrography 376

results section; Figures 2c and e; Birch, 1976, 1978; Cundari, 1973). Nepheline is problematic being both silica saturated and sodic, however, 377

this issue can be addressed in two ways. Lamproites are known to be highly heteromorphic, which in itself suggests that as the magma cools 378

and crystallises it should be possible in rare cases, and the last stages of crystallisation, for nepheline to form. In the EAPS, nepheline appears 379

rarely in only five of the 48 samples presented here. The second, and most important, consideration needed for the samples presented here 380

is that nepheline is not primary to the mineralogy. It forms only in veins or melt pools interpreted to be last stages of crystallisation, and 381

in melt veins directly in contact with xenoliths or other mantle cargo suggesting it is a reaction product; therefore not primary to the bulk 382

magma. The second barrier, are the outcrops including and south from Griffith, i.e. from 34°S and southward (Figure 1d). These outcrops 383

have all undergone some degree of alteration. In these samples analcime is more common than leucite and only olivine cores are preserved, 384

with the remainder of the olivine having partially or fully transformed to iddingsite (Figures 2e). This includes the outcrop at Pine Lodge, in 385

which no leucite is preserved (Figures 1b, e, and 2e; previously known as Cosgrove, for which the hotspot track is named). The observation 386

of pseudoleucite or analcime should be treated with caution especially given the work of Prelević et al. (2004) who undertook analyses on 387

a similar set of rocks to those analysed in this paper. Their work showed that transformation of leucite to analcime in a natural geological 388

setting leads to falsification of K2O/Na2O and enrichment in some LILE and HFSE’s during the transformation (e.g. Cs, Th, U), while also 389

exhibiting depletion in others (e.g. K and Rb) (Prelević et al., 2004). 390

On a geochemical basis the EAPS rocks meet most of the discriminators to be lamproites as described by several studies (Table 4; 391

Bergman, 1987; Foley et al., 1987; Prelević et al., 2008b; Woolley et al., 1996). The whole rock geochemistry (Figures 3–6) displays significant 392

overlap with other lamproites globally (Figures 3a, c, 4b, c, e, f, 5a, d,e, and 6). Unlike other lamproites in Figure 6, there are no whole–rock 393

end-member compositions in the EAPS in that our samples occasionally overlap the groups defined by Foley et al. (1987), although it should 394
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be stated that potassic magmas more likely span a continuum of melts rather than true ’end-members’. An example of this are samples 395

1402 (Wallaroy Hill), 1703 (Flagstaff Hill), and 0901a from the Byrock outcrop (Figure 1b–d) that are less lamproitic (i.e. variable MgO <9 396

wt% or >15 wt%; Mg# <65; or SiO2 >46) compared to the other sub–samples from these outcrops despite being petrographically similar 397

(Figures 3–6, and 9). This can be explained by the tendency for these samples to include significant olivine cargo, assumed to be xenocrystic, 398

or by inclusion of altered xenoliths where olivine appears to have been replaced by near pure SiO2 (sample 17 only; potentially a result 399

of interaction with a low–T CO2–rich aqueous fluid (Austrheim et al., 2021)). Similar to the mineralogical criteria, the outcrops south of 400

34°S that include Griffith, Pine Lodge, and Violet Town (Figure 1) deviate significantly from the broader grouping in most major element 401

spaces (Figures 3–6). Most notably, the K contents of these samples (Figure 3b, c, and 5a) range from 1.18–1.41 wt% which is significantly 402

lower than almost all of the other samples presented here. These samples also exhibit K2O/Na2O <0.5 while containing Na2O of 2.54–3.95 403

wt% (Figure 3b and 5b), meaning they are not ultrapotassic. This is another hallmark of analcimitisation as described by Prelević et al. 404

(2004). Ngwenya and Tappe (2021) elegantly dealt with the problem of analcimitisation by back correcting the K2O and Na2O contents 405

of their rocks using concentration of these oxides in leucite and analcime. Using this methodology we can estimate the original character 406

of the rock using our observations with the previously reported mineral modes and chemistry (Birch, 1978; Cundari, 1973), which returns 407

K2O: 3.33–4.04; Na2O: 0.83–2.24; K2O/Na2O: 1.56–4.02. These recalculated values are heavily dependent on the accuracy of the modes and 408

mineral chemistry previously reported but remain a reasonable maximum estimate (Ngwenya and Tappe, 2021). Critically, even with the full 409

reconversion of analcime to leucite only Griffith and Pine Lodge would be considered ultrapotassic (K2O/Na2O: 3.21 and 4.02, respectively). 410

However, even after recalculation the samples from the southern most volcano at Violet Town remain distinct with significantly higher Na2O 411

(1.54–2.24), and thus lower K2O/Na2O (1.56–2.31). These calculations were carried out for information purposes only and are not a valid 412

counter argument for these samples to be included within the broader EAPS lamproite grouping. 413

Taken together, these characteristics show that the majority of the EAPS lavas are best characterised as lamproites both mineralogically 414

and geochemically (Tables 1–4; Figures 2–6). The whole–rock chemistry shows an overlap between the EAPS and both orogenic and anorogenic 415

lamproites, but there appears to be a stronger affinity towards the anorogenic grouping in the global lamproite dataset (Figures 3a, c, 4b, c, 416

e, f, 5a, d,e, and 6; Casalini et al., 2022; Sarkar et al., 2025). Globally, lamproites occur alongside a range of magmatic compositions within 417

the same broader field area (Mitchell, 2020), which means that the presence of analcime in the southern exposures should not impact viewing 418

the EAPS as a suite of mostly lamproites. Furthermore, given their high–K affinity, these rocks are particularly susceptible to weathering 419

and alteration by hydrous fluids (Gupta and Fyfe, 1975; Prelević et al., 2004; Roux and Hamilton, 1976). This does mean, however, that the 420

outcrops south of 34°S included in this study cannot be classified on a petrographic or primary geochemical basis. Chemically they exhibit 421

depletion in K and enrichment in Na (Figure 3b, c, and 5a, b), reflecting the analcimitisation of leucite. From the major elements, they 422

cannot be definitively reclassified as lamproitic magmas, although the more incompatible whole–rock trace elements from Eu–Lu give some 423

suggestion that they are chemically similar to the remainder of the EAPS (Figure 7). Previous Nd, Pb, and Sr isotopic work on the Pine 424

Lodge sample provides evidence that this outcrop is more chemically linked to the Victorian Newer Volcanic Province (NVP) basalts than 425

the lamproites, in agreement with previous petrological studies (Birch, 1978; Nelson et al., 1986). Our recommendation is that samples from 426

Griffith (1801), Pine Lodge (2001), and Shepparton (Violet Town Quarry; 2101 – 2102) should not be considered lamproites or leucitites and 427

that they should be treated with caution as they no longer possess the magmatic composition at the time of eruption. This is particularly 428

relevant for Pine Lodge that sits between the EAPS and the NVP in chemical and petrological space. However, further work that includes 429

modern isotopic analyses is needed to understand the genesis of the southern samples. 430

The holistic view of the EAPS data presented here reveals, based on trace element patterns and ratios, a clear demarcation between the 431

northernmost outcrops at Byrock and El Capitan, and the fields further south at Tullibigeal, Lake Cargelligo, and Begargo Hill (Figures 432
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1b–d, 7a, 12a–d, and 13a, b, and d). The separation between the trace element ratios of these samples (Figures 7a, 12b, d, and 13a, b,433

and d) suggests that a more extreme enrichment process was at play beneath the northernmost volcanoes. Furthermore, the northernmost434

samples consistently overlap with anorogenic lamproites more frequently than any other group of lavas (Figure 12a, b and 13a, b, and d).435

Therefore, we suggest that Byrock and El Capitan be considered as a separate volcanic field to the remainder of the EAPS. In the grouping436

proposed here, we term the northern outcrops the Tindarey lamproites, the central outcrops the Tullibigeal lamproites, both after the local437

geographic centre of the fields, while the southern outcrops of Griffith, Pine Lodge, and Violet Town remain unchanged.438

Magma Sources and Geodynamic Environments of Eastern Australia439

The generally accepted model for the formation, stabilisation and growth of the Australian continent begins with the formation of three440

Precambrian cratonic blocks in the Archean and Proterozoic, the West Australian Craton, South Australian Craton, and North Australian441

Craton (Fergusson and Henderson, 2015). Progressive accretion of orogenic belts then followed to form part of the Gondwana supercontinent442

through the Phanerozoic, which extended the continent eastward beginning with the accretion of the Delamarian and Thomson orogens in443

the Middle Cambrian to Ordovician (Figure 1a and b; Fergusson and Henderson, 2015; Glen, 2005). The accretion of the Delamarian and444

Thomson orogens overlaps with the formation of Lachlan orogen in the southeast which began in the Cambrian before accretion in the Middle445

Ordovician. The final stages of orogeny resulted in the accretion of the Mossman orogen on the northeast tip of Australia, on to modern446

day cratonic Australia (Figure 1a) during the Silurian and Devonian which occurred roughly syngenetically with the collision of the New447

England orogen in the Late Devonian to Early Carboniferous with the Thomson and Lachlan orogens in the central to southeast (Fergusson448

and Henderson, 2015; Glen, 2005). These five orogenic blocks are referred to collectively as the Tasmanides and make up modern–day eastern449

Australia (Figure 1a and b). They are all characterised by large-scale deformation and plutonic intrusion events as well as arc volcanism,450

which is best characterised by the heavily mineralised Macquarie Arc within the Lachlan Orogen (Fergusson and Henderson, 2015; Glen,451

2005). Parts of the Tasmanides are also known to have undergone various rifting events most notably during the Cambrian (back–arc rifting)452

and then through the Mesozoic including the Permian and Triassic Sydney–Gunnedah–Bowen Basin system (Glen, 2005).453

Once the consolidation of orogenic eastern Australia was complete intraplate volcanism became widespread, especially during the Cenozoic454

with some Oligocene but more commonly Neogene volcanism continuing into the Holocene making up the EAVP and the EAPS (Figure 1a–e;455

Blackburn et al., 1982; Cohen et al., 2008, 2013, 2017; Smith and Prescott, 1987; Wellman and McDougall, 1974). The source and mechanism456

that induced melting to generate these intraplate volcanics have been linked to several processes including mantle plumes (Cohen et al., 2008;457

Cundari et al., 1978; Davies et al., 2015; Johnson, 1989; McDougall and Wellman, 1976; Sutherland, 1983; Wellman and McDougall, 1974),458

edge–drive convection (EDC; Davies et al., 2015; Rawlinson et al., 2016, 2017), and more recently shear–driven upwelling (SDU; Duvernay459

et al., 2022; Manassero et al., 2024). The major difference between these processes is that for both EDC and SDU the primary control on460

melting and subsequent magmatism is the changing architecture of the lithospheric base where stress is focused (King and Anderson, 1995,461

1998; O’Neill et al., 2005). In contrast, for a hypothesis invoking plumes melting and magmatism are assumed to be controlled by a large462

temperature difference between the plume and surrounding mantle, with the plume producing large volumes of melt below the LAB. Plate463

motion plays a significant role in all scenarios but the contribution to melt generation is inversely proportional. In the case of SDU and EDC,464

faster plate motions would result in greater volumes of mantle material being moved to higher levels and therefore induces larger degrees of465

melting. On the other hand, faster plate movement would reduce the time during which the plume head is in contact with the base of the466

lithosphere, making it more likely that melt production will be lower in any one place, hindering melt extraction.467
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Temperatures Under Eastern Australia 468

Some of the primary lines of evidence for plume–derived origins of age–progressive volcanism in Eastern Australia include elevated 469

temperatures calculated by various methods. Most recently, Ball et al. (2021) used REE inverse modelling techniques to calculate temperatures 470

of 1350 °C and melting depths of 50 km, or about 1.5 GPa, for the more abundant basalts of the EAVP. This model, however, explicitly 471

excluded the EAPS lavas due to their enriched potassic composition. The temperatures modelled are elevated compared to the ambient mantle 472

(∼1250 °C) and cannot be explained by normal adiabatic melting from the South Eastern Australian Geotherm (SEAG) as defined from 473

xenoliths by O’Reilly and Griffin (1985) and reproduced by Griffin et al. (1987)(Figure 11b). All currently available whole–rock thermometers 474

and barometers, regardless of the calculation method, are based on experiments on four–phase peridotites, or on basaltic glasses such as 475

those erupted from shield volcanoes like Mauna Loa and Mauna Kea (Putirka, 2008). These compositions represent the bulk composition 476

of the modern day mantle and include variations of four–phase peridotite to encompass compositions ranging from enriched to heavily 477

depleted. Hydrous and non-peridotitic sources, as well as primitive heterogeneous mantle sources, present a significant challenge for these 478

approaches in calculating an accurate melting temperature and depth. Anhydrous peridotites, for example, underpin the assumptions and 479

model calibration used for thermometry by inverse REE modelling (Ball et al., 2021). In contrast to hydrous or metasomatised sources, 480

anhydrous peridotites have significantly higher solidi (Figure 11b; Green, 2015) meaning the comparatively lower solidus of hydrous sources 481

may result in overestimates of melting temperatures (e.g. Katz et al., 2003). 482

This is significant given that all of the samples in this study, despite having compositions within the calibrated chemical ranges for 483

many thermometers and barometers, are most likely derived from heavily metasomatised and heterogeneous mantle sources known to persist 484

beneath much of Eastern Australia (Frey and Green, 1974; Frey et al., 1978; Shea and Foley, 2019; Shea et al., 2022), making it difficult to 485

determine the precise temperatures and pressure for the EAPS lavas. 486

Fig. 9. FeOT /MnO vs. MgO source component discrimination diagram with grey box showing the range of values for partial melts from an anhydrous
peridotite source defined by Herzberg (2011). Melts outside this range are inferred to be generated by pyroxenite partial melts. EAVP prim point density
polygon covers > 80% of all analyses. Data sources for published literature as in Figure 3; full references in the Supplement.

While many geothermobarometers exist, the most applicable of the available whole–rock thermometers and barometers for the EAPS 487

are those calibrated on natural basaltic glass compositions or peridotite compositions from high–pressure and temperature experiments (Lee 488

et al., 2009; Putirka, 2008). Putirka (2008) used Hawaiian basaltic glasses to derive both pressure–independent and pressure–dependent (Eq. 489

14 and 15 in Putirka (2008), respectively) thermometers. In contrast, Lee et al. (2009) used an approach including hydrous and anhydrous 490

experimentally determined basaltic compositions, from mostly peridotite-like starting assemblages, to calibrate a combined thermometer and 491
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barometer for volcanic compositions. Of these two options, the experimentally calibrated thermometer is believed to be the most robust,492

however use on metasomatised sources like those expected for alkali-rich melts is explicitly discouraged by the authors (Lee et al., 2009).493

In light of this, we apply the equations of Putirka (2008) to our samples, as it has the broadest compositional range of the available494

options. However, we first tested equations 14 and 15 by comparing calculated to experimental temperatures using the experimental melt495

compositions collated in Figure 10. Using both the pressure–independent and pressure–dependent thermometers there is good correlation496

between the calculated and experimental temperatures for melts derived from anhydrous peridotite, anhydrous pyroxenite, as well as497

carbonated peridotites, and mixed peridotite and pyroxenite sources which fall within the margin of error of the thermometer. However, for498

hydrous pyroxenite, anhydrous eclogites, and MARID sources the thermometer either over- or underestimates the calculated temperatures499

compared to the experimental temperatures. In the case of melts from experiments on anhydrous eclogite assemblages temperature estimates500

are lower by 200 °C due to low–MgO contents and low–Mg#, while for hydrous pyroxenites the range of calculated temperatures is larger and501

usually results in an overestimation of around +120 °C compared to the experimental temperature. Based on the closeness of our samples502

to hydrous pyroxenites (Figure 10), and the poor likelihood of volatile rich rocks being formed from the melting of an anhydrous eclogite503

with low–Mg#, we apply the predicted temperature offset for hydrous pyroxenites to the pressure–independent glass thermometer (Eq. 14;504

Putirka, 2008).505

Fig. 10. Mantle source lithologies in (log-scale) TiO2 versus total alkali (Na2O + K2O) from experimentally derived partial melt (inset legend);
compilation after Shea et al. (2022). EAPS and comparison datasets included for context. EAVP prim point density polygon covers > 80% of all
analyses. Data sources for published literature as in Figure 3; full references in the Supplement.

Applying this predicted temperature offset for hydrous pyroxenite melting to the EAPS samples the range of temperatures reduces from506

1217–1490 °C to 1097–1370 °C with an average of 1244 °C (all ±50 °C; Figure 11a), which is roughly equivalent to the ambient mantle value507

(Ball et al., 2021; O’Reilly and Griffin, 1985). This suggests that even a small thermal perturbation would be sufficient to initiate melting.508

The EAPS could have been generated by normal adiabatic melting of a metasomatised source and, as a consequence, the invocation of a509

plume or hotspot is not necessary.510
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Fig. 11. Calculated temperatures vs latitude south (a) and depth (b) for the EAPS Lavas (colour scale in (a); orange diamonds = Bokhara River
basanites). Dashed coloured lines in (a) show averages for north, central, and south EAPS; open black and grey circles represent age-progressive (plume
related) and non-age-progressive EAVP basalts, respectively (full references in the Supplement; Shea et al., 2022). Pressure in (b) was converted from
the LAB depths (Rawlinson et al., 2017) using a conversion factor of 32 km/GPa; a full description of conversion factor calculation can be found
in the Supplement. Grey fields in (b) are the LAB depths beneath eastern Australia, while coloured lines are experimentally determined solidi for
mantle assemblages compared with the SEAG (black solid and dashed line) and mantle adiabats (dotted lines below 3.5 GPa). Dark grey dot-dash line
intercepting 6 GPa = graphite (Gr) to diamond (Di) stability line (Day, 2012). Reduced peridotite solidus below 2 GPa and dry pyroxenite (MIX1G)
solidus roughly follow K01 and KD, respectively (Foley et al., 2009; Pintér et al., 2021; Kogiso et al., 2003). Dashed pressure error bar = EAPS, solid
= EAVP (Rawlinson et al., 2017). Data sources: F09 = Foley et al. (2009) oxidised peridotite; G14 = Green et al. (2014) pyrolite +0.4 wt% H2O; F22
= Foley et al. (2022) hydrous pyroxenite; S23 = Shu et al. (2024) phlogopite-websterite; CM = phlogopite lherzolite (Condamine and Médard, 2014;
Condamine et al., 2016); K01 and KD = 0.1 wt% H2O and dry lherzolite (Katz et al., 2003); TQ = Tinaquillo (depleted) lherzolite (Robinson et al.,
1998; Robinson and Wood, 1998); W98 = KR43004 fertile lherzolite (Walter, 1998).

Metasomatism and Magma Generation 511

Anhydrous peridotite that makes up the bulk of the Earth’s mantle cannot produce highly alkaline primary magmas (e.g Falloon and Green, 512

1988; Green, 2015; Hirose and Kushiro, 1993; Novella and Frost, 2014; Robinson et al., 1998; Robinson and Wood, 1998; Takahashi, 1986). 513

Fertile lherzolites produce basanitic melt compositions when melting occurs at high–pressure or low melt fractions, which, compared to the 514

overall EAPS, are still depleted (i.e. Falloon et al., 1997; Walter, 1998). Even when volatile components such as water and carbon, usually as 515

H2O and CO2, are added these mantle assemblages still cannot replicate the range of primary magmas with elevated alkali element contents 516

(Foley and Pintér, 2018; Green, 2015; Hirose, 1997; Novella and Frost, 2014; Pintér et al., 2021). Only melting of olivine–poor (or free) 517

mantle rocks, such as pyroxenites, generates partial melts that are within the major element range of alkaline magmas (Foley et al., 2025; 518

Hirschmann et al., 2003; Kogiso et al., 2003; Lambart et al., 2009, 2012, 2013; Pertermann and Hirschmann, 2003). The main challenges in 519

producing alkaline melts from peridotite sources centre around generating sufficiently high K2O, FeOT , TiO2, and Na2O. Alkali deficiencies 520

in experimental partial melts can only be addressed by increasing the alkali contents, usually K2O, of the starting mixtures to represent 521

metasomatised mantle assemblages that reflect natural xenoliths, sediment input, or be based on inferred compositions (Conceiçao and Green, 522

2004; Pintér et al., 2021, 2022; Wang and Foley, 2018). Subduction–related metasomes and fluids are the most common process investigated 523

in experimental studies as sediments are a suitable source of alkalis and volatiles (Chen et al., 2021, 2023; Förster et al., 2019, 2021; Wang 524
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et al., 2017, 2021, 2024). However, the source processes and exact type of metasomatic agents that can produce alkaline and potassic magmas525

in intraplate settings are not well constrained from experimental evidence.526

Mantle metasomatism was proposed based on the observation of clear replacement textures in lherzolite nodules entrained in lavas527

of the West Eifel and South West Uganda (Hough, 1972; Lloyd and Bailey, 1975). These textures showed the “dissolution” of olivine,528

orthopyroxene and clinopyroxene within a spinel lherzolite that were replaced by mica and clinopyroxene (Lloyd and Bailey, 1975). Modern529

mantle metasomatism (hereafter ‘metasomatism’) represents a continuum of processes from fluid-rock through partial melting and melt-solid530

reactions (i.e. Dawson, 1984; Harte, 1983; O’Reilly and Griffin, 2013). Applying this to the EAPS lamproites it is, therefore, completely531

likely that the mantle beneath the EAPS has undergone several styles and generations of metasomatism to create a distinct mantle domain532

(metasome) that can produce such alkali enriched melts. This notion is supported by multiple xenolith and xenocryst studies from across the533

EAVP that have observed evidence of metasomatism across major, minor and trace element, and multiple radiogenic isotope systems (Alard534

et al., 2000, 2002; Andersen et al., 1984; Barron et al., 1996; Berkesi et al., 2019; Gaul et al., 2000, 2003; Griffin et al., 1984; Irving, 1974;535

Irving and Frey, 1984; Menzies and Wass, 1983; O’Reilly and Griffin, 1984; O’Reilly, 1987; O’Reilly and Griffin, 2000; O’Reilly et al., 2008;536

Pearson et al., 2006; Powell et al., 2004; Powell and O’Reilly, 2007; Robertson et al., 1985; Wass, 1979b,a; Wass and Rogers, 1980; Wass537

et al., 1980; Wilkinson, 1975; Wilkinson and Hensel, 1991; Yaxley et al., 1991, 1997; Zhang and O’Reilly, 1997; Zhang et al., 1999, 2001).538

It has been argued that alkaline melts could be products of either magmatic fractionation or that their composition has been altered due539

to crustal assimilation. This implies that while these melts can be primary relative to their source, they would not be considered as parental540

or primitive (Foley and Pintér, 2018). We outline below that the EAPS melts are primitive in nature, match mantle values across many541

element systems, and thus are primary mantle melts (Figure 12a, b, d, and 13c). On a whole rock major element basis our samples pass the542

filters we applied to all published data used for comparison which we defined from previous studies that calibrated them on experimental543

melt compositions covering assemblages including anhydrous, hydrous, carbonated and mixed volatile sources as well as peridotite and fertile544

metasomatised mineralogies (primary melt filter used: Mg number ≥ 55, FeOT ≥ 6 wt%, MgO ≥ 4 wt%, and SiO2 <60 wt%; Prelević545

et al., 2008b; Shea et al., 2022). The Mg# of our samples, in particular, sits well above the ”primitive basalts” of the EAVP defined by a546

recent large statistical analysis of East Australian volcanism (Figure 6c and 8c; Shea et al., 2022). Nb/U shows clearly that the EAPS plots547

completely within the mantle array and as Nb/U is especially sensitive to crustal inputs compared to other systems like Ce/Pb (EAPS =548

17–35 ≈ mantle array; Hofmann et al., 1986), arguing strongly against the presence of any crustal component in the EAPS melts. Coupled549

P2O5/TiO2 values ranging from 0.12–0.45, and Ti/Eu of roughly 4000–6500 (Figure 13a) trending toward primitive mantle values of 0.19 and550

7600 respectively, also support a mantle origin. Furthermore, subduction-related processes such as arc-type melting, including contribution551

to the melt by slab–derived fluids, the melting of pelagic sediments, and fractionation can be ruled out using Th/Yb, La/Nb, Ba/La, Ba/Nb,552

and La concentrations (Figures 12b and 13b–d). This contrasts with some other lamproites globally; especially the orogenic lamproites that553

are the most likely to have elements added by interaction with slab fluids or melting of pelagic sediments (Figures 12b, 13b and c). Among554

the published data included for comparison, arc style melting is observed almost exclusively in the Sierra Nevada alkaline rocks and the555

Roman Province (Figures 12b, d and 13c). However, as observed from La–enrichment and Th/Yb against Nb/Yb, fractionation via fractional556

crystallisation is very important in the Roman Province (Figures 12b and 13d). While orogenic lamproites and the Sierra Nevada alkaline557

rocks also display enrichments in Th/Yb and Nb/Yb as well as La, the La contents show a less dramatic enrichment and are thus less558

conclusively impacted by fractional crystallisation (Figures 12b and 13d).559

Another objective is to isolate the style and type of metasomatism that could create the EAPS melts. While the EAPS rocks exhibit560

primitive signatures and are mantle–derived they also exhibit a significant degree of enrichment characteristic for intraplate settings (Figure561

12b). This enrichment is assumed to reflect the mantle assemblage from which these rocks melted (Figure 13b and d), and has been562
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Fig. 12. Dominant mantle source trace element ratio discrimination plots of the EAPS showing (a) Nb vs. Nb/U indicating primitive-mantle derived
magmas; Nb/U is sensitive to crustal contamination; mantle array from Hofmann et al. (1986). (b) Nb/Yb vs. Th/Yb showing mantle array and arrows
illustrating subduction enrichment, assimilation and fractional crystallisation (FC, AFC), and intraplate enrichment after Ersoy et al. (2014) and Pearce
(1983). (c) Sr/Rb vs. Ba/Rb with phlogopite- and amphibole-bearing source compositional vectors (arrows) after Furman and Graham (1999). (d)
La/Nb vs. Tb/Yb with garnet and inferred source melt depth arrows, after Wang et al. (2002). Reference values: PM (Palme and O’Neill, 2013); MORBs
(Gale et al., 2013); SCLM (McDonough, 1990); UCC (Rudnick and Gao, 2013); Arcs (Plank, 2005); OIBs (Willbold and Stracke, 2006); and GLOSS
(Plank and Langmuir, 1998). EAVP prim point density polygon covers > 80% of all analyses. Data sources for published literature as in Figure 3; full
references in the Supplement.

both conceptually and numerically modelled in early works on the EAVP (Frey and Green, 1974; Frey et al., 1978). In opposition to this, 563

however, are the xenoliths sampled within Eastern Australia, including in rocks of the EAPS, that are relatively depleted assemblages such as 564

lherzolites, harzburgites, and dunites. This stark contrast between the melts and xenoliths being erupted indicates that metasomatism, either 565

via fluids or melt, must be widespread with a subset of these xenoliths providing clues to determine mechanisms of enrichment. Hydrous 566

silicate minerals, as well as apatite and occasional sulfide minerals, are uncommon in the xenoliths of the EAVP; carbonates are never 567

directly observed except as inclusions, although geochemical evidence of their presence in the mantle beneath eastern Australia has been 568

extensively studied (Alard et al., 2000, 2002; Andersen et al., 1984; Barron et al., 1996; Berkesi et al., 2019; Irving, 1974; Irving and Frey, 569

1984; Menzies and Wass, 1983; O’Reilly and Griffin, 1984, 2000; Powell et al., 2004; Powell and O’Reilly, 2007; Robertson et al., 1985; Wass, 570

1979b,a; Wass and Rogers, 1980; Wass et al., 1980; Wilkinson, 1975; Wilkinson and Hensel, 1991; Yaxley et al., 1991, 1997). Carbonated 571

peridotites have been shown experimentally to melt at lower temperatures than anhydrous peridotites (Figure 11b). At pressures equivalent 572
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Fig. 13. Trace element ratio demarcation plots of the EAPS showing (a) Primitive mantle-normalised La/Yb vs. Ti/Eu displaying carbonatite and
silicate metasomatism end-members compared to carbonatite metasomatised xenoliths (shaded green rectangle) from Yaxley et al. (1991); after Coltorti
et al. (1999); Klemme et al. (1995); Rudnick et al. (1993). (b) Primitive mantle-normalised La/Sm, as an indicator of mantle source enrichment, versus
Ba/La for identifying melts associated with subduction related slab fluids, after Aldanmaz et al. (2000) and Elliott et al. (1997). (c) La/Nb vs. Ba/Nb
plotted with arrows showing general trends expected for melting with pelagic sediments, melts derived from mixed source, and arc-style melting. (d) La
vs. La/Yb showing source enrichment, partial melt/ melt degree, and fractionation trends. Reference values: PM (Palme and O’Neill, 2013); MORBs
(Gale et al., 2013); SCLM (McDonough, 1990); UCC (Rudnick and Gao, 2013); Arcs (Plank, 2005); OIBs (Willbold and Stracke, 2006); and GLOSS
(Plank and Langmuir, 1998). EAVP prim point density polygon covers > 80% of all analyses. Data sources for published literature as in Figure 3; full
references in the Supplement.

to the LAB of the EAPS incipient melting in this system can begin at around 1270 °C and persist for over 300 °C before major melting573

occurs regardless of if the assemblage is enriched or not, especially if water is also present (Dasgupta et al., 2007; Pintér et al., 2021). This574

makes melts derived from carbonated peridotites viable and potentially potent metasomatic agents that could contribute to geochemical and575

mineralogical changes in the mantle source, especially with melting temperatures at roughly ambient mantle. However, these are unlikely to576

be responsible for the enrichment in K (Figure 10), and reaction experiments between lamproite melts and peridotites have demonstrated577

that the lamproitic character of the primary melt is quickly lost on contact with the peridotite (Foley and Pertermann, 2021).578

Similar to carbonates, hydrous phases such as phlogopite and amphibole can significantly reduce the solidus of peridotites even if the579

modal abundance of these phases is low. If amphibole is the dominant hydrous phase in the peridotite instead, melt compositions more580

closely resemble basanites and nephelinites (Condamine et al., 2022; Dasgupta et al., 2007; Dasgupta and Hirschmann, 2006; Green, 2015;581
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Pintér et al., 2021, 2022). Although the melting of peridotites enriched with either carbonates or hydrous silicate phases acting as a transient 582

silicate–metasomatic agent could impart an enriched signature on an otherwise depleted lithospheric mantle, they alone are not capable of 583

producing lamproitic melts like the EAPS (Figure 10). Instead the melts from this type of peridotite show a spectrum of compositions that 584

range from highly silica undersaturated to more silicic melts and illustrate the enrichment of SiO2 from carbonatite to basaltic magmatism 585

(Condamine et al., 2022; Dasgupta and Hirschmann, 2006; Dasgupta et al., 2007; Foley and Pintér, 2018; Green, 2015; Pintér et al., 2021, 586

2022). Recent work on the Roman province using olivine hosted melt inclusions suggests multi-stage melt metasomatism could be a viable 587

mechanism for K–enrichment in both leucitites and the less common orogenic lamproites of the province (Bracco Gartner et al., 2023, 2025). 588

In the models presented by those authors to generate leucititic magmas the metasome, which is an olivine–free mica pyroxenite and not a 589

peridotite, is first created by slab–derived fluids before being emplaced in veins within the crust and then remelted to generate the final heavily 590

metasomatised magma (Bracco Gartner et al., 2023). The other study from these authors focuses on the generation of orogenic lamproites 591

via melt–mixing of two magmas, both from likely melt metasomatised sources (Bracco Gartner et al., 2025). The first being a shoshonitic 592

magma, proposed to be generated from the melting on a phlogopite–lherzolite, with an exceptionally enriched potassic magma (14 wt% 593

K2O) generated by the melting of an olivine–free mica pyroxenite (Phl40K–Rct25Cpx35 ± Ap ±Ti-oxide), potentially created by melange 594

melting, in an approximate 80:20 split (Bracco Gartner et al., 2025). As illustrated by these elegant yet complex models, single step melt 595

metasomatism of peridotite fails to produce sufficient potassic sources and require additional ingredients usually from subduction processes. In 596

contrast to melt metasomatism, fluid metasomatism is another possibility. This is likely to result in a highly transient geochemical signature 597

due to the extremely reactive nature of immiscible fluids where only minor, if any, precipitates may remain as witness to any solid–liquid 598

interaction (O’Reilly, 1987; O’Reilly and Griffin, 2013). Evidence for both fluid and melt–derived metasomatism has been reported in Eastern 599

Australia (Andersen et al., 1984; Berkesi et al., 2019; Frey and Green, 1974; Frey et al., 1978; O’Reilly and Griffin, 1984; O’Reilly, 1987; 600

O’Reilly and Griffin, 2000; Shea et al., 2022), as has carbonatite metasomatism (Frey and Green, 1974; Liu et al., 2021; Shea and Foley, 601

2019; Shea et al., 2022; Yaxley et al., 1997, 1998). Various geochemical indicators may be applied on the whole–rock basis to interrogate 602

this including high Zr/Hf, where only carbonatites were shown to be able to elevate the ratio in basalts substantially above primitive mantle 603

(EAPS = 37.64 – 52.87, Av. = 47.46; PM = 34.2; Dupuy et al., 1992; Furman and Graham, 1999; Palme and O’Neill, 2013; Rudnick 604

et al., 1993). Primitive mantle normalised La/Yb coupled with Ti/Eu is used as a discriminator of silicate versus carbonatite metasomatism 605

(Figure 13a), the EAPS and in particular the northern Tindarey lamproites plot above the broader EAVP including the fields shown to have 606

carbonatite signatures (Coltorti et al., 1999; Klemme et al., 1995; Liu et al., 2021; Rudnick et al., 1993; Shea and Foley, 2019; Shea et al., 607

2022; Zinngrebe and Foley, 1995). They show similar enrichment in (La/Yb)N to other highly alkaline rocks like some anorogenic lamproites, 608

including the West Kimberley lamproites, and aillikites (ultramafic lamprophyres) with silica contents 28–33 wt% (Sudholz et al., 2023). 609

Compared to carbonated xenoliths from the southern portion of the EAVP, the EAPS lamproites span a similarly wide range of values but 610

are more enriched in (La/Yb)N (Figure 13a). The Ti/Eu for the EAPS is not as low as in the carbonated xenoliths, or lavas from the Roman 611

province, Sierra Nevada, and orogenic lamproites, which may be explained by the variability of Ti/Eu fractionation in carbonatites (Figure 612

13a; Foley et al., 2009). Low Ti/Eu has also been observed, coupled with high Ca/Sc, in eclogite xenoliths from the Kimberley region where 613

the metasomatic agent was determined to be an alkali–rich silicate melt (Jacob et al., 2009; Rehfeldt et al., 2008). Experimental work on 614

clinopyroxene partitioning between peridotite and carbonatite melt has shown that, assuming the residue of melting includes clinopyroxene, 615

a low Ti/Eu signature is a valid indicator for carbonatite metasomatism (Klemme et al., 1995). Importantly, in systems where clinopyroxene 616

is the dominant anhydrous phase, clinopyroxene both enters the melt and occurs in the residue (Edgar and Mitchell, 1997; Foley et al., 2022; 617

Foley and Ezad, 2024; Foley et al., 2025; Funk and Luth, 2013; Konzett, 1997; Konzett et al., 1997; Lloyd et al., 1985; Luth, 1997; Shu 618

et al., 2024, in revision; Sweeney et al., 1993). This would mean that when an assemblage with abundant clinopyroxene melts, and Ti is no 619
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longer held back, it would still initially enter the melt and result in higher Ti/Eu giving a signature similar to silicate metasomatism even if620

a carbonatite was involved in the melt reaction.621

The final open question to determine the source of the EAPS lamproites is, if not a four–phase peridotite then what could generate these622

melts and what components are needed? As stated above, olivine–poor assemblages have been shown to be capable of generating alkaline623

melts (Figure 9b). However many of these assemblages fail to impart sufficiently high K contents on the melt to explain lamproite genesis.624

The primary K–bearing minerals within the upper mantle are micas and amphiboles. Phlogopite and phengite micas will both persist at625

pressures up to ∼10 GPa, but more commonly 7–8 GPa (Domanik and Holloway, 2000; Foley, 1991; Harlow, 2003; Harlow and Davies,626

2004; Luth, 1997; Schmidt, 1996; Sudo and Tatsumi, 1990). Amphibole occurring at shallower depths is calcic amphibole, and peridotitic627

xenoliths contain only pargasite. Calcic amphiboles do not contain significant K (K2O/Na2O < 1) and are not stable above 2.5–4 GPa628

(Aoki and Shiba, 1973; Berkesi et al., 2019; Dawson and Smith, 1973; Ghent et al., 2019; Ishimaru and Arai, 2008; Ito, 1986; Winterburn629

et al., 1990). Deeper in the mantle, K–richterite is the primary amphibole and its stability in the deep mantle has been recorded by xenolith630

occurrences in kimberlites and lamproites, and through experiments, which suggests K-richterite may be a viable source for some K-rich631

alkaline melts (Bergman, 1987; Erlank et al., 1987; Foley, 1991; Harlow and Davies, 2004; Konzett, 1997; Konzett et al., 1997; Konzett632

and Ulmer, 1999; Konzett and Fei, 2000; Mitchell, 1995; Mitchell and Bergman, 1991). Both K–richterite and phlogopite are stable on cold633

subduction geotherms, where K–richterite can outlast phlogopite well into the transition zone (up to 15 GPa) (Trønnes, 2002). Along warmer634

geotherms and at pressures greater than 6 GPa KK–richterite, the high–pressure variant of K–richterite with an M4 site containing K, Ca,635

or Na capable of hosting up to ∼12 wt% K2O in its structure and almost no Na2O, becomes stable and becomes more potassic as pressure636

increases (Harlow, 2003; Luth, 1997; Konzett and Fei, 2000; Konzett and Ulmer, 1999; Konzett et al., 1997; Konzett, 1997; Mandler and637

Grove, 2016). The enrichment of K2O in lamproites, however, can simply be achieved through the melting of phlogopite in the source that638

can also explain the high modal abundance of phlogopite in these rocks (Table 1; Figure 2; Condamine and Médard, 2014; Foley, 1989, 1992a,639

1993; Fritschle et al., 2013; Jaques et al., 1984; Mallik et al., 2015; Putirka et al., 2012; Wang et al., 2017).640

This is best illustrated in Figure 12c where Ba/Rb and Sr/Rb are sensitive to amphibole and phlogopite given that Ba will preferentially641

partition into phlogopite but is extremely incompatible in amphibole (Adam et al., 1993; Adam and Green, 2006; Ezad and Foley, 2022;642

Foley and Ezad, 2024; LaTourrette et al., 1995). The behaviour of Rb more or less matches that of Ba in both minerals, albeit being slightly643

less compatible in phlogopite and slightly more compatible in amphibole (Foley and Ezad, 2024; LaTourrette et al., 1995). Conversely Sr is644

incompatible in phlogopite and moderately compatible to compatible in amphibole, depending on the assemblage, with calcic amphiboles645

exhibiting highest Sr compatibility (Adam et al., 1993; Adam and Green, 2006; Cannaò et al., 2022; Foley and Ezad, 2024; LaTourrette et al.,646

1995; Tiepolo et al., 2007). In instances where phlogopite is in equilibrium with the melt, Ba will be held back in residual phlogopite creating647

low–Ba/Rb (i.e. < 20) melts, while partial melts in equilibrium with amphibole will exhibit higher Ba contents initially, and high–Sr/Rb648

(i.e. > 20) as melting progresses to higher fractions (Furman and Graham, 1999). In this sense amphibole–bearing sources should plot above649

phlogopite–bearing sources in both Ba/Rb and Sr/Rb space (Figure 12c). Additionally given the incompatibility of both K and Na in the650

main peridotite minerals, with K being the more incompatible, the K2O/Na2O of the melt must reflect the collective K2O/Na2O of the alkali651

minerals in the source. The only amphibole observed in the EAPS is K–richterite, which commonly has a K2O/Na2O ≈ 1, whereas the EAPS652

rocks range up to K2O/Na2O ≈ 8 (Table 1; Figures 2a, b, and 3b). Integrating the geochemical evidence with geophysical interpretations653

of the approximate LAB depth beneath the EAPS from seismic tomography, all of the EAPS samples reported were probably generated654

between 113–158 km, or roughly 3.5–4.9 GPa (depth to pressure conversion is provided in the supplement; Figure 11b; Rawlinson et al.,655

2017). Both K–richterite and phlogopite would be stable, meaning all potassium and almost all water would be held by these phases but656

only melting of phlogopite could produce the K2O/Na2O observed in the EAPS.657
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Given the LAB depth beneath the EAPS it is almost certain that garnet, which becomes stable at pressures roughly above 2 GPa if 658

sufficient Al2O3 is present, must have a place in the mantle source assemblage for the EAPS. Geochemical indicators for garnet mostly utilise 659

the heavy rare earth elements (HREEs) like Yb, Tb, and Dy that range, in order, from strongly to marginally compatible. This behaviour, 660

makes high (La/Yb)N , Dy/Yb and Tb/Yb effective indicators of a garnet–bearing source, producing a steeply sloping trace element pattern 661

towards the HREEs (Figure 7a), that when combined indicate the relative proportion of garnet (Figures 12d, 13a and d). Low Dy/Yb (i.e. 662

<2; EAPS = 3.47–4.66) indicates a spinel–bearing source (Yang et al., 2007). Tb/Yb, in particular, is sensitive to garnet–bearing source 663

assemblages because, unlike La/Yb that is influenced by degree of melting due to La incompatibility, both elements are compatible, allowing 664

Tb/Yb to be used for both the proportion of residual garnet in the source and melting depth (Stracke and Bourdon, 2009; Turner et al., 2003; 665

Wang et al., 2002). High Tb/Yb reflects melting at greater depths — a relationship we observe in the EAPS lavas with samples erupting 666

through the thickest lithosphere displaying the highest Tb/Yb (Figure 12d; Wang et al., 2002). 667

FeOT /MnO ratios show that the EAPS rocks have signatures consistent with a pyroxenite mantle source (Figure 9a). This is grounded 668

in the principle that Mn is held back in the source by garnet, regardless of whether a peridotite or pyroxenite is the dominant assemblage. 669

The lower solidus of a pyroxenite–dominated source compared to a similarly anhydrous peridotite requires significantly high melt fractions 670

in order for garnet to actively melt (Herzberg, 2011). Iron will be readily liberated from the melting of clinopyroxene in this assemblage 671

resulting in high FeOT /MnO ratios (Herzberg, 2011). High CaO is a common feature of peridotite–derived melts due to the high solidus 672

temperatures that result in clinopyroxene being the least stable phase in the assemblage (Herzberg and Asimow, 2008; Herzberg, 2011). 673

Pyroxenite assemblages on the other hand are more likely to include clinopyroxene in the residue, leading to lower overall Ca contents in 674

low-degree melts (Herzberg and Asimow, 2008; Herzberg, 2011). The discrimination line in CaO versus MgO space is shown in Figure 6b 675

along with the EAPS samples, of which all but one sit within the pyroxenite–derived melts field. It should be noted there are a number of 676

high-Ca pyroxenites that would plot above this line as detailed by Herzberg (2011), but in their system none of the peridotite partial melts 677

will cross into the pyroxenite field, thereby making this a good discriminant for pyroxenite melting. Orthopyroxene is also likely to play a 678

role in the source for the EAPS and is a good candidate to aid the high-MgO affinity within the suite while buffering the SiO2 contents (Lee 679

et al., 2009; Mallik et al., 2016). In order to generate the range of melt chemistry exhibited by the EAPS the source would need to have little 680

or no olivine, significant pyroxene, and some garnet (Figures 6b, 9 and 10). Additionally, the high-Ti and potassic character of these melts 681

necessitates the inclusion of phlogopite and a titanium–rich phase like rutile or ilmenite (Figure 10). As noted in Figure 4e the phosphorus 682

content in the EAPS is elevated compared to the majority of the leucitites and EAVP basalts, which appears to be a feature of lamproites 683

globally. Experiments on the melting of olivine–free hydrous pyroxenites with apatite support elevated P2O5 while further suggesting that 684

where olivine is not formed incongruently apatite can contribute to the melt and still remain residual (Foley et al., 2022; Foley and Ezad, 685

2024). Applying this to our samples, the negative P anomaly in Figure 7a supports apatite playing a role in both the melting of the EAPS 686

and being a remanent in the source. The presence of carbonate inclusions and carbonated glasses in the samples (Figure 2c and e; Lanati 687

et al., in prep.) illustrates that the source is also carbonated, although whether this carbonation is a remnant of the metasomatic agent, 688

inherent in the source, or acquired during ascent cannot be determined. Therefore the most likely source for the EAPS based on the chemistry 689

presented here is a phlogopite–garnet–websterite with apatite ± Ti–oxides. While this specific lithology has not been directly sampled in 690

the xenoliths of Eastern Australia, pyroxenites are not rare among the mantle cargo present in the alkali basalts of the EAVP and the NVP 691

with many hosting some phlogopite, apatite, sulfides, or Ti–oxides (Andersen et al., 1984; Barron et al., 1996; Griffin et al., 1988; Irving, 692

1974; Irving and Frey, 1984; Menzies and Wass, 1983; O’Reilly and Griffin, 1984, 2000; Powell et al., 2004; Robertson et al., 1985; Wass, 693

1979b,a; Wass and Rogers, 1980; Wass et al., 1980; Wilkinson, 1975; Wilkinson and Hensel, 1991). Recent experiments by Shu et al. (2024, in 694

revision) support our preferred source and align with the evidence from major and trace element indicators used in this study. In their work 695
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Shu et al. (2024, in revision) show that the melting of an olivine–free phlogopite–garnet–websterite assemblage similar to the one we propose696

here results in a melt with increased MgO and SiO2. However before orthopyroxene contributes to the melt both MgO and SiO2 contents697

remain buffered in a range similar to the EAPS analyses, showing good agreement in the lamproite discrimination diagrams (Figure 6; Shu698

et al., 2024, in revision). Importantly, the experimental melts most applicable to the EAPS lavas occur at pressures of 3 and 4.5 GPa, and in699

the range of 1200–1300 °C for most major elements, except TiO2 which mimics the EAPS from temperatures of 1350 °C (Shu et al., 2024, in700

revision). These conditions match the estimates of LAB depth as extracted from seismic tomography of roughly 3.5–4.9 GPa (113–158 km),701

as well as the temperature calculated here of 1244 °C (av; 1097–1370 °C) and ambient mantle beneath Eastern Australia (Figure 11).702

Geodynamic Environment of Eastern Australia through time703

Geochemistry and petrology alone cannot resolve the difference between hotspot volcanism and other geodynamic processes; however, they can704

elucidate processes of mantle source generation and magma production to reinforce arguments for a set of prevailing geodynamic conditions.705

Chemical and petrological discriminators can discern between processes such as various forms of partial melting, fractional crystallisation, or706

metasomatic processes such as fluid or melt infiltration. These processes are predominantly controlled by temperature and source composition,707

but may allow inferences to be drawn about the geodynamic environment.708

Plume origin: The EAPS is commonly associated with the inferred Cosgrove hotspot track due to radiometric age progression data709

consistent with plate motion (Cohen et al., 2008, 2013; Davies et al., 2015; Sutherland, 1983; Wellman and McDougall, 1974). This association710

is not without controversy as the initial interpretations of age–progressive volcanism in the EAVP assigned different volcanic expressions to711

the plume track, creating a degree of inconsistency. The EAPS were among the fields variably included or excluded by studies tracking the712

motion of the Australian plate, with the evolving understanding of the Eastern Australian hotspot changing rapidly based on the authors’713

interpretation of age and spreading–rate vector projections (Sutherland, 1983). Further, no associated modern plume, in the form of a714

definitively recognisable thermal anomaly extending deeper than 110 km depth, has been observed in regional or global seismic tomographic715

models (Davies et al., 2015; Rawlinson et al., 2016, 2017). The Cosgrove plume head is currently believed to be situated beneath the Bass716

Strait between mainland Australia and Tasmania (Figure 1a and b), as determined by the projection of plate motion since the last related717

eruption (de Laat et al., 2023). Yet, only a small low–velocity zone beneath the Bass Strait off the south coast of Victoria is visible in global718

tomographic models between 80–110 km which has been suggested to be remnant melt from the now waned plume or a plume that has been719

captured by an existing edge-driven convection (EDC) cell (Figure 14a; Davies et al., 2015; de Laat et al., 2023; Rawlinson et al., 2016, 2017).720

This is consistent with petrological evidence from magmatic flux estimates that potentially indicate a waning plume (Tapu et al., 2023).721

An investigation of slab-plume interactions between Australia and New Zealand using whole-mantle seismic tomography reports a “subslab722

hot upwelling”, interpreted to be a connected whole mantle structure concentrating heat in the transition zone beneath the Bass Strait and723

the Newer Volcanic Province (Figure 1a and b; Toyokuni and Zhao, 2024). However, this upwelling deflects southward which is in contrast724

to the northward plate motion that would likely drag hot material to the north (Toyokuni and Zhao, 2024). The lack of a large-scale seismic725

anomaly consistent with plate motion, and therefore the inferred age-progressive volcanism, means that there is no consistent evidence for a726

singular deep mantle plume traversing to crustal levels and persisting today. Instead, seismic tomographic models are more consistent with727

smaller scale plume–like structures, or localised melts generated through another process like EDC or shear driven upwelling (SDU) which728

are primarily controlled by lithospheric architecture.729

Importantly, even smaller scale plume–like structures (i.e. plumelets) require non-adiabatic temperature profiles and still mandate that730

an elevated temperature, relative to ambient mantle of 1250–1315 °C must be recorded to some degree in the final melt (Ball et al., 2021;731

Griffin et al., 1987; O’Reilly and Griffin, 1985). However, the average best-estimate temperature of 1244 °C (1097–1370 ± 50 °C) we have732
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calculated above is consistent with ambient mantle temperatures, and the generation of these melts at these temperatures therefore does not 733

necessitate a plume or plumelet as a direct heat source. 734

Lateral mantle flow: An alternative geodynamic mechanism is melting induced by lateral flow of material from a plume that is offset 735

from the volcanism. For Eastern Australia, the most likely source would be the Tasmantid plume which has been imaged as a larger scale 736

seismic velocity anomaly in the Tasman Sea (south)east of the EAPS. However, several aspects make this scenario unlikely for melting in 737

Eastern Australia. Firstly, the Tasmantid plume is roughly 1000 km to the east of the volcanoes sampled here yet the inferred buoyancy flux 738

of the plume is too small to sustain lateral flow over these distances (Crossingham et al., 2017; Seton et al., 2019). Secondly, plate motion 739

for the Australian plate is generally northward, which would cause the plume head and any associated lateral mantle flow to be pushed 740

northward, leading to a decoupling of ages between the Tasmantid chain and the broader EAVP and EAPS, which is not the case (Cohen 741

et al., 2013; Crossingham et al., 2017; Mather et al., 2020; McDougall and Wellman, 1976; Seton et al., 2019; Wellman and McDougall, 1974). 742

Thirdly, the stepped nature of the east Australian LAB means that any lateral mantle flow would need to overcome a significant lithospheric 743

keel of >50–100 km to reach the melt source region of the EAPS (Figure 14a–d). Only if the material displaced by a plume were to move 744

significantly far enough westward and able to traverse either down and across the steps, or be caught in a channel within the lithosphere, then 745

there would be a viable case for channelised melt flow style dynamics from the Tasmantid plume. A small remaining thermal anomaly would 746

then be sufficient to trigger adiabatic or reactive melting of a previously metasomatised lithospheric mantle source of the EAPS, similar to 747

EDC or SDU. 748

The primary lithosphere-asthenosphere boundary architecture in Eastern Australia not only steps progressively deeper east to west, but 749

also steps progressively shallower north to south from roughly beneath the Byrock outrop of the Tindarey lamproites to the Newer Volcanic 750

province (Figures 1 and 14). In addition, seismic tomography reveals a N–S trending lithospheric ridge coinciding with the locations of the 751

EAPS (grey stars, Figure 14b–d). This creates a unique mantle channel of relatively shallow LAB depths bounded by the thicker lithosphere 752

of cratonic Australia to the west and this ridge to the east. Coupled with plate motion, this LAB morphology would force the upward 753

movement of mantle material; promoting decompression melting directly below the EAPS (Duvernay et al., 2021, 2022). The mechanisms 754

dominating this style of channelised melt flow have been the focus of several recent geodynamic studies (Davies et al., 2015; Duvernay et al., 755

2021, 2022; Rawlinson et al., 2016, 2017). Through these processes the turbidity created by the deepest portions of the lithosphere passing 756

over the underlying mantle sucks mantle material upward to fill the depressions behind these steps through shear driven upwelling (Figure 757

14i–ii). This then induces convecting cells at the edge of the lithospheric steps that couple with the shearing force of the material moving 758

vertically to induce melting of the frozen metasomatised assemblages at the base of the lithosphere (Figure 14i-ii). Melts generated in this 759

way can then either erupt directly or form chemically insulated veins within the lithosphere that aid later melt transport (Foley, 1992b). 760

Another possibility is that these melts accumulate in pools that can fill the stepped depressions entirely or spill out and migrate further 761

southward through the lithospheric channel to shallower steps acting as secondary metasomatic agents (Figure 14b–d). Due to the minimal 762

temperature excess, melting would likely be most voluminous at the first establishment of this EDC-SDU system and cease in regions of 763

thick lithosphere once enriched/refertilised lithologies have been depleted, which could lead to an apparent age progression. In this scenario, 764

edge-driven convection and shear driven upwelling can explain both age-progressive and non-age progressive volcanism concurrently, while 765

promoting the generation of melts at lower temperatures. 766

Carbon-rich metasomatic source – Subducted or Stored? It has been suggested that some of the melts within the EAVP have 767

isotopic signatures (i.e. 87Sr/86Sr, εNd, Pb) commonly associated with subduction related fluids and melts (Nelson et al., 1986; Nelson, 768

1992). The most recent subduction, during the accretion of the Macquarie Arc in the Lachlan fold belt, ceased ∼300 million years before 769

the eruption of the EAPS (Fergusson and Henderson, 2015; Glen, 2005). Melting of carbonates accumulated in the transition zone has also 770
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Fig. 14. (Caption next page.)
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Fig. 14. LAB depth and seismic tomography profiles (a) along the Cosgrove track, (b) Byrock latitude, (c) through Lake Cargelligo and Tullibigeal,
and (d) at Pine lodge with volcano locations projected on each transect. Transect location and direction are indicated in (e) along with the orogenic
boundaries, volcanic fields of the EAVP (Shea et al., 2022), and 180 km LAB depth contour that roughly indicates the edge of cratonic Australia
(Hoggard et al., 2020). Grey stars (b)–(e) show deepest LAB ridge position under each field noting the position relative to the volcano at the surface;
yellow star in (d) shows isolated LAB ridge creating a melt channel beneath Pine Lodge. Insets show a schematic representation of the petro-geodynamic
environment under Byrock (i), and Tullibigeal to Pine Lodge (ii). UML = ultra-mafic lamprophyre; PGW = phlogopite-garnet websterite; green gradient
above LAB represents degree of metasomatism with cross-cutting veins providing a conduit for melt extraction; black arrows show direction of mantle
flow relative to plate motion, and EDC cells. Plumbing systems (grey ellipses) beneath Bokhara River with xenoliths (i) and the Newer Volcanic Province
(ii). In (a)–(d) the warm colours represent slow regions while cool colours show fast regions. Tomography sections beneath the EAPS in (a)–(d) come
from high-resolution regional data by Rawlinson et al. (2017), while the section in (a) from -27° – -20° is lower resolution global data from de Laat et al.
(2023). Volcano colours follow colour scales on geochemical plots (Tindarey = purple; Tullibigeal = pink; Shepparton = yellow), with the exception of
Buckland (black) and the broader EAVP basalt (grey) volcanoes.

been suggested as a potential source of these signatures (Mather et al., 2020). As discussed above, our data suggests carbon is present in the 771

source of the EAPS but isolating where that carbon originates is more challenging. Although some experimental work on subducted igneous 772

crust has demonstrated that all carbon should be remobilised before reaching the transition zone (Thomson et al., 2016), this is an area of 773

contention given much of the research has been done on mineralogically simple systems that create simplified melting reactions and phase 774

stability fields. Drawing on the available experiments it is clear that this relationship will depend heavily on the assemblage and subduction 775

geotherm. For example, experiments on a mix of ‘dirty limestone’ (i.e. natural limestone mixed with silicate sediment) show that carbonates 776

infiltrated by chlorine-rich fluids can persist along colder geotherms and resist complete volatilisation (Chen et al., 2023). Even in the absence 777

of significant chlorine, ‘dirty limestone’ assemblages can withstand melting at upper mantle conditions and may persist as a viable carbon 778

reservoir in convergent margins (Chen et al., 2021). Similarly, higher pressure experiments indicate that the maximum upper stability limit 779

for magnesite, and carbonates more broadly, is probably the very top of the lower mantle but would survive to the deep upper mantle (Libon 780

et al., 2024; Thomson et al., 2014). Where hydrous-fluids are present several studies show the mobility of carbon increases, resulting in 781

recycling rates that return only roughly one-third of subducted carbon to the surface (dependant on H2O flux and depth; Farsang et al., 782

2021; Schmidt and Poli, 2003; Van Keken et al., 2011). However, as shown in Figures 12b, 13b, and c, none of the widely used whole–rock 783

geochemical trace element ratios utilising fluid mobile (i.e. Ba) or sediment sourced (i.e. Ba, Th) elements support a definitive subduction, 784

or subduction related aqueous fluid signature in the melts of the EAPS and EAVP. While a strong negative Pb anomaly often associated 785

with fluid loss during subduction-driven magmatism is present in the EAVP basalts (Figure 7c) (Shea et al., 2022; Zhang et al., 2001), this 786

is more or less absent from the EAPS lavas (Figure 7a). 787

Certainly the EAPS melts require carbon in the source as recorded in (La/Yb)N vs. Ti/Eu, high Zr/Hf ratios, and elevated CO2 contents 788

of the EAPS relative to other alkaline rocks (Figures 8d and 13a). A more likely source of carbon and subduction-like isotopic ratios than 789

melting originating in the mantle transition zone could come from orogenic accretionary lithologies within the lithosphere. In the absence 790

of a geologically contemporaneous carbon source, it becomes plausible that any carbon would have been introduced in metasomatic fluids 791

or melts, produced by the melting of accreted lithospheric packages, and preserved as frozen melts like lamprophyres. This could include 792

modified or partially devolatilised stored sediments locked in convergent margins, similar to those forming the Tasmanides, before being 793

remelted and reacting with a peridotite to create an ultramafic lamprophyre (Figures 1b, 14a, e, and ii; Chen et al., 2021; Foley et al., 794

2009; Pintér et al., 2021). Carbon can exist within the mantle for geologically significant periods of time, evident from calculations of carbon 795

recycling rates (e.g. Farsang et al., 2021), even under cratonic areas and contributes to a range of processes (Foley, 2008; Foley and Fischer, 796

2017; Foley et al., 2024; Wang et al., 2025). Geochemical evidence from mantle xenoliths and megacrysts reinforces the notion of significant 797

carbon storage in the eastern Australian lithospheric mantle, even in the absence of physical measurements of carbon (Menzies and Wass, 798

1983; O’Reilly and Griffin, 1988; Robertson et al., 1985; Sutherland, 1996; Yaxley et al., 1991; Wass, 1979b; Wass and Rogers, 1980; Wass 799

et al., 1980), including limited alluvial diamond occurrences of unknown origin (that mostly predate Cenozoic volcanism) (Barron et al., 2005; 800

Davies et al., 2002; Griffin et al., 1998; Sutherland, 2003). The relative abundance of volatile elements in the EAPS lavas limits the range 801
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of potential sources that could be mobilised to contribute to metasomatic change, and eventual melt generation to produce the chemistry802

observed (Figures 4e, 8a, and d). This would be most readily achieved if carbon, water, and phosphorus were stored in ultramafic sinks like803

redox frozen kimberlitic or lamprophyritic metasomes where hydrous minerals, apatite and carbonates (or diamond) are common crystallites804

(Barron et al., 1996, 2005; Foley et al., 2009; Foley, 2011; Irving and Frey, 1984; Menzies and Wass, 1983; O’Reilly and Griffin, 1988; Pintér805

et al., 2021, 2022; Rohrbach and Schmidt, 2011; Sutherland, 2003; Wass and Rogers, 1980; Wass et al., 1980). The probability of either806

metasome being the host for carbon and other volatile elements is primarily dependent on increased depth, or more precisely pressure, where807

kimberlites would be more stable at much deeper levels and higher pressure at or in excess of 160 km (≈ 5 GPa) where diamond is likely808

to be stable (Giuliani et al., 2023; Jacob, 2004; Pintér et al., 2022; Veter et al., 2017). In Figure 13a the EAPS are plotted alongside the809

Mount Webb aillikites (Figure 1a; Sudholz et al., 2023) and likewise occupy the space between pure carbonatite and silicate metasomatism810

end–members, suggesting the metasomatic agent (or agents) may be intermediate between a silicic and carbonatitic character; a feature also811

observed recently in ultrapotassic rocks from northeastern China (Wang et al., 2025). Ultramafic lamprophyres and kimberlites encompass812

this space well, however an ultramafic lamprophyre is more viable as these agents tend to be more stable at shallower depths than kimberlites813

(Veter et al., 2017). LAB depths in Eastern Australia seldom exceed 150 km (Figure 1) which is roughly the source depth of the EAPS,814

and at these levels lamproitic compositions are suggested to be more sustainable than kimberlitic or lamprophyric melts (Veter et al., 2017).815

The similarity between the EAPS and the aillikites from Mount Webb as well as the elevated CO2 contents of the EAPS relative to some816

lamproites and lamprophyres, despite having undergone degassing, reinforces that an ultramafic lamprophyre is a reasonable metasomatic817

agent for the EAPS source (Figures 8d and 13a). Based on the available evidence, this ultramafic lamprophyre required to metasomatise the818

source is most likely associated with the past melting of an accretionary sequence linked with the orogens of the Tasmanides, that was then819

stored before remelting.820

Architectural control and extension: Incipient rifting has largely been neglected in the consideration of the geodynamic processes821

at play within the EAVP, and EAPS more specifically, with very few studies acknowledging the possibility of it having occurred (Berkesi822

et al., 2019; Johnson, 1989; Nelson et al., 1986; Sutherland and Barron, 2003). Nelson et al. (1986) and Nelson (1992) argue that the isotopic823

compositions of the EAPS are most similar to potassic and ultrapotassic rocks of the Bufumbira volcanics within the East African Rift;824

implying a link between source and process in the EAPS and EAR which may be linked to the age-progressive nature of both regions.825

During the orogenic accretion of the Tasmanides there is evidence of extensional cycles taking place between the majority of the major826

accretion events. The most well studied are the back–arc rifting observed in rocks from the Cambrian through to the Permian–Triassic with827

the formation of the Sydney–Gunnedah–Bowen basin that culminated in episodic shortening in the Mid-Permian (Figure 1b; Champion,828

2016; Fergusson and Henderson, 2015; Glen, 2005). In the areas surrounding the EAPS eruptions dedicated structural geological studies829

are scarce primarily due to the thick regolith of predominantly Cenozoic sediments that often exceed 700 m thick. Deep seismic lines have830

been collected in the areas adjacent to Byrock (Figure 1c), specifically the Eromanga basin and Nelyambo trough, and to the south of Lake831

Cargelligo around Rankin Springs (Doublier et al., 2018; Glen et al., 2013; Kennett et al., 2016). The seismic lines carried out near Rankin832

Springs (i.e. roughly between Flagstaff Hill and Griffith; Figure 1d) show clear fault structures that are both shallow and steeply dipping, and833

occasionally extend to the surface (Kennett et al., 2016). Several rift basins are visible from a range of time periods. The clearest structures834

proximal to the EAPS are the horst and graben like features created by the Mount Jack fault and the Olepoloko fault (∼50 km north of835

Byrock), and the flower structures of the Cobar Rift basin, ∼160 km west of Byrock (Figure 1c; Doublier et al., 2018; Glen et al., 2013). The836

Olepoloko fault is one of the major faults in the region that extends from the surface to the Moho causing a ∼9 km offset in Moho depth and837

marking the boundary between the Lachlan and Thompson orogens (Figure 1b; Doublier et al., 2018). The Cobar Rift basin is interpreted to838

be Devonian in age while the Olepoloko fault is Late- to Post-Devonian (Doublier et al., 2018). Unless these structures were later reactivated,839
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active extension in this area appears to have ceased in the Paleozoic, although it is noted by Glen et al. (2013) that the southern margin 840

of the Thomson orogen appears to have remained a weak zone at least until the Triassic. Johnson (1989) also argued extensively for the 841

potential role of thermal and tectonic uplift leading to rifting and emplacement the intraplate volcanics of the EAVP and EAPS noting the 842

similarity to known rifts; for EAPS the most likely source of large–scale rifting identified would be reactivation of the orogenic margins. Some 843

recent work, however, has suggested based on fluid inclusion analysis and petrogenesis of pargasite lherzolite xenoliths near McLean in the 844

Mossman orogen (Figure 1a), that incipient rifting may have been occurring in that area as recently as ∼3 Ma (Berkesi et al., 2019). 845

The alkaline mafic character seen in the EAPS and broader EAVP, encompassing both the highly–alkaline, potassic, and more moderately 846

alkali signatures, is comparable to volcanic rocks in well-defined rift systems such as the Rio Grande Rift (RGR), Labrador Sea Rift, and the 847

East African Rift (EAR) (Gibson et al., 1993; Veter et al., 2017). Age progression is another similar characteristic as for both the RGR and 848

EAR the unzipping of the rift results in clear age progressive magmatism (Ebinger et al., 2000; Klöcking et al., 2018; Williams, 1982). Finally, 849

both in the EAVP and the EAR, the melts on the thickest portion of the lithosphere are sourced from the most heavily metasomatised portion 850

of the underlying mantle (Rosenthal et al., 2009; Veter et al., 2017). Linking these together it becomes clearer that the strong architectural 851

control exhibited within rift systems is analogous to the way stepped lithosphere in eastern Australia has been interpreted to induce adiabatic 852

melting of the deepest and most enriched parts of the lithosphere to generate highly alkaline melts. In the absence of active crustal scale 853

tectonic activity though, a more reasonable explanation for these characteristics is post-collisional relaxation leading to localised extension 854

that may in turn trigger intraplate melting. A similar model has been evaluated in detail for the Eastern Mediterranean that shares many of 855

the same geochemical features as the lavas presented here, including a north to south age-progression (Prelević et al., 2010, 2012, 2013). In 856

their model Prelević et al. (2012) propose a multi-step formation sequence for the western Anatolian lamproites in the eastern Mediterranean 857

that encompasses the ultra-depletion of the mantle before accretion to the lithosphere, then refertilisation by melting of sediments or crustal 858

assemblages (i.e. orogenic delamination), and later upwelling of mantle through a tear in downgoing slabs to initiate melting of the overlying 859

refertilised lithosphere. Elements of this model are supported by numerical models (e.g. Rey, 2001), and were also recently applied to the 860

West Kimberley lamproites that like the EAPS are Cenozoic in age and exhibit large lithospheric steps coupled with an age-progression 861

(Phillips et al., 2022). In the EAPS, several similarities can be drawn to this type of model with a few notable differences. The primary 862

exception to the application of this model to Eastern Australia is the absence of any obvious slab remnant in the upper mantle. However, the 863

lithospheric steps beneath Eastern Australia should essentially function in the same way by creating localised turbidity within the mantle 864

allowing upwelling and decompression melting. Similarly to the Mediterranean occurrences, whole-rock HREE signatures of the EAPS suggest 865

significant depletion is inherent in the source (Figure 7a). The EAPS melts also appear to have been enriched through interaction with a 866

refertilised domain likely generated by the previous melting of an accretionary sequence to create a carbon-rich silicate melt similar to an 867

ultra-mafic lamprophyre (Figures 12b, 13a, b, and d). 868

Therefore, mild extensional stresses due to post-collisional extension could have triggered melting of heavily metasomatised lithosphere, 869

generating channels and deepening the steps in the lithosphere beneath the EAPS. In an intraplate setting absent of active subduction, this 870

would be best characterised as a proto-rift style of magmatism that exploits refertilised conduits containing assemblages rich in hydrous 871

minerals (Figures 12c, 14i, and ii), the occurrence of which beneath the EAPS is consistent with magnetotelluric modelling and the 872

implementation of joint inversions of seismic and magnetotelluric data (Kirkby et al., 2020; Manassero et al., 2024). The heterogeneous 873

and disparate nature of these hydrous zones, that likely contain modally high proportions of phlogopite, combined with expected low-volume 874

melts would explain why volcanism is limited to a smaller population of volcanoes. Further, depletion of the source during melt extraction 875

would make remelting more difficult and therefore limit the temporal scope of the volcanism, preventing the EAPS from advancing to a 876

fractionated bimodal style which is present in the EAVP (Crossingham et al., 2018; Shea et al., 2022). The lack of modern and well–developed 877
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rift structures coupled with a cessation of volcanism suggests that the extension has stalled, potentially in part due to the freezing of melt878

conduits and depletion of the mantle source. Nonetheless, a rift could develop in future if existing faults and melt conduits are reactivated879

and continue eroding the lithosphere base.880

In summary, while the precise geodynamic conditions beneath the EAPS are unknown the evidence presented here provides broad881

constraints. Significant magmatic input from previous subduction is unlikely and any extension has not progressed past a “proto-rift” stage,882

indicating that post-collisional relaxation has occurred. In the absence of strong evidence for elevated mantle potential temperatures, the883

most plausible of the remaining options is a combination of edge-driven convection and shear-driven upwelling enhancing channelised melt884

flow from north to south with no plume input.885

Conclusions886

We propose that the outcrops formerly known as the NSW Leucitites are lamproites on both a mineralogical and chemical basis (Figures 2887

and 6; Tables 1 and 4). We group these rocks together into the Eastern Australian Potassic Suite (EAPS). The two northernmost exposures888

of Byrock and El Capitan (Tindarey lamproites) display considerable heteromorphism and are chemically distinct from the remainder of889

the EAPS due to more significant trace element enrichment (Figures 1b, c, 7a, 12a–d, 13a, b, and d). The central portion of the suite (the890

Tullibigeal lamproites) are chemically and mineralogically similar to one another. Although the Tullibigeal lamproites are less enriched than891

the Tindarey lamproites, they are still potassic to ultrapotassic and display the characteristics of lamproites (Figures 1b, d, 12b, d, 13a,892

b, and d). Based on the published criteria both the Tindarey and Tullibigeal lamproites resemble cratonic or anorogenic lamproites more893

closely than orogenic lamproites, despite there being no known cratonic lithosphere in Eastern Australia. Weathering of outcrops south of894

34°S has resulted in the alteration of leucite to create analcime, which masks or completely erases the potassic character of these rocks and895

we do not include them in the lamproite group at this time.896

The source of the EAPS requires phlogopite with abundant pyroxene. Magmatic source depths in excess of 2 GPa are also necessary to897

ensure garnet is in the source, with the titanian affinity (TiO2: 3.28–5.33 wt%) of the magmas inherited from oxide minerals (most likely898

rutile or titanite). Phosphorus and carbon in the source are likely present as apatite and carbonate minerals like magnesite or calcite which899

are reflected in the mineralogy of the samples as inclusions within phlogopite plates and carbonated melt pools (Figures 2c and e). We900

suggest that a phlogopite–garnet–websterite is the most likely source for the EAPS melting deeper than ∼100 km. This source assemblage901

must have undergone metasomatism by a carbonatitic or ultramafic lamprophyric melt, likely prior to freezing and remelting, to impart a902

sufficiently phosphoric, carbonated and titanian mark on the final melt composition (P2O5: 0.65–1.80 wt%; Ti/Eu: 3692–6737; (La/Yb)N :903

24.88–89.66).904

The temperatures recorded by our samples suggest low melting temperatures (av: 1244 °C) that are in line with ambient mantle beneath905

Eastern Australia (1250 °C); a geodynamic environment that lacks extreme heat anomalies (Figure 11). This negates a plume related genesis906

and reinforces a source prerequisite of a potassium-rich, likely hydrous or volatile bearing (i.e. carbonated/sulfidated), olivine-poor assemblage907

such as a mica-pyroxenite in the garnet stability field. This is further strengthened by the experiments of Shu et al. (2024, in revision) that908

generated EAPS-like melts from a similar assemblage. The geodynamic processes most likely to initiate melting in the lithospheric mantle909

beneath Eastern Australia are a combination of edge-driven convection and shear-driven upwelling with no plume input (Figure 14i and910

ii). The geodynamic conditions we propose for the generation of the EAPS lavas and their source are common in old stable continental911

regions with well–established architecture, similar to cratons. The chemistry of the EAPS supports a genesis whereby metasomatic episodes912

of volatile rich fluids or melts have sequentially fertilised the subcontinental lithosphere and lithospheric mantle of Eastern Australia (Figure913
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14i and ii). These episodes of metasomatism have aided in the destabilisation of the lithospheric mantle to the degree that deep channels 914

have formed and enabled highly-enriched potassic magmatism mimicking the initial stages of rift related magmatism. 915
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Prelević, D., Foley, S.F., Cvetković, V., L. Romer, R., 2004. The analcime problem and its impact on the geochemistry of ultrapotassic rocks 1489

from Serbia. Mineralogical Magazine 68, 633–648. doi:10.1180/0026461046840209. 1490
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Figure captions 1689

Fig. 1. (a) Distribution of the EAVP (green) and EAPS (orange) outcrops as defined in Shea et al. (2022) and this contribution, respectively. 1690

Map coloured by depth of the lithosphere-asthenosphere boundary (LAB) from Rawlinson et al. (2017). Orogenic blocks (grey lines) and 1691

the western boundary of the Tasmanides (red dashed line) inferred to demarcate cratonic Australia to the west and orogenic Australia to 1692

the east from Glen et al. (2016); note mismatch to LAB depth where the 180 km contour is used by geophysical studies (Hoggard et al., 1693

2020). Yellow line = the interpreted path of the Cosgrove plume (Davies et al., 2015) with inferred offshore progression of the plume (dotted 1694

line); open circles along the path mark the approximate locations of the outcrops with preferred ages as described in Cohen et al. (2008). (b) 1695

Zoom of Eastern Australia that also shows the location of the basanitic diatremes from Bokhara River (orange diamond) (Shea et al., 2024), 1696

leucite-bearing lavas at Jugiong and Harden (Harvey and Joplin, 1940), and EAPS sample areas (white boxes). Panels (c), (d), and (e) show 1697

the north, central and southern field areas and EAPS sample locations (pink circles) of this study. Dashed black lines = LAB contours at 1698

120 and 150 km. These depths are commonly inferred to represent the depth of melting for the source assemblages of the leucite–bearing 1699

EAPS lavas. The volcanic fields around Shepparton from Paul et al. (2005) are included in (e), while the Mount Webb aillikites of Sudholz 1700

et al. (2023) are shown in (a) along with kimberlites of the Adelaide Fold Belt (AFB; Dalton et al., 2025), and Kimberley block kimberlites 1701

and (Cenozoic) West Kimberley lamproites (Jaques et al., 1984, 1986); the chemistry of these lavas are compared with the EAPS lavas in 1702

text. Abbreviations: Cratonic Australia (CrA); Delamarian orogen (DO); Lachlan orogen (LO); Mossman orogen (MO); New England orogen 1703

(NEO); Sydney–Gunnedah–Bowen basin (SGBB); and Thomson orogen (ThO). 1704

Fig. 2. Summary of petrographic textures and phases of the EAPS. Selected samples arranged north to south starting with (a) 0901 1705

– Byrock, (b) 0801 – El Capitan, (c) 1402x4 – Wallaroy Hill, (d) 2202 – Lake Cargelligo, (e) 0102 – Lake Cargelligo, and (f) 2001 – Pine 1706

Lodge (Cosgrove). Coloured circles in top right of each panel correspond to the colour scale used for the EAPS samples in all geochemical 1707

plots; see Figure 3. Key features include porphyritic texture of (a) compared to a more equigranular texture in (b); (a) including small (< 1708

20 µm) apatite and carbonate grains entrained in poikilitic phlogopite. (d) shows prevalence of sanidine in some samples, also contrasting 1709

the porphyritic texture of (a). (c) and (e) show examples of where nepheline is present, highlighting the restricted formation in melt pools 1710

(glass). (f) displays highly altered texture of Pine Lodge (Cosgrove), with most olivine converted to iddingsite and only rare olivine cores 1711

preserved. Diopside and phlogopite are also present at Pine Lodge (f); diopside appears fluid mediated with spindly, wavy forms and all 1712

leucite at least partly transformed to analcime. Multiple labels for the same mineral present in (a) – (f) highlight varying forms, textures, and 1713

sizes within the sample. All images are plane polarised light on thin sections (≈30 µm) except (c) which is a thick section (> 100 µm). Large 1714

anhedral olivine are xenocrysts e.g. (b), (d), and (e). Mineral abbreviations used are the IMA-CNMNC approved symbols (Miyawaki et al., 1715

2021), taken from the compilation of (Warr, 2021). Anl = Analcime; Di = Diopside; Idd = Iddingsite; Lct = Leucite; Nph = Nepheline; Ol 1716

= Olivine; Phl = Phlogopite; Rct = Richterite; Sa = Sanidine. 1717

Fig. 3. Major element discrimination diagrams showing data from this study in (a) unnormalised total–alkali versus silica (TAS), (b) 1718

K2O vs. Na2O, and (c) K2O vs. Si2O space. Note: that for volatile–rich (i.e. H2O+ ≥ 2wt% and CO2 ≥ 0.5 wt%, or LOI ≥ 2.5 wt% (Le 1719

Maitre et al., 2002)) samples like ours the TAS cannot be used for classification purposes, but is provided for a general comparison. TAS (a) 1720

after Tilley (1950) with volcanic rock classification fields (Le Bas et al., 1986), and alkalinity divide (label: A–SA; Irvine and Baragar, 1971). 1721

Potassium–sodium diagram (b) after Middlemost (1975); ultrapotassic field divide follows Foley et al. (1987). Potassium–silica diagram (c) 1722

after Middlemost (1975) and Peccerillo and Taylor (1976); dividing lines and field names of Wheller et al. (1987). Range of published EAVP 1723

data that passes chemical screens (see text for specifics) represented by polygons (darkest grey); i.e. highest density of points usually > 80% 1724

of all analyses. EAPS symbols (large circles) coloured by latitude in (a)–(c). Data sources: Shea et al. (2022)(EAVP and EAPS Lit); Shea 1725

et al. (2024) (Bokhara River); Sudholz et al. (2023) (Webb Aillikites); Paul et al. (2005) (Pine Lodge and Shepparton); Sarkar et al. (2025) 1726
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(anorogenic lamproites only); Casalini et al. (2022) (orogenic and anorogenic lamproites); Farmer et al. (2002) (Sierra Nevada leucitites);1727

Plank (2005) (Arcs); Willbold and Stracke (2006) (OIBs); Palme and O’Neill (2013) (primitive mantle (PM)); McDonough (1990) (sub–1728

continental lithospheric mantle (SCLM)); Gale et al. (2013) (N-MORB). Roman province and selected kimberlites compiled from GEOROC1729

database (https://georoc.eu/; version 2023-12-01). Full list of data references in the Supplement.1730

Fig. 4. Major element ’Harker’ variation diagrams displaying all major and selected minor elements against MgO wt% with EAPS1731

lavas plotted together with published data. EAVP prim point density polygon covers > 80% of all analyses in most cases. Data sources for1732

published literature as in Figure 3; full references in the Supplement.1733

Fig. 5. Alkaline major element variation diagrams and select trace elements against MgO wt% for EAPS lavas and published data. EAVP1734

prim point density polygon covers > 80% of all analyses in most cases. Data sources for published literature as in Figure 3; full references in1735

the Supplement.1736

Fig. 6. Lamproite discrimination diagrams as defined by Foley et al. (1987), showing the EAPS lavas analysed in this study compared1737

to values for other alkaline lavas. Group I, II, and III refer to I – lamproites, II – kamafugites, III – leucitites (Foley et al., 1987). Coloured1738

pentagons correspond to high-pressure hydrous pyroxenite experiments from Shu et al. (2024) and Shu et al. (in revision). Note the EAPS1739

lavas south of Griffith (34°S; yellow and orange circles) are not ultrapotassic. Pyroxenite and peridotite partial melt divide is plotted in (b)1740

as shown in Herzberg (2011) and Herzberg and Asimow (2008). Data sources for published literature as in Figure 3; full references in the1741

Supplement.1742

Fig. 7.Trace element variation diagrams with measured trace elements normalised to primitive mantle (PM) values from Palme and1743

O’Neill (2013). All panels show new analyses from this study coloured by latitude with N–MORB values from Gale et al. (2013) and SCLM1744

values from McDonough (1990) included for reference. Panels (b) – (d) shows EAPS comparison with published values for other Australian1745

lavas; (b) published EAPS (note variability in the number of points per element) and the Shepparton lavas analysed by Paul et al. (2005);1746

(c) EAVP primitive lavas; and (d) Bokhara River basanite and Mount Webb ailikite (orange and yellow diamonds, respectively). (d) also1747

includes West Greenland kimberlites (black crosses and grey band; Tappe et al., 2017). The grey bands in panels (c)–(h) represent the1748

absolute range for the dataset plotted within the band; the average pattern for each dataset shown as line with symbol. (a) EAPS (this1749

study); (b) EAPS published values; (c) EAVP primitive lavas; (d) Bokhara, UML & Kimberlite; (e) Anorogenic lamproites (Casalini et al.1750

(2022) only; comparison between Sarkar et al. (2025) and Casalini et al. (2022) in Supplementary Figure 2); (f) Orogenic lamproites; (g)1751

Roman Province leucitites; (h) Sierra Nevada leucitites. Data sources for published literature as in Figure 3; full references in the Supplement.1752

Fig. 8. Volatile element results plotted against relevant trace element ratios or Mg#. H2O (a) and N (b) are plotted against Ba/La1753

based on similar behaviour and likely source (sediments). Sulfur (c) shows a degree of degassing with samples from the same outcrops1754

showing both high and low-S for similar Mg#. CO2 (d) also exhibits degassing, but still overlaps with global lamproites, lamprophyres, and1755

some kimberlites. Colours for EAPS (this study) follow the scale plotted on panel (d). Published values are screened for Mg# ≥ 55 and1756

represent converted total abundances for all species of that element reported. Data sources:“All MORB” in (b) from Johnson and Goldblatt1757

(2015) and Gale et al. (2013); GEOROC precompiled files (kimberlites, peridotites, pyroxenites, lamproites, lamprophyres, and leucitites);1758

kimberlites from Tappe et al. (2017) highlighted in black; Jia2003 (N-only; lamproites and lamprophyres; Jia et al. (2003)). Full reference1759

list for GEOROC files in the Supplement.1760

Fig. 9. FeOT /MnO vs. MgO source component discrimination diagram with grey box showing the range of values for partial melts from1761

an anhydrous peridotite source defined by Herzberg (2011). Melts outside this range are inferred to be generated by pyroxenite partial melts.1762

EAVP prim point density polygon covers > 80% of all analyses. Data sources for published literature as in Figure 3; full references in the1763

Supplement.1764
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Fig. 10. Mantle source lithologies in (log-scale) TiO2 versus total alkali (Na2O + K2O) from experimentally derived partial melt (inset 1765

legend); compilation after Shea et al. (2022). EAPS and comparison datasets included for context. EAVP prim point density polygon covers 1766

> 80% of all analyses. Data sources for published literature as in Figure 3; full references in the Supplement. 1767

Fig. 11. Calculated temperatures vs latitude south (a) and depth (b) for the EAPS Lavas (colour scale in (a); orange diamonds = 1768

Bokhara River basanites). Dashed coloured lines in (a) show averages for north, central, and south EAPS; open black and grey circles 1769

represent age-progressive (plume related) and non-age-progressive EAVP basalts, respectively (full references in the Supplement; Shea et al., 1770

2022). Grey fields in (b) are the LAB depths beneath eastern Australia, while coloured lines are experimentally determined solidi for mantle 1771

assemblages compared with the SEAG (black solid and dashed line) and mantle adiabats (dotted lines below 3.5 GPa). Dark grey dot- 1772

dash line intercepting 6 GPa = graphite (Gr) to diamond (Di) stability line (Day, 2012). Reduced peridotite solidus below 2 GPa and dry 1773

pyroxenite (MIX1G) solidus roughly follow K01 and KD, respectively (Foley et al., 2009; Pintér et al., 2021; Kogiso et al., 2003). Dashed 1774

pressure error bar = EAPS, solid = EAVP (Rawlinson et al., 2017). Data sources: F09 = Foley et al. (2009) oxidised peridotite; G14 = 1775

Green et al. (2014) pyrolite +0.4 wt% H2O; F22 = Foley et al. (2022) hydrous pyroxenite; S23 = Shu et al. (2024) phlogopite-websterite; 1776

CM = phlogopite lherzolite (Condamine and Médard, 2014; Condamine et al., 2016); K01 and KD = 0.1 wt% H2O and dry lherzolite (Katz 1777

et al., 2003); TQ = Tinaquillo (depleted) lherzolite (Robinson et al., 1998; Robinson and Wood, 1998); W98 = KR43004 fertile lherzolite 1778

(Walter, 1998). 1779

Fig. 12. Dominant mantle source trace element ratio discrimination plots of the EAPS showing (a) Nb vs. Nb/U indicating primitive- 1780

mantle derived magmas; Nb/U is sensitive to crustal contamination; mantle array from Hofmann et al. (1986). (b) Nb/Yb vs. Th/Yb 1781

showing mantle array and arrows illustrating subduction enrichment, assimilation and fractional crystallisation (FC, AFC), and intraplate 1782

enrichment after Ersoy et al. (2014) and Pearce (1983). (c) Sr/Rb vs. Ba/Rb with phlogopite- and amphibole-bearing source compositional 1783

vectors (arrows) after Furman and Graham (1999). (d) La/Nb vs. Tb/Yb with garnet and inferred source melt depth arrows, after Wang 1784

et al. (2002). Reference values: PM (Palme and O’Neill, 2013); MORBs (Gale et al., 2013); SCLM (McDonough, 1990); UCC (Rudnick and 1785

Gao, 2013); Arcs (Plank, 2005); OIBs (Willbold and Stracke, 2006); and GLOSS (Plank and Langmuir, 1998). EAVP prim point density 1786

polygon covers > 80% of all analyses. Data sources for published literature as in Figure 3; full references in the Supplement. 1787

Fig. 13. Trace element ratio demarcation plots of the EAPS showing (a) Primitive mantle-normalised La/Yb vs. Ti/Eu displaying 1788

carbonatite and silicate metasomatism end-members compared to carbonatite metasomatised xenoliths (shaded green rectangle) from Yaxley 1789

et al. (1991); after Coltorti et al. (1999); Klemme et al. (1995); Rudnick et al. (1993). (b) Primitive mantle-normalised La/Sm, as an indicator 1790

of mantle source enrichment, versus Ba/La for identifying melts associated with subduction related slab fluids, after Aldanmaz et al. (2000) 1791

and Elliott et al. (1997). (c) La/Nb vs. Ba/Nb plotted with arrows showing general trends expected for melting with pelagic sediments, melts 1792

derived from mixed source, and arc-style melting. (d) La vs. La/Yb showing source enrichment, partial melt/ melt degree, and fractionation 1793

trends. Reference values: PM (Palme and O’Neill, 2013); MORBs (Gale et al., 2013); SCLM (McDonough, 1990); UCC (Rudnick and Gao, 1794

2013); Arcs (Plank, 2005); OIBs (Willbold and Stracke, 2006); and GLOSS (Plank and Langmuir, 1998). EAVP prim point density polygon 1795

covers > 80% of all analyses. Data sources for published literature as in Figure 3; full references in the Supplement. 1796

Fig. 14. LAB depth and seismic tomography profiles (a) along the Cosgrove track, (b) Byrock latitude, (c) through Lake Cargelligo and 1797

Tullibigeal, and (d) at Pine lodge with volcano locations projected on each transect. Transect location and direction are indicated in (e) 1798

along with the orogenic boundaries, volcanic fields of the EAVP (Shea et al., 2022), and 180 km LAB depth contour that roughly indicates 1799

the edge of cratonic Australia (Hoggard et al., 2020). Grey stars (b)–(e) show deepest LAB ridge position under each field noting the position 1800

relative to the volcano at the surface; yellow star in (d) shows isolated LAB ridge creating a melt channel beneath Pine Lodge. Insets show 1801

a schematic representation of the petro-geodynamic environment under Byrock (i), and Tullibigeal to Pine Lodge (ii). UML = ultra-mafic 1802
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lamprophyre; PGW = phlogopite-garnet websterite; green gradient above LAB represents degree of metasomatism with cross-cutting veins1803

providing a conduit for melt extraction; black arrows show direction of mantle flow relative to plate motion, and EDC cells. Plumbing systems1804

(grey ellipses) beneath Bokhara River with xenoliths (i) and the Newer Volcanic Province (ii). In (a)–(d) the warm colours represent slow1805

regions while cool colours show fast regions. Tomography sections beneath the EAPS in (a)–(d) come from high-resolution regional data by1806

Rawlinson et al. (2017), while the section in (a) from -27° – -20° is lower resolution global data from de Laat et al. (2023). Volcano colours1807

follow colour scales on geochemical plots (Tindarey = purple; Tullibigeal = pink; Shepparton = yellow), with the exception of Buckland1808

(black) and the broader EAVP basalt (grey) volcanoes.1809
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