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Abstract Spatio-temporal changes of upper mantle structure play a significant role in generating and
maintaining surface topography. Although geophysical models of upper mantle structure have become
increasingly refined, there is a paucity of geologic constraints with respect to its present-day state and
temporal evolution. Cenozoic intraplate volcanic rocks that crop out across eastern Australia provide a
significant opportunity to quantify mantle conditions at the time of emplacement and to independently
validate geophysical estimates. This volcanic activity is divided into two categories: age-progressive
provinces that are generated by the sub-plate passage of mantle plumes and age-independent provinces
that could be generated by convective upwelling at lithospheric steps. In this study, we acquired and
analyzed 78 samples from both types of provinces across Queensland. These samples were incorporated
into a comprehensive database of Australian Cenozoic volcanism assembled from legacy analyses. We use
geochemical modeling techniques to estimate mantle temperature and lithospheric thickness beneath
each province. Our results suggest that melting occurred at depths <80 km across eastern Australia.

Prior to, or coincident with, onset of volcanism, lithospheric thinning as well as dynamic support from
shallow convective processes could have triggered uplift of the Eastern Highlands. Mantle temperatures
are inferred to be ~50-100°C hotter beneath age-progressive provinces that demarcate passage of the
Cosgrove mantle plume than beneath age-independent provinces. Even though this plume initiated as one
of the hottest recorded during Cenozoic times, it appears to have thermally waned with time. These results
are consistent with xenolith thermobarometric and geophysical studies.

Plain Language Summary Earth's convecting mantle lies between the tectonic plates and the
core. This mantle layer circulates, driven by the rising and sinking of hot and cold material, respectively.
These internal motions can push the tectonic plate above up or down, generating surface topography. Here,
we propose that the Eastern Highlands of Australia formed in response to hot mantle displacing cold mantle
at the base of the Australian plate. We arrive at this conclusion using observations gleaned from Australia's
volcanic past. Vast amounts of volcanic activity has occurred across Eastern Australia over the last sixty
million years. We use the chemical composition of volcanic rocks to estimate mantle temperatures present
at the time of eruption. We find that volcanic activity was initiated by wholesale emplacement of hot mantle
beneath Eastern Australia, and that this event was coincident with uplift of the Eastern Highlands. However,
the largest volcanoes in Eastern Australia developed above localized conduits of especially hot mantle
material, known as plumes. Plumes rise from great depths and remain stationary. Therefore, since Australia
has moved northwards during Cenozoic times, these larger volcanoes have formed in chains beginning near
Townsville 40 million years ago, and ending near Melbourne five million years ago.

1. Introduction

Spatial and temporal changes to the thermal structure of the upper mantle beneath Australia exert a primary
control on the distribution of mineral deposits, geothermal heatflow, dynamic topography, relative sea-level
fluctuations, and clastic sedimentary flux onto adjacent continental margins (e.g., Czarnota et al., 2013, 2014;
Hoggard et al., 2020; Miiller et al., 2016; Salles et al., 2017; Sandiford, 2007). In this region, existing models
of this thermal structure rely upon either xenolith thermobarometry, seismic tomographic imaging, or some
combination of both (e.g., Davies & Rawlinson, 2014; Fishwick & Rawlinson, 2012; Hoggard et al., 2020;
Kennett et al., 2013; O'Reilly & Griffin, 1985). These models are incomplete since xenolith thermobaromet-
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Figure 1. Tectonic setting of eastern seaboard of Australia. (a) Topographic map with lettered boxes showing main
age-progressive volcanic provinces (see Table 1 for provincial names). Red/white/blue contours = positive/zero/
negative free-air gravity anomalies at 10 mGal intervals from DIR-R5 database, low-pass filtered for wavelengths
>800 km (Bruinsma et al., 2014). Black polygons = loci of Cenozoic volcanism (Raymond et al., 2012). (b) Shear-
wave velocity averaged between 100 and 200 km depth from global tomographic model together with principal
age-independent volcanic provinces (see Table 1 for province names; Schaeffer & Lebedev, 2013). Shear wave velocity
shown relative to a reference model (Schaeffer & Lebedev, 2013). Red/white/blue contours = negative/zero/positive AV
at 0.05 km s intervals. (c) Location of dated intraplate volcanic samples, colored by age. Triangles = age-progressive
volcanic samples; circles = age-independent samples (Data Set S1); dashed lines = flow lines constructed by tracking
motion of Australian plate relative to Pacific hotspot reference frame (Matthews et al., 2016). (d) Radiometric dates as
function of latitude for Cosgrove hotspot track. Large/small colored symbols = “’Ar-*’Ar/*’K-*’Ar and *C dates; gray
symbols = Cenozoic radiometric dates for eastern Australia. (e) Same as panel D for Tasmantid hotspot track.

ric constraints offer limited spatial coverage and tomographic models have coarse spatial resolution and
cannot image past mantle structure. In order to improve our understanding of the way in which Australian
upper mantle structure influences surface processes, a greater range of disparate observations is required to
constrain lithospheric thickness and asthenospheric temperature as a function of geologic time.

Analysis of the chemical composition of basaltic lavas provides an important means for investigating upper
mantle structure (Klein & Langmuir, 1987; McKenzie & O'Nions, 1991). Since Late Cretaceous times, the
eastern seaboard of Australia has experienced extensive intraplate volcanism. This volcanism coincides
with the Eastern Highlands, which are a series of elevated plateaux and mountain ranges that run parallel
to the seaboard (Figure 1a). Coincidence of this physiography with positive long-wavelength free-air gravity
anomalies and with slow shear-wave velocity anomalies within the upper mantle, suggests that sub-crus-
tal processes contribute both to volcanism and to topography (Figures 1a and 1b; Czarnota et al., 2014;
Wellman, 1979, 1987).

There is no unified quantitative understanding of this Cenozoic magmatic activity, which can be sub-di-
vided into four categories: offshore seamount chains, central volcanoes, leucitites, and lava fields (John-
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attributed to a variety of processes that include convective upwelling at
locations with steep gradients of lithospheric thickness, influx of fertile

Figure 2. Topographic map of northern and central Queensland showing  slab-derived material from subduction of the Pacific plate along the Ton-

chronology of Cenozoic volcanic provinces (Cohen et al., 2017; Coventry
et al., 1985; Gibson, 2007; Griffin & McDougall, 1975; Johnson, 1989;
Jones et al., 2020; Stephenson & Griffith, 1976; Stephenson et al., 1998;

gan-Kermadec Trench, offshore lithospheric stretching, transtensional
mantle decompression, and heat transfer from the adjacent Pacific plate

Whitehead et al., 2007; Wyatt & Webb, 1970). Black polygons = surface mantle (Figure 1c; Demidjuk et al., 2007; Mather et al., 2020; Rawlinson
expression of volcanism; circles/triangles = loci of age-independent/- et al., 2017). However, numerous lava fields are active at the same time
progressive whole-rock geochemical analyses; red/white fill = newly as putative mantle plumes pass adjacent to them and so it is unclear how

acquired/legacy data (Jones et al., 2020; O'Reilly & Zhang, 1995;
Stephenson et al., 2000; Zhang et al., 2001). Inset map shows location

along eastern seaboard of Australia.

useful this categorization is (Figure 1c). Here, we refer to offshore sea-
mounts, central volcanoes and leucitites as age-progressive provinces. We
refer to lava fields as age-independent provinces.

Mantle plumes are vertical upwellings of hot mantle material which

originate at thermal boundary layers, such as the core-mantle boundary
(Morgan, 1972). When a plume reaches the base of a plate, melting can occur. Variations in melt fraction
are reflected in the volume and chemical composition of mafic lavas erupted at the surface (Klein & Lang-
muir, 1987; McKenzie & O'Nions, 1991). Here, we characterize changes in the thermal structure of the up-
per mantle during Cenozoic times by exploiting the geochemical composition of these rocks. Temperature
variations that we infer from analysis of volcanic rocks can be compared with independent observations.
Our principal goal is to determine asthenospheric temperature and lithospheric thickness variations along
the eastern seaboard of Australia and to show how this structure relates to the timing and distribution of
age-progressive and age-independent volcanic provinces. Regional topography is moderated by changes in
upper mantle thermal structure (Hoggard et al., 2016). In the final section, we discuss how observed mantle
temperature and lithospheric thickness variations contributed to the formation of the Eastern Highlands
during Late Cretaceous and Cenozoic times.

2. Upper Mantle Structure

During a field campaign to Queensland in 2017, 78 igneous rock samples were collected (Figure 2). This
campaign was designed to target a combination of age-independent and age-progressive volcanic prov-
inces where limited published geochemical information exists (e.g., Chudleigh, Sturgeon, Nebo). Samples
were analyzed for major, trace and rare earth elements using XRF and ICP-MS techniques at Geoscience
Australia, at the University of Cambridge, and at the University of Edinburgh (Supporting information;
Data Set S2). These measurements helped to augment an extensive database of legacy geochemical meas-
urements for eastern Australia that also includes isotopic analyses (Data Set S3; Table 1). The combined
database is used to estimate potential temperature, T,, the projected temperature that a packet of mantle
has if adiabatically decompressed to surface pressures, and lithospheric thickness, a, beneath each volcanic
province. By estimating T, and a at a range of locations, spatio-temporal variations in mantle structure can
be established.
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’;‘er:ll:’t;ry of Loci, Ages and Numbers of Samples From Volcanic Provinces of Data Set S3

Province Duration (Ma) >6 MgO % References

N. Queensland

Atherton 0-7.1 8 O'Reilly and Zhang (1995); Zhang et al. (2001)

Camel Creek ~20 2 This study

Chudleigh (C) 0.24-8.98 37 Ewart et al. (1988); O'Reilly and Zhang (1995); Zhang et al. (2001, and this study).

McBride (M) 0.01-32.99 138 Ewart et al. (1988); Irving and Menzies (1991); Jones et al. (2020); Knutson (n.d.); O'Reilly and
Zhang (1995); Stephenson et al. (1998); Whitehead and Stephenson (1998); Zhang et al. (2001).

Mingela 24.8-44.9 32 Knutson (n.d.); O'Reilly and Zhang (1995, and this study).

Nulla (Nu) 0-5.24 37 Ewart et al. (1988); Knutson (n.d.); O'Reilly and Zhang (1995); Stephenson et al. (2000); Zhang
et al. (2001, and this study).

SPM (S) 1.2-10.8 9 Ewart et al. (1988); Zhang et al. (2001).

Sturgeon (St) 0.69-6.31 20 This study.

C. Queensland

Bauhinia 22-28 11 Jones et al. (2020).

Buckland and Mitchell (B) 20.5-55.9 26 Crossingham et al. (2017); Ewart et al. (1988); Jones et al. (2020); Knutson (n.d.).

Monto 21-25 6 Jones et al. (2020).

Nebo (N) 14.2-54.9 61 Ewart et al. (1988); Knutson (n.d.); Sutherland (1998, 2003, and this study).

Peak Range (P) 26-47.2 82 Ewart et al. (1988); Jones et al. (2020); Knutson (n.d., and this study).

Springsure (Sp) 18.8-33.6 36 Ewart (1982); Ewart et al. (1980), (1988); Jones et al. (2020); Knutson (n.d.).

S. Queensland

Bundaberg and Boyne 0.38-64.7 73 Ewart et al. (1988); Knutson (n.d.).

Fraser Island 19.4-30.6 3 Ewart (1982); Ewart et al. (1988).

Glass Houses 24.6-27.3 15 Ewart (1982); Ewart et al. (1988); Knutson (n.d.); Shao et al. (2015).

Main Range 18.1-34.8 151 Ewart (1982); Ewart et al. (1980), (1988); Knutson (n.d.).

Tweed 13-24.2 42 Ewart (1982); Ewart et al. (1977), (1988); Knutson (n.d.).

N. New South Wales

Barrington 3.5-69.2 52 Jones et al. (2020); Knutson (n.d.); O'Reilly and Zhang (1995); Sutherland and Fanning (2001).

Central and Doughboy 14.2-48.7 161 Knutson (n.d.); O'Reilly and Zhang (1995); Vickery et al. (2007).

Comboyne 16.1-19.6 1 Knutson (n.d.).

Dubbo 12.2-42.7 31 O'Reilly and Zhang (1995); Sutherland (2003); Zhang and O'Reilly (1997).

El Capitan (E) 6.76-17.9 5 Nelson et al. (1986); McQueen et al. (2007).

Liverpool Range 31.78-60.4 41 Knutson (n.d.).

Nandewar 15.3-22.1 10 Knutson (n.d.); Stolz (1985).

Warrumbungle 13.7-17.4 23 Bull et al. (2020); Ghorbani and Middlemost (2000).

S. New South Wales

Cargelligo 10.1-15.5 69 Ewart et al. (1988); Nelson et al. (1986); Knutson (n.d.).

Grabben Gullen 14-26 14 Knutson (n.d.); O'Reilly and Griffin (1984); O'Reilly and Zhang (1995).

Kandos 45-50 62 Knutson (n.d.); O'Reilly and Griffin (1984); O'Reilly and Zhang (1995).

Monaro (Mo) 29.4-55.8 38 Knutson (n.d.); Roach (1999); O'Reilly and Zhang (1995).

Oberon 17.4 16 Ewart et al. (1988); Morris (1986).

S. Highlands 28.7-43.8 111 Knutson (n.d.); Menzies and Wass (1983); O'Reilly and Zhang (1995); Wass (1980); Zhang et al. (2001).

Snowy Mountains 15.2-27.6 20 Knutson (n.d.); Sutherland et al. (2002).

BALL ET AL.

4 of 22



~1
AGU

Geochemistry, Geophysics, Geosystems 10.1029/2021GC009717
ADVANCING EARTH
AND SPACE SCIENCE

Table 1

Continued

Victoria

Cosgrove (Co) 5.93-8.9 9 Knutson (n.d.); Nelson et al. (1986); Paul et al. (2005).

Euroa NA 11 Paul et al. (2005).

Macedon 3.34-6.99 10 Knutson (n.d.); Paul et al. (2005).

NVP (NV) 0-7.8 492 Boyce et al. (2015); Demidjuk et al. (2007); Ellis (1976); Ewart et al. (1988); Foden et al. (2002);
Frey et al. (1978); Jordan et al. (2015); Knutson (n.d.); Hare et al. (2005); McBride et al. (2001);
McDonough et al. (1985); Price et al. (1991), (1997); Van Otterloo et al. (2014);
Whitehead (1991).

OVP (O) 14.1-90.6 318 Frey et al. (1978); Knutson (n.d.); Price et al. (2014).

Tasmania 8-69.9 289 Adam (1990); Brown and Forsyth (1984); Brown et al. (1989); Corbett et al. (2014); Crawford

et al. (1997); Everard (1989); Everard et al. (1997); Ewart et al. (1988); Knutson (n.d.);
McClenaghan et al. (1982); McGee (2005); Nasir et al. (2010); Sutherland et al. (1984, 1989);
Sutherland (1989a, 1989b); Sutherland et al. (1996); Sutherland (2004);

Sutherland et al. (2006).

Note. Age ranges compiled from different studies (Cohen et al., 2008, 2013, 2017; Crossingham et al., 2017; 2018; Gibson, 2007; Gray & McDougall, 2009;
Jones, 2018; Jones et al., 2017; Matchan & Phillips, 2014; Sutherland et al., 2012, 2014; Vasconcelos et al., 2008). Bracketed letters act as key for provinces labeled
in Figure 1. Griffith (G) is labeled in Figure 1 but no samples were available for this study.

Abbreviations: NVP = Newer Volcanic Province; OVP = Older Volcanic Province; SPM = Silver Plains, Piebald and McLean.

2.1. Trace Element Modeling

Concentrations of rare earth elements (REEs) within a basaltic rock are sensitive to the conditions pres-
ent when it's primary melt is generated (Gast, 1968; Kay & Gast, 1973). REEs are incompatible which
means that their concentration within the melt phase reduces as melt fraction increases. Heavy REEs,
such as Yb, are more compatible in garnet than light REESs, such as La. Since garnet is only present at
depths that are approximately >63 km, REEs can be used to determine depth and temperature of melt-
ing (Jennings & Holland, 2015; Kay & Gast, 1973; McKenzie & O'Nions, 1991). If mantle composition is
fixed and if melting ceases at the base of the lithosphere, depths to base and top of the melt column are
predominantly controlled by T, and a, respectively (McKenzie & Bickle, 1988). Final melt fraction is de-
termined by the difference between these two depths. Here, we exploit the INVMEL-v12 forward model
to generate a suite of REE profiles by varying T, and a in 1°C and 1 km increments between 1,250 and
1,500°C and between 40 and 80 km, respectively (Ball et al., 2021; McKenzie & O'Nions, 1991; White &
O' Nions 1992). Averaged REE profiles from each volcanic province are compared with these modeled
profiles (e.g., Figures 3a, 3c and 3e). A grid search is carried out to identify models with the smallest root
mean squared (rms) misfits between calculated and average observed concentrations of La, Ce, Sm, Dy,
and Yb normalized by their respective standard deviations (e.g., Figures 3b, 3d and 3f). These elements
are selected because they span an appropriate range of REE partition coefficients and they are commonly
measured. Models are deemed acceptable if they yield rms misfit values that are <1.5 times the misfit
value of the best-fitting model.

Prior to modeling, Data Set S3 is screened in order to identify the most primitive samples from each
province and thus mitigate the effects of fractional crystallisation. If possible, we exploit samples with
MgO > 8.5 wt%. In provinces where <5 samples have MgO > 8.5 wt%, this MgO threshold was reduced by
increments of 0.5 wt% until there are >5 samples with a lower limit imposed at 7 wt% of MgO. Back-calcu-
lation of olivine loss is carried out for acceptable samples until they are deemed to be in equilibrium with
forsterite-90 olivine (Lee et al., 2009). Observed REE concentrations are then corrected for the amount of
olivine addition, assuming that olivine contains no REEs. Note that in several instances, particularly when
the MgO threshold is < 8 wt%, clinopyroxene fractionation could have occurred (Jones et al., 2020). This
unaccounted-for fractionation of clinopyroxene leads to an overestimate in REE concentrations for primary
melts. Hence T, values obtained by modeling samples that have experienced significant clinopyroxene frac-
tional crystallization are necessarily underestimates.
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Figure 3. Inverse modeling of rare earth element (REE) concentrations. (a) McBride Province. Circles with

vertical bars = average REE concentrations +¢ normalized with respect to source composition where eNd = +4.06;
concentrations of elements with open circles used to calculate root mean squared (rms) misfit. Red line = REE
concentrations calculated by inverse modeling which achieves global minimum residual rms value; pair of dotted red
lines = range of calculated REE concentrations where residual rms value is 1.5x that at global minimum. Optimal
values and associated uncertainties of potential temperature, T,, of lithospheric thickness, a, residual rms value at
global minimum, and of eNd are displayed at top right-hand side. (b) Misfit between observed and calculated REE
concentrations plotted as function of T, and a where color scale of rms value is given in bottom right-hand corner. Red
circle = locus of global minimum of rms misfit; white arrows indicate discontinuities of rms misfit function generated
by mantle phase transitions. (c) and (d) Same for Peak Range. (e) and (f) Same for the Newer Volcanic Province.

Partition coefficients for olivine, orthopyroxene and spinel required by the INVMEL-v12 algorithm are list-
ed by McKenzie and O'Nions (1995). Coefficients for clinopyroxene and garnet are calculated using param-
eterizations described by Wood and Blundy (1997) and by Westrenen et al. (2001), respectively. Mineral
compositions together with mantle mineralogy as a function of pressure and melt fraction are provided
by McKenzie and O'Nions (1991) and by McKenzie and O'Nions (1995). We assume that the spinel-garnet
transition occurs between 63 and 72 km (Klocking et al., 2018). Source composition is calculated by match-
ing the average eéNd value for each volcanic province. This calculation is carried out using a linear mixture
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of primitive and depleted peridotite mantle sources, which are assumed to have eéNd values of 0 and +10,
respectively (McKenzie & O'Nions, 1995). In volcanic provinces where no eNd measurements are available,
the average eNd value for Cenozoic volcanic provinces of the eastern seaboard of Australia is assumed
(i.e., +4.18; Table 2). The hydrous melting model of Katz et al. (2003) is used to calculate melt fraction as
a function of depth for each T,—a pair. Note that values of various parameters exploited by this melting
model have been revised to honor more recent experimental constraints (Shorttle et al., 2014). Source wa-
ter content is set relative to the Ce content of the source (H,0/Ce = 200; Michael, 1995). Assuming that
mid-oceanic ridges are underlain by depleted mantle (i.e., eNd = +10), this specific melting parameteriza-
tion predicates a T}, value of 1,312°C in order to generate average oceanic crustal thickness (6.9 km; Richards
et al., 2018). We assume that this value represents the ambient temperature of sub-plate mantle.

2.2. Results

Figure 3 summarizes results for three volcanic provinces: McBride, an age-independent volcanic province
of Northern Queensland that has been active since ~8 Ma; Peak Range, an age-progressive volcanic prov-
ince linked to the Cosgrove plume track that records volcanism between ~26 and 47 Ma; and the Newer
Volcanic Province, an age-independent province in Victoria that has been active since ~6 Ma (Figure 1).
In each case, an excellent fit between observed and calculated REE concentrations is obtained. Light REEs
(e.g., La) typically exhibit greater standard deviations than heavy REEs (e.g., Yb). Consequently, the ratio of
melting within the spinel and garnet stability fields, which principally controls heavy REE concentrations,
has a greater effect upon misfit than melt fraction, which controls light REE concentrations. Therefore, a
negative trade-off between T, and a exists whereby a hotter asthenosphere but thinner plate, or a cooler as-
thenosphere but thicker plate, can match the observed concentrations within acceptable limits (Figure 3f).
Results for individual provinces are presented in Supporting Information Figures S1-S4 and summarized in
Table 2. The highest potential temperatures are recorded beneath the age-progressive provinces of central
Queensland (CQ: 1348f%g°C; Figure 4a). These values are ~50-100°C hotter than those values obtained for
the age-independent provinces of New South Wales and Victoria (NSW and V: 1286fg°C). Temperature esti-
mates for the age-independent volcanic provinces of Northern Queensland lie between these two extrema
(NQ:131 2f%2°C). Beneath the eastern seaboard of Australia, the upper boundary, at which melting ceases, is
equivalent to a lithospheric thickness of 45-70 km.

T, estimates for NSW and Victoria are up to 50°C cooler than the ambient mantle value (e.g., 1,312°C). How-
ever, the exact values of T, and a determined using the INVMEL-v12 algorithm can change with respect to
this ambient mantle value if model parameters are varied (Ball et al., 2019). For example, compositional het-
erogeneity of the upper mantle can influence both temperature and plate thickness. Increasing the mantle
water content by 0.01 wt% shifts the value of T, by up to +10°C and the value of a by up to —2 km. Changing
mantle composition from primitive to depleted mantle decreases T, by —20°C and increases a by +3 km.
Deepening the spinel-garnet transition zone by 5 km increases T, and a by +15°C and +5 km, respectively.
The INVMEL-v12 algorithm does not take into account the presence of pyroxenitic or harzburgitic lith-
ologies within the upper mantle. If pyroxenite or harzburgite occur within the source region, recovered
values of T, will be over- or under-estimates, respectively (Matthews et al., 2021). In summary, accurately
constrained source compositions are required to improve the reliability of absolute T, and a estimates. We
acknowledge that the assumed mantle source composition is unlikely to represent the actual complexity of
eastern Australian mantle. However, isotopic analyses do imply that similar mantle sources exist beneath
the Cenozoic volcanic provinces of this region (Jones et al., 2020). Even though the recovered values of T,
and a have significant uncertainties, we contend that inter-provincial differences in T, and a are robust.

Mantle melts can become enriched in incompatible elements, such as REEs, by lithospheric interactions
during ascent toward the surface (Foley, 1992). Instances of contamination caused by melting of metasoma-
tized lithospheric mantle have been reported for lavas from various Australian Cenozoic volcanic provinces
(e.g., Jones et al., 2020; O'Reilly & Griffin, 1988; Shea & Foley, 2019; Zhang et al., 2001). This contamination
increases REE concentrations within the melt, which causes calculated values of T, to be underestimated
(Ball et al., 2019; Kl6cking et al., 2020). In locations where lithospheric contamination is reported, values of
T, should be regarded as lower estimates. In extremal cases, lithospheric contamination can enrich melts
to such an extent that the INVMEL-v12 algorithm no longer successfully matches observed concentrations,
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Table 2
Mantle Temperature and Lithospheric Thickness Estimates

Trace element estimate SL2013sv FR12 XTB
Province T, (°C) a (km) eNd rms ng >MgO T, (°C) a (km) a (km) a (km)
Age-independent
Atherton 1330732 583 +4.34 0.61 5 8.5 1,367 471 50.0
Barrington 12642 60%3 +4.71 0.56 16 8.5 63 54.4
Camel creek 1312*3} 58*) - 0.48 2 8.5 46.7 50.0
Central 1265f} 60ﬁ8 +3.59 0.05 13 8 53.3 66.8
Chudleigh 13122 607! +7.49 0.29 20 8.5 1,328 45.1 442 38
Dubbo 13185 55%% 0 0.12 13 8.5 74.6 69.7
Euroa 1252“:(1)6 6210 +2.27 0.72 10 8.5 66.6 61.6
Grabben Gullen 1275j} 59jg +5.28 0.08 6 8.5 75.1 40.2
Kandos 1275jf‘ 60j8 +3.55 0.21 13 8.5 68.7 41.2
Liverpool range 1297*::;7 573 = 0.56 6 8.5 62.9 53.2
McBride 1314713 617! +4.06 0.30 20 8.5 1,341 47.1 50.0 53
Monaro 12784, 58+ +3.43 0.24 6 8.5 75.9 40.7 51
Monto 132273! 58j: +4.21 0.19 6 8.5 65.4 39.2
NVP 13087 5871 +3.15 0.16 72 8.5 1,298 60.9 42.7 47
Nulla 133272 581 +4.68 0.32 11 8.5 1,360 47.9 49.9
Oberon 130412 59+1 = 0.26 5 8 72.4 40.3
OVP 129617 57%1 +3.27 0.21 58 8.5 61.6 49.9
Snowy mountains 125643 62Jj3 = 1.21 10 8.5 75.9 42.2 64
Southern highlands 1302 590 +2.76 0.13 8 8.5 72.4 47.5
SPM 1256 657 +6.27 0.16 7 8.5 1,362 55.4 51.4
Sturgeon 1325712 5811 - 0.32 5 8.5 1,319 67.9 72.8
Tasmania 1278"; 60*2 +4.84 0.14 54 8.5 64.4 41.5 65
Age-progressive
Bauhinia 13793 563 +5.11 0.62 4 8 68.9 40.2
Buckland 1327+ 5812 +5.92 0.75 5 8 80.3 50.0
Nebo 136832 4177, - 0.34 2 7 67.6 42.5 45
Peak Range 135032 543 +4.06 0.44 18 8.5 72.2 54.4
Springsure 131873 59+10 +4.78 0.21 8 8.5 72.9 411
Warrumbungle 130672 58+0 = 0.11 4 7.5 64.6 79.4

Note. n; = Number of samples; XTB = lithospheric thickness estimates from xenolith/xenocryst thermobarometry (Hoggard et al., 2020); NVP = Newer
Volcanic Province; OVP = Older Volcanic Province
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even for melt fractions <0.5%. For example, this inability is evident for the Cosgrove and El Capitan volcanic
provinces (Figure 1a). We infer that lavas from these particular provinces could have either experienced
significant lithospheric contamination, or have been sourced directly by melting of metasomatized litho-
sphere, which would yield extremely enriched incompatible element concentrations.

3. Comparison With Thermobarometric and Tomographic Observations

It is instructive to compare our results with estimates of T, and a estimated by thermobarometric studies of
mantle xenoliths and by analyzing calibrated seismic tomographic models. Mantle xenoliths occur in many
of the Cenozoic volcanic provinces (Kay & Kay, 1983; O'Reilly & Griffin, 1985). Compositions of minerals
within these xenoliths can be used to estimate the final temperatures and pressures at which xenoliths
equilibrated (Nickel & Green, 1985; Nimis & Taylor, 2000). Hoggard et al. (2020) fit geothermal profiles
through xenolith and xenocryst thermobarometric estimates at different locations across Australia (Fig-
ure 4c). In each case, the lithosphere-asthenosphere boundary is estimated to occur at the depth at which
temperature exceeds 1,175°C. In oceanic regions, this isothermal surface coincides with a peak change in
azimuthal anisotropy which demarcates the transition between conductive and convective mantle (Burgos
et al., 2014; Richards et al., 2018). Values of a estimated in this way can be compared with those calculated
by REE modeling (Figure 5). In each case, these estimates agree to within an average of +£12 km.

Shear-wave velocities, V;, within the mantle are sensitive to variations in temperature, T. For a given shear-
wave tomographic model, temperature structure of the mantle can be determined by calibrating the rela-
tionship between V; and T as a function of depth. A range of global and regional tomographic models togeth-
er with calculated estimates of T, and a, exist for the Australian continent (Fishwick & Rawlinson, 2012;
Hoggard et al., 2020; Kennett et al., 2013; Schaeffer & Lebedev, 2013). Here, we compare values of T, that are
calculated by REE modeling with a global mantle temperature model (Figure 4b; Hoggard et al., 2020). This
particular temperature model was constructed by exploiting an empirical anelastic parameterization which
describes V; as a function of T (Richards et al., 2020; Schaeffer & Lebedev, 2013; Yamauchi & Takei, 2016).
The parameterization includes unconstrained constants and it is calibrated by varying these constants to
minimize the misfit between observations of mantle temperature structure and the calculated temperature
model. Our chosen temperature model is underpinned by the SL2013sv tomographic model and it was
principally calibrated by comparing V{(T) with an oceanic plate cooling model between depths of 0 and
125 km and to an average asthenospheric temperature profile calculated between depths of 225 and 400 km
(Richards et al., 2018, 2020; Schaeffer & Lebedev, 2013; Shorttle et al., 2014).

Along the eastern seaboard of Australia, Cenozoic volcanism is focused in regions where slow shear-wave
velocity anomalies and ambient or elevated temperatures lie beneath the plate. In Figure 4b, we compare
tomographic estimates of T, that are averaged between depths of 100 and 200 km with REE-modeled esti-
mates. In order to compare these different estimates of T}, results from each modeling approach are normal-
ized with respect to the ambient mantle value, which yields temperature anomalies, AT,. Both REE-modeled
and tomographic estimates of T), are verified by their ability to generate the average oceanic crustal thick-
ness using an identical melting parameterization (Shorttle et al., 2014). However, the ambient value of T, for
the tomographic model is slightly higher because, in the case of the tomographic model, the mantle source
is assumed to be anhydrous (1,333°C compared to 1,312°C; Ball et al., 2021; Hoggard et al., 2020; Richards
et al., 2018, 2020). Since the Australian plate is rapidly translating northward at ~7 cm/yr, REE-modeled
and tomographic AT, estimates are only strictly comparable for the youngest volcanic provinces (<10 Ma;
Northern Queensland and Newer Volcanic provinces; DeMets et al., 2010). With the exception of Silver
Plains, Piebald and McLean (SPM), both AT, estimates agree to within + 20°C (Figure 4d). Note that when
these techniques are applied to a global database of intraplate volcanic rocks, a systematic offset of 30-50°C
is observed between REE-modeled and tomographic estimates of AT, (Figure 4d; Ball et al., 2021). This off-
set could explain why REE-modeling estimates in NSW and Victoria are lower than ambient mantle values
by ~30°C.

Changes of lithospheric thickness can also be estimated from a global temperature structure obtained for
the SL2013sv model by tracking the 1,175°C isothermal surface (Hoggard et al., 2020). Lithospheric thick-
nesses calculated using this V;-to-T calibration, which is based upon an oceanic plate cooling model, have
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Figure 4. Mantle temperature and lithospheric thickness estimates for eastern Australia. (a) Circles/triangles = results
of rare earth elements (REE) modeling for age-independent/-progressive provinces, colored by value of AT, relative

to 1,312°C. Black polygons = Cenozoic volcanic provinces (Raymond et al., 2012); NQ/CQ/SQ/NSW/V = Northern
Queensland/Central Queensland/Southern Queensland/New South Wales/Victoria location markers. (b) Map

of eastern Australia, colored by value of AT, relative to 1,331°C generated from temperature-calibrated SL2013sv
model averaged between 100 and 200 km (Hoggard et al., 2020; Schaeffer & Lebedev, 2013). Red/white/blue

contours = positive/zero/negative AT, at 25°C intervals. Circles = age-independent provinces <10 Ma colored by AT,;
dashed red line between C and C’ = locus of transects shown in Figure 6, which tracks relative motion of Cosgrove
plume (Davies et al., 2015). (c) Lithospheric thickness calculated by tracking 1,175°C isothermal surface from
temperature-calibrated FR12 model (Fishwick & Rawlinson, 2012; Hoggard et al., 2020). Diamonds = lithospheric
thickness estimates constrained by xenolith/xenocryst thermobarometry (Hoggard et al., 2020). Circles/

triangles = results of REE modeling colored by a. Dashed red line labeled X and X’ = locus of transect shown in

panel e. (d) AT, determined by REE modeling as function of AT, determined by calibration of SL2013sv model. Open
circles with vertical error bars = calculated values of temperature for volcanic provinces <10 Ma; dashed line = 1:1
relationship for reference; gray circles with error bars = results from equivalent global study of Neogene-Quaternary
volcanic provinces (Ball et al., 2021). (e) Transect from X to X’ that intersects bulk of Cenozoic volcanic provinces.
Solid/dashed line = lithospheric thickness variations determined by calibrated FR12 and SL2013sv models; symbols as
before.

greater uncertainties in continental regions than in oceanic regions (Priestley & McKenzie, 2013). Since
Australia is dominated by thick and depleted lithosphere, it may be more appropriate to use a lithospheric
thickness model calibrated to continental temperature observations. Here, we adopt a lithospheric thick-
ness model generated by calibrating the regional FR12 tomographic model to geothermal profiles calcu-
lated from xenolith thermobarometry (Figure 4c; Fishwick & Rawlinson, 2012; Hoggard et al., 2020). This
regional lithospheric thickness model predicts thinner lithosphere beneath cratonic Australia compared
with the global model. In areas of thin lithosphere relevant to our study, these models broadly agree. Both
regional and global tomographic estimates of a are consistent with geochemical estimates within an average
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Figure 5. Comparisons between geochemical and geophysical predictions of upper mantle structure. (a) Temperature structure beneath McBride province
calculated by modeling REE concentrations of mafic rocks. Dotted line = temperature as function of depth at subsolidus conditions for optimal melting
model; solid line = temperature as function of depth within melting region; horizontal dashed line = predicted lithospheric thickness for optimal model;

gray bars = uncertainties for estimates of T, and a. Best-fitting potential temperature shown in top left-hand corner. (b) Shear-wave-velocity-to-temperature
conversion (Hoggard et al., 2020). Solid red line = temperature as function of depth beneath McBride calculated from SL2013sv model; dashed red/orange
line = lithospheric thickness predicted by 1,175°C isothermal surface from SL2013sv/FR12 models. Average potential temperature between 100 and

200 km for SL2013sv model shown in top left-hand corner. (c) Paleogeothermal profile calculated using xenoliths/xenocrysts from Cone 32, McBride. Blue
diamonds = xenolith/xenocryst thermobarometric estimates (Hoggard et al., 2020); dashed gray line = crustal thickness from AusMoho compilation (Kennett
et al., 2011); solid line = optimal paleogeothermal profiles, calculated from thermobarometric and crustal thickness constraints using FITPLOT algorithm
and estimate of T}, from geochemical modeling (Hoggard et al., 2020; Kay & Kay, 1983; Mather et al., 2011; McKenzie et al., 2005; Stolz, 1987); dashed blue
line = lithospheric thickness defined by intersection of palaecogeothermal profile with 1,175 °C isothermal surface. (d)-(f) Same for Chudleigh volcanic
province, which contains Sapphire Hill xenolith/xenocryst location (Kay & Kay, 1983). (g)-(i) Same for Nebo volcanic province, which contains Scrubby Hill
xenolith/xenocryst location (Griffin et al., 1987). (j)-(1) Same for Monaro volcanic province and xenolith/xenocryst location (Roach, 2004). (m)-(o) Same for
Newer Volcanic Province (NVP), which contains Bullenmerri Maar xenolith/xenocryst location (Griffin et al., 1984). (p)-(r) Tasmania volcanic province, which
contains Bow Hill xenolith/xenocryst location (Sutherland et al., 1984).

of £12 km along the length of the eastern seaboard (Figure 4e). Therefore, seismic tomographic models pro-
vide a useful means of extrapolating lithospheric thickness between point-wise xenolith thermobarometric
constraints. Tomographic estimates of a are <80 km for all volcanic provinces, with the exception of the east
Australian leucitites (e.g., El Capitan (E), Griffith (G), Cosgrove (Co); Figure 1a). Elevated REE concentra-
tions indicative of lithospheric contamination reported for Cosgrove and El Capitan, coupled with a lack of
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xenolith thermobarometric observations, mean that these tomographic estimates of lithospheric thickness
cannot be geochemically corroborated.

4. Mechanisms for Generating Cenozoic Volcanism

All three techniques used to estimate upper mantle structure along the eastern seaboard of Australia are
subject to significant uncertainties. Nevertheless, the self-consistency of our results is notable, which sup-
ports the inference that chemical composition of Cenozoic volcanic rocks is a function of upper mantle con-
ditions at the time of melt generation. Here, we discuss potential mechanisms for generating both age-pro-
gressive and age-independent volcanism in this region.

The REE modeling results presented here include the first attempt to estimate the temperature of the puta-
tive Cosgrove mantle plume. To reproduce REE concentrations of the Central Queensland age-progressive
volcanic rocks, potential temperatures, that are ~50-100°C hotter than those needed to produce age-inde-
pendent volcanism of New South Wales, are required. Assuming that age-independent volcanism of NSW
was generated at ambient mantle temperatures, we estimate that the Cosgrove plume had an excess temper-
ature of 50-100°C when Central Queensland translated over it. REE concentrations and absolute temper-
atures estimated for Central Queensland are similar to those calculated using the same techniques applied
to the present-day Réunion mantle plume (Ball et al., 2021). These temperatures are amongst the hottest
recorded on Earth during Neogene-Quaternary times using this modeling scheme (Ball et al., 2021).

The Older and Newer Volcanic provinces are geographically proximal to one another within the state of
Victoria (Figure 1a). The Older Volcanic Province (OVP) was active between ~90 and 14 Ma, whilst the
Newer Volcanic Province (NVP) has been active since ~6 Ma (Gray & McDougall, 2009; Price et al., 2014).
Volcanic activity of the NVP is coincident with passage of the Cosgrove mantle plume beneath Victoria
(Davies et al., 2015). Since, at the time of eruption, the Cosgrove plume was present beneath the NVP and
absent beneath the OVP, we would expect to see a difference in T}, estimates between these provinces. How-
ever, we obtain similar T), results in both cases, which indicates that the plume may have thermally waned
by the time it passed beneath Victoria (1296711°C and 130873°C, respectively; Figure 6a). Significantly, a dis-
crete low velocity anomaly at the predicted location of the present-day plume head is generally absent from
tomographic models (C' in Figure 4b). We note, however, that recent seismic imaging using observations
from the WOMBAT and BASS arrays, reveals radial anisotropy that could be generated by radial flow away
from a plume conduit (Bello et al., 2019).

The Eastern Australian leucitites are also thought to have been generated by passage of the Cosgrove
mantle plume (Davies et al., 2015). These K-rich, leucite-bearing lava flows crop out between Central
Queensland and the Newer Volcanic Province (e.g., El Capitan, Griffith, Cosgrove volcanic provinces;
Figure 1a). Using either global or regional tomographic models, this area is predicted to have lithosphere
>100-200 km thick (Figure 6b). Thick lithosphere largely inhibits melting and so, based upon these
models, no magmatism would be expected to occur beneath regions where leucitites crop out. However,
a regional P-wave tomographic model based upon observations from the WOMBAT array, which is posi-
tioned south of ~29°S, suggests that these low-volume leucititic melts could form over localized regions
of thin lithosphere that cannot be resolved by large-scale tomographic models (Davies et al., 2015). Un-
fortunately, regional tomographic models are difficult to calibrate with a view to extracting temperature
and lithospheric structure. Nonetheless, we can estimate values of lithospheric thickness from the WOM-
BAT-based model by assuming that minimum and maximum P-wave velocities along the Cosgrove track
coincide with the thinnest and thickest lithosphere, respectively (Davies et al., 2015). By linearly scaling
P-wave velocities with respect to values of lithospheric thickness between these extreme values, regions
of lithosphere <80 km thick are predicted to occur beneath all leucitite outcrops (Figure 6b). In these re-
gions, the lithosphere is sufficiently thin to permit small degrees of partial melting (Figure 6¢). Note that,
if the leucitites are formed by melting of metasomatized lithosphere, which is a reasonable conclusion
given their K-rich composition, elevated asthenospheric temperatures are required to initiate melting and
to form age-progressive volcanism.

Although our results suggest thermal waning of the Cosgrove plume, we cannot constrain its timing.
Mapping of volcanic provinces across Central Queensland reveals a southward decrease in melt volume,

BALL ET AL.

12 of 22



~1
AGU

Geochemistry, Geophysics, Geosystems 10.1029/2021GC009717
ADVANCING EARTH
AND SPACE SCIENCE
C V4
1400 — — .4 — — 1400
] A 1 :
51350 T ;4% F 1350 &
F1300 3 O+ 1300 -
1] :
1250 F—————p——————————1——————T————1 1250
0 —_— 0
1 o o I o o = B
- o [ o O O =z B
1 v v vy v v -
E 50 - 50 €
2 7 P =
< ] I )
o B | o
8100 - 100 8
150 +——————"—r—+———"———7"———T——— 150
15 [ S WA S RN NN TN T TR T NN T R 1 15
£10- E10®
%5 Vo’ b 52
3 A / i
0 A=A = 0
C 500 1000 1500 2000 C

Distance (km)

Figure 6. North-South transect from C to C’ in Figure 4b which tracks the Cosgrove plume (Davies et al., 2015). (a)
Temperature profile of Cosgrove plume estimated using results of geochemical modeling. Circles/triangles = age-
independent/-progressive estimates of T, from rare earth element (REE) modeling; red line = estimated temperature
profile for the Cosgrove plume. (b) Red solid/dashed lines = estimates for lithospheric thickness from FR12/FR12
modified by linearly scaling lithospheric thickness using average P-wave velocities over depth range of 50-200 km from
‘WOMBAT database (Davies & Rawlinson, 2014; Hoggard et al., 2020); circles/triangle/diamonds = age-independent/-
progressive/xenolith thermobarometric estimates of lithospheric thickness; dotted line = depth of solidus, assuming
that mantle H,O concentration = 210 ppm (Shorttle et al., 2014); NE = Nebo; PR = Peak Range; SP = Springsure;

BU = Buckland; BY = Byrock; EC = El Capitan; BH = Begargo Hill; GR = Griffith; NV = New Volcanic Province. (c)
Red solid/dashed lines = melt fraction estimates obtained by assuming adiabatic upwelling to base of lithosphere from
FR12 and modified FR12 models (Shorttle et al., 2014); circles/triangles = age-independent/-progressive melt fraction
estimates.

which is attributed to a waning plume (Jones et al., 2017). In this region, it is likely that lithospheric
thickness increases southward since volcanic activity occurs closer to the thick cratonic interior (Fig-
ure 4c). Therefore, a reduction of melt volume within Central Queensland could, instead, be due to the
plume beginning to track beneath thicker lithosphere (Davies et al., 2015). However, exploiting current
tomography-based lithospheric thickness models, a pronounced increase in lithospheric thickness is not
observed until south of the Central Queensland volcanic provinces, and lithospheric thickness varia-
tions cannot account for T, differences between Central Queensland and Victoria (Figure 6; Hoggard
et al., 2020). Gradual, rapid, or even delayed, thermal waning of the Cosgrove plume between Central
Queensland and Victoria can each account for formation of all volcanic provinces along the plume track
(Figure S5). Unfortunately, a paucity of REE compositions for age-progressive volcanism in Southern
Queensland, for NSW, and for the offshore seamounts limits the spatial coverage of our study. Further
analysis of mafic rocks from age-progressive volcanic provinces would be helpful to constrain in more
detail the number, location and temperature excess of mantle plumes that have passed beneath Australia
during Cenozoic times.

Results of REE modeling suggest that generation of age-independent volcanic provinces across NSW re-
quires a combination of either ambient or modestly elevated asthenospheric temperatures and thinned
lithosphere. This combination could be consistent with the hypothesis that age-independent volcanism
is generated by either edge-driven convection and/or shear-driven upwelling of mantle material. In this
hypothesis, the juxtaposition of thick cratonic lithosphere with thinner coastal lithosphere facilitates gener-
ation of local edge-driven convective cells that sustain intermittent volcanic activity over protracted periods
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of time (Davies & Rawlinson, 2014; Demidjuk et al., 2007; Rawlinson et al., 2017). Rapid northward trans-
lation of Australia could modify the flow field in the mantle beneath, initiating shear-driven upwelling and
altering the distribution and extent of volcanic activity at the surface (Davies & Rawlinson, 2014; Rawlinson
et al., 2017). Since eruptions have not been continuous throughout Cenozoic times, it is possible that minor
variations of mantle temperature, lithospheric structure, mantle flow and/or asthenospheric composition
act to modulate the melting process (Demidjuk et al., 2007; Mather et al., 2020; Rawlinson et al., 2017).

Our REE modeling results suggest that ambient to modestly elevated asthenospheric potential tempera-
tures exist at the present day beneath Northern Queensland. These results are corroborated by seismic
tomographic estimates of T, (Figures 4b and 4d). As such, it is unlikely that age-independent volcanism
of Northern Queensland and NSW are generated by identical processes. Northern Queensland lies at the
leading edge of the translating Australian plate, which is a dynamically unfavorable locus for melting to
have occurred either by edge-driven convection or by shear-driven upwelling (Davies & Rawlinson, 2014;
Rawlinson et al., 2017). Instead, intraplate volcanism of Northern Queensland could have been generated
by the recent arrival of a mantle plume (Kennett & Davies, 2020). Beneath the Coral Sea, a deep-rooted
plume is inferred to exist within the lower mantle that has associated seismic attenuation within the upper
mantle (French & Romanowicz, 2015; Kennett & Davies, 2020). However, no bathymetric swell is observed
at the predicted location of this plume. Instead, a significant negative residual depth anomaly is recorded
throughout the Coral Sea where stratigraphic evidence suggests that this subsidence occured during Neo-
gene times (Czarnota et al., 2013; Hoggard et al., 2017; Miiller, Gaina, & Clark, 2000). Absence of a clearly
defined plume within the upper mantle, combined with the geographic distribution of volcanism, could
result from interaction between a rising plume and subducted oceanic lithosphere within the mid-mantle
(Kennett & Davies, 2020). Further investigation is required to determine the mechanism that generates the
volcanism of Northern Queensland, although the modestly elevated temperatures estimated by REE mode-
ling are indeed compatible with the presence of a mantle plume.

5. Evolution of the Eastern Highlands

We have used a database of newly acquired and legacy geochemical measurements to constrain values of
T, and lithospheric thickness beneath the eastern seaboard of Australia. Our results agree to within an
average of +20°C and +12 km of tomographic and xenolith thermobarometric estimates. They show that
lithosphere beneath the eastern seaboard is < 80 km thick throughout Cenozoic times. This thin lithosphere
is underlain by asthenospheric mantle whose potential temperature varies as a function of time and space.
The bulk of Cenozoic volcanism occurs within the Eastern Highlands, which sit at present-day elevations of
500-1,500 m. Here, we explore the geodynamical implications of our results. We suggest that a combination
of lithospheric thinning and asthenospheric flow could be responsible for the formation and longevity of
the Eastern Highlands.

To assess the upper mantle's contribution to formation of the Eastern Highlands, we must first constrain
the timing and extent of uplift. In Northern Queensland, Late Cretaceous marine sedimentary rocks capped
by lateritic deposits are distributed along the western edge of these highlands (Coventry et al., 1985; Well-
man, 1987). Laterite deposits build up during prolonged spells of sub-aerial weathering in hot tropical
environments where topographic gradients are minimal. These combined stratigraphic and geomorphic
observations suggest that sub-aerial exposure of Northern Queensland occurred between 100 and 45 Ma
(Wellman, 1979, 1987). We infer that Cenozoic volcanism occurred onshore and commenced when topo-
graphic relief was low.

To the south, post-Triassic marine sedimentary rocks are absent which means that the commencement of
sub-aerial exposure is poorly constrained. Within the Monaro volcanic province, basaltic lavas that erupted
at ~45 Ma flowed along deeply incised paleovalleys, which implies that a component of regional topography
existed during Mesozoic times (Taylor et al., 1985; Vandenberg, 2010). Forward and inverse modeling of lon-
gitudinal river profiles from the Eastern Highlands reveals a two phase uplift history (Czarnota et al., 2014;
Salles et al., 2017). Within the southeastern highlands, where erosion rates are best-constrained, these phas-
es occurred in Late Cretaceous (i.e., 120-80 Ma) and Cenozoic (i.e., 60-30 Ma) times, respectively (Czarnota
et al., 2014; Young & McDougall, 1993). Apatite (U—Th)/He thermochronologic analyses of sedimentary
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rocks from the Drummond basin of southern Queensland suggest that cooling and exhumation of this basin
began at ~90 Ma (Zhang et al., 2019). A subsequent period of Cenozoic uplift and denudation is consistent
with other geomorphologic, fission track and stratigraphic studies (Faiz et al., 2007; Holdgate et al., 2008;
O'Sullivan et al., 1995, 2000; Wellman, 1987). This second phase of regional uplift coincides with onset of in-
traplate volcanism. Sub-aerial lava flows with radiometric dates of ~30 Ma crop out at elevations of ~30 m
along the coastline adjacent to the southeastern and central highlands (Young & McDougall, 1982; Young &
Wray, 2000). These flows demonstrate that most of the regional uplift occurred prior to Oligocene times. Al-
though this two phase uplift model for the Eastern Highlands is widely accepted, the relative contributions
of each uplift phase to present-day topography remains debated (Czarnota et al., 2014; Hill, 1999; Holdgate
et al., 2008; Salles et al., 2017; Vandenberg, 2010; Webb, 2017).

Some previous studies have attributed regional uplift of the Eastern Highlands to crustal, rather than man-
tle, processes. These processes include tectonic shortening, rifting during opening of the Tasman Sea, mag-
matic underplating, and erosion of pre-existing topography (Holdgate et al., 2008; Kohn et al., 2002; Lister &
Etheridge, 1989; Stephenson & Lambeck, 1985; Van der Beek et al., 1999). These alternative proposals gen-
erally assume that present-day topography is supported by crustal thickness and density variations. For ex-
ample, in the southernmost Eastern Highlands, topography does indeed correlate with crustal thickness and
with present-day seismic activity. Therefore, on local scales, this assumption may hold (Braun et al., 2009;
Kennett et al., 2011; Sandiford et al., 2004). Models of the SE Australian stress regime indicate that an E-W
compressive stress field developed at 5-10 Ma (Sandiford et al., 2004). Crustal shortening attributable to
these stresses could account for a small proportion (i.e., < 200 m) of uplift during or after the second phase
of Eastern Highlands formation (Braun et al., 2009). However, the Eastern Highlands coincide with positive
long wavelength free-air gravity anomalies (Figure 1a). Thus it is less likely that the whole of the Eastern
Highlands is supported by crustal isostasy alone. Instead, admittance analysis of eastern Australia implies
that a combination of mantle density variations and normal stresses, probably generated by asthenospheric
flow, support the Eastern Highlands (Czarnota et al., 2014).

It is unlikely that the Eastern Highlands have been consistently supported by thermally buoyant astheno-
sphere since our geochemical analyses suggest that the generation of age-independent volcanism does not
require excess mantle temperatures. Rapid northward translation of the Australian plate during Cenozoic
times also negates this possibility. Numerous studies have advocated lower mantle density variations as a
key control of eastern Australian topography. Regional uplift of the Eastern Highlands could conceivably
be produced by migration of the Australian continent away from a sinking slab within the mantle and
toward the Pacific Large Low Velocity Province (Gurnis et al., 1998; Miiller et al., 2016; Salles et al., 2017).
The predicted surface rebound of ~1,000 m generated by lateral motion over these deep mantle features
encompasses both the Eastern Highlands together with the Coral and Tasman seas, which lie to the east. In
contrast to the Eastern Highlands, the Tasman and Coral seas are associated with negative long wavelength
free-air gravity anomalies, negative residual topography, and hundreds of meters of Neogene-Quaternary
subsidence (Figure 1a; Czarnota et al., 2013; Miiller, Lim, & Isern, 2000). Accordingly, whilst this hypothesis
can match the magnitude and timing of uplift observed for the Eastern Highlands, it is difficult to reconcile
it with proximal offshore observations. Finally, modest predictions of dynamic topographic support at the
present day (i.e., —100 m to 4200 m) are at odds with the existence of a positive free-air gravity anomaly and
with the requirement for sub-crustal support across the Eastern Highlands (Czarnota et al., 2014). These
observations imply that additional processes are necessary to generate and maintain both the Eastern High-
lands and the dynamic topographic low of the Coral and Tasman seas.

An alternative (or additional) mechanism for generating regional uplift is thinning of lithospheric mantle
(Bird, 1979). Our results show that the lithosphere beneath the eastern seaboard of Australia was thin pri-
or to, or coincident with, onset of volcanism. Thin lithosphere persists to the present day. Using a simple
isostatic calculation, thinning of lithosphere from 120 to 70 km by removal of lithospheric mantle material
will generate either 0.72 km or 1.26 km of regional uplift, depending upon whether the remnant lithosphere
is thermally dis-equilibrated or re-equilibrated (Appendix A). Therefore, lithospheric erosion can provide
sufficient buoyancy to support the Eastern Highlands, which have a present-day elevation of 0.5-1.5 km.
Any hypothesis that accounts for support of the Eastern Highlands must reproduce its two phase uplift his-
tory (Czarnota et al., 2014; Miiller et al., 2016; Salles et al., 2017). These highlands could initially have been
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uplifted by erosion of lithospheric mantle prior to the opening of the Southern ocean and of the Tasman
sea at ~90 Ma (Gaina et al., 1998). The second phase of uplift coincides with onset of volcanism and with
an increase in plate speed as the Australian plate begins to separate from Antarctica and translate toward
the Melanesian subduction zone at 60-30 Ma (DeMets et al., 2010; Miiller, Gaina, & Clark, 2000). Along the
eastern seaboard of Australia, thin coastal lithosphere abuts the thick cratonic interior at the present day
(Figure 4c). As plate speed increases, local convection cells that develop at marked changes in lithospheric
thickness are conceivably enhanced (Conrad et al., 2010; Davies & Rawlinson, 2014; Rawlinson et al., 2017).
These putative cells could destabilize overlying lithospheric mantle and could also contribute hundreds
of meters of dynamic support at wavelengths of order 10°-10° km, as a consequence of normal stresses
imparted by shallow mantle flow (Colli et al., 2016; Kim & So, 2020). Return convective flow could also gen-
erate observed subsidence of the Coral and Tasman seas. The surprising longevity of thinned lithosphere
along the eastern seaboard and, therefore, of the Eastern Highlands, could result from some combination
of shear-driven upwelling, edge-driven convection and/or periodic small-scale melting, which act to inhibit
lithospheric rethickening.

6. Conclusions

A revised and augmented geochemical database of Cenozoic volcanism along the eastern seaboard of Aus-
tralia has been compiled and analyzed. This database includes newly acquired samples and analyses from a
series of under-represented locations across Queensland. Geochemical modeling of this database suggests
that continental lithosphere is < 80 km thick and that ambient, or modestly elevated, mantle tempera-
tures existed beneath age-independent volcanic provinces during Cenozoic times. Both thinning of the
lithospheric mantle and development of small-scale convection cells within the uppermost asthenosphere
prior to, or coincident with, the onset of volcanism could have contributed to regional uplift of the Eastern
Highlands. Excess mantle temperatures of 50-100°C are required to produce the age-progressive volcanic
provinces of Central Queensland. These excess temperatures mark the passage of the Cosgrove mantle
plume beneath the horizontally translating plate. We observe a thermal waning of this plume as it passes
beneath the plate. Results of modeling of REE concentrations agree with independent constraints obtained
from xenolith thermobarometric and seismic tomographic analyses, which validates our proposed litho-
spheric architecture. In the future, quantitative geochemical modeling of older volcanic provinces should
yield useful insights into the way in which mantle structure of the Australian plate has evolved through
geologic time.

Appendix A: Isostatic Calculations
The amount of regional uplift, U, generated by removal of dense lithospheric mantle is given by

p[m,() plm,n

U = (Z],o - ZC) - (Zl,n - ZL')

a a

- (Zl,o - Z[,n)’ (Al)

where z and p refer to thicknesses and densities, respectively. Subscript labels are as follows: c indicates
crust; [ indicates lithosphere; Im indicates lithospheric mantle; and a indicates asthenosphere. Subscripts
o and n refer to original and modified lithospheric columns, respectively. Lithospheric and asthenospheric
densities are functions of pressure and temperature. Here, we use identical equations and parameter values
to those described by Ball et al. (2019). We assume T, = 1,330°C, an asthenospheric temperature gradient
of 0.6°C km™, a pressure gradient of 0.033 GPa km™, a reference mantle density of 3.33 Mg m~>, a thermal
expansion coefficient of 4 X 107> °C™*, and a bulk modulus of 115.2 GPa. In the thermally equilibrated case,
the base the of lithospheric column is assumed to have a T, of 1,330°C with temperature that linearly de-
creases to zero at Earth's surface. In the disequilibrated case, temperature profile remains fixed so that the
base of the lithosphere has T, < 1,330°C and temperature linearly decreases to zero at the Earth's surface.
For these calculations, we assume that z, = 35 km and that the lithosphere is not depleted. If lithosphere
with a thickness of 120 km is instantaneously thinned to 70 km, U = 0.72 km. If this perturbed lithospheric
column is thermally re-equilibrated, it becomes less dense and U increases to 1.25 km. The effects of mantle
flow and regional denudation can act to amplify U.
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