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Abstract

Low temperature thermochronology (LTT) is commonly used to investigate onshore records of continental rifting and
geomorphic evolution of passive continental margins. The SE Australian passive margin, like many others, has an
elevated plateau separatedifrom the coastal plain by an erosional escarpment, presumed to originate through
Cretaceous rifting priorto'Tasman Sea seafloor spreading. Previous LTT studies have focused on reconciling thermal
histories with development of the present-day topography. New apatite LTT data along an escarpment-to-coast
transect define a classie’‘boomerang’ (mean track length vs fission-track age), indicating variable overprinting of late-
Paleozoic cooling agesiby:a younger, mid-Cretaceous cooling event. Regionally, however, the boomerang trend
diverges NNW away from. the coast and crosses the escarpment, implying the underlying thermal history pre-dates
escarpment formationsandsis largely independent from post-breakup landscape evolution. We suggest Cretaceous

cooling might relate to eresion of Permo-Triassic sedimentary cover from a formerly more extensive Sydney Basin.

Introduction

Elevated passive continental margins (EPCMs) are characterized by an uplifted plateau surface separated from a
broad coastal plain by'one‘or more seaward facing erosional escarpments (e.g. Moore et al., 1986; Green et al., 2013;
Wildman et al., 2016)»Such,EPCMs are often persistent and are widely considered to contain important records of
continental breakup.and.subsequent margin denudation (e.g. Kollenz et al., 2016; Hueck et al., 2019). Interpretation of
these margins has beenseontroversial, however, with various conceptual models proposed to explain their
development (e.g. Lister et al., 1986; Gilchrist and Summerfield 1990; Gilchrist et al., 1994; Kooi and Beaumont, 1994;
Gallagher and Brown, 1997; Braun and van der Beek, 2004). Low-temperature thermochronology (LTT) using apatite
fission-track (AFT) and apatite (U-Th-Sm)/He (AHe) methods (e.g. Gleadow et al., 2002a; Reiners et al., 2018), has
commonly been used to constrain the onshore development of EPCMs (see Wildman et al., 2019 for overview),

starting with the classic study of Moore et al. (1986) on the SE Australia margin.

Following recognition by Gleadow and Lovering (1978) of a possible association between AFT ages and continental
rifting, Moore (1982) conducted the first regional AFT thermochronology study of the SE Australia EPCM, dominated
by the “Great Escarpment” (e.g. Ollier, 1982; Braun & van der Beek, 2004; Heimsath & Chappell 2006), the
significance of which has featured in many subsequent studies (e.g. Moore et al., 1986; Dumitru et al., 1991;
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O’Sullivan et al., 1995; van der Beek et al., 1999; Kohn et al., 2002; Persano et al., 2002). All of these studies have
implicitly assumed a relationship between the evolution of the present topography and the underlying
thermochronology, which has recently been called into question by Green et al. (2013, 2018). Central to this margin is
an E-W transect from the Monaro Tableland across the Brown Mountain escarpment to the coast. However, published
AFT data from this area, mostly from Moore (1982) and Moore et al. (1986), pre-date many important developments in
methodology, interpretation and modeling (e.g. Green 1986; Donelick et al., 2005; Ketcham et al., 2007b; Gleadow et
al., 2009; Gallagher; 2012;). Moreover, ideas on the geomorphic and geological development of rifted margins have
also evolved (e.g. Gallagher et al., 1998; Braun and van der Beek, 2004; Braun, 2018a, 2018b; Green et al., 2013,
2018; Japsen et al., 2018).

Moore et al. (1986) suggested a thermal event associated with rifting may have preferentially reset AFT ages along
the margin, with diminishing effect inland, leaving undisturbed Paleozoic cooling ages on the elevated plateau. The
LTT data were thought to represent a pattern of increasing denudation and/or increasing heat flow towards the coast,
discussed in a number of subsequent studies (e.g. Dumitru ef al., 1991; O’Sullivan et al., 1995; van der Beek et al.,
1999; Persano et al., 2002, 2005). The term “boomerang trend” was coined to describe a concave-up trend of AFT
age against mean track length, first observed by Moore (1982) and explained more fully by Green (1986), resulting

from progressive overprinting of an older background age by a younger cooling event.

One explanation for the observed LTT data pattern is variable denudation across the coastal plain (<2km at
escarpment to >4kmrat'coast) using a constant geothermal gradient (~25°C/km). This requires significant vertical
displacement by faulting or very low lithospheric rigidity (effective elastic thickness (EET) ~5-8km, Braun and van der
Beek, 2004). Evidence forsubstantial faulting or flexure is lacking in the field area and within the generally flat-lying
Permo-Triassic Sydney*Basin to the north (Middleton and Schmidt, 1982; Moore et al., 1986; Persano et al., 2005).
Furthermore, gravimetric and heat flow studies along eastern Australia suggest a minimum EET of ~15km (e.g. Zuber
et al., 1989; Simons et al., 2000). Some studies have therefore proposed heating associated with rifting might

decrease the km-scale denudation required (Moore et al., 1986; Persano et al., 2005).

Over the last 20 years, prevailing explanations for LTT trends along rifted margins have mostly favored denudation
mechanisms associated with escarpment formation. The SE Australian margin has generally been thought to follow
‘scarp retreat’ or ‘pinned=divide’ models (e.g. Gilchrist and Summerfield, 1990; Gallagher et al., 1998; Persano ef al.,
2002, 2005), aided by stream incision seaward of the drainage divide (Heimsath and Chappell, 2006; van der Beek
and Braun, 2002)sDBistinguishing between these two scenarios is difficult (Braun and van der Beek, 2004), but LTT
data are generallyregarded as inconsistent with a down-warped model (e.g. Ollier and Pain, 1997). Periods of most
rapid erosion have beenslinked to early stages of rifting and seafloor spreading (Matmon et al., 2002, Persano et al.,
2005). This is supported by the presence of Eocene basalts (~55-35 Ma, Wellman and McDougall, 1974; Matchan,
2012) on the Monaro Tableland and parts of the escarpment, implying that relief developed by the late Cretaceous
with minimal erosion and no significant uplift of the Monaro since that time (e.g. Taylor et al., 1985, 1990; McQueen,
1994; Bishop and Goldrick;u1997; van der Beek and Braun, 1998). In contrast, Green et al. (2013, 2018) suggest that

most uplift and escarpment formation considerably post-date rifting (Oligocene-present).

In this study, we revisit the classic Brown Mountain transect in SE Australia and present a new LTT data set utilizing
modern AFT analytical techniques, complemented by AHe data and thermal history modelling. These are then

compared with regional data sets to provide further insights into the thermal and geomorphic evolution of the margin.
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Geologic Setting

The erosional escarpment along the EPCM of SE Australia runs ~50-200km inland and roughly parallel to the coast
separating the relatively high (up to 1300m) Monaro Tableland to the west, from a low-lying coastal plain to the east
(Ollier, 1982, 1985; Wellman, 1987). The margin resulted from the break-up of eastern Gondwana and separation of
the continental Lord Howe Rise by opening of the Tasman Sea. Rifting commenced ~110-90Ma (Jones and Veevers,
1983) with seafloor'spreading occurring between ~74-52Ma (Gaina et al., 1998). Local geology (Figure 1) consists of
Silurian-Devonian granitoids intruding early Paleozoic sediments of the Lachlan Fold Belt (e.g. Foster and Gray,
2000). The Permo-Triassic Sydney Basin (e.g. Middleton and Schmidt, 1982) occurs ~140km north of the study area.
Several small Cretaceousrand Jurassic intrusions occur along the SE margin. The small (~5km?) Cretaceous Tanja
Syenite outcrops along,the transect (~3km inland) and the 99Ma Mt. Dromedary Complex (Schoene et al., 2006;
Phillips et al., 2017) eutcrops ~60km north of the study area.

Sampling, Methods and Results

Samples were collected along a transect from the Monaro Tableland to the coast (Figure 1). AFT and AHe analytical
methods follow Gleadow.et al. (2015) with results presented in Tables 1 and 2, respectively and Figure 2. AFT results
are grouped into 3 zonesi(Figures 1 & 2) representing distinct sets based on age and track-length distributions. In
general, AFT ages decrease from a maximum of ~290Ma above the escarpment, to a minimum of ~70-90Ma at the
coast. Longer mean track lengths (MTL) are found at each end of the transect, with shorter MTL between. AHe central
ages (used for non-dispersed age samples; Vermeesch, 2008) follow this same general trend, with a minimum

(~80Ma) near the coast and maximum (~135Ma) at the top of the escarpment.

Zone 1 samples (AFT.ageés >250Ma) exhibit narrow unimodal track-length distributions (Figure 2) with the longest
furthest from the coastat 13.2+0.7um (MM14-01). Zone 2 samples (intermediate AFT ages from 239+12Ma to
1391+6Ma) yield negatively skewed or bimodal track-length distributions with MTL ranging from 12.2+1.9 to 9.6+2.6um.
Clearly bimodal distributions occur ~25-15km from the coast. Zone 3 samples (AFT ages 114+9Ma to 73+4Ma) yield
longest MTL, averaging™=43.8+1um with narrow unimodal length distributions. Two younger ages, 37+11Ma (MM14-
22) and 71+28Ma (MM14-23), show highly dispersed single grain ages (see Supplementary Information), and are
possibly affected by forestfire.

Most AHe data show only minor intra-sample age dispersion, although in some (MM14-13, 24) dispersion is excessive
and these results were not used in thermal history modeling. The oldest AHe central age is 131t6Ma (MM14-5), at the
top of the escarpment, and'ages gradually decrease to 85t3Ma and 93+3Ma towards the coast. A similar AHe age

pattern (with some age dispersion) was also reported by Persano et al. (2002) (see Figures 2 and 3),.
Discussion

The relationship between MTL and apparent AFT age (Figure 4) shows a classic concave-up ‘boomerang’ trend, (e.g.
Moore et al., 1982, 1986; Green, 1986) implying that variation in apparent ages is controlled by a mixture of two

distinct cooling events in differing proportions. The boomerang trend across the coastal plain is summarized in Figure

3. The overall trend is similar to that of Moore et al. (1986), but here the ‘trough’ is more pronounced, down to ~10um
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MTL compared to at least 1um greater in the same area, probably due to the measurement of anomalously long
TINCLE tracks (Donelick et al., 2005).

Zone 3 MTL and younger ages suggest rapid mid-Cretaceous (~90Ma) cooling (broadly coinciding with the onset of
rifting), the effect of which diminishes inland.. Zone 2 samples possess broader and/or bimodal track length
distributions representing two distinct age components. The shortening and progressive loss of the older, and
increasing presencelof the younger, component towards the coast results in the boomerang trend trough observed in

Zone 2.

The concave-up boomerang trend with distinct end-member cooling components, seemingly associated with
escarpment topography, has been used as evidence to reconcile highly variable denudation along the coastal plain.
However, regional AFT studies (Kohn et al., 2002; Gleadow et al. 2002b) show the boomerang trough continues
northwards and diverges inland (Figure 5), crossing both the escarpment and the elevated plateau. This implies the
regional AFT pattern must pre-date the denudation history represented by escarpment retreat, suggesting the
apparent relationship between the two in the study area may be fortuitous. Furthermore, the areas of coastal resetting
(MTL ~14pm) and the trend of the boomerang trough, closely parallels the present edge of Sydney Basin (Figure 5)
suggesting it may have previously extended significantly to the west and south blanketing the area. Erosional removal
of this sedimentary coverwould have contributed to the underlying thermal history and, as argued by Green et al.

(2013, 2018), pre-dated formation of the escarpment.

Inverse thermal historysmodels are summarized in Figure 6 and Supplementary Information. Zone 1 sample MM14-05
shows fairly rapid late-Paleozoic cooling to relatively low temperatures, possibly followed by mild Neogene cooling.
Zone 3 samples show.rapid,cooling at ~90Ma from temperatures (>~120°C), above the apatite partial annealing zone
(PAZ), followed by rapidieeoling to the surface within ~15-25Myr. Sample MM14-20 from the sub-volcanic Cretaceous
Tanja Syenite (99Mai'in prep.), one of several regional Cretaceous and Jurassic intrusions (Lewis et al., 1994), is
similar in age to the nearby Mt. Dromedary intrusion. Within uncertainty, the AFT age (and long MTL) is consistent
with the emplacement age, suggesting Tanja has not experienced prolonged exposure in the PAZ since
emplacement. Nott and Purvis (1995) argued that the escarpment already lay to the west of Mt. Dromedary by the
mid-Cretaceous. Similarly here, the Tanja syenite and late-Cretaceous coastal ages are consistent with models of

rapid escarpment migration in the early stages of rifting (Matmon et al., 2002; Persano et al., 2005).

Modeling results for Zone 2 suggest at least minor reheating during the early-mid Cretaceous, but due to partial
annealing of older/shorter tracks, evidence for this phase is absent in Zone 3. Forward models based on broadly
similar data sets (Persano et al., 2005), do not show this reheating and instead exhibit longer residence within the
AFT and AHe partial retention zones. It is not clear whether those models allowed for reheating or were cooling-only,
but clearly either strategy will produce acceptable results and such reheating is permitted, rather than demanded by
the data.

Timing of the thermal maximum apparent in Zones 2 and 3 prior to rapid cooling, approximately coincides with
emplacement of the Tanja Syenite. Such relatively small intrusions would likely have little regional thermal effect, but
might be associated with elevated thermal gradients, if combined with a more extensive low-conductivity sedimentary
blanket. In the southern Sydney Basin, ~140km to the north, Schmidt and Embleton (1981) and Middleton and
Schmidt (1982) found evidence for a substantial Cretaceous paleomagnetic overprint affecting the coastal areas at
~100-70Ma, coinciding with very high vitrinite reflectance values, together indicating paleotemperatures of ~200°C.

This article is protected by copyright. All rights reserved
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These findings were interpreted as resulting from high thermal gradients (up to 70°C/km) under km-scale cover
followed by rapid mid Cretaceous exhumation and cooling. A higher geothermal gradient in the study area would
reduce the total exhumation required, thereby allowing for a greater, more reasonable effective elastic thickness

(~60°C/km equates to ~1.4km of exhumation and an ETT of ~10km; see Table 3).

The data presented here confirm that large-scale variable denudation or elevated thermal gradients are required to
explain the observedILTT trends. The regional AFT pattern implies that denudation related to escarpment retreat or
heating associated withsrifting alone cannot fully explain the findings. We suggest the Sydney Basin may have
extended further southwest than previously thought, allowing for higher temperatures beneath a more extensive
sedimentary blanket. The boomerang trend must have existed before escarpment formation and therefore would only
have been modified to a small degree by escarpment retreat. This re-interpretation may have important implications
for studies that rely on similar LTT trends elsewhere and their assumed genetic relationship to escarpment

denudation.
Conclusions

This study reports new LTT data and inverse time-temperature modeling for the SE Australian rifted margin and
compares these with regional thermochronology trends. The results constrain the regional thermal history and confirm
rapid cooling in coastal areas at ~90Ma. This event overlaps with the time of rifting prior to the onset of seafloor
spreading in the adjacent Tasman Sea. Models for samples with bimodal track length distributions from the middle of
a classic boomerang-trend of MTL against AFT age are consistent with a rise in geothermal gradient around this time.
The divergent NNW path'of the boomerang trend away from the coast suggests the LTT pattern must pre-date
formation of the erasional escarpment. Based on the relationship of this trend to the Sydney Basin, we suggest that
basin sediments may have extended across the study area prior to rapid Cretaceous cooling, thus mitigating the

requirement for km=scalesdenudation.
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Figure 1: DEM and geological map showing location of twenty-six new samples (white dots) collected on a trend
perpendicular to the coast along the SE margin of NSW, Australia, near the town of Bega and Tathra following
previous work in the area (Moore et al., 1986; Dumitru et al., 1991; Kohn et al., 2002; Persano et al., 2002; Persano et
al., 2005). AHe samples from Persano et al., (2002) referred to in the text are marked with grey triangles. Sample
elevations range from 1130 m (Samples MM14-2) to <10 m. Most samples were I|-type granites except for samples
MM14-22, 23 (A-type) samples 17 and 21 (Ordovician Sandstones) and MM14-20 (Cretaceous Tanja syenite).

Figure 2: AFT age andstrack length results along coastal transect showing histograms with kernel density
estimation—blue line (y-axis = relative abundance, x-axis = length (um) from 0-20 um) filled with respect to their zone
(zone 1 — green, zone 2 — grey, zone 3 — black). Zone 1 includes samples above the escarpment at high elevations to
the west of the escarpment lip, Zone 2 includes intermediate mixing ages with bimodal MTL distributions along the
escarpment and much of the coastal plain and Zone 3 includes samples along the coast with long MTLs and younger
AFT ages. AFT ages (Ma) + 10 are marked in bold. MTL appears below AFT age as italics. AHe age (when

measured) appears in parenthesis. Persano et al., (2002) AHe ages (average-Ma), referred to in the text, are marked

grey.

Figure 3: Cross-section A-A’ with 10x vertical exaggeration. AFT age trend is represented by the contour colors
(upper plot). The lowerplot'shows the low-T data trends. Sample near the coast with AFT age 85+7 Ma and AHe age
93+3 Ma is a combinéd projected location of coastal samples MM14-21 and MM14-18B respectively. AHe ages follow
the same general trend as AFT ages, where older ages belong to those rocks along the escarpment. Based on the
LTT age trend along'the'coastal plain and inland location of age minima, the data support an escarpment retreat or
down-wearing models as suggested in previous studies (Persano et al., 2002; Persano et al., 2005). Considering the
probable high erosional rate of the escarpment, differentiating between these two proposed models would be difficult
(Braun and van der Beek, 2004).

Figure 4: Boomerang'plot; showing time period of rifting (green block) and concave-up trend (blue curve). Note: The
x-axis has been flippédto relate the trend in ages with those seen along transect A-A® when moving west to east.
Coastal samples (rightiside) show the longest MTLs and youngest AFT ages, anchoring one end member of the
boomerang. Olderssamples near the escarpment edge (left side) with long MTLs, anchor the other end member.
‘Valley’ samples of thesboomerang represent mixing between the two cooling end members, as indicated by their

annealed, bimodal MTLs with large standard deviations (circle size).

Figure 5: Map showing (a)regional AFT MTL and (b) age data modified from Kohn et al. (2002) and Gleadow et al.
(2002b) interpolated between points using a continuous spline in tension, overlying DEM and bathymetry maps. Data
from this study is not included in the figure as it largely follows the same trend as previous studies in the area and
would not markedly affect the output at the given resolution. The axis of the boomerang trend (dashed yellow line),
edge of the Great Escarpment lip (white trace), location of transect for this study (white rectangle), data locations

(white dots), and outline of extent of present-day Sydney basin (black trace, shaded white) are shown.
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Figure 6: Inverse thermal history models generated from HeFTy software, v. 1.8 (Ketcham et al., 2005). Ketcham et
al. (2007a) and Ketcham et al. (2007b) were used as c-axis projection and annealing models (5M) respectively. Dpar
was used as the kinetic parameter, allowing for initial MTL from Dpar measurements. Comparison between modeled
and observed AFT data for best-fit model paths accompany each thermal history shown above. Model reproducibility
of the observed tracklength histograms are shown in the bottom right corner of each thermal history. Samples were
allowed to re-heat between,constraints, as indicated in the figure, i.e.: 3Ev—3 halves, episodic variable. Models were
allowed to run until 100 “good” (p>0.5) paths were found to fit the model. Present-day surface temperature was set at
201£10°C. Model paths;have been cropped above 140°C, far outside the apatite PAZ. An initial constraint was added
to start the model, which was well out of the partial annealing zone ages much older than the AFT age. A broad
constraint was also used for samples 12 and 13 to allow for the possibility of cooling/reheating between the initial
constraint and AHe age, this constraint never truncated the model and only served to allow more flexibility between
the starting and ending censtraints. Furthermore, in some instances the AHe age range (highlighted purple) was used
as a constraint (MM14-12, 13, 18B, 20), however in every instance (except MM14-18B; robust undispersed age) the
constraint was only used.as;a guide, and was adjusted/enlarged if the model truncated on the border of the constraint.
Extra models, including “wide-open” constraints for MM14-12 and MM14-13 can be found in the Supplementary

Information.
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Table 1
Summary of Apatite Fission Track (AFT) Results

Mean track
238U

Sample No. l\/llgp Map Unit Rock Type Longitude/Latitude EleE/ri?on gl;i:sf Ng [1O§Zm'2] [ppm £ 10]" [ﬁ::i Dlsp[t;)r]smn P[o’\:;e: 1a§]e C[e,\;;rail 1ag]e Niengtn : length S[tﬁ]?l'
um £ se ]
Zone 1:
MM14-01  Dggg Glenbog Granodiorite Granodiorite 149.31044/-36.57578 1074 25 1456 26.2504 204+114 1.38 19 261 + 16 288 + 15 107 13.16 + 0.06 0.66
MM14-02 Dggn Minnitabel Adamellite  Biotite Adameliite 149.34836/-36.60051 1130 30 2528 38.4000 31.9+19.9 1.35 30 252 + 20 273 + 17 100 12.79 + 0.08 0.77
MM14-03 Dgbb BembekasGranodiorite Granodiorite 149.40134/-36.61925 1108 33 656 7.6167 6.3+18 225 0 256 + 10 261 + 11 98 1275 £ 0.10 0.98
MM14-04 Dgbb Bemboka Granodiorite Granodiorite 149.44353/-36.59805 893 31 521 7.3490 6.2+28 1.6 19 242 + 16 258 + 15 90 1247 £ 011 1.03
MM14-05 Dgbb Bemboka-Granodiorite Granodiorite 149.45609/-36.60470 709 29 422 5.6349 5014 144 16 234 £+ 16 242 + 15 101 1244 £ 011 1.15
MM14-06 Dgbb Bemboka Granodiorite Granodiorite 149.46900/-36.61010 515 30 461 7.2774 6418 1.46 8 245 + 13 251 £+ 14 100 11.66 + 0.15 1.46
Zone 2:
MM14-07  Dgbb Bemboka Granodiorite Granodiorite 149.48102/-36.60967 374 28 427 6.0364 55+16 149 0 234 + 11 239 + 12 120 11.30 + 0.20 2.19
MM14-08 Dgbb Bemboka Granodiorite Granodiorite 149.51382/-36.61748 240 31 524 6.0742 59+17 154 11 213 £+ 13 220 + 11 113 11.60 + 0.16 1.69
MM14-09 Dgbb Bemboka Granodiorite Granodiorite 149.57607/-36.63217 212 31 361 5.0415 5621 1.57 5 193 + 14 199 + 11 125 1131 + 0.16 1.81
MM14-10 Dgbb Bemboka*Granodiorite Granodiorite 149.62241/-36.66134 176 25 370 6.0940 6.7+27 1.6 0 201 £ 9 203 + 11 109 11.13 £+ 0.20 2.07
MM14-11  Dgbb Bemboka=Granodiorite Granodiorite 149.62456/-36.66122 175 29 424 5.4642 6.0+23 145 0 194 + 9 199 + 10 109 11.13 £ 0.15 1.55
MM14-12  Dgrb Broga Granodiorite Granodiorite 149.85004/-36.63938 47 29 1900 145260 20.5+7.6 1.47 9 156 + 5 154 + 5 115 11.65 £ 0.25 2.72
MM14-13  Dgkk Kameruka“Granodiorite Granodiorite 149.77303/-36.63703 209 32 921 8.2975 9.7+38 159 16 179 £ 9 183 + 8 115 9.84 + 0.26 2.81
MM14-14  Dgbb Bemboka Granodiorite Granodiorite 149.71213/-36.62487 130 28 1665 26.2119 333164 1.18 11 171 27 169 + 6 106 9.56 + 0.25 2.60
MM14-15  Dgrb Brogo Granodiorite Granodiorite 149.82296/-36.56382 60 30 508 8.2857 122+45 15 15 145 £ 9 149 + 8 110 10.92 + 0.23 2.39
MM14-16  Dgrb Brogo*Granodiorite Granodiorite 149.82284/-36.56389 62 33 169 1.2597 1.7+02 1.9 0 163 £ 6 166 + 13 94 10.90 + 0.21 2.08
MM14-24  Dgrb Brogo“Granodiorite Granodiorite 149.86678/-36.71383 12 30 1826 17.1710 26.7+94 1.65 17 140 + 6 139 + 6 113 1220 + 0.18 1.88
Zone 3:
MM14-17 Oa Adaminaby Group Sandstone 150.05594/-36.49609 2 31 456 6.5367 20.0+x17.9 1.35 6 70 £ 5 73 £ 4
MM14-18A Dgug Goalen.Head Gabbro Gabbro 150.06191/-36.55727 3 33 173 1.8337 35+08 1.53 0 107 + 8 114 £ 9 87 13.75 £ 0.10 1.00
MM14-18B Dgug Goalen,Head Gabbro Pegmatite 150.06191/-36.55727 3 33 163 1.1836 26+04 138 0 94 +9 103 + 9 97 13.80 £ 0.09 0.93
MM14-19 Dbb Boyd Voleanic Complex Quartzite 150.03031/-36.56682 112
MM14-20 Kts Tanja-Syenite Syenite 149.98955/-36.62984 48 38 452 47472 11.3+88 1.56 21 93 +8 97 £ 6 97 13.84 + 013 1.27
MM14-21 Oa Adaminaby Group Sandstone 150.01481/-36.64506 2 23 1207 9.3085 235+20.7 1.92 31 87 7 85 £ 7 52 13.66 + 0.12 0.83
MM14-22  Dgld Dr. George Granite Leucogranite 149.92633/-36.65046 149 29 128 23266 19.7+18.6 1.43 149 20 + 23 37 + 11 29 13.79 £ 0.14 0.79
MM14-23  Dgld Dr. George Granite Leucogranite 149.90569/-36.66819 260 6 116 5.4724 13.1+£10.3 1.22 86 125 + 53 71 + 28
MM14-25 Dba Boyd Vel€anic Complex Porphyritic Rhyolite 149.99081/-36.72646 20 6 39 3.0912 8449 164 0 80 + 11 83 + 14

Analyses were performed on image“sets captured by TrackWorks using a 4.0MP IDS uEye UI-3370CP-C-HQ camera mounted on a Zeiss Axiolmager microscope with a 1000x total magnification and a 100x dry objective
(calibration = 0.087/0.087um/pixel). Spontaneous track densities were measured on prismatic internal apatite surfaces after etching with 5M HNO;; for 20sec at 20°C. Track counts were obtained by automated counting in
FastTracks using the 'coincidence mapping' technique of Gleadow et al. (2009) followed by manual inspection. Uranium concentrations of each grain were determined by LA-ICP-MS single spot analysis using a New Wave Nd:YAG
Laser (A=213nm with 5Hz @ 45% power, spot size=30um) connected to an Agilent 7700 mass spectrometer. NIST612 was used as an internal LA-ICP-MS standard. Single grain and pooled ages were calculated according to
Hasebe et al. (2004) using an 'aggregate constant' of 2010 (2.007 + 0.007 X 10-3), equivalent to a zeta calibration. Central ages were estimated from single grain ages and errors according to the formulas given by Galbraith
(2005, p.100) using the Newton-Raphson method. All ages are "model" ages obtained using a range factor (Rs) of 7.17um (average mean track length of Durango and Fish Canyon Tuff standards) and are directly comparable to
conventional External Detector Method ages (Seiler et al., 2014). Confined track lengths (TINTs) were measured as true 3D lengths using FastTracks after iradiation by 252G and etching with 5M HNO; for 20sec at 20°C. Track
lengths are corrected for a refractive index of 1.634 for apatite. For a more comprehensive expalaination of AFT methodology see Gleadow (2015).

T Standard deviation of mean

Ns = number of spontaneous tracks counted; ps = spontaneous track density; Dy, = long axis of track etch pit; Nignqth = Number of lengths measured; se = standard error



Table 2

Summary of Single Grain Apatite (U-Th-Sm)/He Data

- - - EP
Sample Lab.No. He# “He(ncc) Mass (mg) °MeanF; Uppm Thppm Smppm Th/U  °[eU] ppm Uz‘zzrzﬁncsd [M:ge1 o] Gra(lzrl::)ngth Gral(r:”r:)dms °Rs (um) morill;illrc])gy
MM14-5 11523 35980 0.432 0.0029 0.70 7.3 22.6 458.6 3.09 12.6 92.6 133 + 8 189.5 46.9 56.4 1T
MM14-5 11524 35983 1.603 0.0077 0.76 7.9 38.3 3711 4.84 16.9 98.3 129 + 8 238.4 56.5 68.5 oT

Central age 131 £ 6

MM14-10 11526 35991 0.404 0.0057 0.73 3.6 133 256.7 3.67 6.7 82.2 113 £ 7 258.2 46.8 59.4 oT
MM14-10 11527 36075 0.489 0.0038 0.73 5.8 222 407.5 3.84 11.0 92.1 127 £ 8 198.5 52.7 62.5 1T
MM14-10 11528 36078 0475 0.0058 0.75 4.4 13.6 251.6 3.07 7.6 83.6 112+ 7 204.8 53.2 63.4 oT
MM14-10 11529 36081 0/430 0.0034 0.71 8.3 30.5 491.4 3.69 15.5 65.3 92 + 6 194.6 50.1 59.7 1T

Central age 117 + 4

MM14-12 11530 36084 1,333 0.0057 0.74 214 37.3 127.0 1.74 30.2 62.7 84 £ 5 228.2 50.0 61.5 oT
MM14-12 11531 36087 1.809 0.0108 0.80 15.3 324 152.9 212 229 59.3 74 £ 5 199.6 734 80.5 oT
MM14-12 11532 36090 11942 0.0090 0.79 14.3 30.6 142.2 214 215 81.7 103 £ 6 187.6 69.0 75.6 oT
MM14-12 11533 36093 1.095 0.0038 0.74 23.0 42.0 242.6 1.83 32.9 713 96 + 6 178.1 57.0 64.8 1T

Central age 93 +7

MM14-13 11534 36096 2.940 0.0108 0.79 14.6 26.8 286.8 1.83 20.9 104.6 132 + 8 303.0 59.5 74.6 oT
MM14-13 11535 36099 1913 0.0096 0.78 15.7 34.8 322.7 222 23.9 66.9 86 5 291.6 57.3 71.8 oT
MM14-13 11536 36102 3750 0.0081 0.80 29.3 49.0 488.1 1.67 40.8 91.2 114 = 7 224.9 74.6 84.0 1T

Central age Dispersed

MM14-18B 11545 36108 0.386 0.0059 0.76 4.4 10.9 358.9 2.48 7.0 726 95 + 6 236.9 59.9 7.7 1T

MM14-18B 11546 36111 0.272 0.0086 0.76 2.0 5.8 233.1 2.87 34 70.0 92 +6 299.1 53.6 68.1 oT

MM14-18B 11548 36117 0444 0.0125 0.79 21 5.6 215.6 2.64 34 727 92 +6 368.9 58.1 75.3 oT

Central age 93 + 3

MM14-20 11549 36120 1.491 0.0110 0.78 7.8 39.6 104.5 5.07 171 64.2 83 +5 301.7 66.3 81.5 2T
MM14-20 11550 36123 1.072 0.0077 0.76 7.3 38.8 101.0 5.32 16.4 68.9 91 + 6 2215 64.6 75.0 2T
MM14-20 11551 36126 0.347 0.0085 0.77 3.5 15.3 66.4 4.35 7.1 46.4 61 + 4 230.1 66.7 77.6 2T
MM14-20 11552 36129 1:248 0.0106 0.80 6.0 37.0 137.1 6.20 14.7 65.1 81 5 291.8 722 86.8 1T

Central age 85 + 3

MM14-24 11553 36132 1.102 0.0099 0.79 14.6 34.3 154.7 2.34 22.7 39.7 50 = 3 2234 66.5 76.9 oT
MM14-24 11555 36138 2.262 0.0122 0.80 20.7 40.5 2124 1.96 30.2 49.9 62 t 4 357.7 68.5 86.3 1T
MM14-24 11556 36141 5.063 0.0182 0.82 14.0 32.3 205.7 2.30 21.6 103.5 126 = 8 340.1 73.0 90.2 oT

Central age Dispersed

Results from 7 samples selected based on euhedral grain geometry and relatively equal spacing from one another along transect. Apatite were hand picked; only clear, euhedral grains were selected for analysis,
however, the terminations of apatite_grains may or may not have been intact, as noted above. Grains were then placed in ethanol and checked for inclusions under polarized light. Grain geometries were imaged
and measured in order to apply the'a=gjection correction. The apatites were then placed in a Pt capsule and outgassed under vacuum at 900 °C for 5 min using a fibre-optically coupled Coherent Quattro FAP 820
nm diode laser. “He content was the meastred by isotope dilution using a pure °He spike, measured using a Balzers Prisma QMS 200 quadrupole mass spectrometer and calibrated against and independent *He
standard. The degassed apatites were then dissolved in their capsules using HNO; for analysis of 238y, 235y, 28271 and "'Sm. Samples were calibrated against reference material BHVO-1, with recrystallized
homogenized Mud Tank Carbonatite apatite, Durango apatite and rock standard BCR-2 were used as internal standards. Alpha-ejection was calculated following Farley et al. (1996). Analytical uncertainties at the
University of Melboumne He facility have been estimated to be ~6.2%. This includes the a-ejection correction, a 5 ym grain dimension uncertainty, gas and ICP-MS analytical uncertainties, but does not included the
possibility of lattice heterogeneity. Accuracy of U, Th and Sm content is typically better than 1% (Jiao et al., 2014; Gleadow et al., 2015).

Central ages were calculated following Vermeesch (2008). Ages in bold were considered overly dispersed an not used in central age calculations.

®F; = a-ejection correction after Farley et al. (1996)
PEffective uranium content [U ppm + 0.235*Th ppm]

°R, = equivalent sphere radius of the crystal.

9Grain morphology - 0T = no crystal terminations, 1T = one crystal termination and 2T = 2 crystal terminations.



Table 3
Summary of effective elastic thickness (T,) estimations dervied from AFT data

Sample  Elevation *Tmax during  Assumed geothermal °Total exhumation C°Effective elastic “Natural flexural lithospheric  Flexural rigidity of the °Isostatically driven Total exhumation

rifting (T,) gradient (G) (AE) since rifting  thickness (T,) wavelength (w,) lithosphere (D) exhumation [h;(T,)] [AE(T,)]
(m) °C °C/km km km km pa*km® km km

0 0 0 75 9
1 4.3 8.889E+15 6.3 7.8

216" 7.6 8.973E+16 2.5 4

MM14-18B 3 120 25 4 (min.) 25 8.5 1.389E+17 1.8 3.3

5 14.2 1.111E+18 0.3 1.8
10 24 8.889E+18 0.04 1.54
15 32.4 3.000E+19 0.01 1.51

Values for total denudationas a function of T, were calculated using increasing values of T, with an initial hy value (estimated as the height of eroded escarpment ~1.5 km). Isostatically
driven exhumation (h;) was.then calculated as described below (e). To calculate the bolded best-fit case to the given AFT data (assuming AE = 4km"), D was estimated as a function of h;
and h, from a given h, and"AE where D = [(hy/hi+1-p./p.)/(2pi/A)4]p.g, where p,, and p, are the densities of mantle and crust respectively (3300 kg m® and 2750 kg m™ in this case), A =
wavelength, taken as the*width of the coastal plain (60 km in this case). Effective elastic thickness (T.) was then estimated from D; where T.=[(12(1-v2)D)/Y]"® where v = Poisson's ratio
(0.25), Y = Young's modulus (10''Pa) (Braun and van der Beek, 2004, and references within).

T Bolded scenario represents the calcualted T, value to fit the given data derived from AFT ages along the coastal plain as described above.

@ Rifting is assumed to,eemmence ~110 Ma. Sample MM14-18B T,.,, was greater than the PAZ T range (~60-120°C), therefore the T, value of 120 was used.

® Total exhumation (AEY=(T, - T;)/G](k) where T,= T,.., at time of rifting dervied from HeFTy (Ketcham, 2005) thermal history models, T = mean annual surface T (20°C in this case), G

= assumed geothermal gradient and k = thermal conductivity ratio of denuded rock to the remaining section (1 in this case) (Brown, 1991).

¢ Effective elastic thickness (T,) was input in all cases except the bolded case as described above.

4w, = (D/p.g)"* Where dehudation taking place when A << w, will not be accompanied by significant isostatic rebound (i.e. plate deflection is negligible when compared to amplitude of the

topography) and when.A==> w, will be isostatically compensated (i.e. the lateral strength of the lithosphere becomes negligible when considering wide loads and the topography trends

towards isostatic equilibrium, resulting in Airy isostasy when T, =0 .. h; = hyo/(p/p.-1) (Walcott, 1970; Turcotte and Schubert, 1982; Braun and van der Beek, 2004).

¢ |sostatically driven exhumation was allowed to vary in all cases (except bolded case) given an initial eroded escarpment height (h,) and T, where h; = ho/[(p./ps)-1+(D/p.g)(2pi/A)*] and D

= YT3/[12(1-v?)]) (Turcotte, 1979; Turcotte and Schubert, 1982; Braun and van der Beek, 2004).

Note: increasing the Ehdaer 'éisfd@riﬁﬂéﬁ@lﬁ@@fﬂqlrb)y\ﬁ@\liéré‘ﬁgfht(ﬁ,”aﬁ'kgbﬁétﬁ@ﬁﬁﬂ@ddient (G), which effectively lessens the amount of total exhumation required (AE), allows for thicker

effective elastic thickness estimations (T,). Values used above were considered conservative and/or nominal. i.e.: Using G = 40°C/km, AE = 2.5km hy = 2km, A = 150km allows for a more

reasonable T, = 15km (e.g. Zuber et al., 1989). Of these variables, the paleo-geothermal gradient estimation is the greatest unknown.
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