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1 ABSTRACT
2 Meteorite impacts are highly energetic processes that drives deformation on Earth under extreme
3 pressure and temperature conditions, far exceeding those of typical crustal processes.
4  Consequently, it may promote environmental perturbations, blossoming/extinction of life and even
5  produce suitable conditions for the formation of mineral resources. Thus, constraining the timing
6 of impacts is pivotal to shedding light on its role in Earth’s biogeodynamics, yet less than ~20%
7  of the impacts worldwide are precisely dated. Here, we present novel in situ mica Rb—Sr isotopes
8 from the Australian Acraman and Gosses Bluff impact sites collected via LA-ICP-MS/MS,
9 including single- and multi-collector instruments to expand the chronological toolbox for dating
10  meteorite impacts. Whilst monazite (980 + 28 Ma) and apatite (1448 + 79 Ma) yield older ages
11 compared to the expected Acraman impact age of 588 + 35 Ma, in situ Rb—Sr from muscovite-
12  bearing domains from the Acraman ejecta layer (580 + 8 Ma; multi-collector age) and associated
13  fine-grained zircon (598 + 16 Ma) are consistent with the expected impact age. Similarly, apatite
14 (132 £ 14 Ma) and mica-bearing domains (137 + 9 Ma; multi-collector age) are comparable to the
15  proposed impact age of 133 + 3 Ma, whilst zircon yields mostly discordant data. The Rb—Sr results
16  comparison between single- and multi-collector ICP-MS/MS has shown that the latter yielded
17  significantly more precise Sr measurements, likely due to measurement of St isotopes with high
18  resistor Faraday cups (10" Q) resulting in improved signal-to-noise ratio, consequently yielding
19  more precise isotopic ratios and isochron ages. Our findings show that in situ Rb—Sr dating of
20 micas formed during impact metamorphism offers the means for determining the timing of
21 meteorite impact events. This approach effectively addresses the textural complexities commonly
22  present in impact-related rocks, which are often overlooked by bulk isotope-dilution techniques,
23  and delivers accuracy sufficient to establish the age of impacts. The effectiveness of in situ Rb—
24 Sr dating of impact-related micas may be attributed to their higher resistance to hydrothermal
25  alteration compared to Ar isotopes, which often yield complex degassing spectra and younger
26  apparent ages such as for the Acraman impact. This study shows that in situ Rb—Sr isotopes of
27  newly grown micas in impact-related rocks refines the chronology of impacts, with potential to
28 increase the number of dated impacts globally with a low-cost, speedy technique with minimum
29  sample preparation. Such task is crucial for understanding the role of meteorite impacts, including
30 their potential influence on environmental crises, mass extinctions, and the emergence of life.
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31 1. Introduction

32 The Earth is one of the several planetary bodies within the solar system that is subject to
33  interaction with extraterrestrial bodies, producing meteorite impacts on the Earth’s surface if these
34  bodies survive the extreme atmospheric conditions on Earth. Some meteorite impacts are known
35  for their destructive potential, such as the Chicxulub impact in the Yucatan Peninsula (Mexico),
36  potentially resulting in global consequences that could reshape ecosystems and the environment
37  with mass extinctions (Artemieva and Morgan, 2017; Hildebrand et al., 1991; Schulte et al., 2010).
38  Conversely, while locally and immediately catastrophic, these changes can create favorable
39  environmental conditions for the blossoming of primordial life (Cockell et al., 2002; Collins et al.,
40 2012; Osinski et al., 2020). 2020) and hosting economically significant mineral systems (Hayward
41  etal.,, 2005; Reimold et al., 2005; Tuchscherer and Spray, 2002). Importantly, knowing the timing
42  of the impact formation is essential to unravel its role in earth systems evolution and the Earth’s
43 biological history (Jourdan et al., 2012, 2009; Osinski et al., 2022)

44 Establishing the timing of impact structures remains a significant challenge, with fewer than
45  20% of known examples yielding radiometric ages precise to within 2% uncertainty (French and
46 Koeberl, 2010; Quintero et al., 2021). The last revision of the Australian impacts has shown that
47  only five out of 31 confirmed impact craters/structures have well-constrained radiometric age
48  (Quintero et al., 2021). Obtaining such constraints is complicated by the enormous energy
49 released during impacts, subjecting rocks to extreme pressure—temperature deformation
50 conditions far exceeding those of typical crustal processes (Collins et al., 2012; Timms et al.,
51  2017). Rock deformation at these conditions generates profound mineralogical and chemical—
52  isotopic complexities in key gold-standard geochronometers such as zircon and monazite, often
53 resulting in incomplete isotopic resetting and intricate age spectra of difficult interpretation (e.g.,
54  Guerrero et al., 2025; Herrmann et al., 2024; McGregor et al., 2019). Thus, there is a pressing

55 need to broaden the geochronological toolbox by developing novel approaches to easily



https://doi.org/10.5194/egusphere-2026-3441
Preprint. Discussion started: 25 June 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

56  accessible rock-forming minerals like micas and feldspars, which may provide robust temporal
57  constraints on meteorite impact events.

58 Here, we test a novel approach to date fine-grained micas from shock-related rocks from the
59  Australian Acraman and Gosses Bluff (Tnorala) impacts via in situ Rb—Sr geochronology carried
60  out using single- and multi-collectors instruments for the first time. This comparison allowed us to
61  test the accuracy and precision of each analytical approach to expand the geochronological
62  toolbox currently used for dating terrestrial impacts.

63 2. Background

64 The Acraman impact structure displays a circular structure of ~30 km diameter within the
65  Proterozoic volcanics in the Gawler Ranges (Williams, 1992, 1986). The volcanics rocks that
66  underwent impact deformation exhibit shatter cones and shock lamellae (planar deformation
67 feature) in quartz, suggesting shock pressures higher than 15 GPa (Williams, 1992, 1986). The
68  Acraman impact has been suggested to be a trigger for environmental crisis in the Late Vendian
69 spanning 600-543 Ma, a known period of increased diversification of fossil assemblages prior to
70  the Cambrian explosion (McCall, 2006), based on its size and estimated impact energy (Williams
71 and Wallace, 2003). Yet, chronological data from the impact rocks has either yielded the
72  protoliths’ ages, or younger orogenic resetting events (Compston et al., 1987; Schmieder et al.,
73 2015), whilst step-heating K-Ar and “°Ar/**Ar analyses of quartz-feldspar bearing melt rocks from
74  the center of the Acraman structure yielded complex degassing patterns and age estimates
75  younger than ca. 450 Ma (Baldwin et al., 1991; Jourdan, 2012; Schmieder et al., 2015), interpreted
76  as the timing of rock alteration post-impact. Currently, the Acraman structure is stratigraphically
77  constrained between 625-570 Ma (Hill et al., 2007). The suggested age of the Acraman event
78  comes from the distinct ejecta layer that is prominent in parts of the Adelaide Superbasin and the
79  Officer Basin (Gostin et al., 1986), with the host unit yielding a whole-rock Rb—Sr age of 588 + 35
80 (Webb et al.,, 1983). However, the robustness of this age remains to be assessed since it has only

81 been mentioned in a conference abstract.
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82 Gosses Bluff is a world-known impact structure located within the northern part of the
83  Paleozoic Amadeus Basin in Central Australia (Northern Territory). This structure represents an
84  eroded complex crater of an estimated ~24 km diameter that underwent extensive erosion
85  exposing a circular rim of ~5 km in diameter (Milton et al., 1972; Milton and Sutter, 1987). The
86 circular structure is hosted in flat-lying sedimentary sequences (including sandstones, shales and
87 limestones), displaying abundant evidence of impact metamorphism including shatter cones and
88 quartz sandstones with obliterated sedimentary fabric containing quartz displaying planar
89  deformation features (Crook and Cook, 1966; Dietz, 1967). Impact melt breccias composed of
90 mosaic fine-grained quartz and micas with locally rounded quartz grains (i.e., partly recrystallized
91  sandstone) and devitrified glassy rocks (including melt-pellets) displaying fine-grained quartz,
92  micas and feldspars are common in the Gosses Bluff structure (Milton and Sutter, 1987). Pioneer
93 chronological constraints produced via total fusion K-Ar of sanidine-rich suevite (133 + 3 Ma) and
94  zircon fission track (130 + 6 Ma) from a sandstone beneath the melt breccia suggested a Lower
95 Cretaceous age for the formation of the Glosses Bluff impact structure (Milton et al., 1972).
96  Subsequently, (Milton and Sutter, 1987) proposed an older impact formation date of 142.5 £ 0.8
97 Ma based on total fusion “°Ar/*°Ar dating of pumiceous suevite clasts from the melt breccia
98 composed of fine-grained sanidine, potentially linking the formation of the Gosses Bluff impact
99  with the Jurassic—Cretaceous stratigraphic boundary. Yet, the older age should be treated with
100  caution given the discordant and complex 3°Ar spectrum. Similar complex “°Ar/3®Ar spectrum were
101  produced from the analyses of similar rocks (Jourdan, 2012), which were interpreted to reflect a
102  “Ar Fickian diffusion profile converging towards c. 145 Ma interpreted as a minimum age for the
103  Gosses Bluff impact. Despite the multiple attempts, a temporal link between this impact with the
104  Jurassic-Cretaceous stratigraphic boundary remain unresolved.
105 Notably, the Acraman and the Gosses Bluff impact structures were tentatively dated via total
106  fusion K-Ar and “°Ar/*°Ar analyses of whole-rock specimens, dismissing the mineralogical and

107  microstructural diversity of such rocks resulting in complex results. Here, we attempt to address
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108 this problem by applying novel in situ Rb—Sr geochronology by targeting mica-bearing domains
109 in ejecta layer from the Acraman and melt-pellets from the Gosses Bluff impact structures to
110 tentatively determine the timing of impact deformation. This chronological approach accounts for
111 the variable textural components on such complex rocks, opening a new field in the chronology
112  of impact processes.

113 3. Methods

114 3.1. Automate mineralogy mapping

115 The samples were scanned with a TESCAN Integrated Mineral Analyzer (TIMA) at Curtin
116  University's John de Laeter Centre to characterize the mineral assemblage, focusing on micas in
117  the Acraman and Gosses Bluff samples. The TIMA is an automated scanning electron
118  microscopy system that integrates quantitative EDS analysis and a statistical approach that can
119  obtain up to 500 spectra per second (Hrstka et al., 2018), which is further combined with
120  backscatter electron (BSE) images providing high-resolution mineralogy, chemistry and textural
121 data. The analyzes were carried out with an accelerating voltage of 25 kV, beam intensity of 19.8,
122 probe current of 7.15 nA, spot size of 124 nm, field size of 1000 um and working distance of
123 15 mm. A pure Mn standard was used for EDS spectra standardization.

124 3.2. In situ Rb—Sr geochronology

125 Impact-related samples from the Acraman and Gosses Bluff were dated via in situ Rb—Sr
126  geochronology through different analytical approaches to evaluate instrument sensitivity and
127  further implications to isotopic ratio uncertainties, including single-quadrupole tandem-ICP-
128 MS/MS and multi-collector tandem-ICP-MS/MS. The Rb-Sr isochrons and ages were calculated
129  using the maximum likelihood model in IsoplotR (Vermeesch, 2018) with the 8’Rb decay constant
130 from Villa et al. (2015). Dates and uncertainties are presented at 2-standard error (2SE).

131 3.2.1. Single-collector ICP-MS/MS (Adelaide Microscopy, Adelaide University)

132 The protocol employed at Adelaide Microscopy (University of Adelaide) includes RESOlution

133  ArF excimer LA system (193 nm) coupled to an Agilent 8900 triple quadrupole in MS/MS mode
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134  with N2O (Hogmalm et al., 2017; Zack and Hogmalm, 2016). The analyses were carried out using
135  a 67 um circular beam diameter, 5 Hz repetition rate and a laser fluence of ~3.5 J.cm™ measured
136  above the cell prior to the analytical session. The international reference glass NIST SRM 610
137  with known &Rb/%Sr and 8 Sr/%Sr ratios (Woodhead and Hergt, 2001) was employed as primary
138 reference material for normalization and instrumental drift correction, while MDC phlogopite
139  (Redaa et al., 2021a) is used as the matrix matched secondary reference material for 8Rb/%6Sr
140  correction. Entire Creek biotite and Robins Folly muscovite (Milton et al., 1972; Milton and Sutter,
141 1987) were employed as secondary reference materials and treated as unknowns to account for
142  secondary age checks.

143 Data reduction was carried out using LADR to determine drift-corrected 8’Rb/%°Sr and 8"Sr/®6Sr
144  isotopic ratios (Redaa et al., 2021a) employing NIST SRM 610 (Woodhead and Hergt, 2001) as
145  primary reference materials. Matrix correction was carried out offline using the MDC phlogopite
146  (reference age of 519.4 + 6.5; Redaa et al., 2021a). Secondary reference materials such as the
147  Robins Folly muscovite and Entire Creek biotite yielded matrix-corrected isochron ages of 320 +
148 10 (MSWD = 1.3, N = 25) and 311 £ 8 (MSWD = 0.1, N = 24), respectively, in agreement with
149  reference ages.

150 3.2.2. Single-collector ICP-MS/MS (GeoHistory Facility; Curtin University)

151 The analytical setup in the GeoHistory Facility includes a RESOlution 193 nm ArF excimer
152  laser with a Laurin Technic S155 sample cell coupled to an Agilent 8900 triple quadrupole mass
153  spectrometer in MS/MS mode using the N2O in the reaction cell (Hogmalm et al., 2017). The
154  analyses were carried out using a 90 um circular beam diameter, 7 Hz repetition rate and a laser
155  fluence of ~2.8 J.cm? measured above the cell prior to the analytical session. A ‘squid’ mixing
156  device (Laurin Technic) was used to smooth the aerosol pulses between the laser and mass
157  spectrometer. Instrument tunning was performed using NIST SRM 610 glass in single quadrupole
158  (no-gas mode) to optimize plasma conditions, minimize oxide interferences and maximize 8°Rb

159  sensitivity. After shifting to MS/MS mode, the ICP-MS was tuned to maximizing sensitivity for SrO*
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160  reaction products. Ablation was performed in a He atmosphere (320 ml.min""), mixed with Ar (1
161  L.min™"), and a low flow of N2 (4 ml.min™") was added to the carrier gas before the ICP torch to
162  enhance sensitivity (Hu et al., 2008).

163  Data reduction was performed in lolite 4 (Paton et al., 2011a) using an in-house data reduction
164  scheme adapted from Redaa et al. (2021). The ’Sr/%Sr and 8’Rb/%®Sr ratios were drift-corrected
165 and calibrated against NIST SRM 610 with recommended isotopic ratios from Woodhead and
166  Hergt (2001). and further matrix correction was carried using an isochronous calibration based on
167  the Rb-Sr from LaPosta biotite (e.g., Giuliani et al., 2024). Unknowns were additionally bracketed
168  with Mount Dromedary biotite (Rosel and Zack, 2022). Matrix-corrected Mount Dromedary
169 returned an isochron date of 99 + 3 Ma (n = 32, MSWD = 1.4) considering an initial 8’Sr/®Sr of
170  0.70446 (c.f., Résel and Zack, 2022).

171 3.2.3. Multi-collector ICP-MS/MS (GeoHistory Facility, Curtin University)

172 The approach utilized at the GeoHistory Facility (Curtin University) includes a Coherent LR
173  laser ablation system (193 nm) equipped with a Lauren Technic S155 sample cell connected to
174  a Thermo Fisher Neoma multi-collector inductively coupled plasma mass spectrometer (ICP-
175 MS/MS) equipped with a reaction cell. The analyses were carried out across two analytical
176  sessions using a 90 ym circular beam diameter, 7 Hz repetition rate and a laser fluence of ~2.8
177  J.cm? measured above the cell prior to the analytical session. A ‘squid’ mixing device (Laurin
178  Technic) was used to smooth the aerosol pulses between the laser and mass spectrometer.
179  Ablation was performed in a He atmosphere (320 ml.min""), mixed with Ar (1 1.min™"), and a low
180  flow of N2 (3 ml.min"') was added to the carrier gas before the ICP torch to enhance sensitivity
181  (Hu et al., 2008).

182 The mass spectrometer was run in MS/MS mode using SFs as reaction gas to facilitate
183  simultaneous measurement of Rb and Sr isotopes (Bevan et al., 2021; Cruz-Uribe et al., 2023;

184  Dauphas et al., 2022). All relevant masses from 8°Rb to %Sr'°F were measured for 140 integrations
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185  for 0.5 s with a 30 s baseline acquisition, followed by a 30 s sample ablation and 10 s washout.
186  The %Sr'F (H3 cup) and ®Sr'F (H4 cup) analytes were measured in Faraday cups connected
187  to 10" Q amplifiers to enhance signal to noise ratios, whereas all other analytes were measured
188 in Faraday cups connected to 10" Q amplifiers. The peak center was positioned on the left
189  shoulder of the time-resolved peak to reduce potential interferences from SF30 and SF;OH; on
190 masses m/z 105 and 107.

191 Data reduction was performed in lolite 4 (Paton et al., 2011) using an in-house data reduction
192  scheme. The 8Rb/®Sr and 87Sr/®Sr were drift-corrected and calibrated against NIST SRM 612
193 (Woodhead and Hergt, 2001), and further matrix correction was carried using an isochronous
194  calibration based on the Rb-Sr from Mount Dromedary biotite (e.g., Giuliani et al., 2024). The
195 matrix offset as a correction factor to the ®Rb/®Sr ratios of samples and LaPosta biotite
196  (secondary reference material). The matrix-corrected LaPosta returned an isochron date of 87 +
197 4 Ma (n =13, MSWD = 0.2; session 1) and 92 + 3 Ma (n = 26, MSWD = 0.4; session 2) in
198  agreement with reference values (Rosel and Zack, 2022).

199 3.3. In situ U-Pb geochronology

200 We obtained apatite, zircon and monazite U-Pb data from the Acraman and Gosses Bluff
201  impact to compare with new mica Rb—Sr ages.

202 The setup includes a Coherent LR laser ablation system (193 nm) equipped with a Lauren
203  Technic S155 sample cell connected to an Agilent 8900 for the measurement of U-Pb isotopes.
204  A‘squid’ mixing device (Laurin Technic) was used to smooth the aerosol pulses between the laser
205 and mass-spectrometer. The sample cell was flushed with ultrahigh purity He (320 ml.min™") and
206 Nz (1.0 ml.min™"), both of which were passed through an inline Hg trap. The low flow rate of N
207 was added to the carrier gas before the ICP torch to enhance sensitivity (Hu et al., 2008).The
208 samples and reference materials were ablated using a laser fluence of ~2.7 J.cm™, repetition rate
209 of 10 Hz and a circular beam of 23 um for apatite and zircon, and 15 ym for monazite. Each

210 analysis consisted of 30 s of baseline acquisition, followed by 20 s sample ablation and 10 s fast
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211 washout. Instrument tunning was performed using NIST SRM 610 glass to optimize plasma
212 conditions, maximize instrument sensitivity and minimize oxide interferences.

213 Unknowns were bracketed by a suite of reference materials. Madagascar MAD-2 apatite
214  (Thomson et al., 2012), zircon GJ-1 (Jackson et al., 2004) and Stern monazite (Horstwood et al.,
215 2016) were employed as primary reference materials for U-Pb calibration. McClure Mountain
216  (Schoene and Bowring, 2006) and FC-Duluth apatite (Apen et al., 2024; Schmitz et al., 2003;
217  Thomson et al., 2012), zircon 91500 (Woodhead and Hergt, 2005) and Plesovice (Slama et al.,
218  2008), and monazite 44069 (Aleinikoff et al., 2006) and Managotry (Montel et al., 1996) monazite
219  were employed as secondary reference materials and treated as unknown. Data reduction was
220 performed in lolite4 (Paton et al., 2011) using an exponential with linear equation to account for
221 U-Pb downhole fractionation. The U-Pb diagrams and dates were calculated using IsoplotR
222  (Vermeesch, 2018), with ages and uncertainties being presented at the 2-standard error (2SE).
223 4. Results

224 4.1. Sample description

225 The ejecta layer sample from the Acraman impact displays feldspar- and fine-grained mica
226  domains (Fig. 2A). The feldspar domain is composed of coarse-grained albite containing fine-
227  grained, anhedral quartz inclusions, which are clasts of the Yardea Dacite, Gawler Ranges
228  Volcanics. The fine-grained mica domain consists of elongated white-mica sheets, identified as
229  muscovite through comparison of its EDS chemical composition with simulated data (Fig. 2B). In
230 addition, fine-grained quartz, albite and ilmenite also occurs in minor abundance (Fig. 2C, D). The
231  grain-size and polymineralic nature of the mica domain could have direct implication for in situ
232  Rb-Sr dating, imposing limitations to date individual mica sheets (Fig. 2E). Nevertheless, fine-
233  grained muscovite predominate in this texture, surpassing other minerals generally lack significant
234  amounts of Rb and Sr, except for minor occurrences of very fine-grained feldspar. Thus, the Rb—

235  Srisotopic signal is likely to reflect the direct response of micas in such domain.
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236 The Gosses Bluff melt-pellet features complex mineral textures with quartz-feldspar-mica
237 intergrowth, and patches composed of ultrafine-grained mica targeted for in situ Rb-Sr
238  geochronology (Fig. 3A). The ultrafine-grained micas are Fe-Mg-bearing classified as aliettite
239 based on the comparison between its chemistry and simulated EDS composition (Fig. 3B).
240  Simply, aliettite is a rare phyllosilicate linked to the dehydration of interstratified talc-trioctahedral
241  smectite (Brigatti and Poppi, 1987), already reported in chondrites and impact-related settings
242  (Bland et al., 2014). In high-spatial resolution backscatter images, the aliettite domains display
243  extremely fine-grained, acicular micas with complex texture and potential chemical zoning
244  (especially in Fe, Mg and Ca; major elements) with subordinate ilmenite (Fig. 3C). Some aliettite-
245  bearing domains are sufficiently clear (i.e., monomineralic) to allow for individual laser spots (Fig.
246  3D). However, the intricate intergrowth with quartz-feldspar presents challenges in obtaining
247  uncontaminated isotopic analyses, as it often results in mixing with a representative proportion of
248  feldspar (Fig. 3E).

249 4.2. Single-collector triple quadrupole Rb—Sr geochronology

250 Muscovite from the Acraman sample yielded single Rb—Sr isochrons based on the data
251  acquired by the Adelaide and Curtin University. We collected 46 Rb—Sr data at the Adelaide
252 University, which yield an inverse isochron age of 562 + 34 Ma (MSWD = 0.9) with an initial
253  87Sr/%6Sr of 0.7279 + 0.0074 (Fig. 4A). Overall, the individual ®’Rb/®*Sr ratios have an average
254  internal uncertainty of 5.20+2.80 % (standard deviation hereafter), and corresponding 8 Sr/®¢Sr
255  measurements with tighter average internal uncertainty of 1.99+0.75 %. At 1°Curtin University,
256  we collected 53 Rb—Sr data yielding an inverse isochron age of 584 + 23 Ma (MSWD = 1.5) with
257  an initial 8Sr/%Sr of 0.7189 + 0.0067 (Fig. 4A). This dataset yielded more precise 8’Rb/%Sr (2.67
258  +1.38 %) and ®7Sr/%Sr (1.22 + 0.55 %) likely due to the difference in laser parameters especially
259  beam diameter.

260 The Rb—Sr data obtained at the Adelaide University of the aliettite domains from the Gosses

261  Bluff melt-pellet yield average 8Rb/®Sr and & Sr/%Sr internal uncertainty of 1.78 + 1.32 % and



https://doi.org/10.5194/egusphere-2026-3441
Preprint. Discussion started: 25 June 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

262  ®Sr/%3r internal uncertainty of 1.13 + 0.42 %. These data yield an isochron age of 91 +42 Ma
263 (MSWD = 1.6, N = 56) with an initial 8’Sr/®Sr of 0.7387 + 0.0030 (Fig. 4C). We note some
264  overdispersed data compared to the main isochron trend, and a high homogeneity in Rb/Sr ratio
265 limiting the precision of the isochron age. The data obtained at Curtin University yielded
266  comparatively less precise 8Rb/%Sr uncertainties (average of 3.74 + 1.66 %; with some outliers
267  with over 10 % internal uncertainty), but more precise 8Sr/%®Sr (0.41 + 0.17 %) compared to the
268 Adelaide’s dataset. The Curtin data yield an inverse isochron date of 169 + 23 Ma (MSWD = 1.3)
269  with an initial 8Sr/%Sr of 0.7174 + 0.0004 (Fig. 4D).

270 4.3. Multi-collector Rb—Sr geochronology

271 The protocol utilized at Curtin University employing the ThermoFisher Neoma multi-collector
272  yielded comparatively more precise isotopic ratios to the single-collector triple quadrupole
273  protocol, yielding an overall internal 8’Rb/*¢Sr precision of 3.66 + 2.12 %, and significantly
274  improved &Sr/%®Sr measurements (0.81+0.30 %) compared to the single-collector ftriple
275 quadrupole results. Across two analytical sessions, the Neoma data from the Acraman sample
276 yielded the most precise isochron ages. The data collected in session 1 yielded an inverse
277  isochron age of 575 £ 12 Ma (MSWD = 1.2, N = 42) with an initial 8’Sr/%Sr of 0.7188 + 0.0026,
278  whereas the data collected in session 2 yielded an inverse isochron age of 588 + 12 Ma (MSWD
279  =0.9, N = 40) with an initial 8Sr/%Sr 0.7187 + 0.0023. Combined, the completed dataset yields
280 an inverse isochron age of 580 + 8 Ma (MSWD = 1.2, N = 82) with an initial 8Sr/%Sr of 0.7190 +
281  0.0017, hereafter considered the most reliable and precise age for the Acraman ejecta layer.
282 The Gosses Bluff melt-pellet yielded complex Rb—Sr data dispersion due to the textural mixing
283  between aliettite and feldspar (Fig. 3A, E). Data from the mixing spots (44 out of 73 from both
284  sessions) are aligned with a reference isochron age of ca. 160 Ma, similar to the isochron age
285  obtained from the Rb—Sr data obtained with Agilent 8900 at Curtin University (Fig. 4D). The Rb—
286  Sr data from clean laser spots (i.e., with minimum feldspar mixing) yielded inverse isochron ages

287 of 139 + 14 Ma (MSWD = 1.2, N = 17; session 1) with initial 8Sr/%Sr of 0.7124 + 0.0016 and 136
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288 + 11 Ma (MSWD = 1.5, N = 12; session 2) with initial 8Sr/®Sr of 0.7236 + 0.0015 (Fig. 5B). The
289 complete dataset yields an inverse isochron age of 137 £ 9 Ma (MSWD = 1.6, N = 29) with initial
290  ®Sr/%gr of 0.7237 + 0.0012, which we interpret as the best age estimate for the aliettite
291 crystallization in the Gosses Bluff melt-pellet sample.

292 4.4. U-Pb geochronology

293 From the nine monazite U-Pb data we collected from the Acraman ejecta layer, only two are
294  near-concordant yielding a weighted 2°°Pb/2%U mean age of 980 + 28 Ma (Fig. 6A). Fine-grained
295 apatite texturally associated with the mica-bearing domain in the ejecta layer yield a lower
296 intercept age in the Tera-Wasserburg of 1448 £ 79 Ma (MSWD = 2.0, N = 13; Fig. 6B) with an
297  initial 2°’Pb/?%Pb of 0.901 + 0.0.029. Whilst both monazite and apatite yield distinctively older
298 ages compared to the suggested Acraman impact age, fine-grained zircon embedded in the
299  ejecta layer micaceous matrix yield a lower intercept age of 598 + 16 Ma (MSWD = 0.5, N = 6;
300 Fig. 6A) with an initial 2°”Pb/2%Pb of 0.867 + 0.016 as expected for the Neoproterozoic (Stacey
301  and Kramers, 1975).

302 Zircon from the Gosses Bluff melt-pellet yield significantly overdispersed, discordant U-Pb
303 data with only five near-concordant data smearing from ca. 1540 Ma down to ca. 510 Ma (Fig.
304 6C), imposing significantly limitation to constrain an impact age. Conversely, fine-grained apatite
305 yield a well-defined mixing line between radiogenic and common-Pb components in Tera-
306  Wasserburg space with a lower intercept age of 132 + 14 Ma (MSWD = 0.4, N = 23; Fig. 6D) and
307 initial 2”Pb/?°Pb of 0.856 + 0.013 as expected for the Neoproterozoic (Stacey and Kramers,
308 1975).

309 5. Discussion

310 5.1. Comparison between in situ single- and multi-collector Rb—Sr geochronology

311 In situ Rb—Sr geochronology has been widely propelled by the new advances in mass
312  spectrometers with collision-reaction cell that enable oxidizing reactions and consequently the

313  measurement of ¥Rb-¥’Sr interference-free (Cheng et al., 2008; Hogmalm et al., 2017; Redaa et
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314  al, 2021a; Zack and Hogmalm, 2016). This includes single-collector triple quadrupole instruments
315  including the Thermo Fisher iCap TQ and Agilent 8900, and the Thermo Fisher Neoma and
316  NuPlasma Sapphire multi-collector mass spectrometers. Although single-collector triple
317  quadrupole instruments have proven its ability to successfully date mica and feldspar from a range
318  of rocks and textural settings (Li et al., 2020; Tillberg et al., 2020; Subarkah et al., 2022; Ribeiro
319 et al., 2022, 2023b, 2023a, 2025; Liebmann et al., 2022; Zametzer et al., 2022; Kirkland et al.,
320  2023; Larson et al., 2023; Almeida et al., 2023; Kellett et al., 2024; Nicomedes et al., 2025;
321 Bedoya et al., 2025; Caxito et al., 2025, among many others), the development and optimization
322  of analytical routines using multi-collector MS/MS instruments are still in its infancy (Bevan et al.,
323 2021; Cruz-Uribe et al., 2023; Dauphas et al., 2022; Huang et al., 2025) — especially when referring to
324  the comparison between those two instruments.

325 The protocols used at Curtin University employed identical laser parameters for Rb—Sr
326  analyses with both the single-collector Agilent 8900 MS/MS and the multi-collector Thermo Fisher
327 Neoma MS/MS, thereby enabling an independent comparison of instrument performance. Such
328 comparison is often carried out using homogeneous materials (e.g., NIST SRM glasses), to
329  exclude internal variability as a factor on measurement precision. As such, the Neoma MS/MS
330 results yielded significantly more precise and accurate 8’Rb/%®Sr and & Sr/®Sr ratios from NIST
331 SRM 612 compared to the single-collector Agilent 8900 MS/MS (Fig. 7A), likely due to better
332  performance of the Neoma MS/MS in measuring 84SrF, 8SrF and 8 SrF with high resistor Faraday
333  cups of 10" Q (e.g., Huang et al., 2025) improving signal-to-noise ration and resulting in more
334  precise isotopic measurements compared to the ion counter measurements in peak hoping mode
335 on the Agilent 8900 triple quadrupole. This is more significant for minerals with high Sr
336  concentration such as feldspar and some mica variations (e.g., white-mica and some biotite)
337 (Bevan et al., 2021; Rankenburg et al., 2024), often yielding 10 times better internal precision on

338  Srisotopic measurements. For instance, we observed that Mount Dromedary biotite yielded more



https://doi.org/10.5194/egusphere-2026-3441
Preprint. Discussion started: 25 June 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

339  precise 8Rb/®Sr (1.05 + 0.50 %, internal precision) and &Sr/%Sr (0.85 + 0.20 %) ratios compared
340 to Agilent 8900 (®’Rb/*®Sr of 1.43 + 0.27 %, and ¥Sr/%Sr of 1.10 + 0.17 %) (Fig. 7B, C).
341  Conversely, low-Sr micas such as LaPosta biotite are better suited to be analyzed via ion-counted
342  equipped instruments like the Agilent 8900 triple quadrupole, yielding more precise isotopic
343  measurements compared to the Neoma MS/MS (Fig. 7B, C).

344 In summary, these results indicate that choosing the best analytical approach for unknown
345 samples rely on knowing the estimated Sr concentration in the mineral of interest. Overall, the
346 Neoma MS/MS is better suited to high-Sr, low Rb/Sr ratio specimens like alkali feldspar and some
347  white-mica and clay mineral varieties (e.g., sericite, muscovite, illite and glauconite) (Bevan et al.,
348 2021; Huang et al., 2025; Kirkland et al., 2025), resulting in tighter constrained isochron ages in
349  spite of the narrow spread of ’Rb/%®Sr ratios.

350 5.2. Assessing the chronology of the Acraman and Gosses Bluff impacts

351 The Acraman and Gosses Bluff impacts has been continuously investigated in respect to its
352  potential significance with global climate and environmental events, requiring precise chronology
353  to establish such correlations. Various dating approaches including whole-rock Rb—Sr (isotope
354  dilution), whole-rock and minerals (e.g., feldspar) total fusion K-Ar and “°Ar/**Ar, and zircon U-Pb
355  and fission track have been applied to an array of impact-related samples including suevite and
356  melt breccias (e.g., Jourdan, 2012; Milton et al., 1972; Milton and Sutter, 1987; Webb et al., 1983;
357  Williams and Schmidt, 2021), but the impact age of the Acraman and Gosses Bluff remains
358  debatable (Jourdan, 2012).

359 5.2.1. Acraman impact structure

360 Schmieder et al. (2015) carried out the latest and most comprehensive investigation of the
361  Acraman chronology yet by focusing on U-Pb geochronology of unshocked and shocked zircon
362 from impact-melt rocks and step-heating “°Ar/*®Ar analysis of melted lithic dacite clasts and
363 feldspar separates from shatter cones. Unshocked to moderately shocked zircon (with planar

364  deformation features) from impact-melt rocks and from ejecta layers returned Mesoproterozoic
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365 ages (c. 1.6 Ga) reflecting the magmatic age of the Gawler Volcanic Rages (Compston et al.,
366  1987; Schmieder et al., 2015). ZrOz-bearing granular zircon, often serving as gold-standard
367  chronometer to constrain the timing of impact metamorphism (Erickson et al., 2021, 2020; Osinski
368 etal., 2022; Timms et al., 2017), defined an ancient Pb-loss trend towards ca. 1114 Ma. Notably,
369 this age is far from the Ediacaran ejecta-stratigraphic age bracket spanning 635-540 Ma
370 considered the most reliable age interval for the timing of the Acraman impact, suggesting that
371 granular zircon experienced partial diffusional Pb diffusion potentially attributed to impact
372  metamorphism. Successive attempts in obtaining step-heating “°Ar/**Ar ages from impact-melt
373  rocks and K-bearing mineral separates like alkali feldspar failed to yield plateau ages due to *°Ar
374  and ¥Ar recoil redistribution (Jourdan, 2012), or yielded (mini)-plateau ages younger than 460—
375 450 Ma (Baldwin et al., 1991; Jourdan, 2012; Schmieder et al., 2015). Such young °Ar/*°Ar ages
376 are interpreted to reflect post-impact hydrothermal alteration when compared to the ejecta-
377  stratigraphic constraints, supported by the presented of secondary minerals (e.g., zeolite in vugs
378  and chlorite and baryte in voids). To date, the ejecta layer whole-rock Rb—Sr isochron age of 588
379 £ 35 Ma may be considered the most reliable impact age (Webb et al., 1983), although its
380 accuracy and statistical robustness are unknown.

381 Considering the Neoma superior precision for analysing the muscovite from the Acraman
382  ejecta layer, the combined Neoma Rb-Sr isochron age of 580 + 8 Ma is interpreted as the best
383 age estimate for the Acraman impact. This age is supported by the new zircon U-Pb lower
384 intercept age of 598 + 16 Ma (although less precise) from the ejecta layer, and with the recent in
385  situ Rb—Sr age of 585 + 15 Ma from the Acraman ejecta layer obtained via single-collector triple
386  quadrupole ICP-MS/MS (Collins et al., 2026). These results show that the known complications
387 in dating the Acraman impact (e.g., inheritance or partial reset preserved in apatite and monazite
388 and hydrothermal alteration as shown by the “°Ar/*°Ar data) could be overcome through in situ

389 laser beam techniques with sufficient lateral resolution to precisely date newly-grown mica
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390 textures with more resilient isotopes to post-impact hydrothermal alteration and weathering such
391  as Rb-Sr (and potentially K-Ca yet to be explored).

392 5.2.2. Gosses Bluff impact crater

393 Early investigations on the Gosses Bluff chronology have set an important framework to
394  constraint the timing of meteorite impact directly using impact-related melt-rocks. Total fusion K-
395  Ar dating of melt-rock (133 + 3 Ma) and zircon fission track dating (134 + 6 Ma) defined the best
396 estimate for the timing of the Gosses Bluff impact (Milton et al., 1972; Milton and Sutter, 1987).
397  Further attempts to refine this age with high-precision “°Ar/*°Ar dating from pumiceous suevite
398 clast and single sanidine grains from melt-rock yielded complex, discordant **Ar" degassing
399 patterns failing to yield plateau ages, rather displaying an increase age spectrum converging
400 towards ca. 145 Ma (Jourdan, 2012; Milton and Sutter, 1987) (Fig. 8B). The older apparent age
401  has been interpreted as minimum age for the Gosses Bluff impact (Jourdan, 2012).

402 In situ Rb—Sr data collected using single-collector triple quadrupole instruments did not
403 produce accurate and precise ages, likely because of the complex feldspar-aliettite intergrowths
404  (Fig. 3E) and the instrument’s lower mass resolution compromising isotopic ratio precision and
405  obscured variability arising from the textural complexity. The Neoma MS/MS yielded significantly
406 more precise Sr isotopic measurements, allowing the distinction between isochrons defined by
407  pure aliettite (137 + 9 Ma) and mixing feldspar-aliettite domains (ca. 160 Ma; Fig. 5B). The
408 younger isochron age from the pure aliettite domains is consistent with new apatite U-Pb lower
409 intercept age of 132 + 14 Ma, likely reflecting apatite growth from the impact melt, and with melt-
410 rock K-Ar and zircon fission track ages (Milton et al., 1972; Milton and Sutter, 1987). Whilst the
411  zircon from the Gosses Bluff melt-pellet yielded mostly discordant U-Pb data and an array of
412  concordant data between 1540-510 Ma, potentially reflecting an inherited component or partial
413  reset, preliminary results from granular, shock-recrystallized zircons suggest mean U-Pb age of

414 139 + 4 Ma (Cousins et al., 2025).
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415 Collectively, the published and new ages (this study) from the Gosses Bluff points to an impact
416  age of 133 + 3 Ma (Fig. 8B), indicating that older “°Ar/3°Ar data with complex degassing spectra
417  could represent excess and/or inherited “°Ar” likely producing older apparent ages (e.g., Jourdan
418 etal., 2007).

419 5.3. Advances and limitations of in situ mica Rb—Sr geochronology in meteorite impacts

420 In situ mica Rb—Sr geochronology has been successfully applied to dating complex textures
421  in deformed rocks (e.g, Kirkland et al., 2023; Larson et al., 2023; Ribeiro et al., 2023a, 2023b;
422  Tollefson and Larson, 2026; Tollefson et al., 2025), yet the behavior of Rb—Sr isotopes in shocked
423  micas and its potential to constraint the timing of impact processes remain underexplored (Ribeiro
424  etal., 2026).

425 The Rb-Sr results from the Acraman and Gosses Bluff impacts have shown newly grown
426  micas in ejecta layer and melt-rocks have the potential to preserve the timing of impact processes,
427  whilst apparently less susceptible to post-impact hydrothermal alteration compared to Ar isotopes
428  (Jourdan, 2012; Milton and Sutter, 1987). Additionally, the lateral-spatial resolution achieved by
429 modern laser ablation system provide the means to resolve complex textural relationships,
430 intrinsic to impact-related rocks, aid in obtaining clean analytical data. Combined with high-
431 precision reaction-cell instruments, such as the Thermo Fisher Neoma multi-collector, in situ Rb—
432  Sr dating of complex mica textures can overcome challenges posed by inherited or altered
433  isotopic systems and obtain chronologies that more accurately reflect the timing of meteorite
434  impacts such as inherited and/or excess 40Ar* (Jourdan, 2012; Jourdan et al., 2007). Since micas
435 are widely abundant on terrestrial rocks (Bailey, 1984), in situ Rb—Sr also circumvents the
436 challenges of dating accessory phases (< 1 vol.%) such as apatite, zircon and monazite. Despite
437  being powerful to precisely define the timing of impact via U-Pb system in some cases (Erickson
438 etal., 2021, 2020; Kenny et al., 2019; Kirkland et al., 2025), those accessory minerals often yield
439 complex datasets due to inheritance components and/or partial isotopic resetting as observed in

440 this study and in many other impact sites (Bohor et al., 1993; Erickson et al., 2021, 2017; Kirkland
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441 et al., 2025; McGregor et al., 2019; Ribeiro et al., 2026; Schmieder et al., 2015). In such cases,
442  newly grown micas not only are far more abundant and easier to date via in situ Rb—Sr techniques,
443  but it can also provide high-quality isotopic data to pinpoint the timing of impact processes at
444  relevant precision. As this field advances, the reliability and applicability of in situ Rb-Sr
445  geochronology may provide valuable insights into both terrestrial and planetary impact events
446  (e.g., Luu et al., 2026).

447 Despite these encouraging new results, in situ Rb—Sr results of pre-impact micas from the
448  Yarrabubba impact structure has shown that these isotopes are resilient to impact-driven resetting
449 despite the formation of shock-related microstructures that could enhance isotope diffusion
450 (Ribeiro et al., 2026). Yet they preserve the protolith’s crystallization age rather than the impact
451 age, likely due to the short timescale of the thermal peak phase associated with impact
452  metamorphism (Ribeiro et al., 2026). We recommend that future mica dating studies on impact-

453 related rocks focus on newly grown textures, as they are more likely to provide accurate impact

454  ages.
455 5.4. Further applications for in situ Rb—Sr dating in planetary sciences
456 K-bearing minerals including alkali feldspar and a wide variety of micas (white-mica, biotite,

457  phlogopite) and clays (illite-smectite) are common on Earth’s terrestrial rocks, but also on
458  extraterrestrial rocks (Foland, 1998). In addition to being datable via K-Ar, “°Ar/**Ar, they are also
459  potential targets for in situ Rb—Sr dating opening a new research avenue to investigate impact-
460 melt formation, deformation and syn- to post-impact hydrothermal alteration on Earth and
461  extraterrestrial materials (e.g., Papanastassiou and Wasserburg, 1972a, 1972b). The use of Rb—
462  Sr isotopes, chemically separated via isotope dilution and independently measured in solution
463 mode, has been successfully employed to explore the timing and nature of aqueous alteration of
464  Martian meteorites (Beard et al., 2013), defining the time and duration of lunar crust formation
465 (Carlson et al., 2014) and the overall isotopic evolution of Martian meteorites in combination with

466  other radiogenic isotopes (Borg et al., 2005).
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467 Although isotope dilution Rb—Sr isotopic measurements provide precise isotopic ratios from
468 critical, but low-abundance Rb and Sr minerals encountered in extraterrestrial rocks including
469 orthopyroxene, plagioclase and chromite (e.g., Papanastassiou and Wasserburg, 1972b; Beard
470 et al.,, 2013), the development and optimization of in situ Rb—Sr analysis isotopic measurements
471  via multi-collector ICP-MS/MS holds significant promise for exploring extraterrestrial materials
472  with accessible, speedy, low-cost technique (Dauphas et al., 2022; Nie et al., 2024). The
473  capability to target specific mineral phases could provide critical insights into the timing of
474  planetary surface evolution, the chronology of impact events across the solar system, and the
475  associated effects on planetary environments and potential habitability. As analytical techniques
476  continue to improve, in situ Rb—Sr geochronology is poised to become a valuable tool for
477  unraveling complex geological histories both on Earth and beyond.

478 6. Conclusions

479 This study demonstrates the significant advances and ongoing challenges of in situ Rb—Sr
480 geochronology for precisely dating impact-related processes in both terrestrial and extraterrestrial
481  materials. Newly grown micas in ejecta layers and melt-rocks have proven to be robust recorders
482  of meteorite impact timing, offering greater resistance to post-impact alteration compared to
483 traditional Ar isotope systems. Modern analytical techniques, including high-resolution laser
484  ablation and multi-collector mass spectrometry, enable the resolution of complex mineral textures
485 and improve the accuracy of isotopic measurements. The resilience of pre-impact micas to
486 isotopic resetting highlights the importance of targeting newly formed mineral domains for reliable
487  age determinations. Further, the application of in situ Rb—Sr dating to planetary science opens
488 new avenues for understanding planetary surface evolution, impact histories, and related
489  hydrothermal processes. As analytical methods continue to evolve, in situ Rb—Sr geochronology
490 s poised to provide critical insights into the timing and effects of impact events across our solar
491  system.

492
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846  Australian main geological provinces, including the extent of the ejecta layer of the Acraman

847  impact (Bunyeroo Formation).
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849  Figure 2. A) TIMA-based mineral phase map of the Acraman sample; B) Muscovite EDS spectra

850 compared to simulated data, highlighting the peaks of major components (K-energy level); C-E)

851  electron backscattered photomicrographs of the fine-grained muscovite domain. The laser-

852 Neoma spot in panels (D) and (E) are 90 um in diameter. Mineral abbreviations follow Whitney

853  and Evans (2010).
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Figure 3. A) TIMA-based mineral phase map of the Gosses Bluff sample; B) Aliettite EDS spectra

compared to simulated data, highlighting the peaks of major components (K-energy level); C-E)

electron backscattered photomicrographs of the fine-grained aliettite domains. The laser-Neoma

spot in panels (D) and (E) are 90 um in diameter. Mineral abbreviations follow Whitney and Evans

(2010).
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Figure 4. In situ single-collector Rb-Sr data from the Acraman (A, B) and Gosses Bluff (C, D)
impact samples. Left panels display the Rb—Sr data obtained at the University of Adelaide, whilst

the right panels display the data obtained at Curtin University. Uncertainties are presented at 2-
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867  Figure 5. In situ multi-collector Rb-Sr data from the Acraman and Gosses Bluff impact samples.
868  Uncertainties are presented at 2-standard error.
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892  Figure 7. Analytical comparison between single- and multi-collector mass spectrometers,

893  including (A) the measurement of 8Sr/%Sr and 8 Sr/%®Sr measurements on NIST SRM 612, and

894  (B) natural mica reference materials (Mount Dromedary and LaPosta biotite).
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Figure 8. Comparison between new ages from the Acraman (A) and Gosses Bluff (B) impact and

available literature data from both sites (Milton et al., 1972; Webb et al., 1983; Milton and Sutter,

1987; Collins et al., 2026).
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