
1.  Introduction
The Plio–Pleistocene witnessed a major shift of the global climate (Balco & Rovey,  2010; Hill et  al.,  2017; 
Lisiecki & Raymo, 2007), with significant expansion of northern hemisphere glaciation (Bailey et al., 2013; Haug 
et al., 1999) driving a change from a wet and humid state during the Pliocene, to colder and more arid conditions 
in the Pleistocene (Filippelli & Flores, 2009). This climate change had profound impacts on Earth's ecosystems: 
vast areas of dense forests were replaced by more open vegetation (e.g., grasslands) prompting habitat reorgani-
zation and possibly strongly influencing hominin evolution (DeMenocal, 2011; Reed, 1997; Trauth et al., 2021). 
Despite the undoubted significance of this event, constraining the timing of continental environmental response 
to climate change is complicated by the discontinuous continental sediment record and challenges of absolute 
dating geological processes that can be clearly linked to environmental perturbation. These difficulties have 
hampered the direct dating of Plio–Pleistocene transition processes in the continental realm, with studies instead 
often relying on marine depositional records to reconstruct continental paleoclimate (Christensen et al., 2017; 
Lisiecki & Raymo, 2007; Petrick et al., 2019).

In Australia (Figure 1), declining rainfall, continental moisture, and sea surface temperatures, as well as increas-
ing dust transport are recorded in marine sediment proxies deposited during the Plio-Pleistocene transition (de 
Vleeschouwer et al., 2019; He et al., 2021; Petrick et al., 2019) (Figure 1c). This climate archive, and broadly 
coeval changes of continental landscapes, such as the initiation of desert dune fields (Fujioka et  al.,  2009), 
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diversification and extinction.

Plain Language Summary  The reconstruction of Earth's climate record is typically founded on 
the physicochemical properties of marine sediments. Continental sediments that yield time-constrained climate 
information are rare, but important to interpret wider Earth system responses and the co-evolution of regional 
climate, landscape, and biota. This study presents direct dating of continental climate change on the Nullarbor 
Plain to constrain its development as an important biogeographic barrier driving species diversification between 
SW- and SE-Australia. Age dating of iron-oxide cements constrains the waning availability of mobile water 
(e.g., groundwater) and the onset of drier conditions related to global Plio-Pleistocene climate change. These 
findings demonstrate that iron-oxides may provide an excellent continental archive to anchor major climate 
shifts and help understand associated terrestrial ecosystem change.
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are consistent with aridification of Australia's continental climate. The vast expanses of the Nullarbor Plain 
in south-central Australia (Figure 1) which covers about 200,000 km 2 of treeless shrublands, is devoid of any 
surface water features. The Nullarbor Plain represents the modern manifestation of the Plio-Pleistocene shift to 
extensive dryland areas, which now cover ∼46% of Earth's land surface, and host ∼3 billion people (Mirzabaev 
et al., 2019; van der Esch et al., 2017). Increasing aridity on the Nullarbor Plain is tracked through the decline of 
speleothem development as a consequence of reduced continental moisture, pedogenic calcrete and the lower-
ing of the groundwater table (Lipar & Ferk, 2015; C. R. Miller et al., 2012; Woodhead et al., 2019). Similarly, 
drier climate in Australia in the Pleistocene is linked with the retreat of (rain)forests in favor of open wood- and 
grassland vegetation (Martin, 2006). Such extensive changes in climate and vegetation created new habitats, but 
also established biogeographic barriers, both of which significantly influenced partitioning and diversification 
across Australia's biota (Ansari et al., 2019; Byrne et al., 2008; Pepper & Keogh, 2021). Among other examples, 
sister species of birds (White et al., 2011), insects (Owen et al., 2017), and plants (Crisp & Cook, 2007) reside in 
Australia's SW and SE temperate biomes, separated by the arid Nullarbor Plain (Figures 1a and 1b).

Despite the significance of the Plio-Pleistocene transition, the absolute timing of changes in the continental record 
of aridification on the Nullarbor Plain remains poorly constrained (C. R. Miller et al., 2012), impeding integra-
tion of local paleoclimate indicators into regional, and ultimately global models. A compelling target to improve 
terrestrial climate models is iron oxides, which form at a broad range of surface conditions (Bigham et al., 2002), 
often in relation to environmental changes (Zhao et  al.,  2017). Goethite is the most abundant Earth surface 
iron oxide (sensu lato) and occurs in many environments (Schwertmann & Taylor, 1989). In arid environments, 
goethite can be generated in response to a lowering of the water table and hence, can trace hydrological changes 
due to aridification (Heim et al., 2006). Hence, environmental information is recorded by temporal constraints on 
iron oxide formation and can provide direct insights into landscape evolution, in turn informing on biogeographic 
models (Gautheron et al., 2022). Here, we use (U-Th)/He geochronology, mineralogy, and geochemistry applied 
to diagenetic ferruginous indurations, hosted in Eocene-Miocene paleo-shoreline deposits in southern Australia, 
to better constrain the chronology of aridification of the Nullarbor Plain. We further demonstrate the broader 
importance of dating indurations for understanding landscape evolution and biogeography.

2.  Materials and Methods
This study examined iron oxides from a ferruginous induration from the Jacinth-Ambrosia heavy mineral sand 
deposit (30° 54′ 33.84″ S, 132° 13′ 5.88″ E). Here, active open pit mining provides a unique window into the 
geological history of the extensive paleo-shoreline deposits fringing the Nullarbor Plain. The stratigraphy of the 
Jacinth-Ambrosia deposit (Figure 1f) was established by Hou et al. (2011). At the study site, diagenetic iron oxides 
(and -hydroxides) form ferruginous indurations overprinting the shallow marine middle-upper Eocene Ooldea 
Sands that overlie weathered granitic basement and underlie reworked Miocene sands. Samples were taken from 
cross-bedded sands (Figure 1d) at the base of the mine pit (c. 25–30 m below the surface and c. 2 m above bedrock), 
where Ooldea Sands are strongly indurated in comparison to less prominent indurations in overlying strata. Macro-
scopically, the sampled indurations (Figure 1e) are (a) well-consolidated reddish fine- to coarse-grained sandstones, 
(b) display veins of metallic to vitreous luster with rare mineral inclusions, and (c) contain mm- to cm- sized cavities, 
which document secondary partial or complete infills of various compositions (clay- to sand-sized particles with 
variable sorting). From one representative ferruginous induration, several rock slabs (c. 25 × 10 mm) were prepared 
for further investigation. Sample characterization included use of X-ray powder diffraction (XRD), energy-dispersive 
spectroscopy (EDS), and Raman spectroscopy (methods are outlined in Texts S1–S3 in the Supporting Informa-
tion S1 available through https://doi.org/10.5281/zenodo.7739575). (U-Th)/He dating (Text S4 in the Supporting 
Information S1) followed the analytical procedures in Danišík et al. (2013) and used 100–300 μm large fragments 
of goethite that were extracted from (a) the veins/cement of metallic to vitreous luster (from the surface of the indu-
ration) and (b) the iron-rich domains of argillaceous zoned cutan structures from polished rock slabs. (U-Th)/He 
measurements are corrected for diffusive loss of He following the recommendations of Bassal et al. (2022).

3.  Results
3.1.  Ferruginous Induration Characteristics

Mineralogical bulk analysis of the ferruginous induration using XRD (Table S1 in the Supporting Information S1, 
Table S5, and Figure S2 in the Supporting Information S1) indicates the presence of quartz and heavy minerals 
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(mainly zircon) as the dominant detritus, and moderate proportions (i.e., 1–5 wt%) of goethite (α-FeO(OH)) and 
hematite (α-Fe2O3). Backscattered electron imaging (Figure  2a) and chemical composition mapping by EDS 
(Figure  2b) of polished rock slabs from the indurations suggest that fine-grained infills of clay and iron-rich 
domains of cement (corresponding to veins of metallic to vitreous luster; Figure 2b) comprise iron-rich polycrystal-
line mineral aggregates with traces of silicon and alumina (Figure 2c). While depositional sedimentary structures, 
such as the segregation of dense and light minerals, are preserved, other petrographic characteristics indicate scarce 
remnants of pedogenetic processes. Specifically, the fine-grained infills, identified as argillaceous zoned cutan 
structures, indicate replacement of primary material (e.g., roots or burrows) by illuviated clay infills that underwent 
secondary geochemical alteration initiating chemical zonation (Nahon, 1991a; Salama et al., 2022). This chemi-
cal trend is manifested by increasing iron and decreasing silicon contents toward the rim of the cutan structures 
(Figure 2c). Iron oxide domains sampled for geochronological analysis (selected based on low impurities docu-
mented by light and electron miscopy) predominantly consist of goethite based on Raman spectroscopy (Figure 2d).

3.2.  Geochronological Results

In total, 19 mechanically extracted goethite-bearing fragments from the vein/cement (Figure 1e, Figures S1a–S1c 
in the Supporting Information S1) and cutan structures (Figures 2a and S1e in the Supporting Information S1) 

Figure 1.  (a) Climatic zonation across Australia based on the Aridity Index (Zomer et al., 2008). Colored insects represent biotic divergence via the distributions of 
sister species of cicadas A. dolens (blue) and A. “mallee hisser” (red) that are found in Australia's SW and SE temperate biomes, respectively, separated by the arid 
Nullarbor Plain (Owen et al., 2017). Pink star and purple circle indicate the sample location and site U1463, respectively (Figure 1c). (b) Digital elevation model of the 
Nullarbor Plain and isohyets of mean annual rainfall (http://www.bom.gov.au/). (c) Climatic proxies showing (from top to bottom) shift from humid to arid conditions 
in NW Australia (Christensen et al., 2017), onset of the Northern Hemisphere glaciation (Haug et al., 1999), increasing ice volumes (Lisiecki & Raymo, 2005), 
smoothed sea level (K. G. Miller et al., 2020), potassium wireline log data at site U1463 (Christensen et al., 2017), uranium wireline log data at site U1463 (Christensen 
et al., 2017), and sea surface temperatures at site U1463 (Smith et al., 2020). Gray vertical rectangle in the background is from Figure 3a and denotes the time of 
formation for the ferruginous indurations in the Ooldea Sands (this study). (d) Jacinth-Ambrosia heavy mineral sand deposit showing iron-rich indurated horizons 
and cross-bedded sands (white helmet measures 25 cm across). (e) Analyzed ferruginous induration showing targeted structures. (f) Schematic stratigraphy of the 
Jacinth-Ambrosia deposit (modified after Hou et al., 2011).
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were analyzed. (U-Th)/He isotopic measurements yield thermochronological median dates for cutan and vein/
cement structures of 2.4 ± 0.7 Ma (1 standard deviation, 1 SD) and 2.7 ± 0.8 Ma (1 SD), respectively (Table 
S2 in the Supporting Information S1). An Epps–Singleton (Epps & Singleton, 1986) test for equal distributions 
applying a small sample correction (W2 = 3.3; p = 0.5) implies distributions of cutan and vein/cement dates 
are statistically indistinguishable. Based on the indistinguishable median dates and identical mineralogy (all 
fragments are goethite), cutan and vein/cement fragments are considered to represent a single age population 
reflecting a contemporaneous response to a shared geological process. Consequently, an uncertainty-weighted 
mean of 2.56 ± 0.13 Ma (2 standard error, 2 SE) is calculated (Figure 3a). Three dates are rejected from the 
weighted mean calculation based on Chauvenet's criterion for outlier detection (Table S2 in the Supporting Infor-
mation S1). Statistical rejections are supported by petrographic observations of outliers hosting larger amounts 
of detrital grains (Figure S1d in the Supporting Information  S1). We posit that spuriously old ages reflect 
He-bearing inclusions (e.g., zircon). Similarly, very young ages (present in cutan analyses) may be associated 
with alpha-ejection into voids (Danišík et  al.,  2017) or reflect domains of decreased He retentivity (Shuster 
et  al.,  2005). Mean squared weighted deviation above unity (here 2.5) are commonly observed in (U-Th)/He 

Figure 2.  (a) Backscattered electron image of a relic pedogenetic structure (cutan). Circle and squares denote locations of representative spot analyses using 
energy-dispersive spectroscopy (EDS) and Raman spectroscopy, respectively, to demonstrate chemical and mineralogical trends (colors corresponds to spectra in 
Figure 2c). (b) Iron content for the same sample extent. Dashed lines indicate areas of iron-rich cement domains, which macroscopically correspond to veins of metallic 
to vitreous luster (indicated by white arrow). (c) Representative EDS spectra for different domains demonstrating increase of iron (and decrease of alumina and silicon) 
toward the outer domains of the cutan structure. Vertical colored rectangles show characteristic energy levels of relevant elements. (d) Raman spectra of different 
domains (a.u. = arbitrary units). Individual analyses (Table S4) within each domain (i.e., cutan, cement, and vein) are highly similar and, thus, were averaged. Spectra 
are shown as 5-point running average and are baseline subtracted using a convex hull fit. Vertical lines show diagnostic Raman shift values (Hanesch, 2009).
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thermochronology and do not impede meaningful age determination, but rather convey the degree of complexity 
in the geological process (Reiners & Nicolescu, 2006). Hence, the 2.56 ± 0.13 Ma age is interpreted as the best 
estimate of the time of formation for the ferruginous indurations in the Ooldea Sands.

4.  Discussion and Conclusions
4.1.  Groundwater Decline in Response to Climate Change

Growth of goethite is controlled by environmental conditions, but typically involves oxidation and hydrolysis of 
dissolved ferrous iron (Fe 2+) and is favored by pH values around 3–7 and high water activity (Bigham et al., 2002). 
Acidic and iron-rich fluids are observed in modern groundwater systems in the study area (Reid et al., 2018), and 
suggest, in tandem with textural observations (Section 3.1), goethite growth within a meteoric environment as 
the most likely scenario. Dissolved ferrous iron was plausibly extracted during weathering of lateritic paleosols 
(Nahon, 1991b) that formed extensively throughout the Oligocene and Miocene (Martin, 2006). This interpreta-
tion is supported by the occurrence of pedogenetic relics (e.g., argillaceous cutan, Figures 2a and 2b) and field 
observations of bleached and mottled sands in overlying sediments (Hou et al., 2011) evidencing iron remobiliza-
tion, a process likely facilitated during the late Pliocene's humid climate. The subsequent transition to more arid 
conditions would have led to a lowering of the water table, in turn oxidizing ferrous iron. An oxygenated meteoric 
environment for the formation of the ferruginous indurations is consistent with the absence of reduced phases 
(e.g., magnetite, pyrite), the geochemical alteration of the illuviated clay infill along a redox gradient (cutan), and 
provides high water activity favoring the formation of goethite over hematite. The latter mineral prefers low water 
activity (Torrent et al., 1982) and may be formed in some rapidly drying parts of the indurations (thus explaining 
the reddish hue and hematite in the bulk XRD analysis), whereas residual water in larger pores would foster the 
growth of goethite. The textural and mineralogical observations support a near-surface genesis and suggest that 
(U-Th)/He ages can provide direct constraints on the formation of ferruginous indurations (Shuster et al., 2005). 
However, the rate of goethite growth cannot be precisely defined as analytical uncertainty likely exceeds the 
recorded duration of goethite aggregation (Guyodo et al., 2003; Yee et al., 2006). Hence, we posit that the water 
table declined within the given uncertainty of the mean (U-Th)/He age that can be interpreted as the time of the 
formation event (i.e., induration). Hence, conservatively, the geochronological results (Figure 3a) suggest that 
induration formation in the study area was active between c. 2.7 and 2.4 Ma.

4.2.  Implications for Arid Landscape Evolution and Species Diversity

The formation of ferruginous indurations in response to the lowering of groundwater is consistent with other 
indicators of hydrological changes (e.g., collapse of dissolution cavities, pedogenetic calcrete, and appearance of 
aeolian quartz; Lipar & Ferk, 2015; C. R. Miller et al., 2012) on the Nullarbor Plain during the Plio-Pleistocene 

Figure 3.  (a) Individual (U-Th)/He ages at 2 SE uncertainty of cutan (orange) and vein/cement (blue) fragments. Gray vertical rectangle in the background denotes the 
weighted mean age (2 SE). (b) Probability density plot (PDP) of (U-Th)/He ages of goethite compared to PDP of U-Pb ages of speleothems across the Nullarbor Plain 
(Woodhead et al., 2019) and locally weighted smoothing of the uranium wireline log data at site U1463 as a proxy for continental dust dispersion tracking increasing 
aridity (Christensen et al., 2017).
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transition. Woodhead et al. (2019) revealed speleothem growth in shallow caves of the Nullarbor Plain between 
5 and 3 Ma that experienced a significant decline after 2.5 Ma (Figure 3b), fingerprinting a rapid decline of 
mobile water. Importantly, the decline of speleothem formation was broadly coeval with induration formation 
(Figure 3b), consistent with a major hydrological change toward drier conditions in the Nullarbor Plain. The 
water table before the Plio-Pleistocene climate change appears to be at least 20 m above the modern (pre-mining) 
water table (c. 50 m, IGS, 2019). Similar lowering of groundwater levels have been determined for more recent 
but comparable (i.e., from wet to arid conditions) climate shifts, for example, c. 18 m decline during the last 
deglaciation at c. 15 ka (Seltzer et al., 2019), suggesting rapid changes of the water table can occur on millennial 
timescales. Therefore, following a rapid decline and induration formation between 2.7 and 2.4 Ma, the study 
site's water table at 2.4 Ma may have been comparable to modern conditions without sufficient recharge to reach 
pre-Pleistocene levels. The high degree of reproducibility in the (U-Th)/He ages is also consistent with negligible 
disturbance after induration formation. On a larger scale, it appears that the temporal constraints associated with 
terrestrial formation processes are in excellent agreement with the climatic evolution of Australia's continental 
interior, which is recorded in the high-resolution and continuous marine deposits of Australia's NW shelf (e.g., 
Groeneveld et al., 2021; Figure 1a). These marine sediments record the degree of fluvial and windblown terrige-
nous input and reveal a c. 5.5–3.3 Ma humid interval followed by a transition period foreshadowing the advent of 
fully arid conditions at c. 2.4 Ma (Christensen et al., 2017). Importantly, windblown terrigenous material derived 
from large parts of continental Australia (e.g., Courtillat et al., 2020) track aridity, where heightened aridification 
is fingerprinted by increasing uranium content (a measure of dust activity). Such increase in dust follows the 
maxima of (U-Th)/He ages at c. 2.6 Ma (Figure 3b). Based on these combined paleoclimate proxies across vast 
parts of Australia, the formation ages of ferruginous indurations are best explained as marking cessation of humid 
conditions and imply a minimum constraint of 2.7–2.4 Ma for the emergence of arid-dominated environmental 
conditions that presently extend over 70% of the Australian continent (Figure 1a). Therefore, geochronological 
results on targeted induration features document a major turning point in Australia's landscape evolution that has 
lasted until the present day (Figure 1a).

The Nullarbor Plain's climatic and tectonic history significantly influenced ecosystem changes in Australia 
throughout the Cenozoic (Figure  4). Following episodes of marine inundation, the Nullarbor Plain became 
permanently subaerially exposed during the middle Miocene coincident with a climatic transition and shift 
toward more arid conditions (which was later reversed during the early Pliocene; Sniderman et al., 2016). This 
period of emergence and drying correlates with a major east-west vicariance of flora and fauna (Rix et al., 2015; 
White et  al.,  2011), suggesting the Nullarbor Plain began acting as a significant biogeographic barrier. The 
Plio-Pleistocene climate shift toward pervasive arid conditions re-established the Nullarbor Plain as a pronounced 
biogeographic barrier driving ecosystem change by effectively separating mesic environments, resulting in the 

Figure 4.  Cenozoic history of the Nullarbor Plain showing geological processes documented in the Ooldea Sands (Hou et al., 2011), major marine indurations (Crisp & 
Cook, 2007), global sea level (pale gray line; K. G. Miller et al., 2020) and temperatures (pale red line; Cramer et al., 2011). PDPs of late Cenozoic terrestrial products 
(blue and red areas) are from Figure 3b. Genera diversity (green dashes) of Australia is from the Paleobiology Database (paleobiodb.org) and the interpreted influence 
of the Nullarbor Plain as a biogeographic barrier on species divergence is shown in brown (Crisp & Cook, 2007; Owen et al., 2017; Rix et al., 2015; White et al., 2011) 
(wide and thin parts are strong and weak influence, respectively). Emergence at c. 14 Ma (Webb & James, 2006) reflects permanent subaerial exposure of large parts of 
the Nullarbor Plain. Names of recognized stages of the Cenozoic climate are from K. G. Miller et al. (2020). PLE. - Pleistocene, PLI. - Pliocene.
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youngest divergence events (Crisp & Cook, 2007; Owen et al., 2017). The rapid decline of surface water on the 
Nullarbor Plain led to decreasing vegetation, which in turn directly influenced the distribution and divergence 
of species because of changes in both food sources and habitat. The temporal consistency of aridification and 
phylogenetic divergence estimates (Owen et al., 2017; White et al., 2011) supports vicariance models and implies 
divergence was plausibly driven by the termination of a continuous mesic landscape. Such interpretations are 
consistent with observations that patterns of high genera diversity either coincide with or follow periods with 
strong evidence for the Nullarbor Plain acting as a biogeographic barrier (Figure 4).

Integration of petrographic, chemical, and mineralogical observations of ferruginous indurations suggest a poly-
phase genesis that encompasses (a) initial host sedimentation during middle-late Eocene transgression and middle 
Miocene reworking (Figure 5a), (b) subsequent regolith overprinting including pedogenetic processes, and (c) 
a major hydrological change during the Plio-Pleistocene transition. The latter process is manifested through the 
c. 2.7–2.4 Ma formation of ferruginous indurations, interpreted as a consequence of a rapid shift from the late 
Pliocene humid climate (Figure 5b) to arid conditions, prevalent since the early Pleistocene (Figure 5c). Overall, 
the apparent relationship of ferruginous indurations and groundwater decline most likely reflects the terrestrial 
response to climatic change, which may allow ferruginous indurations to be applied as a novel tool to yield 
absolute age constraints on arid landscape evolution globally. Age constraints on such induration features that are 
interpreted to capture changing hydrological and redox conditions in line with a global climatic change, may have 
the potential to significantly aid temporal understanding of aridification and hydrological processes on a local 
to global scale. Importantly, ferruginous indurations are frequently recognized in regolith and sediments across 
Australia (Anand & Paine, 2002; Chan, 2009; Heim et al., 2006; Worrall, 2017) and globally (Nahon et al., 1977; 
Ricordel-Prognon et al., 2010; Voicu et al., 1997). Ultimately, absolute age constraints associated with direct 

Figure 5.  Conceptual model for the ferruginous indurations. The upper panels (top) depict environmental changes and lower panels (bottom) show stages leading to the 
induration formation. (a) Top: Shallow marine deposition and later reworking (Hou et al., 2011), resulting in heavy mineral concentration, create the substrate that later 
hosts the indurations. Bottom: Marine sands showing separation processes between light, for example, quartz (qtz), and heavy minerals, for example, zircon (zr). Red 
cross indicates location of emplacement of textural heterogeneity accommodating cutan growth (b) Top: Late Pliocene humid climate with relatively dense forests and 
high water table follows episodes of regolith/pedogenetic overprint (Figure 4). Purple cicada reflects a common ancestor inhabiting a continuous mesic habitat (Owen 
et al., 2017). Bottom: Sand is groundwater-saturated with high concentrations of ferrous iron due to iron remobilization. Geochemical transformation of illuviated clay 
infill begins forming concentric cutan structures. (c) Top: Rapid climate shift toward the arid early Pleistocene results in water table lowering and the formation of 
indurations. A decrease of mobile water causes a decline in vegetation that involves the separation of temperate biomes, ultimately favoring the divergence of species. 
The latter is represented by the blue and red cicadas that diverge from a common ancestor (Figure 5b). Bottom: Higher iron saturation and oxygenated condition in the 
upper groundwater table oxidize dissolved ferrous to ferric iron that allows build-up of ferruginous indurations.
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terrestrial products of climatic transitions could plausibly provide vital anchor points for the understanding of the 
coevolution of landscapes and biota.

Data Availability Statement
All new research data used in this publication and detailed analytical methods are deposited in the Dryad and Zenodo 
repositories. Supporting Information S1 is available through Zenodo (https://doi.org/10.5281/zenodo.7739575) and 
includes Texts S1–S4, Figures S1 and S2, and Tables S1–S3. Tables S4 and S5 are available through Dryad (https://
doi.org/10.5061/dryad.sn02v6x86). Literature data for this research are available in Christensen et  al.  (2017), 
Cramer et al. (2011), Hanesch (2009), Lisiecki and Raymo (2005), K. G. Miller et al. (2020), Smith et al. (2020), 
and Woodhead et al. (2019). Past 4.03 software (Hammer et al., 2001), used for the Epps-Singelton test, is available 
through https://www.nhm.uio.no/english/research/resources/past/; Probability density plots were constructed using 
Excel macros available through the Arizona LaserChron Center (https://drive.google.com/file/d/1ju5B_h4kHvb-
K7PR2WHM9DJQELByqdJP_/view); Weighted mean calculation and outlier detection were performed using 
IsoplotR (Vermeesch, 2018) available through https://www.ucl.ac.uk/∼ucfbpve/isoplotr/home/index.html; Raman 
spectra background subtraction and averaging was performed in Fityk available through https://fityk.nieto.pl/.
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