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Data tables
Table S.1: Averaged daily temperature data for central Australian weather station collected from 1950-2022. Weather observations was using the SILO Australian climate database (http://www.longpaddock.qld.gov.au/silo).
	Location
	Latitude
	Longitude
	Maximum
	Minimum
	Average

	
	
	
	°C
	°C
	°C

	Andamooka
	–30.449
	137.1692
	27.31
	13.52
	20.41

	Arkaroola
	–30.311
	139.3357
	25.49
	11.55
	18.52

	Marree (Clayton)
	–29.2781
	138.3823
	28.84
	13.83
	21.34

	Marree (Farina)
	–30.066
	138.2739
	27.80
	13.26
	20.53

	Mount Barry Station
	–28.2415
	134.9899
	27.11
	12.61
	19.86

	Mount Eba
	–30.1809
	135.6629
	28.82
	14.34
	21.58

	Muloorina Station
	–29.239
	137.9058
	29.20
	14.05
	21.62

	Todmoren
	–27.1391
	134.7575
	29.20
	14.43
	21.81

	MEAN
	
	
	27.97
	13.45
	20.71

	MEDIAN
	
	
	28.31
	13.68
	20.93



Table S.2: Site location and sample details for analysed lake mollusc samples.
	Sample ID
	Lab code
	Sample type
	Age
	Shell used
	Coordinates
	Elevation

	
	
	
	ka or ka cal BP
	
	
	(m) AHD

	Salt Creek
	
	
	
	
	
	

	LCP1 0.45
	Shell-1
	Corbicula australis
	<33.4 (2.9)b
	1
	S 29° 56′22.45″ E 140° 6′46.86″
	10.0

	LCP1 0.8
	Shell-2
	Coxiella sp.
	<33.4 (2.9)b
	20
	S 29° 56′22.45″ E 140° 6′46.86″
	9.6

	LCP1 0.96
	Shell-3
	Corbicula australis
	<33.4 (2.9)b
	2
	S 29° 56′22.45″ E 140° 6′46.86″
	9.4

	LCP2 0.85
	Shell-4
	Coxiella sp.
	41.4 (0.2)
	20
	S 29° 56′23.55″ E 140° 6′56.12″
	8.4

	
	
	
	
	
	
	

	Lake Callabonna
	
	
	
	
	
	

	CallaSpit 0.5
	Shell-5
	Corbicula australis
	196 (12)
	1
	S 29°49'3.99" E 140° 3'0.76"
	20

	CSP1 1.0
	Shell-6
	Coxiella sp.a
	47.1 (4.1)b
	20
	S 29° 48′25.67″ E 140° 4′19.69″
	14.4

	CSP1 1.05
	Shell-7
	Coxiella sp.
	48.4 (4.2)b
	20
	S 29° 48′25.67″ E 140° 4′19.69″
	14.4

	CSP1 2.0
	Shell-8
	Coxiella sp.a
	49.5 (0.9)b
	10
	S 29° 48′25.67″ E 140° 4′19.69″
	13.4

	
	
	
	
	
	
	

	Lake Frome
	
	
	
	
	
	

	LFP1 1.5
	Shell-9
	Corbicula australis
	<63.7 (6.9)b
	1
	S 30° 23′13.31″ E 139° 49′27.47″
	14.7

	LFP1 1.3
	Shell-10
	Coxiella sp.
	46.1 (0.3)
	10
	S 30° 23′13.31″ E 139° 49′27.47″
	14.9

	LFP1 2.1
	Shell-11
	Corbicula australis
	>68.2 (4.2)b
	1
	S 30° 23′13.31″ E 139° 49′27.47″
	14.1

	
	
	
	
	
	
	

	Kati Thanda-Lake Eyre
	
	
	
	
	
	

	WPLE P4B
	Shell-12
	Coxiella sp.
	70.0 (4.0)c
	18
	S 29° 2′16.15″ E 137° 37′45.31″ 
	–3.8

	LEHP S1 0.35
	Shell-13
	Coxiella sp.a
	Near-modernd
	7
	S 28° 44′27.07″ E 137° 15′33.01″
	–13

	LEHS_76
	Shell-14
	Coxiella sp.a
	39.7 (0.8)d
	2
	S 28° 47′34.05″ E 137° 14′36.83″
	–11.2

	LEHP_114
	Shell-15
	Corbicula australis
	35.8 (0.2)d
	1
	S 28° 47′34.05″ E 137° 14′36.83″
	–12

	
	
	
	
	
	
	

	Western Australia
	
	
	
	
	
	

	Esperance 8_18
	Shell-17
	Coxiella glauerti
	Modern
	3
	S 33° 29'51.55" E 122° 24'00.63"
	–

	Esperance 3_18
	Shell-18
	Coxiella pyrrhostoma
	Modern
	3
	S 33° 28'53.8752" E 121° 41'48.6672"
	–

	Esperance 4_18
	Shell-19
	Coxiella pyrrhostoma
	Modern
	3
	S 33° 30'58.6544" E 121° 52'32.9383"
	–

	Green Head 2
	Shell-20
	Coxiella striatula
	Modern
	5
	S 29° 59'14.3520" E 114° 59'12.8220"
	–

	Esperance 14_20
	Shell-21
	Coxiella pyrrhostoma
	Modern
	3
	S 33° 04'55.1532" E 121° 41'07.4364"
	–

	Esperance 4_20
	Shell-22
	Coxiella pyrrhostoma
	Modern
	3
	S 33° 30'58.7412" E 121° 52'34.7628"
	–

	Esperance 11_20
	Shell-23
	Coxiella glauerti
	Modern
	3
	S 33° 32'04.8120" E 122° 25'42.4452"
	–

	Esperance 3_20
	Shell-25
	Coxiella pyrrhostoma
	Modern
	3
	S 33° 28'53.8752" E 121° 41'48.6672"
	–

	Esperance 7_20
	Shell-26
	Coxiella sp.
	Modern
	3
	S 33° 32'25.3176" E 122° 25'50.2129"
	–

	Esperance 22_21
	Shell-27
	Coxiella glauerti
	Modern
	3
	Not recorded
	–

	abroken shell fragments
breported in Cohen et al. (2012)
creported in Cohen et al. (2022)
dreported in Cohen et al. (2017)



Table S.3: Modern Western Australian Coxiella sample details. All samples were collected as living specimens. Water temperature values were recorded at the time of sample collection. Weather observations for calculating MAAT were taken from the SILO Australian climate database (http://www.longpaddock.qld.gov.au/silo).
	Sample ID
	Lab code
	Sample type
	Collection date
	Water T
	Observed MAAT

	
	
	
	
	°C
	°C

	Esperance 8_18
	Shell-17
	Coxiella glauerti
	14/08/2018
	18.0
	17.3

	Esperance 3_18
	Shell-18
	Coxiella pyrrhostoma
	14/08/2018
	18.4
	17.3

	Esperance 4_18
	Shell-19
	Coxiella pyrrhostoma
	14/08/2018
	17.4
	17.3

	Green Head 2
	Shell-20
	Coxiella striatula
	30/07/2019
	18.3
	19.5

	Esperance 14_20
	Shell-21
	Coxiella pyrrhostoma
	14/08/2020
	21.1
	17.5

	Esperance 4_20
	Shell-22
	Coxiella pyrrhostoma
	14/08/2020
	18.8
	17.5

	Esperance 11_20
	Shell-23
	Coxiella glauerti
	1508/2020
	17.8
	17.5

	Esperance 3_20
	Shell-25
	Coxiella pyrrhostoma
	12/09/2020
	18.3
	17.5

	Esperance 7_20
	Shell-26
	Coxiella sp.
	13/09/2020
	17.1
	17.5

	Esperance 22_21
	Shell-27
	Coxiella glauerti
	18/08/2021
	18.3
	17.1



Table S.4: Semi-quantitative XRD data for ancient central Australian mollusc samples
	Sample ID
	Sample type
	% Aragonite
	% Calcite

	Salt Creek
	
	
	

	LCP1 0.45
	Corbicula australis
	96.85
	3.15

	LCP1 0.8
	Coxiella sp.
	83.66
	16.34

	LCP1 0.96
	Corbicula australis
	–
	–

	LCP2 0.85
	Coxiella sp.
	98.85
	1.15

	
	
	
	

	Lake Callabonna
	
	
	

	CallaSpit 0.5
	Corbicula australis
	97.67
	2.33

	CSP1 1.0
	Coxiella sp.
	–
	–

	CSP1 1.05
	Coxiella sp.
	94.96
	5.04

	CSP1 2.0
	Coxiella sp.
	–
	–

	
	
	
	

	Lake Frome
	
	
	

	LFP1 1.5
	Corbicula australis
	95.90
	4.10

	LFP1 1.3
	Coxiella sp.
	92.38
	7.62

	LFP1 2.1
	Corbicula australis
	95.57
	4.43

	
	
	
	

	Kati Thanda-Lake Eyre
	
	
	

	WPLE P4B
	Coxiella sp.
	94.40
	5.60

	LEHP S1 0.35
	Coxiella sp.
	97.10
	2.90

	LEHS_76
	Coxiella spa
	–
	–

	LEHP_114
	Corbicula australis
	93.46
	6.54



Table S.5: Reconstructed lacustrine mollusc shell growth temperatures and estimated MAAT. Shell precipitation temperatures were calculated using the Δ47 temperature equation of Anderson et al. (2021), with MAAT calculated using the lake T(Δ47)-MAAT calibration of Hren & Sheldon (2012).
	Sample ID
	Sample type
	n
	Δ47
	Errora
	95% CL
	Δ47 calculated T
	Errora
	95% CL

	
	
	
	‰ (I-CDES)
	
	
	°C
	
	

	Salt Creek
	
	
	
	
	
	
	
	

	LCP1 0.45
	Corbicula australis
	10
	0.6173
	0.0039
	± 0.0076
	17.6
	1.2
	± 2.3

	LCP1 0.8
	Coxiella sp.
	8
	0.6142
	0.0063
	± 0.0124
	18.5
	2.0
	± 3.9

	LCP1 0.96
	Corbicula australis
	8
	0.6268
	0.0054
	± 0.0106
	14.6
	1.7
	± 3.3

	LCP2 0.85
	Coxiella sp.
	10
	0.6128
	0.0052
	± 0.0102
	19.0
	1.7
	± 3.3

	
	
	
	
	
	
	
	
	

	Lake Callabonna
	
	
	
	
	
	
	
	

	CallaSpit 0.5
	Corbicula australis
	10
	0.6123
	0.0048
	± 0.0095
	19.2
	1.5
	± 2.9

	CSP1 1.0
	Coxiella sp.
	7
	0.6185
	0.0090
	± 0.0178
	17.2
	2.8
	± 5.5

	CSP1 1.05
	Coxiella sp.
	8
	0.6251
	0.0059
	± 0.0116
	15.1
	1.8
	± 3.5

	CSP1 2.0
	Coxiella
	7
	0.6232
	0.0035
	± 0.0069
	15.7
	1.1
	± 2.2

	
	
	
	
	
	
	
	
	

	Lake Frome
	
	
	
	
	
	
	
	

	LFP1 1.5
	Corbicula australis
	10
	0.6053
	0.0054
	± 0.0105
	21.4
	1.8
	± 3.5

	LFP1 1.3
	Coxiella sp.
	10
	0.6196
	0.0057
	± 0.0111
	16.8
	1.8
	± 3.5

	LFP1 2.1
	Corbicula australis
	10
	0.6068
	0.0038
	± 0.0075
	20.9
	1.2
	± 2.4

	
	
	
	
	
	
	
	
	

	Kati Thanda-Lake Eyre
	
	
	
	
	
	
	
	

	WPLE P4B
	Coxiella sp.
	9
	0.5999
	0.0052
	± 0.0102
	23.2
	1.7
	± 3.3

	LEHP S1 0.35
	Coxiella sp.
	8
	0.6051
	0.0059
	± 0.0116
	21.5
	1.9
	± 3.7

	LEHS_76b
	Coxiella sp.
	4
	–
	–
	–
	–
	–
	–

	LEHP_114
	Corbicula australis
	10
	0.6237
	0.0033
	± 0.0065
	15.5
	1.0
	± 2.0

	
	
	
	
	
	
	
	
	

	Western Australia
	
	
	
	
	
	
	
	

	Esperance 8_18
	Coxiella glauerti
	8
	0.6189
	0.0064
	± 0.0082 
	17.1
	2.0
	± 3.9

	Esperance 3_18
	Coxiella pyrrhostoma
	9
	0.6211
	0.0042
	± 0.0126 
	16.4
	1.3
	± 2.5

	Esperance 4_18
	Coxiella pyrrhostoma
	7
	0.6062
	0.0069
	± 0.0136
	21.1
	2.3
	± 4.5

	Green Head 2
	Coxiella striatula
	6
	0.6132
	0.0058
	± 0.0113
	18.8
	1.9
	± 3.7

	Esperance 14_20
	Coxiella pyrrhostoma
	6
	0.5944
	0.0032
	± 0.0063
	25.1
	1.1
	± 2.2

	Esperance 4_20
	Coxiella pyrrhostoma
	8
	0.6203
	0.0062
	± 0.0122 
	16.6
	1.9
	± 3.7

	Esperance 11_20
	Coxiella glauerti
	7
	0.6150
	0.0047
	± 0.0093
	18.3
	1.5
	± 2.9

	Esperance 3_20
	Coxiella pyrrhostoma
	10
	0.6151
	0.0052
	± 0.0103
	18.2
	1.7
	± 3.3

	Esperance 7_20
	Coxiella sp.
	6
	0.6207
	0.0050
	± 0.0098
	16.5
	1.6
	± 3.1

	Esperance 22_21
	Coxiella glauerti
	6
	0.6239
	0.0044
	± 0.0087
	15.5
	1.4
	± 2.7

	aerrors reported as ± 1 standard error (S.E.), which were calculated using long-term reproducibility of analysed ETH standards
binsufficient carbonate material for Δ47



Table S.5 (continued).
	Sample ID
	Sample type
	MAAT
	Errora
	95% CL
	δ18Owater
	Errora
	95% CL

	
	
	°C
	
	
	‰ VSMOW
	
	

	Salt Creek
	
	
	
	
	
	
	

	LCP1 0.45
	Corbicula australis
	16.1
	1.4
	± 2.7
	–2.6
	0.3
	± 0.6

	LCP1 0.8
	Coxiella sp.
	17.2
	2.2
	± 4.3
	1.1
	0.4
	± 0.8

	LCP1 0.96
	Corbicula australis
	12.7
	1.8
	± 3.5
	–0.9
	0.4
	± 0.8

	LCP2 0.85
	Coxiella sp.
	17.6
	1.9
	± 3.7
	3.9
	0.4
	± 0.8

	
	
	
	
	
	
	
	

	Lake Callabonna
	
	
	
	
	
	
	

	CallaSpit 0.5
	Corbicula australis
	17.8
	1.7
	± 3.3
	–0.4
	0.3
	± 0.6

	CSP1 1.0
	Coxiella sp.
	15.7
	3.2
	± 6.2
	1.7
	0.6
	± 1.2

	CSP1 1.05
	Coxiella sp.
	13.3
	2.0
	± 3.9
	1.0
	0.4
	± 0.8

	CSP1 2.0
	Coxiella
	14.0
	1.3
	± 2.5
	2.0
	0.2
	± 0.4

	
	
	
	
	
	
	
	

	Lake Frome
	
	
	
	
	
	
	

	LFP1 1.5
	Corbicula australis
	19.8
	2.1
	± 4.1
	3.7
	0.4
	± 0.8

	LFP1 1.3
	Coxiella sp.
	15.3
	2.0
	± 3.9
	1.6
	0.4
	± 0.8

	LFP1 2.1
	Corbicula australis
	19.4
	1.5
	± 2.9
	2.1
	0.3
	± 0.6

	
	
	
	
	
	
	
	

	Kati Thanda-Lake Eyre
	
	
	
	
	
	
	

	WPLE P4B
	Coxiella sp.
	21.2
	1.9
	± 3.7
	1.8
	0.4
	± 0.8

	LEHP S1 0.35
	Coxiella sp.
	19.9
	2.1
	± 4.1
	2.2
	0.4
	± 0.8

	LEHS_76b
	Coxiella sp.
	–
	–
	–
	–
	–
	–

	LEHP_114
	Corbicula australis
	13.8
	1.2
	± 2.4
	1.8
	0.4
	± 0.8

	
	
	
	
	
	
	
	

	Western Australia
	
	
	
	
	
	
	

	Esperance 8_18
	Coxiella glauerti
	15.6
	2.2
	± 4.3
	1.4
	0.4
	± 0.8

	Esperance 3_18
	Coxiella pyrrhostoma
	14.8
	1.4
	± 2.7
	0.8
	0.9
	± 1.8

	Esperance 4_18
	Coxiella pyrrhostoma
	19.6
	2.5
	± 4.9
	1.6
	0.8
	± 1.6

	Green Head 2
	Coxiella striatula
	17.5
	2.0
	± 3.9
	2.4
	0.8
	± 1.6

	Esperance 14_20
	Coxiella pyrrhostoma
	22.4
	1.2
	± 2.4
	2.4
	0.4
	± 0.8

	Esperance 4_20
	Coxiella pyrrhostoma
	15.1
	2.1
	± 4.1
	1.6
	0.8
	± 1.6

	Esperance 11_20
	Coxiella glauerti
	16.9
	1.6
	± 3.1
	1.5
	0.6
	± 1.2

	Esperance 3_20
	Coxiella pyrrhostoma
	16.9
	1.8
	± 3.5
	1.3
	0.7
	± 1.4

	Esperance 7_20
	Coxiella sp.
	15.0
	1.7
	± 3.3
	1.0
	0.7
	± 1.4

	Esperance 22_21
	Coxiella glauerti
	13.8
	1.5
	± 2.9
	2.1
	0.6
	± 1.2

	aerrors reported as ± 1 standard error (S.E.), which were calculated using long-term reproducibility of analysed ETH standards
binsufficient carbonate material for Δ47



Table S.6: Observed and Δ47-derived water and air temperatures from modern Western Australian Coxiella sample details. Water temperature values were recorded at the time of sample collection and observed MAAT was calculated using weather observations from the SILO Australian climate database (http://www.longpaddock.qld.gov.au/silo). Further details on Δ47 measurements and calculated temperatures for the samples can be found in Table S.5.
	Sample ID
	Sample type
	Collection date
	Water T (°C)
	MAAT (°C)

	
	
	
	Observed
	Calculated
	Observed
	Calculated

	Esperance 8_18
	Coxiella glauerti
	14/08/2018
	18.0
	17.1
	17.3
	15.6

	Esperance 3_18
	Coxiella pyrrhostoma
	14/08/2018
	18.4
	16.4
	17.3
	14.8

	Esperance 4_18
	Coxiella pyrrhostoma
	14/08/2018
	17.4
	21.1
	17.3
	19.6

	Green Head 2
	Coxiella striatula
	30/07/2019
	18.3
	18.8
	19.5
	17.5

	Esperance 14_20
	Coxiella pyrrhostoma
	14/08/2020
	21.1
	25.1
	17.5
	22.4

	Esperance 4_20
	Coxiella pyrrhostoma
	14/08/2020
	18.8
	16.6
	17.5
	15.1

	Esperance 11_20
	Coxiella glauerti
	1508/2020
	17.8
	18.3
	17.5
	16.9

	Esperance 3_20
	Coxiella pyrrhostoma
	12/09/2020
	18.3
	18.2
	17.5
	16.9

	Esperance 7_20
	Coxiella sp.
	13/09/2020
	17.1
	16.5
	17.5
	15.0

	Esperance 22_21
	Coxiella glauerti
	18/08/2021
	18.3
	15.5
	17.1
	13.8

	Averagea
	
	
	18.4
	18.3
	17.4
	16.7

	aaverage temperatures are for Esperance samples only



Table S.7: Stable hydrogen and oxygen ratios for Belt Bay lake water.
	Sample ID
	δ2H
	Errora
	δ18O
	Errora

	
	‰ SMOW
	
	‰ SMOW
	

	LkEyr-a
	0.45
	0.55
	2.60
	0.13

	LkEyr-b
	2.05
	0.14
	2.69
	0.01

	LkEyr-c
	2.36
	0.25
	2.77
	0.09

	Average
	1.62
	0.31
	2.69
	0.08

	aerrors reported as ± 1 standard error (S.E.)


[image: ]

Figure S.1: A) Scatterplots, histograms, and R2 values for all shell samples, with red asterisks indicating variables with a strong correlation; and B) correlation matrices (R2 values) for each studied lake site.
[bookmark: _Toc175661175]Supplementary Note 1: Single-grain TT-OSL dating methods
Sample collection and preparation
Sample LC19-10 was collected from a pit that was excavated into the upper 80 cm of the +20.8m AHD shoreline at Lake Callabonna. The sample was taken from the shell-rich gravel deposits located 55 cm beneath the shoreline surface using a metal tube, and was immediately sealed with light-proof plastic upon extraction. Approximately 100 g of additional bulk sediment was collected from within a 1 cm radius of the sample tube position for dosimetry and water content assessments.

The purified quartz fraction was extracted from the unexposed portions of the optical dating sample under safe light conditions (630 nm LEDs, <0.15 μW/cm2 power density at sample position) at the University of Adelaide. The 90–125 μm fraction was prepared for burial dose estimation using standard procedures (Aitken, 1998). Sediment samples were initially sieved to isolate the fine sand fraction (90–300 µm). Organics and carbonates were then eliminated using concentrated (30%) hydrogen peroxide (H2O2) and hydrochloric (HCl) acid digestion. Quartz grains were isolated using heavy liquid (LST lithium heteropolytungstate) density ranges of 2.62 g/cm3 to 2.72 g/cm3. The 90–125 µm quartz fraction was then sieved and etched with hydrofluoric (HF) acid to remove the alpha-irradiated external layers (48% HF digestion for 40 min). Etched grains were subsequently washed in 30% hydrochloric acid to remove any precipitated fluorides and re-sieved using a 63 µm sieve to eliminate any disaggregated grains.

Equivalent dose (De) estimation
Single-grain TT-OSL measurements were made using a Risø TL-DA-20 reader equipped with blue LEDs (470 nm, maximum power of 102 mW/cm2), infrared LEDs (peak emission 850 nm, maximum power of 302 mW/cm2), and a 10 mW Nd:YVO4 single-grain laser attachment emitting at 532 nm (maximum power of ~50 W/cm2). Ultraviolet TT-OSL signals were detected using an Electron Tubes PDM 9107B photomultiplier tube fitted with 7.5 mm-thick Hoya U-340 filters. The sample was irradiated with a mounted 90Sr/90Y beta source that had been calibrated to administer known doses to multi-grain aliquots and single-grain discs (average single-grain dose rates at the time of measurement = 0.09 Gy/s). For single-grain measurements, spatial variations in the beta dose rates across the disc plane were taken into account by undertaking hole-specific calibrations using gamma-irradiated quartz.

TT-OSL measurements were made on 90-125 μm quartz grains loaded into single-grain aluminium discs with 300 µm-deep holes, resulting in an average of ~18 grains being placed in each grain-hole position (assuming a uniform grain size distribution) (Arnold et al., 2012a). This measurement configuration was chosen because it has been shown that quartz samples from a range of locations typically contain relatively low proportions of TT‐OSL‐producing grains (e.g. Arnold et al., 2014; Demuro et al., 2014, 2019a, 2019b); this approach therefore offers a practical means of enhancing the number of usable De values per disc while minimising any ‘pseudo’ single‐grain averaging effects. For the sample analysed in this study, the vast majority (75%; Table S.6) of grain‐hole positions measured using this pseudo‐single‐grain approach still produced TT‐OSL signals that are statistically indistinguishable from background, which suggests close approximation to true single‐grain resolution and minimal influences of multi‐grain averaging effects (Demuro et al., 2013).

Table S.6: Single-grain TT-OSL classification statistics for the dose recovery and natural De measurements. The proportion of grains that were rejected from final De estimation after applying the various SAR quality assurance criteria are shown in rows 5-12. These criteria were applied to each single-grain measurement in the order listed. Tn = natural test dose signal response; Ln/Tn = sensitivity-corrected natural signal response; Lx/Tx = sensitivity-corrected regenerative-dose signal response; Imax = saturation OSL intensity of the fitted dose response curve. 
	Sample name
	LC19-10
	LC19-10

	SAR measurement type
	TT-OSL De
	TT-OSL 
Dose-recovery

	Total measured grains (n)
	1600
	800

	Grains rejected for failing SAR quality assurance criteria (%)
	
	

	Tn <3σ background
	75
	75

	Recycling ratio ≠ 1 at ±2σ
	3
	2

	OSL-IR depletion ratio <1 at ±2σ
	0
	0

	0 Gy Lx/Tx >5% Ln/Tn 
	0
	0

	Non-intersecting grains (Ln/Tn > dose response curve saturation)
	<1
	<1

	Saturated grains (Ln/Tn ≥ dose response curve Imax at ±2σ)
	0
	0

	Anomalous dose response / unable to perform Monte Carlo fit
	15
	16

	Slowly decaying OSL signal (Tn or Tx signals >background after 1.5 s of OSL stimulation)
	<1
	<1

	Sum of rejected grains (%)
	94
	93

	Sum of accepted grains (%)
	6
	7



Single-grain TT-OSL De values have been obtained using the single-aliquot regenerative dose (SAR) protocol shown in Table S.7. A total of 1600 single-grain De measurements were made for sample LC19-10. Single-grain TT-OSL De values were calculated by integrating the first 0.08 s of stimulation and subtracting a late-light background from the last 0.25 s. The single-grain TT-OSL dose-response curves are generally characterised by continued signal growth at high doses (102-103 Gy) and are typically well-represented by a single saturating exponential function (e.g. Fig. S.2). 

Table S.7: TT-OSL SAR protocol used for De determination. The SAR measurement cycle was repeated for the natural dose, three different sized regenerative doses, a 0 Gy regenerative dose (to measure OSL signal recuperation) and a replicate of the first regenerative dose cycle (to assess the suitability of the test dose sensitivity correction). The OSL IR depletion ratio of Duller (2003) was measured separately and used to check for the presence of feldspar contaminants. Lx = regenerative dose signal response; Ln = natural dose signal response; Tx = test dose signal response for a laboratory dose cycle Tn = test dose signal response for the natural dose cycle. 
	Step
	Treatment
	Signal

	1
	Dose (natural or laboratory)
	

	2
	Preheat 1 (PH1 = 260oC for 10 s)
	

	3
	Single-grain OSL stimulation (125oC for 3 s)
	

	4
	Preheat 2 (PH2 = 260oC for 10 s)
	

	5
	Single-grain TT-OSL stimulation (125oC for 3 s)
	Ln or Lx

	6
	OSL stimulation (280oC for 400 s)
	

	7
	Test dose (150 Gy)
	

	8
	Preheat 3 (PH3 = 260oC for 10 s)
	

	9
	Single-grain OSL stimulation (125oC for 3 s)
	

	10
	Preheat 4 (PH4 = 260oC for 10 s)
	

	11
	Single-grain TT-OSL stimulation (125oC for 3 s)
	Tn or Tx

	12
	OSL stimulation (290oC for 400 s)
	

	13
	Repeat measurement cycle for different sized regenerative doses
	 



Single-grain TT-OSL De estimates were only included in the final age calculation if they satisfied a series of standard quality assurance criteria (Table S.6). Single-grain TT-OSL De estimates were rejected from further consideration if they exhibited one or more of the following properties: (i) weak TT-OSL signals (i.e., the net intensity of the natural test-dose signal, Tn, was less than three times the standard deviation of the late-light background signal); (ii) poor recycling ratios (i.e., the ratios of sensitivity-corrected luminescence response (Lx/Tx) for two identical regenerative doses were not consistent with unity at 2σ); (iii) high levels of signal recuperation (i.e., the sensitivity-corrected luminescence response of the 0 Gy regenerative-dose point amounted to more than 5% of the sensitivity-corrected natural signal response (Ln/Tn) at 2σ); (iv) poorly defined or non-monotonic dose-response curves (i.e., those displaying no discernible dose-response curve, or a zero (flat) or negative response with increasing dose) and dose-response curves displaying very scattered Lx/Tx values (i.e., those that could not be successfully fitted with the Monte Carlo procedure and, hence, did not yield finite De values and uncertainty ranges); (v) saturated or non-intersecting natural TT-OSL signals (i.e., Ln/Tn values equal to, or greater than, the Imax saturation limit of the dose-response curve at 2σ); (vi) contamination by feldspar grains or inclusions (i.e., the ratio of the Lx/Tx values obtained from two identical regenerative doses measured with and without prior IR stimulation (OSL IR depletion ratio; Duller, 2003) was less than unity at 2σ); vii) slowly decaying signals that correspond to slow OSL component carry-over from previous OSL stimulation rather than genuine thermal transfer of charge into the fast OSL trap (i.e., their Tn or Tx signals did not reach background after 1.5 s of laser stimulation; see McInerney et al., 2022). In the case of criterion (vi), feldspar contamination was checked by measuring the OSL IR depletion ratio separately and in the standard manner for single-grain OSL measurements, i.e., by measuring two conventional single-grain OSL SAR cycles (as opposed to two single-grain TT-OSL SAR cycles) with and without IR stimulation. The TT-OSL grain classification statistics obtained for each sample after applying these quality assurance criteria are summarised in Table S.6.
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Figure S.2: Representative single-grain TT-OSL decay and dose-response curves. In the insets, the open circle denotes the sensitivity-corrected natural signal, and filled circles denote the sensitivity-corrected regenerative dose signals. The D0 value characterises the rate of signal saturation with respect to administered dose and equates to the dose value for which the saturating exponential dose-response curve slope is 1/e (or ~ 0.37) of its initial value.

Individual De estimates are presented with their 1σ error ranges, which are derived from three sources of uncertainty: (i) a random uncertainty term arising from photon counting statistics for each TT-OSL measurement, calculated using Eq. 3 of Galbraith (2002); (ii) an empirically determined instrument reproducibility uncertainty of 1.9% for each single-grain measurement (calculated for the specific Risø reader used in this study and following the approach outlined in Jacobs et al., 2006a); and (iii) a dose-response curve fitting uncertainty determined using 1000 iterations of the Monte Carlo method described by Duller (2007) and implemented in Analyst v4.

SAR De validation tests 
The suitability of the single-grain TT-OSL SAR protocol (Table S1) was assessed by performing a dose recovery test on sample LC19-10. For this purpose, a laboratory dose of 520 ± 10 Gy was added on top of the naturally accumulated dose for a subset of 800 grains (unbleached and dosed grains). This approach was adopted owing to the long durations of light exposure needed to bleach natural TT-OSL signals down to low residual levels (e.g., Demuro et al., 2015; Arnold et al., 2019). The dose recovery ratio was calculated by first adding the weighted mean natural TT-OSL De of the sample (i.e., 518 ± 18 Gy, as shown in Table 2 and determined from 1600 grains) to the weighted mean administered dose of the accepted grain population from the dose recovery test (520 ± 10 Gy). This was used to constrain the combined administered (natural + laboratory) dose being assessed in the dose recovery test. The measured (recovered) weighted mean De of the unbleached and dosed grains in the dose recovery test (1041 ± 38 Gy) was then divided by the combined administered (natural + laboratory) dose (1038 ± 21 Gy) to derive the measured-to-given dose ratio. A weighted mean TT-OSL measured-to-given dose ratio of 1.00 ± 0.04 was obtained using this approach, which supports the suitability of the chosen measurement conditions for dating this sample. 

Dose rate determination
The external gamma and beta dose rates of sample LC19-10 have been calculated using a combination of in situ field gamma-ray spectrometry and low-level beta counting. Field gamma spectrometry measurements were performed at the optical dating sample position and elemental concentrations of K, U, and Th were determined from the field gamma-ray spectra using the ‘energy windows’ method described in Arnold et al. (2012b) and Duval & Arnold (2013). These elemental concentrations were then used to calculate the gamma dose rates, enabling us to capture any spatial heterogeneity in the surrounding (~30 cm diameter) gamma radiation field of each sample. External beta dose rates were determined from measurements made using a Risø GM-25-5 beta counter (Bøtter-Jensen & Mejdahl, 1988) on dried and homogenised, bulk sediments collected directly from the luminescence dating sampling position. This approach was used to ensure that beta dose rates were derived from sample sizes that closely approximate the very short (~2–3 mm) beta particle radiation fields affecting this sample. Background-subtracted count rates were measured for three aliquots of each sample and compared with net count rates obtained simultaneously for a loess sediment standard with known U, Th, and K concentrations (Potts et al., 2003).  

The cosmic-ray dose rate was calculated using the approach described in Prescott & Hutton (1994), taking into consideration site altitude, geomagnetic latitude, and density, thickness and geometry of sediment overburden. A small, assumed internal (alpha plus beta) dose rate of 0.03 ± 0.01 Gy / ka has been included in the final dose rate calculation for this sample, based on published 238U and 232Th measurements for etched quartz grains from a range of locations (e.g., Mejdahl, 1987; Bowler et al., 2003; Jacobs et al., 2006b; Pawley et al., 2008; Lewis et al, 2020) and an alpha efficiency factor (a-value) of 0.04 ± 0.01 (Rees-Jones, 1995; Rees-Jones & Tite, 1997). 

Radionuclide concentrations and specific activities have been converted to dose rates using the conversion factors given in Readhead (2002) and Guérin et al. (2011) (see footnotes of Table 2 for details), making allowance for beta-dose attenuation (Mejdahl, 1979; Brennan, 2003) and long-term sediment water content (Aitken, 1985; Readhead, 1987). An assumed long-term water content of 2.5% dry sediment weight has been used for the final dose rate calculation based on published values for similar beach and shoreline deposits elsewhere across KT-LE, Lake Callabonna and Lake Frome (Cohen et al., 2012, 2015, 2022; Gliganic et al., 2014, 2015). A 1σ relative uncertainty of 50% (100% at 2σ) has been assigned to the long-term moisture estimate to accommodate any variations in hydrologic conditions during burial.
Supplementary Note 2: Clumped isotope analyses (cont.)
The extremely high precision and accuracy required for clumped isotope analysis was achieved through more extensive carbon dioxide purification than traditional stable isotope analyses (Ghosh et al., 2006; Eiler et al., 2007; Kocken et al., 2019). CO2 was extracted from mollusc samples by digestion of carbonate with phosphoric acid (H3PO3) at a constant temperature of 70°C. CO2 purification was performed through the vacuum line by a combination of cryogenic and adsorptive means to remove possible contaminants, such as water, O2, N2, hydrocarbons, and halocarbons.

Clumped isotope analyses were performed at the University of Adelaide using a Nu Instruments Perspective-IS stable isotope ratio mass spectrometer, interfaced with the Nu Carb carbonate sample preparation system to measure Δ47, δ13C, and δ18O for purified sample gas relative to a working gas of known isotopic composition (δ13C = ~7‰ VPDB, δ18O = ~28‰ VSMOW). Sample aliquots of 350-400 μg of finely powdered carbonate material were measured into individual sample vials and loaded into the Nu Carb sample carousel. Sample digestion was achieved through the injection of ~120 μL of ~104 % H3PO4 at 70°C for 10 minutes, before the resulting carbon dioxide progressed into a water trap held at -95°C. CO2 gas was then passed through a trap packed with PorapakTM Q and cryogenically cooled to -34°C (Petersen et al., 2016). Purified CO2 was then passed into a cryogenically cooled “frozen finger” and total gas yield was calculated using a pressure transducer before being transferred to a sample cold finger in the mass spectrometer’s dual inlet system. 

Sample and reference gas were depleted at a constant rate during analysis, with active vacuum pumping performed at 150°C for 25 minutes to remove any contaminants from the adsorptive trap apparatus between each sample extraction. Measurement of purified CO2 samples was performed by three acquisitions of sample and reference gas. 20 cycles were performed for each acquisition, with the initial beam set to 50 nA. Each cycle consisting of 20 seconds of integration and 8 seconds of changeover delay, with a total integration time of 1,200 seconds per sample.

Raw sample Δ47 values were calculated using Equation 1, with Ri values were derived from the measured δ values for each isotopologue in the sample gas, relative to the working gas:


Uncertainty is reported as standard error:

where 𝑛 is the number of replicates.

Following analysis, data was screened for unrealistic raw Δ47 measurements, with potentially contaminated or erroneous data removed from further analysis. Screening criteria included a cutoff for initial sample beam sizes at 100 nA, with smaller beam sizes typically indicating evolved CO2 leaking out of the sample vial. The number of rejected sample acquisition cycles (>10) was also used  to screen isotope data. Conversion into the I-CDES reference frame was achieved through calibration of raw Δ47 measurements against measurements of ETH (distributed by S. Bernasconi from ETH Zürich) and New Carrara Marble (NCM) standards (Dennis et al., 2011; Meckler et al., 2014; Bernasconi et al. 2018, 2021). An internal standard (P3) was also used for calibration of sample δ18O and δ13C measurements.

ETH standards 1-3 were used to correct data for pressure baseline (PBL) effects (Bernasconi et al., 2013; Meckler et al., 2014; Petersen et al., 2019) and to normalise raw Δ47 measurements into the absolute reference frame (Dennis et al., 2011) and project into the I-CDES standardisation scheme (Anderson et al., 2021; Bernasconi et al., 2021; Daëron, 2021), with raw data projected into the I-CDES reference frame using the D47crunch python program (Daëron, 2021). ETH-4 was excluded in favour of an additional ETH-3 standards to increase sample Δ47 precision (Kocken et al., 2019). Conversion of raw measurements to the absolute reference frame was necessary to allow inter-laboratory comparison of results (Dennis et al., 2011; Bernasconi et al., 2018; Daëron, 2021). The “IUPAC” (International Union of Pure and Applied Chemistry) parameters for the abundance of heavy carbon and oxygen isotopes in the Vienna Pee Dee Belemnite and Vienna Standard Mean Ocean Water universal standards (as summarised by Brand et al., 2010) were used for the calculation of Δ47 values (Daëron et al., 2016; Schauer et al., 2016; Kelson et al., 2017; Petersen et al., 2019). Precision for each of the analysed standards is shown in Table S.10, with a data processing summary for the combined analytical sessions shown in Table S.10.

Table S.10: Precision for clumped isotope standards.
	Standard
	n
	Δ47raw
	Error

	
	
	‰
	ppm

	ETH-1
	55
	–0.6632
	3.612

	ETH-2
	49
	–0.6556
	4.148

	ETH-3
	128
	–0.2578
	1.954

	ETH-4
	8
	–0.4496
	3.231

	NCM
	30
	–0.5460
	3.783

	P3 ANU
	41
	–0.3471
	3.931



Table S.10: Data processing summary for all analysed samples. Values were calculated using the D47crunch python program (Daëron, 2021).
	N samples
	32 (3 + 29)

	N analyses
	470 (183 + 287)

	Repeatability of d13C_VPDB
	18.0 ppm

	Repeatability of d18O_VSMOW
	57.1 ppm

	Repeatability of D47 (anchors)
	18.4 ppm

	Repeatability of D47 (unknowns)
	18.1 ppm

	Repeatability of D47 (all)
	18.2 ppm

	Model degrees of freedom
	420

	Student's 95% t-factor
	1.97

	Standardization method
	pooled



10 aliquots were prepared and analysed for each sample, with a total counting time of 12,000 seconds for the combined 10 aliquots. Δ47, δ13C, and δ18O values were calculated as the arithmetic mean average of these 10 aliquots, after excluding any contaminated aliquots. Carbonate δ18O and δ13C values are reported relative to the Vienna Pee Dee belemnite standard (VPDB). Once converted to the absolute reference frame, sample formation temperatures (T(Δ47)) were calculated using the calibration of Anderson et al. (2021):

where T(Δ47) is the temperature in Kelvin (R2 = 0.97).

In modern lakes, surface water temperature is consistently higher than mean annual air temperatures (MAAT). To correct for this effect in the palaeo-context, mollusc carbonate precipitation temperatures were converted to MAAT using the transfer function of Hren & Sheldon (2012), which is independent of latitude, elevation, the size of the water body, and annual climatic conditions:

where Twater is the mean annual water temperature and both MAAT and Twater are in °C (R2 = 0.96).

Environmental water oxygen isotope compositions were calculated using the equation of Grossman & Ku (1986) for biogenic aragonite, as modified by Dettman et al. (1999):

where T is degrees Kelvin (R2 = 0.94). Environmental water δ18O values were then calculated using the following equation:

Environmental water δ18O values are reported relative to the Vienna Standard Mean Ocean Water standard (VSMOW). Errors were fully propagated using the uncertainty from previous Δ47 and T(Δ47) calculations.
[bookmark: _Toc85626189][bookmark: _Toc141441453][bookmark: _Toc175661176]Supplementary Note 3: Lake mollusc shells
As well as demarking the extent of ancient lakes, and thus past hydrology, palaeoshorelines preserve carbonate fossil remains, presenting an opportunity to apply Δ47 thermometry for reconstructing past water and air temperatures. These data can be combined with the hydrological record to further unravel the interplay between past climate and hydrology in what is now an arid landscape.

The prosobranch gastropod genus Coxiella – most notably Coxiella (Coxielladda) gilesi – is abundant within the ancient shorelines of central Australian ephemeral lakes. The genus is endemic to Australia and the only gastropod genus to consist exclusively of halophilic species, although live specimens have not been recorded at lakes Callabonna, Frome, or KT-LE (Williams, 1981; Williams & Kokkinn (1988); Williams & Mellor, 1991; Lawrie et al., 2021). Coxiella ecology is poorly understood and individuals cannot be confidently identified to species level, despite its ubiquity and abundance within Australian salt lakes. Coxiella taxonomy has remaining largely unchanged since reviews by Macpherson (1957) and Kendrick (1978) (Williams & Mellor, 1991; Pinder et al., 2002; Timms, 2009; Lawrie et al., 2021). While overlapping geographical ranges are observed for some modern Coxiella species, it is hypothesised that different species rarely occur in the same water body (Lawrie et al., 2021).

Coxiella are osmoconformers, maintaining an internal salinity similar to their environment (Williams & Mellor, 1991). Observations of living individuals imply a salinity range between 10 and 70 gL-1, with maximum and minimum conditions of 0.3 and 130 gL-1, respectively (Timms, 1983; Williams et al., 1990; Williams & Mellor, 1991; Pinder et al., 2005). However, this salinity range does not necessarily indicate the optimal conditions for Coxiella reproduction and completion of their lifecycle (Hammer, 1986). Some species appear to favour different salinities within this range, but the extent to which Coxiella species vary in salinity tolerance is unclear (Lawrie et al., 2021).

The life histories of Coxiella species also remain largely unresolved. Species are dioecious and reproduce sexually, with individuals presumed to live up to 2 years (Williams & Mellor, 1991). Coxiella can aestivate as adults, remaining dormant during dry periods for at least 3 months, although the total time that an individual can survive while aestivated is unknown (De Deckker & Geddes, 1980; Williams, 1985). However, the maximum amount of time must be limited, as Coxiella are absent from episodic salt lakes, such as those in Australia’s arid interior (Williams, 1998). Coxiella diets are also largely unknown, with species hypothesised to feed on benthic algae or detritus (De Deckker, 1982; Bayly, 1993).

The duration for which ephemeral lakes hold water and inundation periodicity are likely important factors for Coxiella distributions (Williams & Mellor, 1991). Ephemerality has been suggested as the reason for Coxiella’s modern-day absence from most of central Australia, although sub-fossil deposits indicate it was once abundant (De Deckker & Last, 1988). Coxiella are not homogenously distributed throughout some lake bodies, with adults observed at depths of up to 6 m and juveniles at depths of up to ~25 m in Lake Bullen Merri, Victoria, which has been speculated to reflect downward migration of juveniles following reproduction in shallow regions (Timms, 1976). Different distributions for adults and juveniles are not apparent for all modern lakes, including the shallow and ephemeral Lake Tallinga, South Australia (Williams & Mellor, 1991). For most ephemeral lakes, Coxiella are more abundant near the shore, implying active movement and/or passive shell displacement (Williams & Mellor, 1991). Upon death, Coxiella are believed to either float or be windblown to shore, where their remains accumulate (De Deckker et al., 2011).

Mollusc shells have previously been used for clumped isotope analysis (Henkes et al., 2013; Wang et al., 2016, 2021; Falster et al., 2019), although no clumped isotope studies have been conducted for central Australian lake shells. Previous work on terrestrial molluscs has shown that clumped isotope temperatures are not always accurate indicators of air temperature, largely due to their bias towards growing in more habitable microhabitats or times of year/day (Falster et al., 2019). For aquatic molluscs, these concerns should not be as marked, since water temperatures are not as variable as air temperatures. However, seasonal or spatial biases still need to be considered.

In these lakes, mollusc growth periods are usually tied to periods of greater algal production and abundant food sources during spring, with lake productivity and molluscan growth generally decreasing with depleted nutrients, excessive temperatures, excessive light (photoinhibition), and high salinity (e.g. Purton & Brasier, 1997; Dettman et al., 1999; Goodwin et al., 2003; Versteegh et al., 2010). It is entirely feasible that this was different for the studied lakes during the last glacial cycle, however it is clear that these lakes underwent episodes of filling and subsequent drying and it is reasonable to assume that the best conditions for molluscan growth would have been during the relatively fresh and productive stages of lake filling.
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