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Supplementary Figures
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Supplementary Fig. 1	Schematic diagram showing the cation exchange reaction of smectite. The rate of the exchange reaction is sub-second order with low activation energy. In the presence of liquid water, the cation exchange reactions between the solution and the interlayer of smectite occur instantaneously even in the low temperature conditions. The interlayer cation composition in smectite after the disappearance of the surrounding liquid water records the cationic composition of liquid water just before the disappearance. 
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Supplementary Fig. 2	Results of dissolved components in the pore water of Yellowknife Bay sediments for the full-interaction and no-interaction scenarios.
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Supplementary Fig. 3	Pictures of hyposaline lakes in semiarid regions on Earth. a,b) Shores of the Lonar crater lake, India (salinity of 0.1–0.2 mol/kg), c,d) Shores of the Böön Tsagaan lake (salinity of 0.05–0.1 mol/kg), Mongolia, and e) Shore of the Orog lake (salinity of 0.05–0.1 mol/kg), Mongolia. Desiccation cracks can be seen in the panels a) and b), but they are not pervasive and small (width 0.3–1 m) surrounding the lake. The panels f) and g) show the locations of the Lonar Crater, and the Böön Tsagaan lake and Orog lake, respectively. The maps were created by tracing the satellite images (Google Earth). The points a)–e) in the satellite images in the panels f) and g) represent the locations where the above images were taken.
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Supplementary Fig. 4	 Decomvolution of the (001) reflection of smectite from XRD pattenrs from Cumberland site and John Klein site. The atomic structure factors of each cationic component in the interlayer can be assumed to beare unity. The assumption wais verified from the computer simulation of the intensities of 001 reflections of each cationic component with and without the hydration effects by using NEWMOD program1. The LP factor of the XRD patterns of John Klein and Cumberland were provided with courtesy from E.B. Rampe (personal communication). The Lorentz-polarization factors and the backgrounds were corrected from the original XRD patterns. 
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[bookmark: _GoBack]Supplementary Fig. 5	Summary of examinations of the basal spacings of smectite and vermiculite with different cations (Na, K, Ca, Mg, Fe2+ and Fe3+) under RH = 0% (Ref2–13). The data were ordered according to the published year for each cation. 


[image: ]
Supplementary Fig. 6	Results of re-analysis of a three-dimensional general circulation model (GCM) for a cold and 1-bar case performed by the previous study14. a.) Global distribution of annual mean surface wind speed. The unit for the color bar is m/sec. The red point shows the location of Gale Crater b.) Time series of wind surface wind speed at the location of Gale Crater (3.75° S and 135 E. in the gridpoint in the GCM).



Supplementary Tables
Supplementary Table 1.	Equivalent ratios of the cationic composition from John Klein and Cumberland sites given by  in Eq. (3) and the selectivity coefficients () based on the generic empirical model15



Supplementary Table 2.	Mole ratio of major cations in nature water contacting with saponite in terrestrial condition (Ref. 16–22).





Supplementary Notes
Supplementary Note 1
Equilibrium constants for the dissolution reactions of Fe-saponite, akaganeite and ferrihydrite	Mass balance calculations using bulk-rock chemical data from APXS and the chemistry of crystalline components indicate that the mole ratios of Mg to Fe of the clay minerals and amorphous materials were comparable for both of the John Klein and Cumberland samples23. Since the interlayer cation compositions of the smectite are dominated by Na+ or Mg2+ (see main text), the chemical composition of Fe2+-saponite was assumed to be Na0.175Mg0.0875Fe1.5Mg1.5Al0.35Si3.65O10OH2. The solubility of the Fe2+-saponite comes from the estimation by Wilson et al.24.
Biedermann and Chow25 examined the hydrolysis of Fe(III) species in 0.5 M NaCl solutions at 25 ºC. They found that the precipitates formed during the hydrolysis experiments were akaganeite from the X-ray diffraction analysis. They observed the following linear relationship between the H+ and Fe3+ concentrations under several different initial Fe(III) concentrations:
	2.70 log [H+] – log [Fe3+] = –3.04 ± 0.05			(19)
where [i] denote the molar concentration of ith species. According to the coefficient of log [H+], the chemical formula of akaganeite is considered to be FeO(OH)0.7Cl0.3. The dissolution reaction and the mass action expression of the akaganeite can be written: 
	FeO(OH)0.7Cl0.3 + 2.7H+ = Fe3+ + 0.3Cl- +1.7H2O		(20)

			(21)





where ,andrepresent activity, molal concentration and activity coefficient of ith species. Assuming [H+] and [Fe3+] correspond toandbecause of the low concentrations (mostly <0.01M) of the species in the solution, Eq. (21) can be written: 

		(22)

[bookmark: MTBlankEqn]Other variables in Eq. (22) was calculated with the REACT program with the same activity model under 0.1 mol/L NaCl solution. The equilibrium constant for the akaganeite dissolution was estimated to be 1.61± 0.05. 
	Mazeina et al.26 obtained the standard enthalpy of formation of akaganeite as -554.7 ± 1.9 kJ/mol. The equilibrium constant of akaganeite at 0 ºC was estimated from van’t Hoff equation: 

			(23)


The  based on the reaction in Eq. (20) was estimated from the standard enthalpy of formation of akaganeite and the standard enthalpy of formation of the relevant species from the “thermo.dat” dataset in the Geochemist’s Workbench27. The equilibrium constant for the akaganeite dissolution at 0 ºC was estimated to be 2.11± 0.08. 
	Hiemstra28 examined the solubility and the standard enthalpy of formation of ferrihydrite from the theoretical consideration and the comprehensive review of the previous studies. He showed that the solubility products of the 2-line ferrihydrite is log KSO = -38.5± 0.1 assuming following dissolution reaction: 
	FeO3/2 + 3/2 H2O = Fe3+ + 3OH-			(21)
The standard enthalpy of formation of ferrihydrite with typical range of the specific surface area (400 – 800 m2/g) is 400 ± 2 kJ/mol (FeO3/2). Present study assumes the following dissolution reaction of ferrihydrite during the calculation in REACT: 
	Fe(OH)3 + 3H+ = Fe3+ + 3H2O			(22)

Based on the solubility product and the standard enthalpy of formation estimated by Hiemstra28, the equilibrium constants at 0 ºC was estimated to be log4.8± 0.1. 

Supplementary Note 2
Duration estimate for Lonar lake	The present study evaluates our methodology to estimate the duration of a closed-basin lake from its salinity. An ideal terrestrial analog that allows us to test our methodology is Lonar lake, which is within an impact structure formed upon Deccan basaltic rocks, India (lake diameter = 1.2 km, mean lake depth = 5 m)29–31. Given seasonal variations in lake levels (< 2 m)32 and the annual precipitation of ~700 mm/year in semiarid climates33, the annual evaporation rate would be a few meters/year in lake level, which corresponds to ~2 × 10 kg/sec of Fground. Spring waters at Lonar contain low Na of ~10-3 mol/kg (Cground)30. Although Lonar lake is hyposaline at present (Na+ ~0.2 mol/kg), Na concentrations of the lake in 1910 were ~2 mol/kg (ref. 31). The decline in salinity over time is, at least partly, because of the influence of humans near the lake31. Thus, we use ~2 mol/kg for the original Na concentration of the lake (Clake). Introducing these values into Eq. (18), t becomes (1–2) × 104 years. The duration may be shorter than the proposed crater age, (1–5) × 104 years30,34,35. This could be because the occurrence of Na+ precipitation as gaylussite in the sediments during arid periods (4,600–3,900 and 2,000–600 cal a BP)32, and because climate changes during the Holocene. Despite these factors, the estimated duration is consistent with the crater age within a factor of 5. This suggests our methodology to estimate lake duration within an order of magnitude is valid, even with the occurrence of repeated progressive evaporations and climate change.
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Microsoft_Excel_Worksheet.xlsx
Table S

				T 10

						log KNa_Ca = log KNa_Mg = 0.6																log KNa_Ca = log KNa_Mg = 0.4												log KNa_Ca = log KNa_Mg = 0.2

						case1		range		case2 		range		Max. {Ca}		averaged						case2		range		Max. {Ca}		averaged						case2

				Na (mol/kg)		0.19		(0.19-0.21)		0.19		(0.14-0.31)		0.19		0.19				Na (mol/kg)		0.13		(0.11-0.19)		0.13		0.13				Na (mol/kg)		0.10

				K (mol/kg)		0.0022		(0.0022-0.0024)		0.0022		(0.0016-0.0036)		0.0022		0.0022				K (mol/kg)		0.0015		(0.0013-0.0022)		0.0015		0.0015				K (mol/kg)		0.0011

				Mg (mol/kg)		0.090		(0.09-0.10)		0.084		(0.044-0.15)		0.091		0.086				Mg (mol/kg)		0.060		(0.045-0.096)		0.062		0.061				Mg (mol/kg)		0.0494

				Ca (mol/kg)		0.056		(0.056-0.058)		0.026		(0.025-0.026)		0.058		0.038				Ca (mol/kg)		0.026		(0.026-0.026)		0.037		0.031				Ca (mol/kg)		0.026

				Cl (mol/kg)		0.37		(0.37-0.42)		0.205		(0.14-0.33)		0.38		0.29				Cl (mol/kg)		0.15		(0.13-0.22)		0.22		0.1835				Cl (mol/kg)		0.13

				SO4 (mol/kg)		0.056		(0.056-0.059)		0.102		(0.070-0.17)		0.054		0.073				SO4 (mol/kg)		0.075		(0.062-0.11)		0.056		0.065				SO4 (mol/kg)		0.063

				fraction X:Na		0.35				0.39				0.35		0.37				fraction X:Na		0.37				0.35		0.36				fraction X:Na		0.37

				fraction X:K		0.05				0.06				0.05		0.05				fraction X:K		0.05				0.05		0.05				fraction X:K		0.05

				fraction X2:Mg		0.40				0.44				0.40		0.42				fraction X2:Mg		0.42				0.40		0.41				fraction X2:Mg		0.40

				fraction X2:Ca		0.19				0.11				0.20		0.15				fraction X2:Ca		0.16				0.20		0.18				fraction X2:Ca		0.18

				T 0

						log KNa_Ca = log KNa_Mg = 0.6																log KNa_Ca = log KNa_Mg = 0.4												log KNa_Ca = log KNa_Mg = 0.2

						case1		range		case2 		range		Max. {Ca}		averaged						case2		range		Max. {Ca}		averaged						case2		range		Max. {Ca}		averaged

				Na (mol/kg)		0.20		(0.18-0.24)		0.20		(0.14-0.32)		0.20		0.20				Na (mol/kg)		0.14		(0.11-0.20)		0.14		0.14				Na (mol/kg)		0.089		(0.089-0.12)		0.089		0.089

				K (mol/kg)		0.0023		(0.0021-0.0027)		0.0023		(0.0016-0.0037)		0.0023		0.0023				K (mol/kg)		0.0016		(0.0013-0.0023)		0.0016		0.0016				K (mol/kg)		0.0010		(0.0010-0.0014)		0.0010		0.0010

				Mg (mol/kg)		0.098		(0.076-0.12)		0.091		(0.042-0.16)		0.098		0.095				Mg (mol/kg)		0.067		(0.042-0.098)		0.069		0.068				Mg (mol/kg)		0.043		(0.042-0.060)		0.044		0.043

				Ca (mol/kg)		0.056		(0.051-0.061)		0.024		(0.023-0.025)		0.058		0.035				Ca (mol/kg)		0.024		(0.024-0.024)		0.043		0.032				Ca (mol/kg)		0.024		(0.024-0.024)		0.026		0.025

				Cl (mol/kg)		0.40		(0.33-0.48)		0.22		(0.13-0.34)		0.38		0.30				Cl (mol/kg)		0.16		(0.14-0.22)		0.26		0.21				Cl (mol/kg)		0.11		(0.11-0.14)		0.13		0.12

				SO4 (mol/kg)		0.056		(0.051-0.062)		0.11		(0.066-0.17)		0.054		0.080				SO4 (mol/kg)		0.080		(0.072-0.11)		0.048		0.064				SO4 (mol/kg)		0.056		(0.056-0.072)		0.052		0.054

				fraction X:Na		0.36				0.40				0.36		0.38				fraction X:Na		0.38				0.36		0.37				fraction X:Na		0.36				0.35		0.35

				fraction X:K		0.05				0.06				0.05		0.05				fraction X:K		0.05				0.05		0.05				fraction X:K		0.05				0.05		0.05

				fraction X2:Mg		0.41				0.45				0.40		0.44				fraction X2:Mg		0.44				0.40		0.42				fraction X2:Mg		0.40				0.40		0.40

				fraction X2:Ca		0.17				0.10				0.20		0.12				fraction X2:Ca		0.13				0.19		0.16				fraction X2:Ca		0.19				0.20		0.20





Sheet4

				T 0

						Full-interaction scinario						No-interaction scinario

						John Klein		Cumberland				John Klein		Cumberland

				Na (mol/kg)		0.085 - 0.24		0.094 - 0.12				0.038 - 0.42		0.033 - 0.13

				K (mol/kg)		0.0025 - 0.018		0.0014 - 0.0044				0.0011 - 0.030		0.00047 - 0.0044

				Mg (mol/kg)		0.0046 - 0.11		0.035 - 0.060				0.00064 - 0.21		0.0034 - 0.065

				Ca (mol/kg)		0.022 - 0.12		0.024 - 0.045				< 0.119		< 0.048

				Cl (mol/kg)		0.072 - 0.59		0.11 - 0.25				0.05 - 1.3		0.05 - 0.34

				SO4 (mol/kg)		0.025 - 0.14		0.044 - 0.072				N/A		N/A

				ΣCO2 (mol/kg)		0.0019 - 0.041		0.0023 - 0.016				N/A		N/A

				Fe (mol/kg)		0.00024 - 0.038		0.00012 - 0.0058				10-9 - 0.19		10-9 - 0.013

				pH		6.7 - 7.3		6.9 - 7.3				6.5 - 8.6		6.8 - 8.3

				PCO2 (mbar)		6 - 130		6 - 40				N/A		N/A





Parameter



						John Klein		Cumberland

				β>X:Na+		0.48		0.26

				β>X:K+		0.14		0.08

				β>X2:Mg2+		0.15		0.51

				β>X2:Ca2+ + β>X2:Fe2+		0.24		0.15



				log KNa_K		0.8±0.2		1.1±0.2

				log KNa_Ca		0.2±0.2		0.6±0.2

				log KNa_Mg		0.2±0.2		0.5±0.2

				log KNa_Fe		0.8±0.2		1.0±0.2








image9.emf
Location Type of water pH Na (%) Mg (%) Ca (%) K (%) References

Lake Yoa, Chad Lake water 9.3 to 9.9 93 0.089 0.41 6.0Darragi and Tardy (1987)

Lake Turkana Lake water 9.2 (ave.) 98 0.53 0.17 1.5Yuretich and Cerling (1983)

Searles Lake, California Pore fluids in lake sediment 9 to 10 90.3 N.D. N.D. 9.5Felmy and Weare (1986)

Salina Ometepec, Baja California Lake water 6 to 8 89.9 7 1 2.0Hover et al. (1999)

Juan de Fuca Ridge Low temp. upwelling water in seafloor 8.22 87.2 1 12 0.6Inoue (2004)

Modern ocean Seawater 7.8 to 8.2 86.4 10 2 1.9Drever (1996)

Dziani Dzaha, Mayotte Lake water 9.18 95.9 0 0 3.6Gerard et al. (2018)


Microsoft_Excel_Worksheet1.xlsx
Sheet1

				Location		Type of water		pH		Na (%)		Mg (%)		Ca (%)		K (%)		References								Na		Mg		Ca		K		Na		Mg		Ca		K

				Lake Yoa, Chad		Lake water		9.3 to 9.9		93		0.089		0.41		6.0		Darragi and Tardy (1987)								115		0.11		0.5		7.43

				Lake Turkana		Lake water		9.2 (ave.)		98		0.53		0.17		1.5		Yuretich and Cerling (1983)								32.753700135		0.1769183296		0.0573880932		0.5140888479		753		4.3		2.3		20.1

				Searles Lake, California		Pore fluids in lake sediment		9 to 10		90.3		N.D.		N.D.		9.5		Felmy and Weare (1986)								7.43		0.01		0.01		0.78

				Salina Ometepec, Baja California		Lake water		6 to 8		89.9		7		1		2.0		Hover et al. (1999)								2380		175		38.8		53.4

				Juan de Fuca Ridge		Low temp. upwelling water in seafloor		8.22		87.2		1		12		0.6		Inoue (2004)								457.8993377445		2.7895494754		61.4726283747		2.9796691928		10527		67.8		2463.7		116.5

				Modern ocean		Seawater		7.8 to 8.2		86.4		10		2		1.9		Drever (1996)								0.49		0.055		0.011		0.011

				Dziani Dzaha, Mayotte		Lake water		9.18		95.9		0		0		3.6		Gerard et al. (2018)								1016.177		4.724		0.054		38.608

																										22.989769		24.305		40.078		39.0983
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