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Supplementary Information
1. Sublimation methods
To extract the nonvolatile inclusions in the ice layers, we use two ice sublimation methods. For the first method, we used nine cuboid samples of dimensions x, y, and z = the ice layer thickness, 5 or 8 mm, and 5 mm (Table S2). Then we decontaminated each sample by shaving off its surfaces using a clean ceramic knife in a cold clean room (class 10000). After that, we put the sample on a clean and mirror-processed metal plate (stainless SUS304), and then place the plate on a polycarbonate membrane filter (diameter 47 mm, pore size 0.45 µm, Advantec 11040004) in a precleaned chamber (Suction Filter Holder with Receiver Flask, Sartorius AG) around −22 °C. The chamber is placed in a clean bench (Simple Type Clean Booth AI Type-C, class 1000), and clean air of 15.0 L min−1 flows through the chamber for 2-3 days by using a pump (NRK Unipump UP-2) to sublimate all volatile materials including ice. After their sublimation, the nonvolatile inclusions are deposited on the metal plate as residue, and the metal plate is kept at room temperature in a dry desiccator until SEM-EDS analyses. 
Compared to the first method (−22 ºC), the main difference with the second method (−50 ºC) is the pulverizing of the samples, which is done to enable sublimation at low temperature given small sample quantities. With this method we lose information about the residue's original position (depth) in the ice. Additionally, with this method, sublimation occurs on a Teflon membrane filter (pore size 0.45 µm) in a closed system, so the nonvolatile inclusions larger than 0.45 µm are collected without loss on the membrane filter.


2. Identification of the Raman peak at 982 cm−1
To identify the Raman peak at 982 cm−1, we measured reference spectra for some chemical mixtures at −30 °C. Figure S2 shows Raman spectra of frozen mixtures of H2SO4–Na2SO4, HCl–Na2SO4, and (NH4)2SO4–H2SO4. In mixtures of H2SO4 –Na2SO4 (Fig. S2a), the Raman spectra has a peak at 984 cm−1 when the molar ratio of H2SO4 : Na2SO4 exceeds 88 : 12, but has a peak at 990 cm−1 when this molar ratio is below 82 : 18. So, H2SO4 produces the 984 cm−1 peak even when some Na2SO4 is present. Similarly, in Fig. S2b the Raman peak at 984 cm−1 indicates liquid when the molar ratio of HCl : Na2SO4 exceeds 62 : 38, whereas the peak at 990 cm−1 indicates solid when the molar ratio of HCl : Na2SO4 lies below 50 : 50. Thus, neither of these mixtures of acid and Na2SO4 produce a peak at 982 cm−1. Finally, consider mixtures of (NH4)2SO4 and H2SO4. Solid (NH4)2SO4 has a Raman peak at 975 cm−1 (Sakurai and others, 2010b). This peak dominates for the case of a 90:10 mixture in Fig. S2c. With increasing concentration of H2SO4, the peak broadens to include the three peaks of 975, 982, and 984 cm−1. Then, when the molar ratio of (NH4)2SO4 : H2SO4 is lower than 30:70, only the 984 cm−1 peak is clear. However, when the molar ratio of (NH4)2SO4 : H2SO4 is between 90:10 and 30:70, the 982 cm−1 peak is detected. Given that the major cations in the ice layers of the SIGMA-A ice core are Na+ (4.07 µeq L−1) and NH4+ (1.39 µeq L−1) compared to Mg2+ (1.18 µeq L−1) and Ca2+ (1.28 µeq L−1), we will assume that the liquid 982 cm−1 peak indicates SO42− and NH4+. The number of times each peak (982, 984, 990, and 1008 cm−1) was detected in each ice layer is shown in Fig. 4a.



Supplementary Figures and Tables


Fig. S1. Elemental compositions in the surface snow and ice layers. (a) From 80 nonvolatile inclusions of the surface snow sample. Colour code is the same as Fig. 4(c). (b) From 1230 nonvolatile inclusions of the 12 ice layers. (c) Same as (b) except restricted to those larger than 30 µm in diameter. 

Fig. S2. Reference spectra for frozen solution mixtures at 1 atm and −30°C. (a) Mixtures　of H2SO4 and Na2SO4. (b) Mixtures of HCl and Na2SO4. (c) Mixtures of (NH4)2SO4 and H2SO4. The legend of (a–c) shows the molar ratio of each mixture.

Fig. S3. Photomicrographs and compositions of inclusions in the last region of refreezing in the 2012 ice layer (4.370–4.390 m). The map at the top left shows the spatial distribution of inclusions, grouped into seven sections that are enlarged separately (a–j). For each inclusion, a small box gives the inclusion cross-sectional area S (µm2) and the atomic fraction of each element (Na, S, Cl, Ca). Nearly all are particle type and marked as such with a blue frame on the box. The two red boxes in (a) and one in (c) indicate rod type, whereas the three green boxes in (h) indicate columnar.

Fig. S4. Model used to estimate ice-layer thickness needed for a large rod-like inclusion. (a) Column of meltwater. (b) Meltwater with freezing front. (c) Frozen ice layer with rod-like inclusion. A and B are the initial Na+ and Cl− concentrations in the melt, a and b are the masses of Na+ and Cl− in the inclusion. 





Table S1. Sizes of selected ice layers and number of inclusions. 
	Depth (m)
	2.780–
2.805
	4.330–
4.480
	6.056–
6.211
	20.581–
20.596
	34.610–
34.661

	Year
	2014
	2012
	2006
	1981
	1955

	Size
x (thickness) *y*z (mm)
	25*15*5
	150*15*5
	155*15*5
	15*10*5
	51*15*5

	Number of observed inclusions
	3
	128
	287
	46
	49



Table S2. Sample sizes analyzed by SEM-EDS before −22 °C sublimation. 
	Depth (m)
	4.330
–
4.480
	6.056
–
6.211
	19.700–
19.705
	22.975–
22.987
	33.879–
33.882
	33.979–
33.990
	34.610–
34.661
	44.608–
44.618
	51.373–
51.378

	Year
	2012
	2006
	1982
	1976
	1957
	1956
	1955
	1935
	1921

	Size
x(thickness) *y*z (mm)
	150*
8*5
	155*
8*5
	5*5*5
	8*5*5
	3*5*5
	11*5*5
	51*
8*5
	10*5*5
	5*5*5



Table S3. The average of major ion concentrations (µeq L−1) in the entire SIGMA-A ice core.
	
	Cl−
	SO42−
	Na+
	NH4+
	Mg2+
	Ca2+
	Mg2+/Na+

	2016–2010
	6.49
	1.89
	5.65
	2.49
	1.17
	2.02
	0.09

	2009–2000
	4.23
	2.19
	3.48
	1.53
	0.74
	1.42
	0.13

	1999–1990
	3.56
	1.79
	2.86
	1.13
	0.72
	1.44
	0.14

	1989–1980
	5.28
	3.18
	4.42
	1.38
	1.12
	1.17
	0.14

	1979–1970
	3.86
	3.23
	3.08
	1.18
	0.81
	0.85
	0.14

	1969–1960
	6.74
	3.63
	5.26
	0.75
	1.31
	1.23
	0.17

	1959–1950
	7.79
	3.37
	6.75
	0.76
	1.65
	1.21
	0.17

	1949–1940
	4.10
	1.97
	3.70
	0.83
	0.92
	0.95
	0.14

	1939–1930
	5.63
	2.16
	5.41
	0.89
	1.42
	0.94
	0.18

	1929–1920
	4.13
	1.93
	3.63
	0.76
	0.85
	0.59
	0.17

	1919–1910
	5.63
	1.85
	4.99
	1.15
	1.19
	0.74
	0.21

	1909–1903
	6.20
	1.41
	4.85
	1.25
	1.19
	0.76
	0.18

	Core average
	5.29
	2.42
	4.51
	1.08
	1.10
	1.05
	0.16




Table S4. The number of 982, 984, 990, 1008 (cm−1) and other peaks detected from three types of inclusions. The peaks at 982, 984, 990, and 1008 (cm−1) indicate liquid (NH4)2SO4, liquid H2SO4, solid Na2SO4∙10H2O, and solid CaSO4∙2H2O.

	
	982 (cm−1)
	984 (cm−1)
	990 (cm−1)
	1008 (cm−1)
	Other
peaks
	Total peaks
	No peaks
	Total measurements

	Particle
	33
	21
	11
	24
	5
	94
	170
	264

	Rod
	34
	45
	10
	5
	3
	97
	134
	231

	Columnar
	0
	0
	0
	30
	0
	30
	0
	30

	Total
	67
	66
	21
	59
	8
	221
	304
	525
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