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Figure S1: Cave site map and field photo. a) Plan view schematic of Betten Cave (Melchsee Frutt,
Switzerland) indicates location of each stalagmite included in the MIS 11-10 composite record. b)
Photo of the field area, showing patchy grassy soils near the southern entrance where stalagmites
13 and 15D were collected. View WNW. Map and photo by Martin Triissel.
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Figure S2: Scan of stalagmite samples with micromill (tan) and LA-ICP-MS (red) tracks.
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Figure S3: Proxy system modelling experiments in CaveCalc software (Owen et al., 2018). a)
Evolution of initial 8'3C of aqueous carbonate as a function of soil pCO, and the fraction of
sulphuric-acid dissolution (SAD). b) Evolution of initial [Ca*'] as a function of soil pCO, and
SAD. ¢) and d) Isotopic (*C) enrichment of calcite in response to prior carbonate precipitation
(PCP), quantified as the fraction of initial [Ca?*] remaining in solution at the stalagmite apex (fCa),
for increasing contributions from SAD (color-coded enrichment lines). Levels of soil pCO; range
from (c) the MIS 10 atmosphere (200 ppmv) to (d) a modern-analogue alpine meadow (5000
ppmv). e) and f) Modelling of Mg/Ca and Sr/Ca enrichment from PCP and incongruent calcite
dissolution (ICD) of the host rock in a limited SAD (e) and high SAD (f) system. PCP is unable to



replicate the range of Mg/Ca and Sr/Ca concentrations without significant ICD (>50%) of the
intercalated marl horizons (MF3). No combination of PCP and ICD can explain speleothem Mg/Ca
and Sr/Ca data if the purer limestone member (MF1/MF2) is the only source of minor cations.
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Figure S4: Summary of trace-element data. Classic ‘Sinclair Tests’ for PCP and ICD controls on
Mg/Ca vs. Sr/Ca (a) and Sr/Ca vs. Ba/Ca (b) (Sinclair, 2011; Wassenburg et al., 2024). Least-
squares linear regressions yield slopes consistent with these processes for most samples, but the
relationship is most clearly expressed in stalagmite 60 from MIS 10, interpreted as subglacial. c)
Standardised time series of minor cations from carbonate dissolution: Mg, Sr, Ba, and U. d)
Standardised time series of elements potentially associated with sulphide oxidation: S, Fe, Cu, and
Zn. e) Standardised time series of elements common to silicate minerals, especially clay minerals
found in host rock MF3.
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Figure S5: Cross correlation and mixing plots between the host rock and the characteristically low
concentrations of ‘detrital’ elements (normally excluded from the solution and crystal lattice) in
clean-calcite speleothems. a) Clay-derived K and Al are typically transported in colloids, but acidic
conditions from sulphide oxidation can highly mobilize both elements. Concentrations of K above
the mixing line, found in stalagmite 60 after ~372 ka, reflect the acid leaching of clays, which
mobilizes K over Al due to cation exchange. b) Redox-sensitive Fe and Mn are (im)mobile in
reducing (oxidizing) conditions, but both are introduced to the aquifer via sulphide oxidation. We
interpret high values in stalagmite 60 after ~372 ka to reflect remobilization through reductive
dissolution of Fe and Mn (oxyhydr)oxides. ¢) Redox sensitive Cu and Zn are similarly mobilized
by sulphide oxidation, but in soil settings, Cu exhibits a higher affinity to organic colloids. d) Na



and Li are common indicators of siliciclastic detritus. Both exhibit mixing-line behaviour with the
host rock, but Na (like K) is notably enriched above the mixing line in stalagmite 60 after ~372
ka. We interpret this enrichment to result from the acid leaching of clays, occurring in tandem with

the colloidal transport of both elements.
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Figure S6: Uranium-isotope systematics in the context of redox-sensitive elements U and Ni. a)
Correlation between the natural logarithm of U concentration (in ng/g calcite) and initial UAR. b)
Correlation between Ni concentration (in pg/g calcite) and initial UAR. Shading of linear
regressions shows 95% confidence interval. Uranium Activity Ratio (UAR) = 1 + (6*3*U; / 1000).
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Figure S7: Difference plots of 500-mb geopotential height and 850-mb wind vectors in the
transient Community Earth System Model version 1.2 (CESM1.2) simulation (Timmermann et al.,
2022; Yun et al., 2023) between environmental stages. a) Anomalies at 380—400 ka vs. 405415
ka. b) Anomalies at 360-370 ka vs. 380—400 ka. The fully coupled atmosphere—ocean—land—sea
ice model was run at ~3.8° horizontal resolution with monthly output and forced by time-varying
orbital parameters, greenhouse gas concentrations and prescribed ice-sheet boundary conditions
consistent with late Middle Pleistocene climate evolution. Differences in 500 hPa geopotential
height and 850 hPa wind vectors were estimated by subtracting the means of three intervals plotted.
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