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Discussion of uncertainty in fluid inclusion and clumped isotope derived temperature estimates 

We identify several sources of uncertainty in our fluid inclusion temperature estimate (TFI). TFI relies on the assumption that 

temperature is the sole driver of the calcite δ18O signal and that δ18Odw remained constant (-17.5 ‰ VSMOW – obtained from 

our fluid inclusion measurement) along the entire STBB I – 1 record. Both assumptions rarely hold true in natural 

environments, with δ18O fractionation also dependent on speleothem growth rate (Gabitov et al., 2012) and δ18O of dripwater, 40 

itself largely controlled by hydroclimate conditions. In addition, the application of fluid inclusion temperature calibrations 

assumes negligible isotopic exchange between calcite and inclusion waters after the closure of the fluid inclusion. Such post-

depositional exchange with host calcite has traditionally been ruled out by demonstrating that fluid inclusion water falls on the 

global meteoric water line (Meckler et al., 2021), as is the case in STBB I – 1 (Fig. S2). However, this observation assumes 

that the local meteoric water line remained constant since the Tortonian, which is unlikely. Even if post depositional isotopic 45 

exchange is present in STBB I - 1, recent laboratory experiments have suggested temperature offsets are minimal. Uemura et 

al. (2020) estimate temperature biases of ca. 0.5°C for a 10°C climate shift, and thus it seems an unlikely cause of major 

uncertainty in TFI. 

 

Several studies have demonstrated the tendency for speleothem clumped isotope temperatures to give unrealistically high 50 

temperatures as a result of isotopic disequilibrium caused by CO2 degassing and depletion of the dissolved inorganic carbon 

(DIC) pool (Affek et al., 2008; Daëron et al., 2011). Kluge & Affek (2012) suggested that kinetic fractionation effects can lead 

to temperature offsets up to +10°C in speleothems from Bunker Cave in Germany. Yet, isotopic equilibrium is achieved in 

slow-growing subaqueous speleothems (Daëron et al., 2011) and where the DIC reservoir experiences constant replenishment. 

This is supported by the Δ47 calibration of Kele et al. (2015), which is based on travertines that experienced limited CO2 55 

degassing and DIC-speciation effects (Tripati et al., 2015). 

 

Covariation of δ18O and δ13C along the speleothem can be utilised as an indicator of kinetic isotope fractionation as CO2 

degassing drives isotopic enrichment in the DIC pool through Rayleigh fractionation. A strong δ18O vs δ13C correlation is 

exhibited in STBB I - 1 (r = 0.75, p < 0.0001), and moderate correlation in STBB II - 7 (r = 0.55, p < 0.0001). We note that 60 

common environmental drivers can also cause covariation but stress that we cannot rule out some degree of kinetic isotope 

fractionation in our samples. However, agreement between our clumped isotope and fluid inclusion-based reconstructions, 

whilst not proof of equilibrium conditions, do suggest limited fractionation effects in our samples. Nevertheless, since isotopic 

disequilibrium tends to favour higher temperatures, we restrict our discussion of reconstructed Tortonian temperatures on the 

cooler TΔ47 estimates derived from our in-house calibration.   65 
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Figure S1: Northumbria University clumped isotope temperature calibration derived from 17 inorganic calcites precipitated at 70 
known temperatures. T is the known precipitation temperature in kelvin. Error bars are standard errors. The regression line is 

derived using a York least squares method (York et al., 2004) to account for uncertainty in both the X and Y dimensions. Grey 

shaded area is the 95% confidence interval. 
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Figure S2: Fluid inclusion δ2H vs δ18O for sample STBB I – 1 (blue dot), compared with the Global Meteoric Water Line (orange) 

(Craig, 1961) and Local Meteoric Water Line (green), calculated from monthly mean precipitation data at the Samoylov Island 85 
Research Station (Spors, 2018). Shaded areas are ± 1 ‰ δ18O. Error bars are the measurement uncertainty. 
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Figure S63: Trace element spectral analysis results for STBB I – 1 and STBB II – 7. Dominant frequencies are noted next to peaks. 

STBB I - 1 exhibits common frequencies of ca. 0.3 and 0.5 mm in multiple proxies. STBB II - 7 exhibits regular cycles in all 90 
hydrological proxies at ca. 0.2 mm. 

 



6 

 

 

 

 95 



7 

 

 



8 

 

 



9 

 

 

Figure S3S4: PCA plots (left) and correlation matrices (right) for trace element records in STBB I – 1 and STBB II - 7 (* denotes 

elements Al, B, Cu, Co, Fe, Li, Mn, and Rb). 100 
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Figure S4S5: Trace element rolling Pearson’s correlation coefficients vs Sr/Ca in STBB I – 1 and STBB II – 7 calculated over a 2 

mm rolling window, at 0.1 mm intervals. Pink = Ba/Ca, Blue = U/Ca, Green = Mg/Ca, and purple = P/Ca. Ba/Ca and U/Ca show 

strong positive correlation along the entire length of both records, indicating a common PCP response. Phosphorus is anticorrelated 

in both records, peaking during high infiltration/low PCP episodes, when Sr/Ca declines. Mg/Ca fluctuates between periods of high 105 
and no correlation which we attribute to variable input of different dolomitic endmembers into dripwaters over the course of the 

record. 
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Figure S5S6: Cu vs Co concentrations in (A) STBB II – 7 and (B) STBB I – 1. Linear regressions (blue lines) pass through measured 

values (grey data points). Predicted metal ratios are drawn based on the equivalent n1 NICA Donnan humic ratios (red dotted lines, 

Milne et al. (2003) and fulvic binding affinity ratios (green dotted lines). STBB II – 7 measured values show greater agreement with 

predicted values than STBB I – 1, reflecting the increased influence of organic binding in STBB II – 7 compared with STBB I – 1. 115 
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Figure S6: Trace element spectral analysis results for STBB I – 1 and STBB II – 7. Dominant frequencies are noted next to peaks. 

STBB I - 1 exhibits common frequencies of ca. 0.3 and 0.5 mm in multiple proxies. STBB II - 7 exhibits regular cycles in all 130 
hydrological proxies at ca. 0.2 mm. 
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Figure S7: Comparison of z-score normalised Sr/Ca and grey values along a subsection of the STBB II – 7 where annual banding is 

observed. Annual bands are identified by maxima in grey value and align with peaks in Sr/Ca (a small offset between the records is 135 
likely given difficulty with visual alignment). Between 16 and 17 peaks are identified in the 3 mm transect, giving an average cycle 

period between 180 – 190 µm – confirming the seasonal ca. 0.2 mm derived through spectral analysis of the STBB II – 7 trace element 

records.  
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Comparison of Tortonian with modern hydrological regime methodology 

We compared Miocene and modern-day hydrological seasonality using a 20-year instrumental record of precipitation from the 140 

nearby Samoylov Island Research Station (Boike et al., 2019). The proposed comparison method is based on time series 

analysis techniques and only offers a first estimate on how Miocene and recent seasonal precipitation predictability compare. 

 

We employed dynamic time warping (DTW) (Berndt & Clifford, 1994), to align the Taba Bastaakh proxy records with the 

instrumental precipitation and selected Sr/Ca, Ba/Ca, U/Ca, Mg/Ca and P/Ca as hydrological proxies for the evaluation of 145 

seasonality. Proxy records were detrended using Singular Spectrum Analysis (n = 500 samples) to ensure statistical estimates 

were not obscured by long-term variability (Vautard & Ghil, 1989). We pruned outliers based on peak detection, before 

averaging all five records to obtain a single mean record (the proxy stack-average - PSA). Spectral analysis reveals the most 

prominent peak at ~200 µm for the PSAs of both STBB II – 7 and STBB I – 1. This peak is also identified for most single 

proxy records (Fig. S6). Hence, we assume this cycle to represent seasonal variability.  150 

 

We downsampled the instrumental record by a moving average such that it exhibited the same number of samples per cycle as 

the speleothem PSA. We averaged seasonal cycles in the instrumental record to obtain a single mean cycle. This mean cycle 

was normalised to the same range as the respective PSA and repeated 𝑛𝑦 times with the number of years 𝑛𝑦 of each record, 

yielding a template time series representative of typical modern seasonality. Each PSA was warped with the modern template 155 

time series. The DTW procedure returns an optimally adjusted (pseudo-)seasonal time axis for each stalagmite record (Fig. 

S8). It is important to stress that DTW solely stretches and squeezes the measured (mean) proxy values but does not introduce 

new values. This stretching and squeezing systematically minimises the Euclidean distance between the modern mean cycle 

and the record’s (potentially) seasonal component. It projects the record’s values onto a sub-annually resolved time axis that 

can be anchored with a measured age. DTW can yield ties, i.e., suggest assigning several proxy values to the same time instance 160 

or assigning a single proxy value to several time instances. For the former case, we instead assign the proxy values to time 

instances in between the previous and the next time instances. For the latter case, we set the single proxy value to the centre 

of the suggested time instances. In this way, every proxy value and time instance only occurs once. The applied procedure can 

be regarded as a heuristic seasonal age model, returning a floating chronology with a relative time axis that helps to avoid 

erroneous attribution of shifts that arise from variable speleothem growth rate (Braun et al., 2022, 2023). The analysis was 165 

carried out separately for both stalagmites. 

 

Seasonality is evaluated by means of a simple power spectral measure: we compute the power spectral density of the modern 

as well as both PSA by means of Lomb-Scargle periodograms (Nyquist factor 𝑛𝑛𝑦𝑞 = 1, no oversampling). Precipitation 

seasonality is quantified by the total spectral power |𝑃|𝑠 summed over the spectral band that closely encapsulates the seasonal 170 

peak (Fig. S9). The higher the power contained in the seasonal band, the more pronounced/stable the seasonal component in 
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the signal. Due to spectral leakage, seasonal spectral power manifests in a peak of finite width, i.e., seasonal power is 

distributed around this peak. We account for the respective uncertainty by varying the width of the spectral band between 0.2 

(0.9 - 1.1) and 0.5 (0.75 - 1.25) (Fig. 6). We conclude that Tortonian seasonality was more pronounced compared to modern 

seasonality. In order to test the validity of our findings, we perform two crude numerical experiments: firstly, we modulate the 175 

modern seasonal record by a phase-matched sinusoidal. We increase the strength of the sinusoidal until the resulting seasonality 

|𝑃|𝑠  matches the level observed for the Miocene. Conversely, we corrupt the PSAs with Gaussian white noise (𝑛  =

 1000 realizations) of increasing intensity to examine how much noise is needed to reach the reduced modern level of 

seasonality. We conclude that modern seasonality would need to be amplified by a sinusoidal with 2.44x its magnitude to 

match Tortonian seasonality (averaged over both records), whereas Tortonian seasonality can be reduced to the modern value 180 

by corruption with 98% and 113 % white noise for STBB I – 1 and STBB II – 7 respectively (by means of its standard 

deviation). In this sense, and accounting for the considered uncertainties, the observed shift is deemed significant. However, 

we stress that due to their distinct mechanistic origin, a direct comparison between proxy and modern records presents more 

challenges that are not addressed by the performed procedure. An adequate transfer between proxy and precipitation variability would 

require proxy system modelling techniques and is beyond the scope of this study. 185 

 

 

Figure S8: Results of dynamic time warping to align stacked proxy records for STBB I – 1 (A) and STBB II – 7 (B). Original 

detrended proxy stacks (dark blue), instrumental record of precipitation from the nearby Samoylov Island Research Centre (black), 

and warped proxy stacks (light blue).  190 
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Figure S9: Lomb-Scargle periodograms of A), the 20-year instrumental record of precipitation from the nearby Samoylov Island 

and B), PSAs of both Taba Bastaakh proxy records. The seasonal measure employed here is defined as the total spectral power 

within the annual band (grey dashed lines).  195 
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