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            Abstract
Climate change in the Arctic is occurring rapidly, and projections suggest the complete loss of summer sea ice by the middle of this century1. The sensitivity of permanently frozen ground (permafrost) in the Northern Hemisphere to warming is less clear, and its long-term trends are harder to monitor than those of sea ice. Here we use palaeoclimate data to show that Siberian permafrost is robust to warming when Arctic sea ice is present, but vulnerable when it is absent. Uraniumâ€“lead chronology of carbonate deposits (speleothems) in a Siberian cave located at the southern edge of continuous permafrost reveals periods in which the overlying ground was not permanently frozen. The speleothem record starts 1.5 million years ago (Ma), a time when greater equator-to-pole heat transport led to a warmer Northern Hemisphere2. The growth of the speleothems indicates that permafrost at the cave site was absent at that time, becoming more frequent from about 1.35Â Ma, as the Northern Hemisphere cooled, and permanent after about 0.4Â Ma. This history mirrors that of year-round sea ice in the Arctic Ocean, which was largely absent before about 0.4Â Ma (ref. 3), but continuously present since that date. The robustness of permafrost when sea ice is present, as well as the increased permafrost vulnerability when sea ice is absent, can be explained by changes in both heat and moisture transport. Reduced sea ice may contribute to warming of Arctic air4,5,6, which can lead to warming far inland7. Open Arctic waters also increase the source of moisture and increase autumn snowfall over Siberia, insulating the ground from low winter temperatures8,9,10. These processes explain the relationship between an ice-free Arctic and permafrost thawing before 0.4Â Ma. If these processes continue during modern climate change, future loss of summer Arctic sea ice will accelerate the thawing of Siberian permafrost.
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                    Fig. 1: Study area and permafrost maps.[image: ]


Fig. 2: Siberian speleothem deposition periods compared with records of MISs, Pacific warm pool SSTs and July mean insolation at 60Â°Â N.[image: ]


Fig. 3: Siberian speleothem deposition periods compared with records of MISs, North Atlanic SST and presence of sea ice in the Arctic Ocean.[image: ]
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                Data availability

              
              The chronology data from this article are available at the NGDC database, at https://doi.org/10.5285/d56addfe-b7b8-4b70-9617-fadc1f7666b4. All data that support the findings of this study are available from the corresponding author on request as well.
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Extended data figures and tables

Extended Data Fig. 1 Cavesâ€™ maps.
A, Map and cross-section of Ledyanaya Lenskaya Cave, with speleothem and temperature logger positions. B, Map of Botovskaya Cave with locations of speleothems and temperature loggers.


Extended Data Fig. 2 Temperature data inside and outside caves.
A, Ledyanaya Lenskaya Cave air temperatures between March 2010 and December 2013. B, Comparison of air temperature in Ledyanaya Lenskaya Cave (from A), mean annual surface temperature and surface air temperature changes (Lensk meteorological station 24923 data). C, Monitoring of air temperatures inside Botovskaya Cave (February 2010â€“February 2016). Between 2010 and 2014, temperatures were monitored deep inside the cave, whereas between 2015 and 2016 loggers were placed closer to the entrance. D, Comparison of Botovskaya Cave temperatures with mean surface temperature and surface temperature changes between February 2010 and July 2014 (data from temperature logger outside the cave).


Extended Data Fig. 3 Detailed permafrost maps.
A, Permafrost map of the Ledyanaya Lenskaya Cave area (reproduced with permission from ref. 33, Cambridge Univ. Press). The cave site is marked by a magenta circle. Lensk and Olekminsk are marked by black circles. B, Permafrost map of the Botovskaya Cave area33. The cave location is marked by magenta circle. Zhigalovo is marked by black circle. Types and thickness of the permafrost are shown below. In places with continuous permafrost (types 18â€“20), it covers >95% of the area, but may contain small unfrozen units (taliks), mainly under permanent bodies of water. Taliks may go through the entire permafrost layer (through taliks), or through part of it (not through taliks).


Extended Data Fig. 4 Pictures of speleothemsâ€™ cross-sections with ages (in ka) from Ledyanaya Lenskaya Cave.
Age uncertainties are 2Ïƒ. The Uâ€“Pb ages shown in black and a single Uâ€“Th age in stalactite SLL9-214 is shown in brown. Hiatuses are shown with red arrows. All speleothems are composed of calcite.


Extended Data Fig. 5 Pictures of speleothemsâ€™ cross-sections with ages (in ka) from Botovskaya Cave.
Age uncertainties are 2Ïƒ. The Uâ€“Pb ages shown in black and Uâ€“Th ages14 are shown in brown. Most speleothems are composed of aragonite, except stalagmite SB-6919, and layers Aâ€“D and G in stalagmite SB-01112, which are calcitic.


Extended Data Fig. 6 Speleothemsâ€™ petrography.
A, Calcitic stalagmite SLL10-6 with its layered structure. B, Magnified area (5 to 3 mmâ€”rectangle on the top of A) in crossed polar light, showing columnar crystals. C, Aragonitic stalagmite SB-7497(3) with fibrous crystals. D, Magnified area (3 to 1.5 cm) shown by black rectangle in C in plain polar light.


Extended Data Fig. 7 Common Pb composition assessment for Ledyanaya Lenskaya (upper) and Botovskaya (lower) caves.
234Uâ€“206Pb and 238Uâ€“206Pb appear on the left, and 235Uâ€“207Pb on the right, showing consistent common Pb values for each cave. The y intercept represents the common lead ratio; yellow bars show the assigned range for common Pb in age calculations. Groups refer to the regression groups in Supplementary Table 1 with solid black lines showing regression fits. Grey contours show the percentage change in calculated age resulting from changing the common Pb composition by its assigned uncertainty. Dashed black lines show reference isochrons and ungrouped data are shown by grey circles. Uncertainties (2Ïƒ) are sometimes smaller than the symbol size. Particular details for each plot are as follows. A, Estimate of the common 208Pb/206Pb for Ledyanaya Lenskaya Cave in 234U/206Pbâ€“208Pb/206Pb isotope space. 234U is used in the plot instead of 238U to suppress scatter in the U/206Pb ratio due to variations in the 234U/238Uinitial ratio. All but two of the ungrouped data have age uncertainties due to common Pb of <1% and are thus insensitive to the common Pb correction. Most data that are more sensitive to the common Pb composition (that is, those between the 1% and 3% contours) are included in the regressions to estimate the common Pb composition. B, Equivalent plot in 235U/207Pbâ€“208Pb/207Pb isotope space for the estimation of the common 208Pb/207Pb ratio for Ledyanaya Lenskaya cave. Groups 3 and 4 correspond to the clump of ungrouped data close to the horizontal axis at about 0.225 on A. Note that 235U/207Pb ages are substantially more sensitive to the common Pb correction; these ages are used as a check on Uâ€“Pb concordance rather than to derive the dates used in the paper. C, Estimate of the common 208Pb/206Pb for Botovskaya Cave in 238U/206Pbâ€“208Pb/206Pb isotope space. Groups 1, 3, 4 and 6 (plotted as squares) are unpublished data from about 2Â Ma samples included here only to provide additional constraint on the common Pb composition (Supplementary Table 1). Ages used here are from the data plotted as circles. As for Ledyanaya Lenskaya Cave, the common Pb estimate includes the data for which the correction matters most as far as is possible. D, Equivalent plot in 235U/207Pbâ€“208Pb/207Pb isotope space for the estimation of the common 208Pb/207Pb ratio for Botovskaya Cave. 235U/207Pb data are more sensitive to the common Pb correction.


Extended Data Fig. 8 Detailed speleothemsâ€™ chronologies.
A, The chronology of Ledyanaya Lenskaya Cave speleothems with 95% confidence errors. Each column in the plot represents one individual speleothem named in bottom horizontal axis. In each column, the Uâ€“Pb ages (purple circles) appear in stratigraphic order from left (young) to right (old). For each Uâ€“Pb age, the corresponding proportion of radiogenic 206Pb (right vertical axis) is shown by red circles above. The Uâ€“Th age of the youngest layer A in the stalactite SLL9-214 is shown by blue circle (bottom left). The two isochron ages of layers F top and G in SLL10-6 stalagmite are shown by olive circles. Several replicate age determinations for similar layers were performed and appear in the plot in the same order as shown in Supplementary Table 1. B, Botovskaya Cave speleothemsâ€™ Uâ€“Th ages (dark blue circles, left y axis; Vaks et al.14 and current work) and Uâ€“Pb ages (light blue circles, left y axis), the latter are given with percentages of radiogenic 206Pb (red circles, right y axis). All age uncertainties are shown by 95% confidence error bars. The stratigraphic age of the layers dated from stalagmite SB-01112 increases from left to right.


Extended Data Fig. 9 238Uâ€“234Uâ€“206Pb ages and concordance of 235Uâ€“207Pb ages for Ledyanaya Lenskaya Cave (based on Supplementary Table 1).
Ages and age uncertainties are shown in black with the corresponding coloured error bar indicating the degree of concordance (235Uâ€“207Pb age as a percentage of the 238Uâ€“234Uâ€“206Pb age; blue horizontal line indicates perfect concordance) of the 235Uâ€“207Pb age. Blue error bars indicate the analysis is concordant within error. Orange error bars denote slightly discordant analyses, where the apparent discordance is likely due to common Pb correction on 207Pb. Red error bars denote analyses that are discordant with markedly low 235Uâ€“207Pb ages attributed to overcorrection of the common Pb due to a residual interference on 208Pb. The numbers and bars in red show the percentage bias in the 238Uâ€“234 Uâ€“206Pb ages if the discordance of these samples is attributed to an interference on 208Pb, based on the relative sensitivity of the 235Uâ€“207Pb and 238Uâ€“234Uâ€“206Pb ages to the common Pb correction (Supplementary Table 1). Grey horizontal lines indicate where ages replicate in two or more speleothems. The biases in the 238Uâ€“234Uâ€“206Pb ages attributed to the interference on 208Pb do not change these ages outside of error, hence, the tendency of these ages to replicate well in other samples. The discordance arises almost entirely from the 235Uâ€“207Pb ages (which are not used), due to their vastly greater sensitivity to over-correction of the common Pb than the 238Uâ€“234Uâ€“206Pb ages. Errors are 95% confidence. For each speleothem, the stratigraphic age of the dated layers increases from left to right.


Extended Data Fig. 10 HYSPLIT-model-based seven-day back-trajectories of 12 snow events at the Ledyanaya Lenskaya Cave site.
Aâ€“L, These snowfall events were accompanied by a substantial decrease in air temperature indicating that Arctic air was involved in the synoptic event. Six snow events occurred in October and first half of November 2012 (Aâ€“F), and other six events occurred in October and first half of November of 2013 (Gâ€“L). For each of 12 events, three back trajectories for elevations of 500, 1,500 and 5,000Â m above sea level were calculated, with at least one of them originating in the Arctic Ocean in each case. The dates and times of the events are as follows (dd/mm/yyyy): 04/10/2012, 21:00 (A); 07/10/2012, 21:00 (B); 19/10/2012, 09:00 (C); 21/10/2012, 15:00 (D); 05/11/2012, 09:00 (E); 11/11/2012, 09:00 (F); 01/10/2013, 09:00 (G); 09/10/2013, 00:00 (H); 19/10/2013; 09:00 (I); 25/10/2013, 09:00 (J); 02/11/2013, 09:00 (K); 10/11/2013, 09:00 (L). Identification information: Job ID: 164576; Job Start: Tue 3 Sep, 12:19:42, UTC 2019; Meteorology: 0000Z, 1 Oct 2012 â€“ GDAS1 (A); Job ID: 165119; Job Start: Tue 3 Sep, 12:46:49, UTC 2019; Meteorology: 0000Z, 1 Oct 2012 â€“ GDAS1 (B); Job ID: 169518; Job Start: Sun 8 Sep 14:04:06, UTC 2019; Meteorology: 0000Z, 15 Oct 2012 â€“ GDAS1 (C); Job ID: 169478; Job Start: Sun 8 Sep 13:58:40, UTC 2019; Meteorology: 0000Z, 22 Oct 2012 â€“ GDAS1 (D); Job ID: 171083; Job Start: Sun 8 Sep 15:42:40, UTC 2019; Meteorology: 0000Z, 1Nov 2012 â€“ GDAS1 (E); Job ID: 171195; Job Start: Sun 8 Sep 15:47:51, UTC 2019; Meteorology: 0000Z, 8 Nov 2012 â€“ GDAS1 (F); Job ID: 187728; Job Start: Fri 30 Aug 12:07:03 UTC 2019; Meteorology: 0000Z, 1 Oct 2013 â€“ GDAS1 (G); Job ID: 172040; Job Start: Sun 8 Sep 16:46:37 UTC 2019; Meteorology: 0000Z, 8 Oct 2013 â€“ GDAS1 (H); Job ID: 172169; Job Start: Sun 8 Sep 16:54:44 UTC 2019; Meteorology: 0000Z, 15 Oct 2013 â€“ GDAS1 (I); Job ID: 172846; Job Start: Sun 8 Sep 17:16:55 UTC 2019; Meteorology: 0000Z, 22 Oct 2013 â€“ GDAS1 (J); Job ID: 173152; Job Start: Sun 8 Sep 17:24:37 UTC 2019; Meteorology: 0000Z, 1 Nov 2013 â€“ GDAS1 (K); Job ID: 173482; Job Start: Sun 8 Sep 17:32:06 UTC 2019; Meteorology: 0000Z, 8 Nov 2013 â€“ GDAS1 (L). Parameters equal for all calculations in Extended Data Fig. 10: Source, latitude 60.371000, longitude 116.946472; heights, 500 m, 1,500 m, 5,000 m above ground level (AGL); trajectory direction, backward; duration, 168 h; vertical motion calculation method, model vertical velocity.





Supplementary information
Supplementary Tables
 Table 1aÂ shows U-Pb data from Ledyanaya Lenskaya and Botovskaya caves, where 238U-206U chronology data appear in columns A-X, initial 234U/238U data â€“ in columns Y-AA, 235U-207Pb chronology data â€“ in columns AB-AY, concordance % - in columns AZ-BB, U concentration (ppm) in column BC and the comments in column BD. Further details appear in footnotes below the table. Table 1bÂ shows common Pb estimates for Ledyanaya Lenskaya and Botovskaya caves. Further details appear in footnotes below the table.


Supplementary Table
Table 2Â shows U-Th chronology of speleothems from Botovskaya Cave with raw data in columns A-P, and data corrected for initial 230Th in columns Q-AA. Further details appear in footnotes below the table.
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