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Supplementary Text 1

Speleothem chronology

Previous data demonstrate a late glacial growth of speleothem HLK?2 starting from 13.62 +
0.13 ka BP (32). Growth notably decreased and possibly even ceased intermittently, between 12 and
13 ka BP. In this study, the age-depth-relationship of this growth phase was refined by analyzing
five additional 22°Th/U dates at the Institute for Geosciences, JGU Mainz (Fig. S 1). All ages are in
stratigraphic order within uncertainty and the updated data improve the age-depth control of HLK2
by a factor of three, with uncertainties of the corrected ages of c. 50 years (table S1).

In addition, confocal laser scanning microscopy reveals that an annual fluorescent banding is
visible in HLK2, and in particular before and after the LSE eruption (Fig. S 2). Annual fluorescent
laminae require annual fluxes of fluorescent material such as ‘humic’ substances from the overlying
soil onto the stalagmite (77, 78). In the temperate regions of Europe, the seasonal peak of dissolved
organic carbon and soil-derived organic substances occurs in autumn, after the summer period of
soil moisture deficit (78, 79). Cave monitoring of Herbstlabyrinth confirms that the transport of
organic matter in drip waters occurs on a seasonal scale (53, 54). Repeated counting of the
fluorescent seasonal banding across several transects suggests that the section between 119.3 and
113.5 mm dft contains between 260 and 275 laminae. According to this counting, the mean annual
growth rate is c¢. 25 um/a and varies between c. 15 and 35 um/a (Fig. S 4). This floating layer
counting chronology thus suggests near linear growth in this section, and also provides a very
precise age control relative to the LSE geochemical anomaly for both the ion probe sulphur and
8'80 records, as well as the LA-ICP-MS line scan measurements which were performed on the same
section.

The age-depth relationship for the late glacial growth phase of HLK2 was constructed using
StalAge (76). Between c. 120 and c. 112 mm dft, the StalAge chronology shows a remarkable
agreement with the floating layer counting, suggesting nearly linear growth. Therefore, we
additionally applied a linear York fit model of the 23°Th/U ages for this section (55). The MSWD of
the fit is 1.05, and the corresponding Probability of Fit is 0.39. This confirms that the age data of
the section between ¢. 120 and c. 112 mm dft satisfy the assumptions of the weighted linear fit 9.
According to this age model, the timing of the onset of the LSE peak at 116.2 = 0.2 mm dft
corresponds to 13.049 £ 30 years BP19so (95 %-confidence limit). Note that for the whole record,
we use the StalAge age-depth-relationship (Figure 2).

Geochemical evidence of the LSE

At 116.2 mm dft, a distinct geochemical anomaly is recorded in speleothem HLK2. It is
associated with an abrupt increase in the content of fluorescent material, a sharp peak in sulphur
abundance, as well as higher concentrations of certain trace metals. In this paragraph, this
geochemical anomaly associated with the Laacher See volcanic eruption is described and discussed
in more detail.

Confocal laser scanning fluorescence microscopy reveals not only a seasonal banding, but also
a distinct layer at 116.2 +£ 0.2 mm dft which stands out with an abrupt increase in fluorescence
intensity, which slowly declines in the following 100-200 pm (Fig. S 2). This pronounced layer is
indicative of a strong flux of organic material into the speleothem (87/-84). This is interpreted to



result from the enhanced production, mobilization, and transport of degraded organic matter after
the eruption (74, 34, 85). Both drip water analyses as well as the annual fluorescence lamination in
HLK?2 imply that a seasonal flux of organic matter takes place within a few weeks or months after
the onset of the infiltration season (53, 54, 77). Hence, the transport and subsequent incorporation
of ash-derived components into the speleothem occurred either directly after the eruption, or in the
following autumn, when the infiltration season starts (43).

Conventional light microscopy reveals that the geochemical anomaly at 116.2 mm dft is not
associated with a growth stop but occurs close to a change in the porosity of speleothem HLK?2 (Fig.
S 2). In the bottom part, the material is characterized by high porosity and opaque, milky calcite.
Around 117 mm dft the fabric changes to a more translucent structure with a low porosity. However,
a detailed comparison of the light microscopy images and fluorescence microscopy with the
geochemical results reveals that the transition in porosity occurs gradually, and in particular, it is
laterally not homogeneous. In contrast, the LSE horizon appears to be a laterally very distinct and
uniform layer, with abrupt increases in fluorescence and S abundances. In some sections, the
porosity changes already about 500-1000 pm before the fluorescence and S spike (Fig. S 2). Hence,
we conclude that the change in porosity and the geochemical anomaly associated with the LSE are
independent phenomena and not caused by the same process and/or event.

The most convincing evidence for a volcanic eruption is the abrupt peak in Sulphur abundances
in speleothem HLK2 (27, 30). The occurrence, magnitude, and width of this peak are independently
replicated using different analytical methods, in particular, ultra-high resolution ion probe (SIMS)
measurements as well as LA-ICP-MS line scans at different transects across the layer of interest.
Additional support comes from electron probe microanalysis (EPMA) as well as ion probe (SIMS)
elemental abundance mapping, both performed at the Institute of Earth Sciences, Heidelberg
University (Fig. S 2). Altogether, these methods reveal a consistent, compelling picture of the S
distribution in speleothem HLK?2. The S content abruptly from a background level of c. 50 pg/g to
values of 700-1000 ng/g at 116.2 mm dft (Fig. S 3-S 5). The partially visible saw-tooth pattern
suggests that the incorporation occurred in an active lateral growth surface. After the initial peak to
maximal values of c. 800 pg/g around 116.2 + 0.2mm dft, the S content slowly decreases and
remains at a generally higher level than compared to the pre-event concentrations (Fig. S 2).

LA-ICP-MS analyses along the two transects across the LSE geochemical anomaly confirm
that this layer is not only associated with a distinct enrichment of S, but also an increase by about a
factor of 2-3 in the abundances of other elements such as Ba, U, or Na at 116.2 mm dft (fig. S 4).
While Mg or Sr show no clear change across the LSE horizon, a small peak in P contents is visible.
In particular the S and Na anomalies are very distinct within the analyzed area, in particular between
135 and 108 mm dft, which covers the whole late glacial growth phase of HLK2 (fig. S 5). The
abrupt enrichment of Ba, U, and P is also substantial, and pronounced in particular for U and Ba.
However, U and Ba concentrations are similarly high in the bottom part of the growth phase, as well
as around 110 mm dft, which could be attributed to drier conditions during the early late glacial, as
well as the Younger Dryas, as additionally indicated by relatively high Mg contents (fig. S 4,
Mischel, Scholz, Spotl, Jochum, Schroder-Ritzrau and Fiedler (32)).

Sulfates and soluble salts containing various mobile and volatile metals are typical chemical
compounds leached from pristine tephra (86). Various volcanogenic chemical compounds dissolve
rapidly in surface environments after the direct wet deposition of acid rain from the eruption plume
and/or after leaching by water from freshly deposited tephra (28, 86, 87). A change to a more



oxidizing environment in the soil due to a decrease in soil pH after the eruption may have
additionally promoted the mobilization of water-soluble elements from volcanic glass (28, 86, §7).
The increase in P content could reflect the increase of organic substances, as revealed by
fluorescence microscopy (compare previous section). Metals such as U or Ba also sorb to organic
colloids, which further facilitate the mobilization and transport of these elements through the karst
zone (88). Lower soil pH after the eruption could have contributed to the mobilization of these
colloidally-bound elements or have enhanced cation exchange with clay minerals in the soil (§9).
Other elements potentially leached from the LSE tephra (e.g., Sr or Rb) lack a clear signal in the
speleothem calcite. We interpret this to reflect other transport/mobilization pathways, a potential
incompatibility with the crystal lattice, e.g., due to the ion radii of the elements or their inability to
replace Ca*"in the lattice, and — in the case of Sr — a high background signal from the carbonate host
rock. The absence of a clear volcanogenic peak in Sr could be related to the increased presence of
Na which has been suggested to influence calcite growth and the incorporation of elements, such as
Sr (90, 91).

In summary, the abrupt increase of S, Ba, U, or Na at 116.2 mm dft can be attributed to be derived
from leaching of these elements either directly from the LSE tephra, or indirectly from the overlying
soil via changes in soil pH. Collectively, these textural and geochemical anomalies are unique for
the entire speleothem and reflect the dramatic environmental impact of the LSE in a proximal
location for which ~20 c¢m thick tephra fallout is expected (3/) (Figure 1 in main text).

Composite 520 record using ISCAM

The IRMS and SIMS stable oxygen isotope data of HLK2 were combined into a composite
record using the software ISCAM (65). ISCAM was run with 50 AR1 simulations, and 100 Monte
Carlo (MC) runs for each AR1. For the age distributions 1000 MC runs were implemented. The data
was smoothed over 5 years before the correlation, but not detrended or normalized. Figure S4 shows
the original records and the final composite against distance from the top.

Climatic interpretation of speleothem proxies at the BA/YD boundary

The stable oxygen isotope and trace element record of speleothem HLK?2 allows inferences on
climatic changes, in particular at the transition from the Bolling/Allerad into the Younger Dryas.
This boundary is the most prominent feature of the record, with a pronounced drop of 8'*0 values
by c. 2 %o at c. 113-113.5 mm dft. Based on the modern sensitivity of 8'®0 values of local
precipitation to temperature (decrease in 8'%0 precipitation values by c. 0.2%o per decrease of 1 °C
(43)) only about 40-60 % of the decrease in speleothem 3'30 values can be attributed to the c. 4—
6 °C temperature drop related to the onset of the YD in western Europe (92). The remaining isotopic
decrease may be related to a decline in North Atlantic surface water §'%0 values owing to the
assumed freshwater release at that time (5). This is consistent with previous work, demonstrating
that Herbstlabyrinth cave §'80 values are closely linked to the North Atlantic moisture source from
interannual to millennial timescales (32, 41, 43, 48). In addition, this is consistent with other studies
showing that speleothem 6'*0 values from central Germany reflect large-scale changes in the North
Atlantic and (pan-) regional atmospheric conditions (e.g., (49-51, 92-95)). Synchronous to the drop
in speleothem §'80 values, we observe not only a decrease in annual growth rate, but also an increase
in Mg/Ca ratios (Extended Data Figure 2) indicative of decreasing effective moisture (32, 96).
Since



regional temperatures also decreased, this trend in Mg/Ca likely reflects a change in rainfall amount
rather than increased evaporation. This clearly demonstrates that hydroclimatic changes in central
Germany occurred synchronous to the cooling associated with the Younger Dryas.

Supplementary Figs. S1 — S6

Fig. S 1. Stalagmite HLK?2 and sampling strategy.

A: Total view of stalagmite HLK2 (modified after Mischel, Scholz, Spotl, Jochum, Schroder-
Ritzrau and Fiedler (32)). Grey dashed line marks the central growth axis. B: Micro-sampling area
within the late glacial growth phase. Grey dashed line indicates the track of the low resolution IRMS
8!80 analyses (32). The yellow shaded area depicts the sections that were prepared for SIMS
analyses, while the yellow dashed lines indicate the sampling tracks for SIMS analyses, respectively.
Blue lines indicate the line scans for elemental analysis using LA-ICP-MS. Grey rectangles show
the sampling locations for 2**Th/U age determinations. The red dashed line shows the location of
the hiatuses H1 and H2, while the magenta dashed line indicates the LSE horizon at 116.2 mm dft.
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Fig. S 2. Detailed view of HLK2 micro-sampling area around the LSE search window.

(A) Reflected light microscope image of the polished mount used for SIMS and LA-ICP-MS
analyses. (B)-(D) Confocal laser scanning fluorescent images of the LSE area. In addition, panel
(B) shows the SIMS S (colored symbols) and §'30 (white symbols) sampling points. Panel (C) and

(D) compare SIMS S point measurements compared with EPMA (C) and ion probe (D) S abundance
maps. In the maps, blue (red) colors indicate low (high) S abundances.
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Fig. S 3. LA-ICP-MS results of HLK2.

LA-ICP-MS results for the linescans HLK2-1, HLK2-2, and HLK2-3 against distance from top
downsampled to a resolution of 0.07, 0.03, and 0.03 mm (accounting for the different laser settings),
respectively. Due to different laser settings of the different linescans and partially low signal-to-
noise ratios, the elements S and Na are shown as normalized count rates. The LSE geochemical
anomaly region is highlighted with a vertical dashed line at 116.2mm dft.
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Fig. S 4: Results of HLK2 8'30 and trace element analyses.

Lines indicate data from two coeval line scans (HLK2-2 and HLK2-3, compare Fig. S 1) vs. age on
the 2°Th/U timescale down-sampled to equidistant resolution. The bottommost panel shows
fluorescence intensity (green) obtained as color value from a transect parallel to HLK2-3 (compare
Fig. S 2). The data covers the LSE geochemical anomaly (vertical red bar) until the onset of the
Younger Dryas as indicated by orange dashed line and shading. Gray arrows indicate the section
beyond 113mm dft where the chronology could not be constrained with sufficient accuracy

(compare age model in main fig. 2).
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Fig. S 5: Age distribution and correlation analysis.

A-D) Age distribution density plots of LSE in HLK?2 (red) and candidate events V1 and V5-7 in
NGRIP. E-H) Correlation coefficients between speleothem HLK and NGRIP §'%0 records vs. the
simulated age difference At for the candidate events V1 and V5-7. The black lines are 3rd order
polynomial fits of the individual correlation coefficients (grey symbols). Only for V7 (12,994
BPGICCO05, panel H) does the maximum of the correlation (dashed blue line) coincide with a
simulated age difference of zero (dashed black line).
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Data S1. (separate file)

The supplementary data file contains all data and information relevant to this study, including
20ThU ages of speleothem HLK2 (table S1), LA-ICP-MS results of speleothem HLK?2 (table S2),
SIMS S concentrations (table S3), SIMS O isotopes results (table S4), Composite O isotope record
(table S5), and a list of the candidate events for the LSE in the ice core record (table S6).
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