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S1 Geochronological information 15 

S1.1 Geochronological methods 16 

The chronology used in this study is a composite of previously published data, and newly 17 

generated age-depth models (Fig. S1 and S2). Żarczyński et al. (2018) presented a varve 18 

chronology for the past 2000 years, which represents the upper 6.3 m of the composite 19 

sequence. Of these 6.3 m, 1.4 m of our composite sequence uses the same core material as in 20 

Żarczyński et al., 2018. For the remaining core sections, varve counts were transposed to 21 

correlated sections using distinct stratigraphic markers, or in some sections, new varve counts 22 

were performed. We added an error term of ± 3 years to the original uncertainty in sections 23 

where varve counts were transposed to correlated core segments.  24 

 25 

A MMD (mass movement deposit) from 7.3 to 6.3 m made it impossible to link varve counts 26 

below this depth to the varve chronology of the uppermost 6.3 m. Therefore, the chronology 27 

below this MMD is based on radiocarbon ages, which are further constrained by varve counts 28 

in some sections. The chronology from 13.1-7.3 m (~2100-6800 cal BP) was established by 29 

Zander et al., (2020) as part of a study assessing the use of miniature radiocarbon samples to 30 

date lake sediments. In that study, a floating varve chronology was combined with 48 14C 31 

ages using an Oxcal V-sequence age-depth modelling routine (Bronk Ramsey, 2009, 2008; 32 

Bronk Ramsey and Lee, 2013, Reimer et al., 2013). The V-sequence uses floating varve 33 

counts between dated levels, input as “Gaps”, to constrain the error range of calibrated 14C 34 

ages. This method is described in more detail in Zander et al., 2020.  35 

 36 

The chronology for 19.4-13.1 m is primarily based on radiocarbon ages and has not been 37 

published previously. Eighteen samples were measured for 14C at the Laboratory for the 38 

Analysis of Radiocarbon with AMS at the University of Bern. Sample material was obtained 39 



from sieving 1-2-cm-thick slices of sediment, and terrestrial plant macrofossils were 40 

taxonomically identified and kept for measurement. Detailed information about the 41 

radiocarbon sample preparation can be found in Zander et al., 2020. MMD-1 (18.0-17.0 m 42 

depth) was removed from the chronology, and the two radiocarbon samples taken from this 43 

interval were excluded (Fig. S10). Above the MMD, two radiocarbon ages provided 44 

conflicting ages at 16.84 and 16.95 m; neither age could be dismissed as an outlier. To further 45 

constrain the age-depth relation in this section, we counted varves from 16.4 m to the top of 46 

the MMD at 17.0 m. We used OxCal (Bronk Ramsey, 2009, 2008; Bronk Ramsey and Lee, 47 

2013) to generate an age-depth relation which links two P-sequences (16.4-13.1 m, and 19.4-48 

18.0 m) with a V-sequence from 17.0-16.4 m (the MMD from 18.0-17.0 m is excluded from 49 

age-depth modeling). The top of the lower P-sequence (18.0 m, bottom of MMD-1) is 50 

constrained to be equal in age or older than the bottom of the V-sequence (17.0 m, top of 51 

MMD-1), and the top of the V-sequence is defined to be equal to the bottom of the P-52 

sequence which covers 16.4 to 13.1 m. The age at 13.1 m from Zander et al, 2020 was also 53 

input as the upper boundary of the upper-most P-sequence. The P-sequence is a Bayesian 54 

age-depth modeling routine that calibrates radiocarbon ages using IntCal13 (Reimer et al., 55 

2013) and models the sedimentation rates which fit these ages. The parameter (k) determines 56 

the variability of sedimentation rates in the model. We used a uniformly distributed prior for 57 

k such that k0 = 1, and log10(k/k0) ~ U(−2, 2); this allows k to vary between 0.01 and 100.  58 

 59 

S1.2 Geochronological Results 60 

Based on the composite age-depth model, the basal age of the core is estimated to be 10,880-61 

10,620 cal BP (Fig. 1, main text). This is well constrained by two 14C ages at 19.21 m depth. 62 

One age (18.27 m, BE-9368.1.1) in phase 1 is an outlier that is clearly too young; the 95% 63 

confidence interval (CI) of the calibrated age does not overlap with the 95% CI of the age 64 



model. The other five ages in phase 1 fit the P-sequence age model well; the agreement index 65 

for all 5 ages is above 78% (above 60% is considered good model fit; Bronk Ramsey, 2008). 66 

Above MMD-1 a short floating varve count was done to constrain the radiocarbon ages in 67 

this section (16.99-16.42 m). We counted 604 ± 48 varves, which were input as ‘Gaps’ to an 68 

OxCal V-sequence along with two radiocarbon ages. The results of the integrated OxCal 69 

model indicate that MMD-1 was deposited 10,160-10,030 cal yr BP. The constraint of the 70 

varve count suggests that the 14C age directly above the MMD (BE-9371.1.1, 16.95 m) is 71 

likely too old; the agreement index with the V-sequence model is only 12%. All other ages in 72 

the interval 17.0 to 13.1 m have agreement indices greater than 63%.  73 

 74 

The P-sequence age model estimates relatively high sedimentation rates during phase 1 75 

(approx. 2.9 mm/yr) but this result is consistent with varve thicknesses in this phase where 76 

varves are well preserved. The average varve thickness during the first decade after MMD-1 77 

occurred was 2.0 mm. The sedimentation rate gradually decreased over the next 150 years, to 78 

around 1.2 mm/year. The sedimentation rate stayed consistently near this value from 9.9 ka 79 

cal BP until 2.8 ka cal BP, though sedimentation rates were determined by the P-sequence 80 

age model output rather than varve counts for the interval 9.6-6.8 ka cal BP. Based on varve 81 

counting, the sedimentation rate in phase 4 (2.8 ka cal BP to 610 CE) was approximately 2.6 82 

mm/year and more variable than the previous 7,000 years. The sedimentation rate decreased 83 

slightly in phase 5 to 2.0 mm/year, and then rose dramatically in phase 6 to 5.9 mm/year, 84 

with some varves greater than 20 mm thick.  85 

 86 

The uncertainties of age estimates along the sequence depend primarily on the methods used 87 

for each segment. Above MMD-2 varve counts were linked to the surface (2017 CE) 88 

resulting in uncertainty that increases downcore until MMD-2 at 2028 +43/-66 cal yr BP. 89 



Sections of the record that were modelled with OxCal P-sequences produced more uncertain 90 

age estimates, and the uncertainty in these segments is controlled mainly by the uncertainty 91 

of the calibrated 14C ages. The P-sequence from 16.4 to 13.1 m has an average uncertainty 92 

(2σ) of ± 108 years, and the maximum uncertainty for the record is ± 140 years at 15.4 m 93 

depth. The P-sequence for phase 1 has an average uncertainty of ± 93 years. The lack of a 94 

clear boundary with MMD-1 adds additional uncertainty to the age estimates in this phase 95 

that is not captured by the model. The OxCal V-sequence technique produces narrower age 96 

estimates because of the additional information provided by floating varve counts, which the 97 

model uses to constrain the calibrated radiocarbon age probability functions based on the 98 

number of years between radiocarbon samples. The OxCal V-sequence from 13.1 to 7.3 m 99 

has an average uncertainty of ± 43 years (Zander et al., 2020), and the V-sequence from 17.0 100 

to 16.4 m has an average uncertainty of ± 60 years. 101 

 102 

S2 Hyperspectral imaging methods 103 

Hyperspectral imaging (HSI) was done using a Specim PFD-CL-65-V10E linescan camera 104 

following the methods of Butz et al. (2015). Reflectance was measured from 400-1000 nm 105 

with a spectral resolution of 1.4 nm and a spatial resolution of 60 μm × 60 μm (pixel size). 106 

The scanning parameters were: exposure = 90 ms, aperture = f/1.9, field of view = 78.7 mm, 107 

frame rate = 10 Hz, and scanning speed = 0.6 mm/s. Hyperspectral data were processed using 108 

ENVI 5.4 (Exelisvis ENVI, Boulder, Colorado). Relative absorption band depth (RABD) 109 

indices were calculated to quantify the absorbance troughs caused by sedimentary 110 

chloropigments and bacteriopheophytins. The index RABD655-685max measures total 111 

chloropigments-a (TChl-a) and was calculated using the following formula (modified from 112 

Schneider et al., 2018):  113 

RABD655−685𝑚𝑚𝑚𝑚𝑚𝑚 = �
X ∗ R590 +  Y ∗ R730

X + Y
� /𝑅𝑅655−685𝑚𝑚𝑚𝑚𝑚𝑚 114 



Where Rλ is the reflectance at the wavelength (λ), R655-685min is the trough minimum (i.e. 115 

lowest reflectance value measured between 655 and 685 nm), X is the number of spectral 116 

bands between R730 and the trough minimum, and Y is the number of spectral bands 117 

between the trough minimum and R590. RABD845 measures bacteriopheopigments-a using 118 

the following formula (Butz et al., 2015): 119 

RABD845 = �
34 ∗ R790 +  34 ∗ R900

68
� /𝑅𝑅845 120 

These indices were calculated for every pixel, creating maps of pigment abundances at a 121 

resolution of 60 μm. Depth profiles were calculated by averaging across a 2-mm-wide subset; 122 

thus, each data point in the profile represents a 60 x 2000 μm area.  123 

 



 

Fig. S1: Core images showing core correlations used to build the composite profile. Colored boxes indicate the 
source of the chronology for that section. 
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