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AB STRACT

The Younger Dryas (YD) climate episode (∼12,850–11,650 calendar years before present [cal BP]) is an event recorded
widely across the Northern Hemisphere. We conducted multiple analyses at high resolution of a YD-age sedimentary
sequence from Stara Jimka, a paleolake in the Bohemian Forest, Czech Republic. Age-depth modeling indicates that a cen-
tral European warming trend was interrupted at ∼13,0205 110 cal BP by the sudden onset of cooling (!20 y) known as the
Gerzensee climate oscillation and marked by the deposition of fine-grained sediment at this location. That cooling episode
ended at ∼13,0015 66 cal BP and was followed by a ∼121-y-long warming trend. After that, the Laacher See tephra depo-
sitional event, dating to ∼12,8205 20 cal BP, continued an overall warming trend. The composition of Laacher See volcanic
tephra in this section likely corresponds to the middle eruption sequence. Finally, the deposition of glassy microspherules
marked the onset of the YD climate change at 12,7555 92 cal BP. The sequence across the YD onset ismarked by (1) a peak
in glassy microspherules (117,000/kg), (2) a peak in framboidal spherules (14,000/kg), (3) significant changes in the lake’s
weathering proxies, and (4) major changes in fauna and flora, showing a shift to unfavorable environmental conditions
(decrease in temperature and lake trophy status). Collectively, this evidence is consistent with the YD impact hypothesis
and evidence of one or more cosmic airburst events occurring at this time.

Online enhancements: appendix.
Introduction

It has been hypothesized that multiple and wide-
spread cosmic impacts/airbursts occurred at the
onset of the Younger Dryas (YD) climatic episode,
∼12,8005 150 calibrated years before 1950 (cal BP),
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as indicated by extensive evidence at the YD bound-
ary (YDB), which marks the onset of the YD climate
change (Firestone et al. 2007; Rasmussen et al. 2014).
More than 40 locations spanning 50 million square
kilometers across North America, northern South
America, Western Europe, and Southwest Asia have
been found to contain peaks of microscopic distal-
ejectaproxies inferred tobedirect evidenceof a cosmic-
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impact environment. These proxies include magnetic
and glassy spherules, meltglass, fullerenes, nanodia-
monds, and platinum-group elements (Firestone et al.
2007; Bunch et al. 2012; Fayek et al. 2012; Israde-
Alcántara et al. 2012; LeCompte et al. 2012;Mahaney
et al. 2013; Wittke et al. 2013). The less frequent oc-
currence of scoria-like meltglass is taken as evidence
of multiple small-body airbursts/impacts incapable
of creating craters that have survived to the present.
In addition, evidence of widespread biomass burning
associated with an impact event(s) has been reported
(Wolbach et al. 2018a, 2018b), including glass-like car-
bon, aciform carbon, and carbon spherules. In addi-
tion, the well-dated Greenland Ice Sheet Project 2 ice
core has a platinum (Pt) anomaly at the onset of the
YD cooling episode (Petaev et al. 2013), decades after
the generally accepted Laacher See (LS) explosive vol-
canic eruption in Germany (Baales et al. 2002; Rach
et al. 2014). Furthermore, osmium (Os) anomalies
with low 187Os/188Os ratios were reported for the YDB
layer at a North American site and another at Lom-
mell, Belgium, supporting an extraterrestrial episode
as the probable cause (Wu et al. 2013). Five inde-
pendent studies have reported abundance peaks in
YDB spherules (references in Bunch et al. 2012;
Wittke et al. 2013), while six additional studies at
16 sites have reported YDB nanodiamond accumu-
lations (references in Kennett et al. 2009; Kurbatov
et al. 2010; Israde-Alcántara et al. 2012). Even so, the
timing of and evidence for the YDB impact hypothe-
This content downloaded from 037.188
All use subject to University of Chicago Press Terms
sis remain controversial (Pinter et al. 2011; van
Hoesel et al. 2014).

Here we report the results of the study of a Late
Glacial sedimentary sequence from Stara Jimka (SJ),
a former lake in the Bohemian Forest of the Czech
Republic (fig. 1). Objectives of this study include
determining whether the SJ stratigraphic profile con-
tains (1) evidence of major climate changes, including
the Gerzensee climate oscillation (Ammann et al.
2013) and the YD cooling episode at ∼12,800 cal BP;
(2) tephra associated with a major volcanic eruption
in Germany ∼12,900 cal BP (LS tephra [LST]); and
(3) a layer at the YDB containing high-temperature
microspherules (MSPs) and/or other impact proxies,
similar to those found at ∼40 sites across the North-
ern Hemisphere that are inferred to have resulted
from one or more cosmic-impact events at the YD
onset.
Lake Sequence Description and
Stratigraphic Settings

The SJ lake catchment today is a steep-faced valley
with plateaus onboth thewestern and southern sides.
At the end of the Pleistocene, a small glacier probably
filled the valley, to be subsequently replaced by rocky
glacial erratics. As the ice lobe retreated, it supplied
water to the SJ glacial stream, dammed by a land-
slide two millennia before the YD, at approximately
14,000 cal BP, as inferred from the maximum age of
Figure 1. Stara Jimka Lake (lat/long: 49.0687227N/13.4029727E) is situated 20 km southwest of the town of Sušice,
CzechRepublic.A, Sitemap showing the lake’s location (gray triangle in inset) in the paleolake basin. The boundary of the
paleolake on a digital terrain model produced from LiDAR (light detection and ranging) data indicates its previous post-
glacial extent. The extent of glacial deposits is outlined by a solid line enclosing a stippled pattern (modified fromMentlík
et al. 2010). B, Stratigraphic diagram shows eight overlapping cores taken near the paleolake’s maximum depth location.
Each core is 50 cm in length, with the deepest penetration being 5 m below ground surface (see “Methods” in the ap-
pendix).
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the lake sequence (Mentlík et al. 2010). The sedi-
mentary sequence at the SJ lacustrine site is particu-
larly useful in identifying a brief event such as the
onset of the YD because the lake has high sedimen-
tation rates, limited bioturbation, and a good 14C chro-
nology and contains a diverse group of microfossils
from climate-sensitive lake and catchment organisms
(see the appendix, available online).
Results/Discussion

The sequence of SJ glaciolacustrine deposits was
collected in eight cores and consists of interbedded
silts and clays (figs. 1, A1; figs. A1–A12 are avail-
able online; table 1). We used the variations in Rb
from X-ray fluorescence (XRF) scans to adjust the
depths of individual cores to one unified depth scale
(“Methods” in the appendix), with a relative error
of 50.1 cm and absolute error of 51.0 cm. In addi-
tion, a prominent ∼1-cm-thick marker layer (451.0–
452.4 cmdeep) assisted in cross-correlating the depths
of the cores. This white layer (designated the “bright
varve” [BV]) displayed seasonally stratified sediment
that commenced with coarse-grained material (av-
erage of∼50mm)at the bottomof the band andceased
at the top with very fine silt and clay (!5 mm; ap-
pendix;fig.A6). The BV, at a depthof 451.0–452.4 cm,
is considered a clastic varve, in which coarse layers
formed from spring and summer runoff into the lake
followed by finer silty layers that formed as fine par-
ticles in suspension settled out of the water column
during autumn and winter. On the basis of evidence
discussed below,we infer that this varve is associated
with the sudden Gerzensee cooling oscillation and
disturbances in the SJ lake catchment.
To develop an age-depth model, we used Bayesian

statistical analysis, which is highly useful (Bronk
Ramsey 2009; Kennett et al. 2015) because it allows
(1) calculation of millions of possible age models (it-
erations) that are used to generate an average model,
(2) correction of any ages in a sequence that are anom-
This content downloaded from 037.188
All use subject to University of Chicago Press Term
alously old or young, (3) consideration of additional
age-specific information (e.g., from archaeology, stra-
tigraphy, palynology, and climatology), and (4) limi-
tation of the uncertainties inherent in 14C dating
(Bronk Ramsey 2009). Because of these advantages,
we consider Bayesian age-depth modeling more ro-
bust andflexible than other types of age-depthmodels
(Parnell et al. 2013). For this study, we used the Int-
Cal13 calibration curve and the OxCal Bayesian anal-
ytical program (ver. 4.2.4.; see “Methods”).
We acquired four 14C dates from the SJ sequence

(bulk sediment, Beta Analytic; table 2; fig. 3; appen-
dix; fig. A3). The oldest date came from a sample
about 10 cm below the BV at the depth of 458.6–
459.8 cm, and a second 14C sample was taken imme-
diately above the BV (449.8–451.0 cm). A third 14C
sample was taken ∼2–3 cm above the BV from sedi-
ment that is slightlyorange incolor (448.0–449.0 cm),
and the youngest date was for sediment about 35 cm
above the BV (413.8–414.8 cm). On the basis of these
four 14C dates, we constructed a Bayesian age-versus-
depth model (Reimer et al. 2013; table 2; appendix;
fig. A3) and obtained calibrated ages of 13,1325 44,
12,7985 55, 12,6835 27, and 11,4355 160 cal BP
(table 2). The age of 12,7985 55 cal BP just above the
BV postdates the reported date (∼12,900 BP) of the LS
eruption and LST deposition in Europe (Brauer et al.
1999). The calibrated age of the orange layer contain-
ingLSTmaterial, 12,6835 27 calBP (448.0–449.0cm),
has to be adjusted about 200 y older because this is,
in fact, themarker horizon for the LS eruption (Wulf
et al. 2013) documented as 12,8805 20 cal BP in
table 2 (Bogaard and Schmincke 1985).
A radiocarbon datewith amodeled age of 11,4355

160 cal BP (table 2) was acquired from the shallowest
depth of 414.4–415.0 cm and was used to obtain an
accumulation rate of ∼36:45 5 y/cm between 414.4
and 448.6 cm. Similarly, we calculated a deposition
rate of 60:55 8:6 y/cm for the centimeter of sedi-
ment between the orange LSTmaterial layer and the
BV (table 2). TheBVdisplayed a very rapid deposition
rate of 1 cm for every 1–2 y. Sediment below the BV
Table 1. Sedimentary Cores (50 cm) Collected by the Russian Chamber Corer for Specific Proxy Analysis
Core
 Depth (cm)
14C
dates
 XRF
 LOI
 MS
Micro-
spherules
LS glassy
shards
.230.251 on
s and Condit
Pollen,
algae
 September
ions (http://w
Charcoal
 25, 2018 23:5
ww.journals
Chironomids
1:12 PM
.uchicago.edu/t-and
Cladocerans
SJF 2
 445.0–498.2
 x
 x

SJF 3
 373.2–422.0
 x
 x
 x
 x
 x
 x

SJF 4
 396.8–443.6
 1
 x

SJD 2
 425.4–471.4
 2
 x
 x
 x
 x

SJG
 448.0–498.2
 x

SJG A
 419.3–469.9
 x
 x

SJG B
 443.7–453.9
 x
 x

SJI I
 443.6–455.8
 1
 x
 x
Note. XRF p X-ray fluorescence analysis; LOI p loss on ignition; MS p magnetic susceptibility; LS p Laacher See.
-c).
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had a slower accumulation rate of 1 cm for every
38:05 6:2 y (table 2).
The ages of the sampled sequence of SJ sediment

overlap ages for the deposition of LST from the East
Eifel Volcanic Field across parts of northern Europe,
mainly inGermany, France, and Switzerland; no sites
have been previously reported in the Czech Republic.
TheLSexplosive volcanic event (Rausch et al. 2015) is
estimated to have continued for at least 10 d andmay
have triggered a sudden cooling event that may have
lasted for few years in central Europe. This cooling
event would be caused by the atmospheric injection
of large amounts of aerosols that blocked solar radi-
ation (Baales et al. 2002). In addition, the solar absorp-
tion by the lofted volcanic aerosols heated the upper
levels of the atmosphere, creating a high-pressure cell
that diverted the jet stream, bringing cold air farther
south in Europe (Robock 2000).
Electron Microscopy and Geochemical Analyses

Using scanning electron microscopy (SEM), we con-
ducted analyses of thin sections of core sediment
(core SJI I) and discovered small glassy fragments of
apparent volcanic tephra displaying characteristic gas
vesicles. Analyses by energy-dispersive X-ray spec-
troscopy (SEM-EDS; see “Methods”) reveal that one
layer contains significant amounts of glassy shards
This content downloaded from 037.188
All use subject to University of Chicago Press Term
with compositionsmatching tephra from the LS erup-
tion (fig. 2; appendix). The group of fine-grained ma-
terial at SJ forms the BV layer and dates to ∼12,8345
66 cal BP (451.0 cm; table 2), an age that is close to
the Gerzensee climate oscillation at ∼13,000 cal BP
(Ammann et al. 2013; van Raden et al. 2013). This BV
layer is visible in all cores. It is easily identified by
XRF analyses that show peaks in concentrations of
Fe, Al, andK, reflecting a sharp decline in the amount
of organic material (fig. 3; appendix), which indicates
a reduction in biotic productivity in the lake and/
or increased transport of inorganic matter from the
catchment at that time. Altogether, it appears that a
significant cooling event occurred. A similar cooling-
episode signalwas probably found in the southern part
of the Czech Republic at Švarcenberk Lake, where an
independent study shows a similar increase in Rb
concentrations, changes in magnetic susceptibility,
and a decrease in organic content, as indicated by loss-
on-ignition (LOI) values (Hošek et al. 2014).
Above the BV layer, after deposition of 3 cm of

sediment representing a duration of ∼121 y (table 2),
there is tephra layer that dates to ∼12,7135 44 cal
BP (449 cm). Although the Bayesian age-depthmodel
indicates that this tephra layer may have been de-
posited at the YDonset, making this layer analogous
to the YDB layer that is recognized elsewhere dat-
ing to ∼12,8005 150 cal BP (Firestone et al. 2007;
Figure 2. Occurrence of tephra particles and glass in core SJI and framboidal iron-enrichedmicrospherules (MSPs) in core
SJF 3. Concentration of tephra grains (gray curve) was determinedwith scanning electronmicroscopy across a 1# 50-mm
thin section from core SJI I (see “Methods” in the appendix). The dashed curve shows weathering parameter Th/K (Taylor
et al. 2006). Three pairs of solid black lines with arrows defining their width along the depth axis correspond to the three
older 14C dates: the Gerzensee oscillation, the Laacher See tephra, and the Younger Dryas boundary (YDB), with the latter
marking the appearance of proxies of theYDB impact event at onset ofYoungerDryas.Abundances ofMSPs and framboids
from cores SJF 3 are depicted by squares along the dotted curve and by diamonds along the dashed curve.
.230.251 on September 25, 2018 23:51:12 PM
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Figure 3. Chronological variation of relative concentrations in P, Nb, Fe, Al, and K and Th/K across the sedimentary
section that contains theYoungerDryas (YD) onset (core SJGA). Short black bars along the age axis showwhere the 14Cdates
were obtained. “GO” identifies theGerzensee oscillation, “LS” indicates the onset of the Laacher See tephra deposition in
the core, and “YDB” indicates the presence of microspherules marking the YD boundary impact event and the YD onset.
Horizontal lines in E show three stages of geochemical changes during the Allerød-YD transition (see text).
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Kennett et al. 2009; Bunch et al. 2012; LeCompteet al.
2012; van Hoesel et al. 2012; Mahaney et al. 2013),
its composition clearly indicates that the tephra is
from an LS eruption the original of which is dated by
varve and tree ring chronologies to 12,8805 20 cal BP
(Bogaard and Schmincke 1985). If so, this means that
the inferred age-depthmodel is likely to be too young
by up to 200 y. Detailed analysis of material in this
upper tephra layer revealed melted glassy shards con-
taining gas vesicles (fig. 4) and euhedral clinopyrox-
enecrystals (appendix).Thegeochemicalcomposition
of this tephra matches the LS volcanic tephra from
the middle sequence of the LS eruption (table 3; ap-
pendix; Schmincke et al. 1999). The occurrence of
thismaterial constrains the age of this sediment.
Above the initial orange-colored tephra layer, we

found high-temperature MSPs in a concentration
of 117,000/kg, a quantity of MSPs much higher
than those reported from 140 YDB sites (average of
∼400 spherules/kg). Some of the iron-enriched high-
temperature MSPs contain small amounts of nickel
(fig. A9), consistent with incorporation of material
from the impactor or from Ni-enriched target rocks.
Theabundancepeak inhigh-temperature-relatedMSPs
in a distinct layer near the YD onset (fig. 2) also co-
incideswith a peak in diagenetic framboids. The two
types of MSPs (glassy and iron enriched) are similar
to those of the same age widely reported in the YDB
layer across several continents (Bunch et al. 2012;
Wittke et al. 2013). The geochemical composition of
these MSPs and their dendritic structure (appendix)
are inconsistent with volcanic, cosmic, authigenic,
diagenetic, or anthropogenic origins but rather are
morphologically and chemically similar to MSPs pro-
duced by known impact events (Bunch et al. 2012;
Wittke et al. 2013).
The YDB MSPs have been the subject of consid-

erable controversy about their origin, and although
some researchers have claimed that YDB MSPs are
not impact related, no one has as yet offered a viable
alternative explanation for their presence (Pinter
et al. 2011). The SJ MSPs are ∼3 cm above the LST,
and it is highly unlikely that they resulted from the
LS eruption, because a previous examination of three
samples of LST found no MSPs of any kind (Moore
et al. 2017) and because MSPs are not known to be
directly formed by explosive volcanism (Moore et al.
2017). In addition, no MSPs were found associated
with the lower tephra layer, strongly suggesting that
the formation ofMSPs at SJ is unrelated to volcanism.
On the other hand, MSPs can be produced by light-

ning strikes (Shevtsov et al. 2016), which are the only
natural process other than cosmic impact that gener-
ates sufficiently high temperatures to melt iron into
spherules (French 1998). To test the possibility that
This content downloaded from 037.188
All use subject to University of Chicago Press Term
someSJMSPs formed by lightning,we separated a few
MSPs by nonmagnetic methods and tested them for
remanent magnetism, which is induced in iron-rich
objects by lightning strikes. All YDB MSPs display
dendritic texturing, indicative of high-temperaturemelt-
ing (114507C), and were separated from sediment con-
taining abundant tephra particles. We identified two
MSPs with sufficient amounts of magnetism to al-
low testing for the presence or absence of lightning
remanent magnetization (LRM;Wasilewski and Kle-
tetschka 1999). One MSP did not display significant
LRM, indicating that it did not result froma lightning
strike. The other MSP contained significant LRM,
providing indirect evidence of formation by light-
ning (Wasilewski 1981; Wasilewski and Kletetschka
1999), thus suggesting that at least a portion of the
MSPs in SJ could have been created by lightning
strikes.
Here is one hypothetical explanation of these re-

sults. Airbursts/impacts lofted into the air impact-
relatedmeltedMSPs, dust, andvaporizedgroundcover.
Then, lightning strikeswithin the impact cloudmelted
some of these particles to createMSPs displaying LRM
(Shevtsov et al. 2016). The presence of MSPs in the
YDB layer at the SJ site (fig. 4B–4D) provides indirect
support for this hypothesis, which explains all the
various characteristics of the MSPs found at SJ.
Compositional XRF analysis across the BV layer

identified elevated concentrations of major rock-
forming elements (Fe, K, Al; fig. 3). We infer that
changes in temperature and precipitation during the
Gerzensee oscillation (GO; Ammann et al. 2013; van
Raden et al. 2013) resulted in an erosional event in
the lake catchment and a sharp increase in the sed-
imentation rate. This change is evident as a grada-
tion from coarser-grained sediment deposited during
summer to finer-grained sediment deposited during
winter.
Plotting the weathering index Th/K (Taylor et al.

2006), along with major elements (K, Al, Fe, and P),
by age (fig. 3) shows that concentrations of tephra
particles (fig. 2) correlate with a significant peak in
Th/K values (fig. 3). We infer that the LST deposition
did not change the overall warming trend after the
Gerzensee cold oscillation at the SJ site. The decrease
in Th/K toward the YD onset postdates the LST ac-
cumulation.The increase inTh/Kvalues in the lower
part of the core, just before 13,2995 44 cal BP,marks
the beginning of soil production in the SJ catch-
ment.Thefirst onset of LSaccumulation, at 13,0025
66 cal BP, parallels a sharp decline in Th/K values,
indicating a sudden change toward dry and/or cold
conditions (Pliler and Adams 1962) consistent with
the Gerzensee cold oscillation (Ammann et al. 2013;
vanRaden et al. 2013). In this specific case, the change
.230.251 on September 25, 2018 23:51:12 PM
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is associated with increased accumulation of inor-
ganic particles due to instability within the surround-
ing soil, which resulted from rapid cooling during the
Gerzensee event at 13,0025 66 cal BP (fig. 2). The
Th/K values then climbed quickly because soils in SJ
area were already developed before LS cooling.

After the onset of the LST accumulation, the trend
of increasing Th/K values ceased abruptly, and Th/K
started declining as the climate became dryer and
colder (fig. 3). However, the decline is not in one but
This content downloaded from 037.188
All use subject to University of Chicago Press Terms
in three stages. During the second stage, at 12,7575
82 cal BP, we have a second dip in Th/K, along with
the appearance of MSPs, both glassy and framboidal,
marking the onset of the YDB layer, as identified
elsewhere (Bunch et al. 2012; Wittke et al. 2013).
The lowTh/Kvaluespersisted for∼1380y, afterwhich
Th/K rebounded to high values at a depth of ∼409 cm
(∼1300 cal BP; using the accumulation rate of 36 y/cm
in fig. 3). This is also the period when Holocene forest
soil formed in the SJ catchment. The YD ended at
Figure 4. Microspherule (MSP)morphologies (scanning electronmicrographs), chemical compositions, and thin-section
images. A, Iron-enriched MSP containing nickel. B, Glassy MSP with melted droplets accreted to its surface. C, Glassy
droplet with crustal plates of rapidly quenched iron. D, Iron-rich MSP with skeletal, quenched texture. E, Polished thin
section showing vesicular tephra shards dating to theYoungerDryas onset. The rectangle outlines imageF. F, Phosphorus-
rich aerosol grain incorporated within tephra glass. Images were taken with a scanning electron microscope using back-
scattered electrons.
.230.251 on September 25, 2018 23:51:12 PM
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∼11,650calBP (Rasmussenetal.2014), and it tooklocal
soils ∼350 y to reach maturation.

Geochemical analyses of LST sediments revealed
significant anomalies in phosphorus, calcium, and
niobium (fig. 3), whose peak concentrations corre-
late with high concentrations of tephra shards. Ni-
obium content is stable in sediment across the core
intervals and does not vary with climate, but it dis-
plays higher values within the tephra accumulation
layers. The input of nonlocalmaterial into the lake is
indicated byhigher concentrations of lanthanumand
cerium, rare earth elements,which correlatewith the
tephra deposits (appendix).
This content downloaded from 037.188
All use subject to University of Chicago Press Terms
Evidence exists for widespread biomass burning at
the onset of the YD that is contemporaneous with
the YDB layer across North America and western
Europe (Firestone et al. 2007). At the SJ site, we ob-
served only a small increase in charcoal beginning
within the YDB layer, indicating a modest increase
in biomass burning at the YD onset in the lake’s vi-
cinity (fig.A5A). However, there is evidence of a very
large increase in phosphorus within the tephra-rich
LST layer (figs. 3, 5). The LST shards contain less
than 0.01% phosphorus (table 2) and therefore can-
not account for the increase in phosphorus in lake
sediment. Detailed geochemical analyses show that
Figure 5. Sediment record from Stara Jimka showing the biological responses to the Gerzensee oscillation (GO), the
onset of Laacher See (LS) tephra deposition, and the Younger Dryas boundary indicated by glassymicrospherules (MSP).
The onsets of the three Younger Dryas stages identified in figure 3 are distinguished by vertical arrows above the dia-
grams. The GO corresponds to the bright erosion layers with clastic varve-likemorphology.A, Variation in phosphorus
(by X-ray fluorescence [XRF]) and loss on ignition (LOI). B, Variations in aluminum and calcium determined by XRF. C, Re-
sponse of selected lake planktonic algae.D, Response of selected cladocerans. E, Response of benthic algae and quillwort
Isoëtes lacustris. F, Response of selected chironomid taxa. DW p dry weight.
.230.251 on September 25, 2018 23:51:12 PM
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sediment lacking tephra contains about 300 mg/kg of
phosphorus (table A2; tables A1, A2 are available on-
line), whereas the sediment containing peak concen-
trations of tephra exhibits phosphorus concentrations
of 12400 mg/kg. Thus, the phosphorus enrichment
of 2100 mg/kg is associated with the LST deposition
but is not contained within the tephra shards. In in-
vestigating this, we found discrete phosphorus-rich
grains (PRGs) mixed within the tephra-rich sediment
of the LST layer (fig. 4F). These PRGs appear to be
composed of life-forming (i.e., biotically derived) el-
ements (N, O, C, P) mixed with major elements com-
monly found in upper soils (Si, Al, S, Fe; figs. 4F,
A11B). LargePRGswere found tohave bonded toLST
particles, suggesting that they were large aerosols
that adhered toLSTparticles as theybecameairborne
(fig. 4F). The existence of these PRGs as aerosols sup-
ports the hypothesis that the LS eruption occurred
in a preexisting lake and/or a densely vegetated area.
Weoffer this hypothetical scenario for the origin of

the YDB layer. One or more hypothesized airburst
events, similar to the Tunguska event (Badyukov
et al. 2011; Kletetschka et al. 2017), would have in-
cinerated exposed organic cover (grass, leaves, and
wood) and lofted the resulting debris into the atmo-
sphere. Large amounts of atmospheric dust andwater
vapor, produced and lofted during an airburst event,
could have produced lightning discharges (Wadsworth
et al. 2017) that were capable of forming MSPs sim-
ilar to those found at the SJ site. In addition, this air-
burst event may have directly produced MSPs from
target material and altered atmospheric chemistry,
creating an acidic atmosphere (Nenes et al. 2011)
thatmay be linked to the enrichment in phosphorus.
Productivity of aquatic ecosystems is controlled by
the availability of phosphorus, and the processing of
mineral aerosols by acids is a major source of water-
soluble phosphorus. Phosphorus increases biotic pro-
ductivity, especially in algae and other simple orga-
nisms (Mahowald et al. 2008).
Changes in Lake Environment in Response
to Climate Oscillations at the

Allerød-YD Transition

According to our age-depth model, the deposition of
the BV, whose thickness is a little more than 1 cm
(depth of 451.0–452.4 cm), represents a significant
short-term cooling event, the Gerzensee climate os-
cillation (Ammann et al. 2013; van Raden et al.
2013), that resulted in a significant perturbation of
the lake’s ecosystem. The weathering index Th/K
dropped to its minimum (figs. 3, 4), indicating a cold
and/or dry climate, coincidingwith a sudden increase
This content downloaded from 037.188
All use subject to University of Chicago Press Term
in sediment transport from the lake’s catchment to
the lake basin. Low numbers of chironomid fossils
(∼2 head capsules per gram of dry sediment) were
found in the BV sediment material (fig. 5D, 5F).
The LST layer is associated with nonlocal

phosphorus-rich aerosol particles (figs. 3A, 4F) that
adhered to the airborne tephra (fig. A11B). These
aerosols were readily digestible by aquatic orga-
nisms (Nenes et al. 2011), thus supporting a sudden
algal bloom and a sharp rise in cladoceran and chi-
ronomid abundances (Bunting et al. 2007). This sce-
nario is also supported by an increase in LOI values
(112%).
The YDB is possibly associatedwith production of

hydrogen sulfide, a by-product of microbial reduc-
tion of sulfate, as indicated by the formation of the
pyritic framboids. This change in lake water chem-
istry could have resulted in sudden anoxia, a shift
in redox conditions, and water saturation by sulfur
(Ding et al. 2014). After that, pyritic framboids grew
from biofilms on the lake floor or from the devel-
opment of microenvironments around organic ma-
terial, which preserved highly reactive organic com-
pounds under euxinic conditions (Hethke et al. 2013).
Anoxic conditions in bottom waters during mass-
extinction events (Permian-Triassic boundary and
Late Devonian) showed a major increase in the for-
mation of framboids (De Vleeschouwer et al. 2013;
Dustira et al. 2013). We interpret the abundance of
framboids in the YDB layer at SJ as resulting indi-
rectly from the deposition of glassy MSPs. After the
decline in phosphorus levels (fig. 5A), chironomids
(fig. 5F) reached a second peak in abundance during
the deposition of the MSPs (∼446 cm). A similar
pattern with a short delay is shown in abundances of
zooplankton (cladocerans in fig. 5D), chironomids
associated with water macrophytes (Corynoneura
arctica–type, Psectrocladius sordidellus–type), and
quillwort (Isoëtes; fig. 5E). We also documented a
distinct change in the composition of lake faunal
species when chironomids typical for cold and oli-
gotrophicwater bodies (includingTanytarsus lugens–
type and T. pallidicornis–type) were suppressed in
favor of taxa preferring verycoldandultraoligotrophic
conditions (increase inHeterotrissocladiusgrimshawi–
type and Micropsectra insignilobus/contracta; first
occurrence ofMicropsectra radialis and Paracladius)
and a decrease in relative abundance of pelagic cla-
docerans (especially Daphnia spp.). All this shows
that climate deterioration at theYDBwasmanifested
as a drop in the water/air temperature and a decrease
in lake water level. On the other hand, no signal of
drastic anoxia or eutrophication was found in cla-
doceran and chironomid assemblages. Such evidence,
but on a significantly smaller scale, could be sup-
.230.251 on September 25, 2018 23:51:12 PM
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ported only by increased abundance of Chironomus
anthracinus–type larvae at a depth of ∼445.5 cm.
These chironomids are tolerant of low oxygen con-
centrations and even anoxia for a few weeks.

The uppermost part of the depth interval analyzed
for animal remains (444–442 cm; fig. 5) displays a
record of oligotrophication after the YD onset, with
decreasing species diversity in both cladocerans and
chironomids. We suppose a continued decrease in
the lake water level, which is supported by a domi-
nance of littoral cladocerans and the presence of fil-
amentous algae (Zygnema sp. and Spirogyra sp.) that
covered the lake bottom (fig. 5E).
Changes in Catchment Vegetation
and Biomass Burning

The YDB impact hypothesis posits that the cosmic
impact/airburst triggered abrupt cooling at the onset
of the YD episode (Firestone et al. 2007; Steffensen
et al. 2008). Here we investigate whether our pollen
data are consistent with this hypothesis. Pollen as-
semblages, extracted from the lake deposits, indicate
that tundra vegetation, mixed with pines, dominated
the SJ area during the Allerød interstadial that pre-
ceded depositionof theLST (fig.A5A). Before theGO,
when the BV layer was deposited, the climate was
warmer and provided abundant biomass that served
as fuel during occasional wildfires, based on the ob-
served charcoal density in the sediment (fig. A5C;
Kletetschka and Banerjee 1995). An increase of Arte-
misia pollen in the GO indicates that sudden cooling
occurred.After deposition of theGOmaterial and the
onset of cooler temperatures, low charcoal counts
indicate low levels of biomass burning.After that, as
local temperatures warmed, a denser vegetation cover
in the SJ catchment at theYDonset (∼12,7575 82 cal
BP) provided sufficient biomass to produce a peak in
charcoal concentrations (1125 mm; fig. A5C). How-
ever, the amplitude of the charcoal peak in the YDB
layer falls within the overall variability of the en-
tire lake record, meaning that wildfire activity was
not significantly larger than earlier or later biomass-
burning events. Even thoughcharcoal concentrations
are not significantly higher across the YDB in the SJ
area, it is possible that local burning may have af-
fected only grasses and leaves, which would not have
produced large concentrations of charcoal.

The pollen record reflects significant changes in
vegetation in the GO and YDB layers. Remnants of
tree tissue, including Pinus stomata and carbonized
pinewood (fig. A5C), indicate the presence of trees
in the lake catchment. A significant pollen peak in
Artemisia, an aggressive colonizer, indicates amajor
This content downloaded from 037.188
All use subject to University of Chicago Press Terms
disturbance of the local biota near the GO, associ-
ated with a cooling event, while in the LST layer,
a similar biotic disturbance is indicated by a sharp
increase in birch tree pollen combined with a sharp
decrease in pine pollen production (fig. A5C; deKlerk
et al. 2008). During the YDB deposition, pine pollen
decreases and birch pollen continues to increase. Thus,
the most pronounced changes in terrestrial vegeta-
tion are synchronous with deposition of the YDB
airburst-related spherules and the changes in the lake
biota, representing the YD onset.
Conclusions

In this work, we developed a chronology with an
easily identifiable stratigraphicmarker (the BV layer
in the midst of the GO) and LST. In combination
with the radiocarbon dating, pollen, algae, andwater
invertebrate fauna record and high-resolution XRF
elemental analyses, this allows a detailed chrono-
stratigraphic investigation of climate, geochemistry,
and biotic development across the Allerød-YD tran-
sition in the study lake and its catchment. We iden-
tified three disturbances of climate near the onset of
the YD. The older climate change resulted from the
GO (high sedimentation rate in the BV; fig. 2). Sub-
sequently, the LST was found at a younger sedimen-
tary level, followed by another layer of MSPs that
correlates with the YDB layer at other sites across
several continents, some of which also contain both
meltglass and MSPs (Bunch et al. 2012). The com-
position of the tephra matches the middle sequence
of LST eruption. Supporting evidence for a cosmic im-
pact is the presence of Ni-containing MSPs (fig. 4A)
and the presence of phosphorus-enrichedMSPs. The
proposed airburst (Firestone et al. 2007) would have
provided enough energy to transport airborne dust to
the SJ study site. The age of the YDB layer (12,7275
92 cal BP) fallswithin the previously published range
for the YD onset (Bunch et al. 2012; Wittke et al.
2013). Furthermore, biotic changes recorded in the
paleolake indicate significant cooling consistentwith
variations of the weathering index Th/K (fig. 3) im-
mediately after deposition of the MSPs.

The LST layer co-occurswith an anomalously high
accumulation of phosphorus, niobium, cerium, and
lanthanum, along with evidence of major changes in
the lake community, indicating possible eutrophi-
cation. The large influx of tephra-related phosphorus
resulted in shifts in sensitive biocommunities of cen-
tral Europeanmountain lakes, substantially influenc-
ing the survivability of organisms/species, as shown
at the SJ site. Changes in vegetation documented
across Europe are reported to have been partly dia-
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chronous in response to the onset of YD cooling (Stef-
fensen et al. 2008). At the SJ site, pine and birch pollen
records indicate a major vegetation shift in response
to the YD cooling episode proposed to have been
initiated by the YDB airburst event (appendix).
Cosmic airbursts are not well known, but large,

locally destructive ones are predicted to recur with
a frequency greater than one every few thousands
of years (Collins et al. 2005; Boslough and Crawford
2008; Osinski et al. 2008; Napier 2010). One recent
example was the airburst at Tunguska, Siberia, in
1908 that produced MSPs, nanodiamonds, and pos-
sibly meltglass while triggering extensive biomass
burning and significant local devastation (Bunch
et al. 2012; Kvasnytsya et al. 2013). In an apparent
absence of impact craters, airbursts are indicated by
the presence of these abundant markers, usually in
discrete layers. Nearly all of these impact-related
proxies are present in a discrete layer at SJ, consistent
with an impact origin. In this work, our analyses of
remanent magnetism in MSPs allow us to link the
origin of at least some of the MSPs to lightning dis-
charges within the impact-produced cloud of air-
borne dust. OtherMSPswith no enhanced remanent
magnetism are consistent with their direct produc-
tion by the YDB impact event.
This content downloaded from 037.188
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