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The timing of the ca-660 BCE Miyake

solar-proton event constrained to
between 664 and 663 BCE

M| Check for updates
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Extreme solar energetic particle events, known as Miyake events, are rare phenomena observed by
cosmogenic isotopes, with only six documented. The timing of the ca. 660 BCE Miyake event remains
undefined until now. Here, we assign its occurrence to 664-663 BCE through new radiocarbon
measurements in gymnosperm larch tree rings from arctic-alpine biomes (Yamal and Altai). Using a 22-
box carbon cycle model and Bayesian statistics, we calculate the radiocarbon production rate during
the event that is 3.2-4.8 times higher than the average solar modulation, and comparable to the
774-775 CE solar-proton event. The prolonged radiocarbon signature manifests a 12%o rise over two
years. The non-uniform signal in the tree rings is likely driven by the low rate of CO, gas exchange
between the trees and the ambient atmosphere, and the high residence time of radiocarbon in the
post-event stratosphere. We caution about using the event’s pronounced signature for precise single-

year-dating.

Radiocarbon data is a powerful tool for assessing the history of solar ener-
getic proton (SEP) events in the Holocene. A characteristic of the usual *C
dependence on solar activity, is that when the sun is more active, its geo-
magnetic field reduces the galactic cosmic ray flux (GCR) at the rate of ca.
0.004 times the observed sunspot number'. At the same time, solar proton
events can increase "*C production. Lingenfelter and Ramaty” were the first
to estimate the role of solar proton events in increasing the "C production in
the atmosphere. They noted that SEP events during solar maxima might be
sufficient to counteract the decrease in production of 10-20% during a solar
cycle'. Damon et al.’ followed up on these ideas as well, presciently not-
ing that:

“The record of solar-flare-produced '*C in tree rings provides the
opportunity to search for unusually intense solar proton fluences
during the last nine millennia”

Miyake et al."* were the first to demonstrate the rapid excursions at
774-775 CE and 993-994 CE in “C tree-ring content, which were con-
sequences of energetic solar proton events or extreme solar radiation storms.
Since that time, there have been numerous studies confirming these two

events [e.g., “] as well as identifying additional events at ca. 660 BCE'®, 5259
BCE, 7176 BCE" and 12,450 BCE". Six of these events are clearly tied to
solar cosmic-ray events, as '*Be has been independently measured at these
times in ice cores”™", and they have been termed “Miyake Events” (ME).
Other smaller events not clearly tied to solar proton events (as they are not
confirmed independently by “Be content in ice cores) have also been
reported. These include events at ca. 810 BCE, as well as at 1261-1262,
1268-1269, and 1279-1280 CE'*"*, which may be connected to the onset of
the Wolf minimum'®. Small **C excursions at 1006 CE" and 1052-1055
CE"** may be related to solar or supernova events. All these diverse phe-
nomena are manifest through rapid changes in the “C signal observed in
tree rings.

The precise positioning of a SEP in real time is extremely important for
the parameterization of solar activity and forecasts. To calculate the prob-
abilities of extreme SEP events and their distribution functions from cos-
mogenic isotope data, it is necessary to know how many single events with
an energy fluence F (230 MeV) > 10° cm ™ occurred outside of the instru-
mental period™. Notably, one of the recently confirmed SEP events does not
have an exact calendar date. Multiple radionuclide evidence of an extreme
SEP (or ME) event ca. 2610 BP (before 1950) more commonly referenced as
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ca. 660 BCE was confirmed with high-resolution '’BE records of three ice
cores from Greenland in 2019". The study assessed the very hard energy
spectrum and proton fluence of the SEP F (>30MeV) 2.09
(£0.75) x 10" cm™* and F (>200 MeV) 6.3 (+2.28) x 10” cm ?), which is
comparable to the large ME event of the 774-775 CE. However, the ca. 660
BCE ME has an unusual structure that is different from the short-term rapid
increases in radionuclide production observed at 774-775 CE and 993-994
CE. One proposed explanation is the possible occurrence of consecutive
SEPs over up to three years™. The spike ca. 660 BCE was originally dis-
covered by Park et al."’ in the "“C content signature of German oak tree rings.
A few years later, Sakurai et al.”” measured "*C in Choukai cedar and
estimated “C production in the atmosphere for two types of solar proton
inputs: a single pulse and a double pulsed flux. Their study revealed that a
rather ambiguous "“C increase occurred within 665-663.5 BCE over a
variable time interval from 1 to 41 months. The magnitude of this ME event
recorded by the Choukai cedar and German oak series was prominent but
extended over multiple years—14.3 + 1.5%o over 4 years and 13.3 + 2.1%o
over 6 years, respectively.

Other attempts to replicate the spike signal in tree rings from other
locations were successful but have not resolved questions about the pro-
longed structure and the exact date of this event”. Here, we examine two
new annual "“C series from coniferous tree rings at high-latitude and high-
altitude sites ca. 660 BCE ME to resolve the controversy surrounding the
onset and duration of this extreme SEP event. The new locations (Yamal and
Altai) were strategically selected as close as possible to the North Pole and
tropopause. The laboratory bias in measurements is minimized through
meticulous selection of the time series employed in this study. Only con-
tinuous 20-year series were used in the modeling from four AMS facilities
following strictly certified protocols (see Methods). To maintain con-
sistency, the short series of Vistula oak™ was excluded from the full analysis
due to gaps in the measurements from two different AMS facilities. The
magnitude of the ca. 660 BCE ME was estimated via a 22-box model of the
global carbon cycling applied to the spike signal of four '*C tree-ring proxies,
which scales up the change in the atmospheric CO, concentration driven by
the additional solar proton flux’. For robustness of our analysis, we have
applied two fitting approaches (see Methods) estimating the production rate
of the event with the carbon cycle modeling™.

Results

Variation in atmospheric *C around the ca. 660 BCE

Miyake event

The cosmogenic isotope content of atmospheric CO, fixed into structural
cellulose by tree rings during the growing season is expressed as delta “C
(A™C) in annual or subannual tree-ring series. In this study, we analyzed
four A™C series of gymnosperm larch and cedar trees from three locations in
northern Eurasia and one A™C series of angiosperm oaks from central
Europe (Supplementary Table 1). The measurement error of our data is less
than 2%o. The weighted average of the Altai larch and Yamal larch A“C
series measured at the same AMS facilities was 7.6 + 1.7%o, and other A™*C
series measured at different laboratories had weighted averages between
6.0+ 1.6 %o and 8.7 £ 1.7%o. Most A"C series have annual resolution. For
the two series of cedar, subannual earlywood and latewood subdivisions
from the same rings were measured, which approximate early-growing or
late-growing season C content™. Figure 1 presents the radiocarbon sig-
natures of the ca. 660 BCE spike from these tree rings, which are visually
attributed to the pulse-like impact of SEP recorded in different parts of high-
to mid-latitude Eurasia. The data register ca. 15 %o "“C change over 665-660
BCE. The A™C records do not show uniform variations, which is not
unusual due to the many interacting factors driving the fractionation of
atmospheric radiocarbon.

We noticed consistently higher values (ca. 5%) of A"“C in the Altailarch
series in the overlapped interval of 670-636 BCE (Fig. 1). This most likely
reflects the high elevation of this site (2300 m asl), with closer proximity to
the tropopause and an enhanced photosynthetic rate, which many studies
have found in C3 plants at high latitude’’. Within similar species, stable-

carbon isotope discrimination is less at high elevations than at low elevations
in similar habitats™. A similar offset was observed between the values of
annual “C measurements in low-elevation European oaks and bristlecone
pine from Sheep Mountain, California, which is located near 2000 m as/**.
Characterizing the global signature of 774-775 CE and 993-994 CE MEs,
Biintgen et al.’ stated that the cosmogenic isotope content of tree rings
predominantly reflects tropospheric conditions during wood formation
rather than the radiocarbon in the stratosphere where it is mostly produced.
As already noted, the *C in the stratosphere mixes with that in the tropo-
sphere only in the springtime. It is feasible that the Altai larch A™C offset
relates to the vertical radiocarbon pattern above the highlands of Inner
Eurasia during late May-June when larch tree-ring growth starts.

The differences in the variations of A"*C during the ca. 660 BCE ME
across northern Eurasia could be summarized by two types of signatures: (1)
a 2-year pulse of rapidly increasing concentrations followed by 24 years of
continuously high values before a final pronounced 5-6-year decay, and (2)
a slow 3-5-year increase in "*C concentrations followed by the same plateau
then the signal decay. The impact of cosmic radiation appears to be more
pronounced due to the event’s distinctive feature—a peak of high values
separating the response to the initial impact and the decay—that returns "C
content to normal levels. This feature has not been observed in the other
known MEs, although the global signatures of 774-775 CE and 993-994 CE
also display some diversity in the event response, like more pronounced
impact greater than a single-year sharp increase®. Thus, the expression of
this SEP event in the A™C tree-ring series is different from that of other
known ME events. This could be the result of special conditions of atmo-
spheric mixing of cosmogenic isotope fluxes and/or of the tree’s ability to
fractionate "“C and CO, exchange fluxes between the ambient atmosphere
and the tree. We will discuss these tree-constraint factors shortly but now
address the coherence in the estimates of the "*C production rate for the
analyzed "C proxies.

Modeling the *C production rate of the event

When cosmic radiation strikes the atmosphere, the newly produced cos-
mogenic radiocarbon is rapidly oxidized to '“CO, but it takes several months
to be oxidized by OH free radicals to "*CO,”". In contrast to "“C produced
by very high energy galactic cosmic rays, where there is significant tropo-
spheric production, the “C resulting from less-energetic solar proton
reactions is mainly produced in the stratosphere [e.g., 31, 14]. Stratospheric
“CO, filters from the stratosphere down to the troposphere especially
during the spring breakthrough (the Brewer-Dobson circulation), and
subsequently enters the global carbon cycle. Fitting a 22-box-diffusion
carbon model (CBM)® with Gaussian processes and Bayesian inference™, we
have reconstructed the probability distribution of the "*C production rate for
the ca. 660 BCE ME for each of the studied tree-ring series using two CBM
fitting approaches.

First, we apply CBM fitting via the Gaussian process [24, Eq. 2.7,
InverseSolver in TickTack package] and estimate an average rate of
8 atomscm*s™' over one growing season (Fig. 2), which is ca. 4 times
greater than the global average rate (1.6-2.2 atomscm >s™'). The Altai
larch, Yamal larch, and Choukai cedar-LW series produced the most
coherent results. Two other series appear to have much weaker signals: the
German oak series has only 50% of the estimated rate, and the Choukai
cedar earlywood does not show any additional cosmic ray flux; rather, only
the rate fluctuation of a typical 11-y solar cycle.

The parametric fitting to the production rate calculation [24, Eq. 2.4,
SingleFitter in TickTack package] is done with Markov chain Monte Carlo
(MCMC) generated posteriors that estimate more accurately the spike in "*C
production rate. This modeling uses the reconstructed posterior prob-
abilities of A™C (Fig. 3 top panel), which match the measured patterns
shown in Fig. 1 with an increase between 12%o and 15%o at the peak and the
time transgressive pattern of two signal signatures described earlier. The
Yamal larch series shows the highest “C production rate—4.8 times the
global average (Fig. 4). The rates of increase in Altai larch and Choukai
cedar-LW were 3.5 times greater. Despite the Altai larch fit being affected by
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Fig. 1 | Radiocarbon signatures of the ca. 660 BCE Miyake event. Variations of
A"™C concentrations measured in tree rings at ca. 660 BCE ME (a) and map showing
the locations of the tree rings (b). New time series and previously published ones are
color-coded. Tree-ring data locations: red-Altai Mountains and orange- Yamal
Peninsula from this study; green—Japan from Sakurai et al.”’; and blue—Central
Europe from Park et al.'” and Rakowski et al.”*. Rakowski et al. series”’ shown here is
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excluded from the production rate modeling due to short length and missing values.
The vertical line represents the 664 BCE. Although the series show some differences
in A"C variations ca. 660 BCE ME, the spike signal is apparent as a ca. 15 %o increase
over 2-3 years, which is sustained by high values for the next 2-3 years followed by a
slow return to the average of ca. 5%o. The map was created in QGIS (3.8.0) using
Google Earth imagery.

the sharp rise in the second year of the spike pulse (663 BCE). The lowest rate
(2.5x) was expressed in the German oak series. The Choukai cedar-EW
series shows a surprisingly high rate of 4.2x, although its significance is
lessened by the high uncertainty in the duration and start date of the event.
Interestingly, both CBM fitting approaches revealed the exact starting date
of the event.

Figure 4 shows that the event pulse began at 664-663 BCE. The event’s
radiocarbon variation arose from a double pulse. Overall, the coniferous tree
rings define the spike signal better in both parametric and nonparametric
fittings of CBM, although our modeling failed to pinpoint the position of the
spike within the solar cycle phase (Supplementary Fig. 1). The calculation of
this parameter is highly sensitive to the length of the A'*C series and requires
a time series 3-4 times longer than the solar cycle length. Modeling with the
20-year common distance series (669—650 BCE) yields inconsistent results
due to the insufficient replication of the cycle (Fig. 3 bottom panels and
Supplementary Fig. 1 third vertical panels). Another drawback may lie in the
carbon box model conditioning, which operates on an 11-year solar cycle,
while the Schwabe solar cycle can vary between 5 and 14 years before and
during grand solar minima®.

Discussion

Our new "“C data defined the two-pulse duration, considerable magnitude,
and the precise date of what was previously described as the event “around
660 BCE”. We showed that the double pulse of cosmic radiation during
664—663 BCE produced a nontypical pattern of ME cosmogenic isotope
production recorded at multiple locations in northern Eurasia. The impact
appears as a 2-3 year rise of "“C concentrations tailed by a 2-3-year peak (or
plateau) before the signal decays. The magnitude of "“C production in 664
BCE was 3.5 and 4.8 times greater than the 11-yr average A"C production
driven by the Schwabe solar cycle. The great magnitude of the event is
evidence of the massive ejection of solar protons into the atmosphere.
Sakurai et al” estimated the C production at a rate of
1.4x 10%atomscm ™y ', or ca. 3 times the annual GCR production rate.
The new data show the rate of "*C production to be much greater than that
found in previous studies and closer to the 774-775 CE ME magnitude.
Large SEP events are rare and highly unpredictable phenomena®. Usoskin
and Kovaltsov™* estimated a very weak dependence of the probability of SEP
occurrence on its strength. Extreme proton events that are hundreds or
thousands of times stronger than those of modern instrumental observa-
tions may recur on the timescale of hundreds of years”. In the Younger

Dryas-Holocene interval, six large but infrequent solar proton events have
been identified with C in tree rings, separated from one another by hun-
dreds to thousands of years. The closest ME (774-775 CE) to our studied
event was 1436 years later. Although an unconfirmed possible proton event
was reported at ca. 810 BCE'®, which is about 140 years earlier, this is more
likely the part of a grand solar minimum that begins at ca. 820 BCE.

Earlier studies of the 664-663 BCE ME pointed to a possibly different
type of SEP that had an extreme influx of solar protons over three con-
secutive years with a magnitude comparable to the 774-775 CE ME'*”,
which we consider highly unlikely. With the modeling and the new data, we
estimate the duration of the event as only one year with the onset at 664.5
BCE or late 664 BCE. The alpine larch tree-ring proxy (Altai) places the
onset at 663 BCE. The master tree-ring width chronology for this dataset has
a relatively low sample depth in this interval and is combined with the
archeological tree rings over the first millennia BCE (see Methods), which
may introduce a possible 1-year offset in the cross-dating. Yet, the tardy A"C
proxy supports both the onset date and pronounced duration of the event.
We contemplate that perhaps the differences in fixation of carbon among
tree-ring records are affected by different site conditions influencing gas
exchange between the ambient atmospheric CO, and internal leaf CO,
concentrations, a signal that may be transferred to the composition of
structural carbon (cellulose). Plants assimilate carbon by photosynthesis,
regulated in part by diffusion of CO, (including “CO,) via gas exchange
through stomata openings between foliage and the ambient atmosphere. If
transpiration (water loss by evaporation) is low, the stomata may stay wide
open and the atmospheric CO, can freely enter so that photosynthesis can
more readily discriminate against "*C in favor of ?C”*. Conversely, when
stomata are more frequently closed, the pool of CO, in the leaf is reduced
and the plant discriminates less against heavy isotopes (**C and *C). Ulti-
mately, both rates of stomatal conductance and photosynthesis determine
how effective the trees will be in reducing the amount of "*C (and C) used
to manufacture photosynthates, and both reduced stomatal conductance
and increased rates of photosynthesis could favor the incorporation of more
"C in photosynthates and hence tree rings.

Trees use different physiological strategies to balance the gas exchange
necessary for photosynthesis and limit water loss”*". The environmental
dependency of stomata conductance (a measure of the gas exchange rate due
to changes in light, CO, concentration, temperature, and humidity) affirms
lower stomatal conductance rates for boreal forest biomes in cold climates
than those in temperate forests”. Additionally, gymnosperm trees have been
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the ca. 660 BCE ME production rate calculated with Matérn-3/2 Gaussian process
nonparametric fitting of the CBM® posterior samples: a Altai larch and b Yamal larch
from this study; ¢ Choukai cedar-EW?*; d Choukai cedar-LW?*, and e German oak’.
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The box plot visualizes the mean (black lines) and the standard deviation (red color)
of the chain. The spike production exceeds the average radionuclide production rate
over an 11-yr solar cycle in all the cases except for the Choukai cedar-EW series (c).

shown to have significantly lower (20%) stomata conductance than
angiosperm trees*'. Considering the species and environmental differences
of our studied "“C tree-ring proxies, we expect the larch "*C series from the
cold sites to have water-conserving physiological strategies to reduce gas
exchange, leading to less discrimination against YC, and, therefore, less
noisy and better-defined signature of “C spikes. In contrast, trees from
milder climates, especially angiosperms such as oaks, exhibit greater var-
iance in the A'C series. Low rates of tree photosynthesis due to weather is
chronicled by narrow rings. A reduced photosynthesis rate alone could lead
to increased discrimination against "*C and therefore, weaken the signal of
SEP "C in tree rings. The growth of the Altai and Yamal larch trees is

strongly limited by summer temperature**. Figure 5 shows unfavorable
overall growth conditions during the interval 664-661 BCE at these two
locations, whereas Northern Europe experienced warm summers, indicat-
ing possibly contrasting conditions for gas exchange and "“C fractionation
during the SEP event. However, the higher *C contents in the larch trees
during the 664-663 BCE ME may relate to a reduction in stomatal con-
ductance that had a greater effect than low temperature on leaf gas exchange
and "C uptake in the arctic-alpine environments.

We conclude that all trees are not equally able to track the sudden
increase in the level of production of “C associated with the extreme solar
radiation because of these eco-physiological effects. Therefore, coniferous
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cycle™. The ME spike signal is expressed as a sharp increase in A'C over a short time
interval. Most cases indicate a 2-4-year enhancement in the production rate, except
for the event first discovered in the German oak series. The Altai, Yamal, and
Choukai-LW data have the best fits of the "“C profiles. The event signature most
likely starts at 664-663 BCE.
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different A"C tree-ring series as denoted with different colors. Parametric Bayesian
inference of the production rate PDF is shown in the equivalent of years with a steady
state of "*C production. The settings of CBM are similar to those of Biintgen et al.’.

trees from cold climates and high elevations could be more sensitive proxies
for detecting the signal of increases in atmospheric *CO,. The first-order
assumption that there is no difference among tree species and tree habitats
in terms of "“C fixation is likely more nuanced. The physiological ability of
trees to regulate the effective photosynthesis and gas exchange rates varies
according to temperature, moisture conditions, and altitude. More experi-
mental studies are needed to assess the dependencies of stomatal gas
exchange between leaves and the ambient atmosphere, with a specific focus
on the functional detection of ME spike “C production by tree rings.

Another possible explanation for the prolonged duration of the high
A™C values after the initial SEP impact (Fig. 1) could be an increased
residence time of "C in the troposphere. Global fallout “C depends on
stratospheric-tropospheric exchange and is constrained seasonally by
changes in the tropopause height. The maximum "C variations in the
atmosphere are observed in summer and the minimum varjations in
winter”’. Newborn "*C atoms instantaneously oxidize to *CO, except for
"“C, which enters the global carbon cycle and gas exchange fluxes in the
ocean and biosphere in the form of '*CO,. On average, the cosmogenic "“C
takes several months to completely oxidize from “CO to “CO,”. “*CO, as
the incompletely oxidized form of “C, resides in the atmosphere, where the
secondary chemical conversion takes place. Tropospheric air near the sur-
face has only 5-25 “CO molecules in 1cm® compared to 10* “CO,
molecules”.

The soft energy spectrum of the 664-663 BCE proton event estimated
by O’Hare et al."* implies that the "“C production maximum was shifted
higher into the stratosphere and reaches 70-80% whereas under regular

conditions this ratio will be 50% stratosphere /50% troposphere "“C
production**”’. O’Hare et al."* emphasized that the spike signatures of
cosmogenic radionuclides (**C, '’Be, *Cl) from three Greenland ice cores
had slightly different patterns in the peak and duration of the event ranging
from 2 to 6 years because the SEP-derived radionuclide production origi-
nated exclusively in the stratosphere. The mean residence time in the
stratosphere is about 2 years. This slow downward atmospheric transport of
radiocarbon before entering to the global carbon cycle played an important
role in the pulsing temporal progression of the event structure documented
by the tree rings. This temporal pattern in the “C tree rings is sometimes
called prolonged production and prolonged response™'*'**,

Thus, there is the time-lag of 2-3 months for “CO to be converted to
"CO, in the atmosphere™. Further mixing between the stratosphere and the
lower troposphere occurs during the “spring breakthrough” that is also
important for the onset of the signature of studied event. The length of the
growing season (photosynthesis window) in the studied locations varies
between 6 months for Choukai cedar and German oak (March-October),
and three months (June-August) for Yamal and Altai larch (see Methods). It
is possible that the enriched “CO, entered the carbon cycle only in late
summer of 664 BCE, suggesting the pronounced manifestation of the
proton event in the next spring. Both the residence time and time lag in the
atmospheric "“C coincide well with the signatures of the event described
earlier. If the strong burst of protons occurred in 664 BCE, the “C abun-
dance would be captured in the latewood of tree rings formed later in the
growing season and in the ring of the following year and earlywood of 663
BCE (Fig. 1a, Fig. 4a).

Studies of the "“C bomb spike reported the highly dynamic nature of
nonstructural carbohydrates in temperate forests that form a reserve of
sugars and starches cycling carbon in the tree stem and roots on very
different timescales from months to decades™*. Trees may recycle the
excess of “C over the number of years especially in angiosperm species
supporting growth respiration by a mixture of stored (ca. 75%) and recent
(ca.25%) carbon in the tree trunk’®”". In part, the prolonged response of "*C
content in the tree-ring spike signature could be a consequence of the
seasonal and longer-term dynamics of carbon storage in tree stems.

More complete characterization of the global signature of this strong
ME will probably require more replication and locations than the previous
investigations of the 774-775 CE and 993-994 CE MEs’. We recommend
designing the test using both angiosperm and gymnosperm species from
various elevations of the same location, where possible. Since the estimate of
the average "C production rate is sensitive to the phase and duration of solar
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Fig. 5 | Tree growth conditions throughout the event. Summer temperature var-
iations near the 664-663 BCE ME. The blue line is the temperature anomaly
reconstructed from Finnish tree rings® and orange from Yamal tree rings"’. The red
line is the tree-ring width index of the Altai larch chronology sensitive to summer
temperature®. Z-scores are calculated for the interval —1000 to 0 with a + 12.3°C
mean of the Yamal summer (Jun 16-Aug 4) temperature and a +14.2 °C mean of the
Finnish Lapland Jun-Aug temperature.

cycle, having a 35-40-year time series of '*C content from tree rings is also
more desirable. Finally, the double pulse of the 664-663 BCE ME onset and
the prolonged waning of the “C spike signal implies possible uncertainties
complicating the use of this spike signal for single-year dating of arche-
ological timbers and occurrences.

Methods

Data: tree rings, *C measurements and A'C calculation

In this study, radiocarbon production during the SEP ca. 660 BCE was
simulated with five "C high-precision datasets from four locations in
Eurasia. Two C series were developed specifically for this paper and three
others were previously published by Park et al.'’ and Sakurai et al.”. The
geography of the locations and the variations of A'C datasets are given in
Supplementary Table 1 and Fig. 1b, respectively. Individual rings of known
age determined with cross-dating were separated with a scalpel, their cel-
lulose was extracted, and carbon was graphitized following standard pro-
tocols of the AMS facilities where the *C content was measured. The specific
procedures applied to develop each time series are briefly described below
and referenced.

Altai larch. This 48-year '*C series (685-638 BCE) was developed from
Larix sibirica conifer rings of Scythian archeological timbers excavated at
the Ulandryk IV cemetery”. The Ulandryk IV is located in the upper tree-
line ecotone of the Chuysky Range, Altai Mountains, Russia. Specimen #
19116 was collected from Kurgan-1 and cross-dated with the Mongun
Taiga tree-ring chronology™. The growth season in the Altai’s extremely
continental climate rounds a little over 3 months between late May and
early September. The cellulose was pretreated with the acid-base-acid
bleaching, and "*C was measured at the ICER AMS facility of the Her-
telendi Laboratory of Environmental Studies (HEKAL) in Debrecen,
Hungary, following the standard protocols of this laboratory™.

Yamal larch. This 21-year series spans from 671 to 651 BCE. The rings of
Larix sibirica subfossil wood (specimen #1902) from fluvial deposits of
the Yamal Peninsula, Russia, were dated with the Yamal multimillennial
tree-ring chronology™. The site location is the taiga-tundra ecotone in a
cold, semi-arid climate with less than 3-month growing season from June
to August. The "*C of the prepared rings was measured at ICER AMS
Laboratory in Debrecen following the same procedure used for the Altai
larch series.

Choukai cedar. Two annual series from earlywood and latewood of
Cryptomeria japonica were developed from a wood specimen buried in
the Choukai volcanic deposits in northern Japan. Japanese native cedar,
also called Japanese redwood, favors warm and moist conditions and
grows between March and October, while the earlywood is produced in
spring and early summer, and the latewood is formed in late summer. The
calendar age of the specimen was determined with "“C wiggle matching™.
Ring wood was converted to a-cellulose using the acid-alkali-acid
treatment, and “C measured by the compact AMS system of the Kami-
noyama Research Institute at Yamagata University (YU-AMS), as
reported by Sakurai et al.”.

German oak. "“C series from the ring-porous angiosperm Quercus spe-
cies from Oberhaid in Bavaria, Germany, was published in the original
paper by Park et al.'’ defining the ca. 660 BCE spike. Climate at the
location is temperate oceanic, the growth season spans over 6 months
from April to late October. The tree rings were cross-dated against the
Hohenheim oak tree-ring chronology of the Holocene™. The acid-base-
acid method was used for the cellulose pretreatment, and "*C was mea-
sured at the Keck Carbon Cycle Accelerator Mass Spectrometer Facility at
the University of California (UCI KCCAMS), Irvine, USA".

A'C calculation. Radiocarbon analysis was performed on annually
resolved time series of A'C in astronomical year numbering (Astro
years) then converted to BCE. A"C is calculated as:

A™C = 1000(Fe 1) 1.1)
where 1 is the true decay constant of "C (1.209 x 10~*) based on the half-life
of 5730y, and ¢ is the known age of the ring sample by dendrochronology.
The fraction of modern carbon, F, is defined as the *C/**C ratio relative to
the “modern” "*C activity set to 1950 AD, which is defined as 0.95 of the
"C/"C ratio of the oxalic-I standard® or 0.7459 of the international oxalic-II
standard (SRM-4990C), see Donahue et al.”.

Modeling the C production rate

Radiocarbon modeling was performed using a python package called
TickTack™ that can be downloaded from https://github.com/Sharmallama/
ticktack/. The code was deployed in Jupyter Notebook, a web-based inter-
active computing platform. The TickTack program is an open-access tool
that employs various carbon cycle box models paired with a Bayesian sta-
tistical interface for modeling and analyzing cosmic radiation imprints in
tree-ring radiocarbon series”. Variation in the "C production rate was
estimated using a 22-box carbon model (CBM) from Biintgen et al.’. The
model includes 11 reservoirs of carbon exchange fluxes for each hemisphere,
which are described in detail by Giittler et al.”” and Brehm et al.". The CBM
implements carbon partitioning among reservoirs and carbon exchange
between the atmosphere and the ocean in both hemispheres and accounts
the seasonal variations of net mass transport at the tropopause. The total
annual exchange rate between the reservoirs is calculated with 1-month step
related to the short-term lifetime of atmospheric *CO*. "*C response to the
event is calculated over the stratosphere and troposphere exchange time of
1.5 years at a shared rate of 70%/30%, respectively.

The production rate is estimated with two fitting approaches called in
the TickTack package parametric and non-parametric. In the case of
parametric Bayesian inference, TickTack code uses CBM loadings in the
SingleFitter class object and calculates posterior probability distributions for
four parameters: start date of the event, duration, amplitude, and phase of
the solar cycle using Markov Chain Monte Carlo (MCMC) fitting averaged
from 1000 iterations”*’. The parametric inference estimates production rate
Q(t), given steady state g, including three components:

27t
Q(t) = g, + Auq, sin(TZ—F(p) +S(t, tg, At) + m -t (1.2)
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where the solar cycle has an amplitude A and phase ¢; there is a long-term
trend with gradient m™.

Alternatively, a nonparametric Bayesian inference of the **C produc-
tion rate was done directly from the AC time series using InverseSolver
class object of the Ticktack™. This performs linear interpolation (recon-
struction) from the initial steady state of production rate
(1.75 atoms per m ™ s™") via a Matérn-3/2 Gaussian process’’. The box plot
visualizes the mean and the standard deviation of the chain. This fitting
better defines the structure of the short-lived (pulse) event since our data
compiling seasonal tree-ring growth or its early and late parts. The non-
parametric Bayesian inference uses a differential equation of the radio-
carbon production rate

3

_ ¥ — (My);
V.

1

Q (1.3)

where the flow term My depends linearly on the radiocarbon state in all
boxes simultaneously™.

Data availability

The original radiocarbon data used in the study is available in the papers
cited here. The new radiocarbon datasets from the Altai and Yamal tree
rings are accessible from the Supplementary Data and the University of
Arizona Research Data Repository (ReDATA) https://doi.org/10.25422/
azu.data.26392048.

Code availability
TickTack code™ used in the study is freely available from GitHub.com.
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