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Abstract

Grand solar minima are periods spanning from decades to more than a century during which solar activity is
unusually low. A cluster of such minima occurred during the last millennium, as evidenced by reductions in the
numbers of sunspots observed and coeval increases in cosmogenic isotope production. Prior to the period of
instrumental records, natural archives of such isotopes are the only resources available for detecting grand solar
minima. Here, we examine the period 433-315 BCE, which saw a sustained increase in the production of the
cosmogenic isotope, radiocarbon. Our new time series of radiocarbon data (A'#C), obtained on cellulose extracted
from known-age oak tree rings from Germany, reveal that the rise in production that occurred at this time was
commensurate with patterns observed over recent grand solar minima. Our data also enhance, and to a degree
challenge, the accuracy of the international atmospheric radiocarbon record over this period.

Introduction

The temporal range of instrumental records is insufficient for a complete picture of the behavior of the
Sun. Space-based observations of total irradiance and the dynamics of the solar wind first came
onstream in 1978, and telescopic observations of sunspots peter out in the early 17th century. Thus, even
with best current efforts, there are only four centuries of data (Clette and Lefevre 2016; Eddy 1976;
Hathaway 2010; Svalgaard and Schatten 2016). As a consequence, all long-term reconstructions of solar
activity rely on proxy evidence from natural archives. The key raw data are cosmogenic isotope
concentrations, principally '*C (radiocarbon), preserved in dendrochronologically dated tree rings, and
10Be and 3°Cl, trapped in ice cores (Beer 2000; Beer et al. 1988; Muscheler et al. 2007; Usoskin 2017).
The initial data processing step involves converting these results, obtained at ground level, into true
fluctuations in production in the upper atmosphere, using models of isotope transport and deposition.
Over the longer term, account must also be taken of obfuscating variables such as the strength of the
geomagnetic field. By correcting for all such factors, a function is derived called the solar modulation
potential (SMP or @), which reveals the activity of the Sun over time via changes in cosmogenic isotope
production (Beer 2000; Gleeson and Axford 1968; Masarik and Beer 1999; Muscheler et al. 2007).
In order to compare the utility of these cosmogenic isotopes for palaeosolar research, it is necessary
to review their modes of production and deposition. The formation mechanisms of '*C, 1°Be and **Cl
are closely related but not identical. The nuclides are all predominantly generated in the lower
stratosphere due to the ongoing incursion of high-energy (>10% MeV) galactic cosmic rays (GCR). '°Be
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atoms are largely the result of direct spallation of atmospheric oxygen ('°0) and nitrogen (**N) nuclei
and *°Cl is generated by the spallation of argon (“°Ar or *°Ar; see Beer et al. 2012). However, due to its
low concentration and the challenges involved in its measurement, *°Cl is rarely used for fine-scaled
profiling of solar activity, and it will also not be considered in this study. The most common production
pathway for '“C formation involves nitrogen capturing thermalized neutrons emanating from the
primary cosmic ray bombardment: “N[n, p]'*C (Beer et al. 2012).

Under normal circumstances, the energy spectrum of the solar particle flux is too soft (of the order of
keV rather than MeV) to instigate the spallation reactions necessary for cosmogenic isotope production
(Masarik and Reedy 1995; Kovaltsov et al. 2012). In fact, the formation of these isotopes is roughly
anti-correlated with solar output. This is because an increase in solar activity results in an intensification
of the interplanetary magnetic field (IMF) carried by the solar wind, which in turn also compresses the
geomagnetic field. The combined effect of these two processes is that high-energy GCR from deep
space are more efficiently deflected away from the Earth, and hence cosmogenic isotope production
falls. In this study the opposite scenario is examined, wherein declining solar output facilitates an
increase in cosmogenic isotope production.

10Be and 'C have contrasting modes of deposition. Newly formed '’Be is first adsorbed on aerosols,
primarily sulfate particles (Morris 1991; Raisbeck and Yiou 1981) and ultimately deposited in ice. The
actual amounts deposited in the ice are then mainly the result of “scavenging” by falling snow (Igarashi
et al. 1998). Residence times in the atmosphere are thought to average around 1 year (Heikkili et al.
2013). Analysis of 'Be accumulation in the ice layers is complicated by volcanic activity, which
enhance sulfate aerosol concentrations, and local “climatic impacts” that amount to site-specific
variations in wind patterns, precipitation and surface disturbances (Baroni 2019; Heikkili et al. 2013;
Zheng et al. 2023). Furthermore, the complexity and expense of obtaining 'Be data means annual
sampling resolution is only rarely practicable (Paleari et al. 2022; Vonmoos et al. 2006). Results tend to
be given as concentrations (atoms g~') for layers of a given core, although sometimes modelled
estimates of the '°Be flux are provided. As a result of these site-specific idiosyncrasies, most solar
analyses amalgamate trends in '’Be from multiple ice cores.

Upon formation, '“C is first oxidized to '*CO (Jockel et al. 2003; Turnbull et al. 2009) and typically a
few months pass before it is further oxidized to '*CO, (Jockel et al. 2003). The atmospheric residence
time of '“CO, is thought to range from 1 to 3 years (Scifo et al. 2019), and its final concentration at
ground level, where it is taken up during photosynthesis and thus built into tree rings, is greatly
dampened by carbon cycle processes. Atmospheric mixing of '*CO, is thorough, with the exception of a
diminutive latitudinal gradient (Biintgen et al. 2018; Zhang et al. 2022). However, strong variation is
observable over time in even pre-Industrial atmospheric concentrations. This is generally attributed to
changes in oceanic dissolution, where the vast majority of '*CO, is deposited (Muscheler et al. 2007;
Siegenthaler et al. 1983; Stuiver and Braziunas 1993). The Southern Hemisphere’s greater ocean
surface, for instance, is thought to account for its ~5% deficit in atmospheric 14C0, levels relative to the
Northern Hemisphere. Similarly, the reduced rate at which oceanic drawdown occurs during Glacial
periods, has been proposed as an explanation for the marked difference in atmospheric concentrations of
14C during the Pleistocene compared to the Holocene (Muscheler et al. 2008; Stocker and Wright 1996).

Atmospheric '“C data from tree rings of known growth year are usually expressed as A'“C, a ratio
which includes a correction for radioactive decay, although the term originally proposed for pre-1950
samples was simply A (Stuiver and Polach 1977). High-precision data are now routinely obtained
at ~2 %o and contain the temporal resolution of just one growing season. A minor component of “carry
over” carbon from earlier years may be relevant in some circumstances (McDonald et al. 2019).
Nonetheless, most of the legacy data that underlie the international reference curves are still averages
obtained on 10-yearly or even 20-yearly blocks of tree rings. Prima facie, the newest curves (IntCal20,
SHCal20) comprise single-year values over the last 5000 years but, prior to 1000 CE, these curves are
reliant upon measurements of multiyear blocks of tree rings. Moreover, to calculate true changes in
primary '*C production, A'*C measurements on tree rings need to be passed through models of the
global carbon cycle. Recently, the open-source tool ticktack became available (Zhang et al. 2022),
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which allows users to upload A'“C values, select one of several published carbon cycle models, and
calculate fluctuations relative to long-run average values. Whilst '°Be data obviously do not require
such carbon cycle corrections, 14C records still form the backbone of most historical reconstructions of
solar activity, for the following reasons. First, as described above, 10Be is not immune to variations in local
environmental conditions and the impact of geophysical events. Secondly, over the Holocene at least,
14C archives are far more plentiful and exhibit a far greater geographical and temporal coverage than the
ice cores. To elaborate, before the Common Era '°Be is almost only available at decadal resolution or
worse, meaning patterns of sub-centennial duration are virtually undetectable. More practically, the greater
ease with which high-precision '“C measurements can be obtained on annual samples is also a key
advantage. This paper focuses on increases in A'#C that have occurred for periods of decades or more, and
in particular the sustained rise in A'C that is observed around 400 BCE (2349 cal BP).

A multi-decadal increase in SMP, derived from the analysis of cosmogenic isotope data, is usually
interpreted as a grand solar minimum (GSM). GSM are extended periods, from decades to a couple of
centuries, during which the magnetic activity of the sun is unusually weak (see Usoskin 2017; Usoskin
et al. 2007). As a GSM progresses, the pattern observed in A'¥C in the tree-ring archives is a
combination of the rise in primary production and the gradual drawdown of the excess '“C by the
biosphere and oceans. Thus, a lag always exists between a return to “normal” magnetic activity on the
Sun and the restoration of “normal” cosmogenic isotope levels in the atmosphere. This effect is
manifest, albeit in a more extreme fashion, by the residual '*C enrichment in the atmosphere after the
cessation of atmospheric nuclear bomb testing in 1963 (Hua et al. 2013). Because of this delay, the exact
duration of individual GSM is not a straightforward matter. To elaborate, the extent to which the
decreasing part of the A'*C perturbation corresponds to reduced but gradually increasing solar activity,
and how much simply reflects the gradual drawdown of excess '“C in the atmosphere, remains unclear.
Programs which filter the data through the carbon cycle, like t icktack, can be of help in making this
distinction. For simplicity’s sake, in this study we use the timings given by Usoskin (2017) as
approximations for the chronological positioning of recent GSM, which generally only traverse the
ascending portion of the A'C perturbation. These are as follows: Qort (990-1070 CE); Wolf (1270—
1350 CE); Sporer (1390-1550 CE); Maunder (1640-1720 CE) and Dalton (1797-1828 CE).

In addition, prolonged enhancements in atmospheric '“C can also be driven by environmental
processes, especially by abrupt cooling events associated with increased ice cover and rapid declines in
deepwater formation (Muscheler et al. 2008; Stocker and Wright 1996). Here, unless the equivalent
period is robustly traversed by '’Be data, the true cause of the elevation in '*C may be difficult to
discern.

In this paper, special attention is paid to the rise in atmospheric A'*C around 400 BCE. Few isotopic
studies have focused on this period, though the profile has previously been attributed to a GSM (Nagaya
et al. 2012; Usoskin et al. 2007). Indeed, it has even casually been referred to as the “Greek Minimum”
(Wang et al. 2022), although perhaps ‘“Platonic Minimum” would better distinguish it from the similarly
proposed Homeric Minimum (ca. 800 BCE; Martin-Puertas et al. 2012). Here, new high-resolution
A'™C data have been obtained to shed more light on this section of IntCal20, which is still mainly
traversed by decadal data.

Methods
Physical and chemical pretreatment of samples

The wood sample obtained for this investigation was a subfossil oak (Quercus sp.) from the Elbe River
in Germany, provided by the dendro archive of Curt-Engelhorn-Zentrum Archiometrie (CEZA)
Mannheim. The sample was first cleaved along its annual growth rings using a steel blade. Subsamples
~100 mg in size were then prepared for a-cellulose extraction. The oak sample used to produce nearly
all the data is shown in the Supplementary Information (SI).
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The Centre for Isotope Research (CIO)’s routine a-cellulose procedure is described in detail
elsewhere (Dee et al. 2020). In essence, it involves a series of acid (HCl,q)), base (NaOH,)), and
oxidation (NaClOx,q)) steps in order to isolate the most intact polysaccharides (principally cellulose)
from the whole wood sample. By the inclusion of known-age tree-ring samples in every pretreatment
batch, and through participation in numerous interlaboratory comparisons (Bayliss et al. 2020; Kuitems
et al. 2021; Wacker et al. 2020, Laboratory 15), CIO’s a-cellulose protocol has proven to be
exceptionally accurate. All the subsamples were subjected to said protocol. Thereafter, ~5 mg aliquots
of the extracted cellulose were weighed into tin capsules, whereupon they were combusted in an
Elemental Analyser (Elementar Vario Isotope Cube) coupled to an Isotope Ratio Mass Spectrometer
(IsoPrime 100) and a custom-made cryogenic collection system. The latter apparatus traps the COy,
liberated from each sample and, after manual transfer, it is subsequently reduced to C, (graphite) using
a stoichiometric excess of Hy(,) and an Fe) catalyst. The graphite was then pressed into cathodes for
radioisotope measurement on a Micadas 200 kV accelerator mass spectrometer (Aerts-Bijma et al. 2021;
Dee et al. 2020).

Results and discussion
The new “C data

Table S1 (SI) shows the 57 '4C data obtained on the tree rings in both conventional radiocarbon age
(CRA, yr BP) and A'™C (%0) formats. The set of annual samples is spread over the period 426-325
BCE. However, only 3 years are covered between 426—414; only 6 years are covered between 394-367;
and thereafter the data are biennial. A total of 5 samples were taken through as full pretreatment
duplicates, the results for all of which passed the y? test for statistical congruence at 95% probability (see
Table S2, SI; Ward and Wilson 1978). By averaging those 5 duplicates a new set of 52 datapoints was
obtained for the period around 400 BCE and subjected to the following analyses.

Comparisons with IntCal20

The new data set is of immediate value. It traverses the ascending portion of the A'*C perturbation in the
Northern Hemisphere calibration curve (IntCal20, Reimer et al. 2020) commencing around 400 BCE
(2349 cal BP), but in far greater detail than ever previously achieved. Figure 1a shows the data currently
underlying this period of IntCal20. The time series comprises no single-year data but only averages over
multiyear blocks of tree rings. Curiously, the IntCal20 curve, a smoothed function through this data,
exhibits a shoulder around 380 BCE (2329 cal BP), yet the basis for this is not immediately apparent in
the raw data. Our new results (Figure 1b) generally agree with the existing record, overlying it closely in
the early period but not peaking as high as the constituent data sets of IntCal20. Ours also show little
evidence of a shoulder around 380 BCE (2329 cal BP). The overall difference between the smoothed
IntCal20 record and our A'*C data is —3.4 % 0.4%o (or +26.2 % 3.3 '%C yrs). It is worth noting that an
apparently minor difference like this, if corroborated by other sources, is likely to have significant
implications for the calibration of '*C dates over this time period.

Comparisons with *C production over established grand solar minima

In order to compare the excess A'*C produced around 400 BCE, we have used ticktack. All the
settings employed in our ticktack analysis are given in Table S4 of the SI. Figure 2 shows the
program estimates that this particular rise commenced around 410 BCE (2359 cal BP) and lasted 78.1
years, and involved an increase in '“C production rate of around 0.3 atoms cm? s~ per year above
normal (Figure 2a, lower panel) or of total of 23 atoms cm?” s~! per year excess production across the
whole 78.1 year period (Q parameter, Figure 2b). Assuming a sinusoidal rise and fall in A'*C due to the
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Figure 1. (a) The raw data underlying IntCal20 [see Reimer et al. (2020), Seattle (QL, green), Belfast
(UB, red), Irvine (UCI, orange)], and the smoothed IntCal20 curve (£1o envelope, blue). (b) Single-
year data from this study [Groningen (GrM, black)] superimposed on the raw IntCal20 data.

Schwabe cycle, t icktack is also able to interpolate the data and determine the most probable number
of these phase changes. In this case, the program estimates that the rise lasted approximately 7 full
cycles. It should be noted, as stated above, that our data set does not cover every year (Table S1 SI), and
a number of independent time series should really be combined in order to shore up the observed
patterns. The precise date of the onset of the GSM, for example, would benefit from increased data
density in the decades prior to 410 BCE.

Nonetheless, there is a compelling similarity in the duration and magnitude of the increase in A'*C
around 400 BCE and the Oort, Wolf and Maunder minima, especially. As expected, ticktack also
estimates that the production rate returns to normal levels (~330 BCE) some years before the A'4C
signal drops down to the pre-GSM levels (~270 BCE, see Figures la and 2a). The Sporer and Dalton
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Figure 2. New annual A'C data over the period around 400 BCE analyzed using the ticktack
python package. (a) The profile of the rise in A'™C production interpolated by the program’s
simple_sinusoid Bayesian inference model (class object, sf = SingleFitter). (b) Cornerplots from
ticktack for the rise in 400 BCE showing the 68% (dark blue) and 95% (light blue) highest posterior
density estimates for start date, duration and area (overall excess '*C production). Specifications for
ticktack analysis available in Table S4, SI.
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Figure 3. A'C time series over various solar and environmental events (see SI for raw data). The five
established GSM are shown, as well as profiles over two established environmental events (Younger
Dryas and 8.2 ka Event, Reimer et al. 2020). Shown also are our new data over 400 BCE, and two
profiles over 800 BCE (Jull et al. 2018) and 5480 BCE (Miyake et al. 2017), where the A'*C increases
have also been attributed to reduced solar activity. The general trend in each dataset is highlighted by
linear polynomials.

Minima do not replicate our results so closely but these GSM are known to be somewhat anomalous. In
fact, GSM have previously been classed into Maunder-like (shorter) and Sporer-like (longer) minima
(Schiissler et al. 1997; Sokoloff 2004; Usoskin 2017), and the true nature of the Dalton (very short)
minimum is still being debated (Frick et al. 1997; Usoskin 2017).

Comparisons with other periods of increasing *C production

Despite the similarity of the A'*C profile over 400 BCE with several established GSM, the possibility
the sudden uplift has a totally different origin altogether must also be considered. As previously
discussed, increases in production may also be the result of environmental (carbon cycle) processes.
Figure 3 shows the periods over which some pronounced rises in the IntCal20 A'*C dataset occurred
during the Holocene and Late Pleistocene for which explanations have already been widely agreed.
It is clear from Figure 3 that these two intense cooling events are associated with rises in A'C that
are of a similar rate and duration to GSM. To express this quantitatively, the gradients (with lo
uncertainties) of the linear polynomials of the established five GSM range from 0.11 £ 0.00 (Spérer) to
0.25 £ 0.02 %0 yr~! (Dalton), and the corresponding values for the 8.2 ka Event and YD are 0.24 £ 0.02
and 0.30 % 0.02 %o yr~! (IntCal 20, Reimer et al. 2020, Tables S5 and S6, SI), respectively. However, on
the time scales relevant to this study the sparsity of '’Be data make it difficult to reliably discriminate
between GSM and environmental events. As shown in Figure 3, two further A'C profiles have recently
been published which the authors have connected with reduced solar activity (see Figure 3, 5480 BCE,
Miyake et al. 2017, Table S7, SI; 800 BCE, Jull et al. 2018, Table S8, SI). Presently, historical
information and data from other climatic proxies coincident with these events is probably the most
effective way of favoring either an environmental or a solar cause. It is also worth highlighting that the
rise observed in 5480 BCE appears not to match either the trend of the established GSM or the known
environmental events examined in this study. Indeed, it exhibits an anomalously steep increase (1.36 +
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0.11 %o yr’l) which, if it were to have had an environmental origin, would need to have relate to an
extreme and as yet unknown climatic downturn. It seems more probable that this rapid rise was the result
of a sudden and ephemeral decline in solar activity of a mechanism not yet fully understood. At the time
of publication, the authors simply described the data set as evidence of an “unprecedented anomaly in
solar activity.”

Conclusions

Sustained rises in atmospheric A'C concentration are generally regarded as evidence of GSM, which
enable greater '*C production, or intense cold events which inhibit oceanic drawdown of atmospheric
14CO,. Further explanations, including poorly understood types of solar behavior, remain possible.
Ascribing a prolonged increase to one of these potential causes is currently challenging. Here, we
present one of the most detailed data sets published to date for the increase in A'*C around 400 BCE.
Whilst our data do generally overlie the current Northern Hemisphere radiocarbon reference curve
(IntCal20), they are somewhat more depleted and do not reproduce all of its features. In terms of the
origin of the rate of increase in AMC around 400 BCE, our data set is consistent with all 5 established
GSM during the last millennium, and the duration of the increase and the excess '*C produced appear to
be almost identical to the Oort and Wolf minima. Furthermore, no extremely cold period during the 5th
and 4th centuries BCE is historically documented nor evident in available climate proxies (e.g. Biintgen
et al. 2011; Gillreath-Brown et al. 2024; Manning 2022; Sinha et al. 2019). In the absence of detailed
annual '°Be data, which may be able to answer this question more definitively, the most parsimonious
explanation still appears to be a GSM.

Supplementary material. To view supplementary material for this article, please visit https://doi.org/10.1017/RDC.2024.132

Data availability. All of the isotope data used for the analyses in this study are available in the Supplementary Information (SI) of
this article. The previously published AC data are given in Miyake et al. (2017), Jull et al. (2018) and Reimer et al. (2020).
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