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Radiocarbon content in tree-rings can be an excellent proxy of the past incoming 

cosmic ray intensities to the Earth. Although such past cosmic ray variations have 

been studied by measurements of 14C contents in tree rings with ≧10 year time 

resolution for the Holocene (1), there are few annual 14C data. There is a little 

understanding about annual 14C variations in the past with the exception of a few 

periods including the AD774-775 annual 14C excursion (2).  

Here, we report the result of 14C measurements using the bristlecone pine tree rings 

for the period from 5490 BC to 5411 BC with 1-2 year resolution, and a finding of an 

extraordinarily large 14C increase (20‰) from 5481 BC to 5471 BC (the 5480 BC 

event). The 14C increase rate of this event is much larger than that of the normal 

Grand Solar Minima. We propose the possible causes of this event are a special 

phase of grand solar minimum, or a combination of successive solar proton events 

and a normal grand solar minimum (or solar magnetic activity). 

 

Introduction 

Cosmic rays reaching the Earth are generally classified as a Galactic Cosmic 

Rays (GCR) and a Solar Cosmic Rays (SCR). GCR including protons, heavier nuclei, 

electrons, gamma-ray, etc. originate from outside the heliosphere and its intensity 

to the Earth is modulated by the interplanetary magnetic field. SCR, which can also 

result from episodic Solar Proton Events (SPE) originate from particle acceleration 

in the solar corona. Incoming cosmic rays interact with the atmosphere and 

generate an atmospheric cascade, which produces various types of particle 

components (3). Since cosmogenic nuclides such as 14C and 10Be are produced in an 

atmospheric cascade process, their concentrations show the cosmic ray intensities.  

The 14C contents in tree rings are normally varied by the solar magnetic 

activities and the geomagnetic activities, which modulate the GCR flux to the Earth 

(4). There is an excellent tree-ring record of 14C data in the international 

radiocarbon calibration curve IntCal (1). This record has a typically 10 year 

resolution extending to 13,900BP. We can see solar- and geo-magnetic variations 

exhibited in the radiocarbon record as decadal to millennial time scale, i.e. 50-100 

years variation such as grand solar minima, and ~1000 years variations of the 

geomagnetic dipole moment (5). 

On the other hand, there is little understanding of annual 14C variations due to 

the lack of annual 14C data for periods before AD 1510 (6). Previously, it has been 

considered that annual variations of 14C contents do not change rapidly because 

original signals are diluted and attenuated by the carbon cycle (5). Although most of 



annual 14C data show a gradual variation, those in some periods show significant 

and rapid annual changes. The AD 775 and AD 994 (or AD 993) events are two 

examples of large changes which occur at annual resolution (2,7). The 14C variation 

of these two events have a characteristic increase over 1-2 years followed by a decay 

which reflects a rapid input of cosmic rays to the atmosphere within 1-year and the 

decay by the global carbon cycle. The most likely explanation of these events is that 

they were the result of extreme Solar Proton Events (SPEs), based on verifications 

of annual 14C measurements using worldwide tree samples (8-11) and annual 10Be 

measurements in ice cores from the Antarctica and the Greenland (12-14). It is 

possible that there are more annual cosmic ray events like the 775 event and even 

other types of annual rapid 14C variation in the past.  

In order to find more rapid changes in 14C data at annual resolution, we have 

surveyed the periods where 14C increase rates are large in the IntCal (1) record. If 

such annual changes had occurred in the past, it is possible that such events would 

be manifest in the IntCal data, since a large change in 1-2 years would be observed 

in the averaged 5-10 years data. As a result, there are 15 intervals where increase 

rates are ≧0.3 [‰/year] (using min-max values) in the IntCal13 data (1) for the 

Holocene (last 12,000 years) (15). The 5460 BC peak from 5490 BC to 5460 BC has 

one of the largest increase rates (0.51[‰/year]) in the Holocene. We selected the 

period for our annual measurement for interval 5490-5411 BC in order to 

investigate the structure of the 14C signal around 5460 BC.  

 

Method and Result 

We used a bristlecone pine specimen from the White Mountains (California, 

US) for annual 14C measurements. Further information about the wood is described 

in the supplementary information (figure S1). We prepared the cellulose samples by 

a standard chemical cleaning methods at the AMS (Accelerator Mass Spectrometry) 

laboratory in the University of Arizona, and measured 14C contents at three 

different AMSs (University of Arizona, Nagoya University, and Swiss Federal 

Institute of Technology: ETH) to cross-validate our results and ascertain any 

laboratory offset between different AMS system.  

Figure 1 (upper) shows 14C results of 3 replicated series from our 

measurements. Since the 3 series are consistent with each other, we can 

immediately conclude that there is no laboratory offsets between the different AMS 

measurements. Since the values for the same year all agree within 2-sigma (95% 

probability), we combined 3 series shown in the figure 1 (upper). Figure 1 (lower) 



shows a comparison between the combined data and the IntCal13 (1). The combined 

data are almost consistent with the IntCal13 and original data of the IntCal13. 

From our measurements, it becomes clear that the marked increase in the 

IntCal13 data (5490-5460 BC) shows a very large change in annual resolution. The 

increase occurred from 5481 BC to 5473 BC (or 5485-5471 BC: min-max values), 

and the increase rates are 17.0‰/8years (or 26.2‰/14years), respectively. Although 

a variation of this event (hereafter we call the event as the 5480 BC event) is 

different from the previously-identified events like the AD 775 event, the total 

increase in 14C contents of the event is larger than that of the AD 775 event (~15‰). 

We show a comparison between the 5480 BC event and the AD 775 event in figure 

S2. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure 1: (upper) Measured results (Δ14C: defined in Stuiver & Polach [1977] (30)) 

of 3 series which were measured at different AMSs (Arizona, Nagoya, and ETH). 

(lower) Comparison of our combined data (diamonds: bristlecone pine), the original 

datasets of the IntCal (QL (6), UB (31), and SUREC (32)), and the IntCal13 curve 

(1). Although the IntCal original data are not consistent with each other, our 

measured results almost agree with the IntCal13. 

 

 



 

 

Discussion 

Previous studies classified the peak around 5460 BC as a grand solar 

minimum using the IntCal data (16-18). Grand solar minima are defined as the 

periods when the solar activity is at very low level, i.e. it is defined as group sunspot 

number becomes less than 15 during at least two consecutive decades according to 

Usoskin et al. (18). In a grand solar minimum, the 14C content increases largely due 

to a reduction of the solar modulation parameter Φ (it is estimated that Φ was 

~160 [MV] during the Maunder Minimum, while the present-day value varies 

between 400-1000 [MV] (19)).  

We compared the annual 5480 BC event with other grand solar minima, that 

is the Maunder, the Spörer, the Oort, the AD7th century and the 4th century BC 

grand solar minima, where we have annual resolution 14C data (6, 20-22). Figure 2 

shows a comparison between our combined datasets and other grand solar minima. 

The origin of the coordinates corresponds to the shifted data point of the first year of 

each grand solar minima (18), and the 5481 BC data point. An average of the 

increase rate of the other five grand solar minima is about 0.3‰/year (more details 

on the grand solar minima are provided in the supplementary information). Against 

the normal grand solar minima, the increase rate of the 5480 BC event is 2‰/year. 

Although the total 14C increment of the 5480 BC event is almost equal to the other 

minima (~20‰ ), the 5480 BC event increases much faster than the others. 

Therefore, we expect that the origin of the 5480 BC event is apparently different 

from the other normal grand solar minima. 

 



 
Figure 2: Comparison of the 5480 BC event between the present data and other grand 

solar minima (6, 20-22). Further information about the grand solar minima is provided 

in the supplementary information (table S1). 

 

 

We hypothesize that plausible causes of this 5480 BC event are 1) special state 

of the grand solar minimum, 2) successive extreme SPEs over ~20 years, and 3) 

combination of some extreme SPEs and a normal grand solar minimum (or solar 

magnetic activities). Apart from these causes, changes in the geomagnetic field can 

also affect the GCR flux to the Earth. But it is generally considered that the 

geomagnetic field does not change over several centuries (5). Although the 

geomagnetic dipole field was ~0.9 times smaller than today’s field, almost constant 

value continued over ~3000 years from ca. 6000 BC to 3000 BC (23). Therefore we 

do not consider the effect of the geomagnetic effect. Also a change of the oceanic 

carbon cycle and reservoir age would affect 14C, however ocean-circulation events 

cannot explain 14C variations on a decadal scale, these normally require up to 200 

years, as shown in a study of the Younger Dryas event by Singarayer et al. (24). 

Although another galactic event, e.g. GCR flux increases ~10 years followed by a 

tail (a few decades) may explain the 5480 BC event, we don’t know such event with 

our present knowledge. 

First, we consider the case of special state of the grand solar minimum. We 



calculated a production rate for our measured periods using a 4-box carbon cycle 

model (figure S4). We assumed that the start point (5484 BC) was at steady state 

pre-industrial value 1.8 [atoms/cm2/sec] (14). Figure 3 shows this calculated 14C 

production rate in comparison with the Δ14C data. Note that the steady state value 

is an assumption, and we cannot conduct a sufficient reconstruction such as the 

Holocene continuous reconstruction of the decadal 14C production (25) for annual 

production rates, because we only have restricted data. Hence, we cannot say if our 

calculated production rates are absolutely correct or not. However, this is the only 

approach to calculate the annual production rates, and our calculation for a 

production rate of the 775 event is consistent with other studies (11). Since the 

geomagnetic field around 5480 BC is 0.9 times smaller than the present value, the 

steady state of the 14C production rate is supposed as 1.1 times larger than the 

pre-industrial value (~2.0 [atoms/cm2/sec]). Then the production rate in the figure 3 

should add 0.2 [atoms/cm2/sec]. However, in order to compare with other 14C 

production data of different time age (following discussions), we use 1.8 

[atoms/cm2/sec] for convenience. 

According to several studies, if the solar modulation parameter becomes zero, 

the 14C production rate can increase to 3.0 [atoms/cm2/sec] (19, 26, 27). Averages of 

the production data for the periods of 5476-71 BC (6 years), 5482-71 BC (10 years) 

and 5482-57 BC (25 years) are 2.9, 2.6 and 2.35 [atoms/cm2/sec], respectively. From 

these, if the 5480 BC event was caused only by solar magnetic activity, the solar 

modulation parameter must be almost zero for approximately 5 years. The 

production data for 5481-80 BC, 5476-75 BC, 5474-73 BC, 5472-71 BC, and 5469-68 

BC are over 3.0 [atoms/cm2/sec] (but within 3.0 considering the error), and it may be 

difficult to explain these data by the solar magnetic variation because the 

modulation parameter becomes almost zero, however we cannot fully exclude a very 

weak sun. 

The variation after the rapid increase (after 5470 BC) shows a gradual 

increase (almost a plateau) for 15 years and then shows a gradual decay. Although 

the increase in 14C for this event is different from the behavior in a normal grand 

solar minima, the time scale of the plateau and the following decay is consistent 

with the Maunder Minimum (see figure S6). Here, we have assumed the Maunder 

Minimum is a standard variation of a grand solar minimum. Therefore, if our event 

is explained only by a grand solar minimum, this means the solar activity rapidly 

decreased to an extremely low level, and then, the solar activity became gradually 

higher, in a similar way to other grand solar minima.  



 

 

 
Figure3: 14C production rate for the period from 5484 BC to 5411 BC using 4-box 

model. We calculated the production rates in this graph using the steady state as 

1.8 [atoms/cm2/sec] (note that the steady state around 5480 BC should be ~2 

[atoms/cm2/sec], so more reliable production rates are +0.2 to the values in this 

graph). The blue dashed line (1.8 [atoms/cm2/sec]) marks the production rate of 

normal solar magnetic activity, the blue dotted line (2.35 [atoms/cm2/sec]) is average 

production rate for the Maunder Minimum, and the red solid line (3.0 

[atoms/cm2/sec]) is the production rate in the case the solar modulation parameter 

becomes zero. 

 

 



Second, we consider the cases of successive SPEs and the combination of SPEs 

and a solar magnetic activity. Although it is in principal possible that the variation 

is explained only by solar energetic particles over the whole period, it is not possible 

to explain the plateau and the following decay only by SPEs.  

Since it is difficult to divide 14C variations into contribution by solar magnetic 

activities and that by SPEs, we suggest the following two scenarios: I) several SPEs 

occurred during the early-normal grand solar minimum, or II) several SPEs 

occurred, and then, the solar magnetic activity became gradually higher. Here, we 

assume SPEs only occurred in the increasing period (5481-5468 BC: this interval 

contains the data where production rates >3.0 [atoms/cm2/sec]). Since we know that 

a 14C production rate during the Maunder Minimum varies between 2.1 and 2.6 

[atoms/cm2/sec] (19), we can assume a production rate by the low solar magnetic 

activity during the increasing 14C period is an average of upper values, 2.35 

[atoms/cm2/sec]. In contrast, we note that the production rate of normal solar 

magnetic activity is 1.8 [atoms/cm2/sec]. Based on these hypotheses, a total 14C 

production by SPEs above 2.35 [atoms/cm2/sec] and 1.8 [atoms/cm2/sec] during the 

increase can be shown to be 6.0 [atoms/cm2/sec] and 10.5 [atoms/cm2/sec], 

respectively. The total production rate of the AD 775 event has been estimated to be 

3.9-6.9 [atoms/cm2/sec] (8, 10, 11, 14). Then, in the case of scenario I, 14C production 

is dominated by the very low modulation parameter and the total production by 

SPEs is comparable to that of the AD 775 event. In the case of scenario II, the total 

SPE production must be larger than the AD 775 event.  

From direct measurements of the sun, we know solar flares tend to occur 

during a solar maximum, e.g. the number of SPEs increase in solar maximum 

periods (28). Also, the two annual 14C events (AD 774-775 and AD 993-994) occurred 

in higher solar activity periods, or at least did not occur during grand solar 

minimum periods (7). Thus, we suggest that scenario I (several SPEs occurred in 

the grand solar minimum) is unlikely, however we cannot exclude scenario I 

because the mechanism of an occurrence of extreme SPEs is not yet fully 

understood.  

In the observation of solar-type stars by the Kepler telescope, stars which 

occurred several super-flares for several years were detected (29). Such 

observations of solar-type stars may support an extreme SPE origin of the 5480 BC 

event. Further investigations of the 14C record may turn up similar events, which 

can then compare to events observed in astronomical data. 

In any case, 14C variation of the 5480 BC event is extraordinary in the Holocene, 



and this event indicates the abnormal solar activity compared to other periods. 
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Supporting information 

S1. Picture of the tree sample 

 
Figure S1: Image of the bristlecone pine specimen (1971#059) used for our study. 

This wood was collected in 1971 at Methuselah Walk site (37.3794N, -118.1654W) 

and archived at Laboratory of Tree-Ring Research, University of Arizona (33).  

 

S2. Comparison with the AD 775 event 

 
Figure S2: Comparison of 14C measurements between the 5480 BC event (this 

study) and the AD 775 event1. The horizontal and the vertical axis are shifted to 

compare the two events. We defined the zero points as average values for 5485-5481 

BC and AD 770-774. 

 



 

S3. Annual rapid change in 14C records 

There are few examples of an extremely rapid increase rate of 14C except in the two 

annual cosmic ray events at AD 774-775 and AD 993-994. However, some data in 

the beginning of the Dalton minimum show also a large increase rate, as can be 

seem in the annual 14C dataset of Stuiver et al. [1998] (6), i.e. 9.2‰ increase from 

AD 1796 to AD 1800 and 7.6‰ increase from AD 1808 to AD 1810 (increase rates 

for these periods are comparable to that of the 5480 BC event). We have also 

measured this interval using a Japanese cedar sample. However, we did not observe 

such a rapid increase in the cedar record. Figure S3 shows a comparison of annual 
14C datasets (our result, Stuiver et al. [1998] (6), and McCormac et al. [2002] (34)) 

during the beginning of the Dalton Minimum. 

 

 

Figure S3: Δ14C data around the beginning of the Dalton minimum (AD 1790-1815). 

The circles indicate Stuiver et al. [1998] (North American wood sample) (6), the 

diamonds indicate our measured result (Japanese wood sample), and triangles 

indicate McCormac et al. [2002] (Chilean wood sample) (34). 

 

 

 

 

 

 



S4. Information of the grand solar minima 

 

Table S1: List of grand solar minima (the Maunder, the Spörer, the Oort, the AD 7th 

century, and the 4th century BC). The period of grand solar minima are defined 

according to Usoskin et al. [2007] (18). Increase rates are calculated using first 30 

years data of each grand solar minima. 

Event Maunder Spörer Oort AD 7th 

century 

4th century 

BC 

Peirod  AD1640 - 

AD 1720 

AD1390 - 

AD1550 

AD1010 - 

AD1070 

AD650 - 

AD720 

390 BC – 

330 BC 

Reference Stuiver et 

al. [1998] 

(6) 

Miyahara et 

al. [2006] 

(20) 

Miyake 

[2013] 

(21) 

Miyake et 

al. [2013] 

(35) 

Nagaya et 

al. [2012] 

(22 

Time 

resolution 

1 year 2 years 2 years 2 years 2 years 

Increase 

rate [‰/yr] 

0.32 0.18 0.35 0.31 0.42 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



S5: Production rate and error estimation 

 

We calculated the production rate using the 4-box model which based on Miyake et 

al. [2012] (2) and Usoskin et al. [2013] (8) (Figure S4), and the 11-box model (10). We 

assume the start point as a steady state (1.8 [atoms/cm2/sec]), and calculated the 14C 

input (production rate Q). Figure S5 shows a comparison of the production rate of 

two box models. 

 

In order to estimate errors of the production rate, we generated 1,000 error series 

E(t) as: 

Ei(t) = Δ14C(t) + Δ14Cerror(t) × Ri(t) 

where i=1 to 1,000, Δ14C(t) is the series of 

original Δ14C time series, Δ14Cerror(t) is the 

error series of the originalΔ14C time series, 

and R(t) is the normal distributed random 

number series. We converted each Ei(t) 

series to a production rate series using the 

4-box model, and calculated a standard 

deviation for each age t which is an error of 

the production rate.                    Figure S4: 4-box model of the carbon cycle. 

 

 

Figure S5: Production rates of the 4-box and the 11-box carbon cycle model. 

 

 



S6: Comparison with the Maunder Minimum 

 

 

 
Figure S6: Comparison between the 5480 BC event and the Maunder Minimum 

(IntCal13 data (1)). (a) Comparison for the period of whole grand solar minimum (AD 

1640-1720: the Maunder Minimum, 5482-5411 BC: the present study). Scales of the 

both axes are same for both series, but the axes were shifted to align the 5482 BC 

and the AD 1640 data points. (b) Comparison for the attenuated period for the 

grand solar minima. Scales of the both axes of two series are same. The timescales 

of the decay of two series are almost same. An approximately decrease timescales 

are about ~12‰/25yrs. 
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