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Rapid 14C events in tree rings 
due to solar and cosmic events.





If we know the true age, we can 
calculate the original number of 
atoms incorporated

N(t) = N0 exp (-λt)

At time of formation t0 of the tree ring,
and we know the true age (t), then

N0 = N(t) exp (+λt).

Some numbers:
Preindustrial atmosphere: ~600Gt C
Preindustrial 14C: ~600kg.
Annual production of 14C: ~6kg



It is useful to define ∆14C, which tells us the value of 14C at the time of 
formation of the material –
Positive ∆14C = increase in production or 14/12 ratio.
Negative ∆14C – decrease in production or 14/12 ratio.

Important Definitions

∆14C= 1000 (𝐹𝐹𝑒𝑒𝝺𝝺(𝑡𝑡)-1)

The value of F is the “fraction of modern carbon”, i.e.
F= 𝑁𝑁/𝑁𝑁0, where N0 is the value at 1950CE*, and
t = true age of the sample. 

If t is given as CE or a negative for BCE, then t=(1950-t).

𝝺𝝺 = true decay constant of 14C, 1.21 x 10-4
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Cosmic Rays in Earth’s Upper Atmosphere

Galactic cosmicrays

• Directobservationsonintensity 
characteristicsof SolarProton 
energyinflux(SPEorSEP)from 
thelate1930sandfromspace 
observationafter1997(ACE).

• Indirectobservationsfromhistorical 
networkofSunspotnumbers start 
ca.1640.

Cosmogenicisotope14C- a
tracerofcosmic ray flux

Atmospherecontains814kgof14C 
(relativelyconstantamount)

Annual14Cproduction rate=6.7kg 
Global average=1.6–2.0atoms/cm2/s
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SEP 12,350 BCE (1)
SEP 7176 BCE
GSM 5480 BCE

5410 BCE
SEP 5259 BCE

3372 BCE
GSM 813-15 BCE
SEP 664-660 BCE
SEP 993-994 CE
SEP 774-775 CE

1021 CE
SEP or SN 1052-54 CE

1262 CE
1269 CE

SEP 1279 CE

..leave an imprint in the atmospheric radiocarbon record

14C spikes identified in annual tree-
ring records.
SEP-solar energetic particle event.
GSM – Giant Solar Minimum
SN - Supernova

Great Cosmic Storms

.
Integralprobability density functionfor theannual 
productionofradiocarbonQ14Cduetosolar energetic 
particles(SEPs),fromUsoskin et al 2021.

New spike?
(1) Bard et al. (2023), Proc. Roy.Soc. Lond.A

774CE
993CE
6BCE

5410BCE
1052CE
1279CE• High-energy

• Short-lived
• Sporadic
• Low-probability



Since 1950AD, an additional source of 14C is from atmospheric nuclear testing.

Hua et al. 2022. Radiocarbon

This artificial “spike” gives us information 
How rapid changes are reflected in the 
Atmosphere.



The spike of bomb 14C tells us a lot about the atmosphere and its distribution
(Hua et al. 2013)



Rapid events: Solar and other forcing?

• There are periods where there are rapid changes in the 14C signal
• Solar-flare related events: 774-775CE, 993-994CE, 
~660BCE, 5410BCE, 5259BCE and 7176BCE
• Other solar phenomena: 810BCE, 5480BCE
• More events are likely.

Miyake et al. (2012) were the first
to recognize a very large event at 774CE
from 14C in Japanese tree rings was likely
due to solar-flare effects.

Fusa Miyake at Biosphere 2,
Oracle, Arizona in 2015.

Other possible effects:
Supernovae?
𝜸𝜸-ray bursts?
Carbon-cycle changes?



774-775 and 993-994AD: Geographic 
distribution.

.

(from Büntgen et al. 2018)



Other effects on 14C production:
During periods of solar minima, the solar magnetic field is decreased and
more galactic cosmic rays reach the Earth, so  ∆14C will increase slowly (over decades).

From Eastoe et al. 2019. Radiocarbon.



Park et al. (2017) 660BC “spike”:
Note the effect of these single-year data relative to the calibration curve

Park et al. (2017) Radiocarbon



Sakurai et al. (2020) measured a record
In Choukai-Jindai cedar (Cryptomeria 
japonica) showing an excellent record.

Scientific Reports 10: 660 (2020)



We obtained a new series for the period 684-634 BCE from wood collected
from a kurgan in the Altai region (Siberia)



Results from Altai larch (684-634BCE) compared to other records. 

677BCE event?

662BCE



Analysis of Altai larch 664-662BCE excursion, using the Zhang et al. (2022) approach 
And 22-box model of Buentgen et al. (2018)

Zhang et al. (2022), Proc. Roy. Soc. Lond. A. 478:20220497



Yamal, larch (Larix sibirica)



3 newest 
events reported

• New spike at 12350BCE (Bard et al, 
Proc. Roy. Soc. Lond. A, 2023), ~30 per 
mil.
• 5259BCE and 7176BCE (Brehm et al. 
2022,Nature Comm.), ~20 per mil.



Bard et al. (2023) also compared the 12,350BCE (14,300 cal BP)
event to 10Be in ice cores.

Rapid event Solar minimum-like event Limit of INTCAL20
Tree-ring data



Estimated 
production rates 
(x 108 14C/cm2)

• The average annual 
production rate for 14C 
from GCR is 0.48-0.60 x 
108 p/cm2

• Excess production 
rates needed to explain 
14C “spike” for different 
events
• 12,350 BCE event 
may be 50% larger 
than 775CE



Solar superstorm of 27 Aug  
to 7 Sep 1859 

(Carrington Event)

• “Modern estimates of 
Dst for the Carrington 
Event itself range 
from -800 nT to a 
staggering -1750 nT”

(science.nasa.gov)

Horizontal intensity (upper) 
and declination (lower) 
observed at the Greenwich 
Observatory (London)
on 01 Sept 1859.



Latitudinal observability of aurorae during the Carrington event (Hayakawa et al.)

Carrington Event (Sep 1859):
Aurora observed as far south 
as Havana, Cuba and the Azores



What about the Carrington event? Estimated F30 1.9 x 1010 p/cm2. 
Apparently, no significant effect on 14C in the tree-ring record



Spikes in 14C as markers for exact dating.

14C rapid spikes can be used as 
markers for tree-ring sequences 
to one year.

Hakozaki et al. (2018), Radiocarbon 
60(1): 261-268 used the log shown 
on the right to date the eruption of 
the Baitoshan (Changbaishan) 
volcano to 946AD.



Wacker et al. (2014) used wood from the 
Holy Cross Chapel (St. John Abbey,
Mustair, CH) to date it precisely, 
since it included the 774AD event.

Radiocarbon 56(2): 573-579.
Date: 786AD. Abbey established about 780AD on the 
order of the Bishop of Chur.



70
60
50
40
30
20
10

70
60
50
40
30
20
10

1015 1017 1019 1021 1023 1025 1027
Last growth ring

70
60
50
40
30
20
10

970 980 990 1000
Year (AD)

1010 1020
980

1000

1020

1040

1060

1080

1100

1120

1140

1160

14C
age

(yr BP)

−50 −40 −30 −20 −10 0
Ring

−31 −29 −27 −25

989 991 993 995
1000

1020

1040

1060

1080

1100

1120

a b

2
2

2

993AD event
Included in a
wooden beam

Kuitems et al. (2022)
Nature 601: 388-391.



How can we refine the timing of events from 
different records?

Various records of the same apparent event may be transposed in time
due to different effects.

We have demonstrated the technique of “Dynamic Time Warping” 
for the ”events” at 1052 CE (Brehm et al. 2021) and 1055CE (Terrasi et al. 2020)

We try to minimize the variance between the different records to resolve timing
questions. 

Reference:
Panyushkina, I. et al. 2022. Scaling the 14C signal in multiple tree-ring series
using dynamic time warping. Radiocarbon, online before print 
https://doi.org/10.1017/RDC.2022.25

λ

https://doi.org/10.1017/RDC.2022.25




Can we use lunar data to constrain the total solar
cosmic-ray fluence?

East-West Split Boulder
(Tracy’s Rock) at Station 3
Apollo 16.



Is there other information to constrain the total 
fluence over time of solar proton events?

Lunar rock 68815. NASA photos.





Poluianov et al. 2018 
Astronomy and Astrophysics. 
https://arxiv.org/pdf/1807.10153.pdf



Consequences: Solar Events

• We need to better understand the effects on 14C production:
• Solar flares and Coronal Mass Ejections
• Supernovae – how large can they be?
• Gamma-Ray Bursts
• Geomagnetic field changes

• Evidence of large solar flare or similar events.
• If such an event occurred today, would cause massive electronic 

disruptions, eg. Zoom meetings.
• Important to our understanding of how rapid changes can occur in 

the carbon-14 system.
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