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Abstract: Recently it has been confirmed that extreme solar  proton events (SPE) can lead to significantly 
increased production of cosmogenic radionuclides (Mekhaldi et al. 2015). The evidence of these events can be 
recorded in tree rings (14C) and ice cores (10Be, 36Cl). The IntCal13 calibration curve, which is a continuous tree 
ring record of 14C fluctuations throughout the Holocene, was used to locate two potential spikes in radionuclide 
production (~7510 and ~2610 BP). The primary aim of this study was to establish whether these potential spikes 
have counterparts in other radionuclide records. The secondary aim was to determine whether the spikes in 
radionuclide production could be attributed to extreme solar events, and to define the parameters of these events. 

The results indicate an increase in 10Be concentration and flux from the NGRIP ice core for the younger period 
of interest, 2610 BP. Additionally, a peak in concentration and flux has been discovered in existing GRIP 36Cl 
records for the same period. This synchronous peak in both records is consistent with the increased radionuclide 
production expected due to an extreme SPE. Calculations based on the production yields of 10Be and 36Cl suggest 
that the hypothesised SPE around 2610 BP was characterised by a hard spectrum and a exceptionally high fluence. 
Furthermore, this event was at least an order of magnitude more energetic than the so far assumed strongest hard 
SPE of February 1956, and similar in magnitude to the remarkably strong hard AD775 paleo-SPE event. 
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Sammanfattning:  Det har nyligen bekräftats att extrema solar proton events (SPE) kan leda till kraftigt ökad 
produktion av kosmogena radionuklider (Mekhaldi et al. 2015). Bevis för detta kan påträffas i trädringar (14C) och 
iskärnor (10Be, 36Cl). Kalibreringskurvan IntCal13, vilken är ett kontinuerligt trädringsregister över 14C fluktuation-
er under hela Holocen, användes för att lokalisera två potentiella toppar i radionuklidproduktion (ca 7510 och ca 
2610 BP). Det främsta syftet med denna studie var att fastställa huruvida dessa potentiella toppar har 
motsvarigheter i andra radionuklida arkiv. Vidare var syftet att fastställa huruvida topparna i radionuklid produk-
tion kan hänföras till extrema solar proton events, samt definiera parametrarna för dessa event. 

Resultaten indikerar en ökning av 10Be-koncentration och flöde från NGRIP-iskärnan för den yngre av de stu-
derade perioderna, 2610 BP. Dessutom har en topp i koncentration och flöde upptäckts i befintliga GRIP 36Cl arkiv 
för samma period. Denna synkrona topp i båda geologiska arkiv är överensstämmande med den ökade radi-
onuklidproduktion som kan förväntas efter en extrem SPE. Beräkningar baserade på mängden producerad 10Be och 
36Cl tyder på att den hypotiserade SPEn runt 2610 BP präglades av ett hårt spektrum och en exceptionellt hög flu-
ens. Dessutom var detta event åtminstone en storleksordning starkare än det hittills förmodat starkaste hårda SPE i 
februari 1956 och i samma storleksordning som det anmärkningsvärt starka hårda AD775 paleo-SPE eventet. 
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individual production rates for these radionuclides are 
differently sensitive to the kinetic energies of incident 
particles. This differing energy sensitivity can, in 
theory, be used to determine the energy spectrum and 
therefore the source of sharp peaks in cosmogenic 
radionuclide production. 

In this study, new and sub-annually to annually-
resolved 10Be was measured from the North Greenland 
Ice Core Project (NGRIP) ice core and compared with 
other available cosmogenic radionuclides records in 
order to test for the presence, and assess the potential 
causes of the LU7510 and LU2610 events. 

 
2 Background 
 
2.1  Cosmic rays and the production of 

cosmogenic radionuclides 
 
    The Earth is constantly being bombarded by high 
energy particles in the form of cosmic radiation from 
interstellar space. These particles, which have been 
accelerated close to the speed of light, are commonly 
referred to as cosmic rays (Reasoner et al. 1968). α-
particles and protons (helium and hydrogen nuclei 
stripped of their orbital electrons) form the majority of 
cosmic rays (~12% and ~87% respectively; Beer et al. 
(2012)). The cosmic radiation which reaches the 
Earth’s atmosphere is limited by shielding in the form 
of both the geomagnetic field, produced by the Earth, 
and the heliosphere generated by our Sun. Variation in 
this shielding modulates the total flux of incoming 
energetic particles. Thus, periods of low solar activity 
lead to an increased amount of galactic cosmic rays 
reaching the Earth’s atmosphere and vice versa (fig. 
2). 

The energy spectrum of incoming cosmic 
radiation, usually expressed in giga-electron volts 
(GeV), is relatively wide and can provide some insight 

Fig. 1. IntCal13 ∆14C measurements for the two suggested periods of interest (LU2610 and LU7510) where the raw data 
(grouped by dataset) in the 14C calibration curve (Reimer et al. 2013) suggest the possibility of rapid 14C increases. Vertical 
bars represent measurement error values, horizontal bars represent the time span that an individual measurement covers.  

1 Introduction 
 

This study was motivated by the identification of 
two distinct rapid changes in ∆14C within the IntCal13 
dataset, around 7510 and 2610 BP (henceforth 
LU7510 and LU2610; fig. 1).  
 The production of cosmogenic radionuclides 
such as 10Be, 36Cl and 14C result from the nuclear 
cascade triggered when cosmic-rays enter the 
atmosphere and interact with nitrogen, oxygen and 
argon. The number of cosmic-rays which reach the 
Earth's atmosphere is primarily modulated by the 
intensity of the magnetic field generated by our Sun 
(the heliomagnetic field), and the Earth’s geomagnetic 
field. The strength of this modulation changes on 
annual to millennial time scales (Vasiliev & 
Dergachev 2002), meaning that the concentration of 
cosmogenic radionuclides in archives such as tree 
rings and ice cores changes through time. However, 
the rapid changes in ∆14C for LU7510 and LU2610 in 
IntCal13 suggest sharp increases in radionuclide 
production which are possibly unrelated to normal 
solar modulation. 

Recently it has been confirmed that enormous solar 
storms can produce significant amounts of cosmogenic 
radionuclides which leave their imprint in tree rings 
(14C) and ice cores (10Be, 36Cl) (Mekhaldi et al. 2015). 
It is hypothesised that such events may be responsible 
for the previously mentioned rapid ∆14C changes in 
IntCal13. In the context of modern society, enormous 
solar storms pose a threat to communication, 
electronic and power systems (Schrijver et al. 2012). 
Therefore, better understanding the relationship 
between magnitude and occurrence frequency of such 
events is of great importance for solar physics, and 
safeguarding space technologies and modern 
technological infrastructure. 

Cosmogenic 10Be, 14C and 36Cl are produced in the 
atmosphere through a series of reaction pathways. The 
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into its sources. Particles less than 1 GeV are thought 
to have a solar origin, and are hence termed solar 
cosmic rays (SCR). Particles with energies higher than 
1 GeV represent the "harder" end of the cosmic ray 
spectrum and originate from beyond the heliosphere, 
and are therefore termed galactic cosmic rays (GCR). 
GCR particles are hypothesized to originate from 
shock-wave-bound material ejected during the collapse 
and subsequent explosions of massive stars, also called 
supernova explosions (Koyama et al. 1995;  
Ackermann et al. 2013), the frequency of which (at a 
galactic level) produces a uniform level of GCR in our 
local interstellar system (Beer et al. 2012).  

The interaction of cosmic radiation with the Earth's 
atmosphere leads to the production of cosmogenic 
radionuclides such as 14C, 10Be and 36Cl. Therefore, 
rapid changes in production rates of these 
radionuclides indicate changes in the levels of cosmic 
radiation. The motivation of this study lies in the rapid 
increase in radiocarbon within two periods of the 
IntCal13 dataset, occurring around 2610 yr BP and 
7510 yr BP. It is possible that these events may be 
explained by changes in solar modulation, so this will 
be the first line of enquiry. If solar modulation cannot 
explain the production rate increases of these events, 
other sources will be investigated, such as solar proton 
events (SPE), short gamma ray bursts (GRB) or 
relatively nearby supernovae explosions which result 
in longer gamma-ray bursts. 

 
2.2 Production of cosmogenic 14C, 10Be, 

and 36Cl 
 
Primary cosmic rays which encounter the Earth's 

atmosphere trigger a nuclear cascade which results in 
the production of secondary particles (Masarik & Beer 
1999). The resulting secondary particles, which 
include protons and neutrons, can then initiate 
spallation reactions involving the principal 

components of the atmosphere: nitrogen (N), oxygen 
(O) and argon (Ar). The formation of cosmogenic 
radionuclides is the result of these spallation reactions 
(Beer et al. (2012); Huggle et al. (1996); Yim & Caron 
(2006)). The main reaction pathways are shown in 
figure 3. 

The abundance of individual nuclides produced 
during these spallation reactions is dependent on a 
combination of the energy required (incident energy 
from cosmic ray) to produce the reaction, as well as 
atmospheric abundance of target elements. Of the 
three nuclides considered here, 14C is most abundantly 
produced due to having the smallest required incident 
energy and the highest abundance of the required base 
element 14N. The production of 10Be, arising from the 
the fission of 16O and 14N, requires a higher incident 
energy, resulting in a lower abundance. Finally, among 
the radionuclides mentioned so far, 36Cl is the rarest as 
it forms primarily during the spallation of 40Ar, which 
accounts for ~1% of atmospheric composition (Huggle 
et al. 1996). 

Due to spatial variation in Earth's geomagnetic 
field and atmospheric structure, the production of 
cosmogenic radionuclides is latitude and altitude 
dependent. Lower cut-off rigidities and geomagnetic 
shielding at higher latitudes may result in larger 
cosmogenic radionuclide production relative to lower 
and mid latitudes (Shea & Smart 1970;  Herbst et al. 
2013). In addition, there is a production differential in 
terms of altitude, with most radionuclide production 
occurring in the lower stratosphere and upper 
troposphere (Beer et al. 2012). 

The energy of incident cosmic rays has been shown 
to impact the production rate (relative to incoming 
particle energy) of individual cosmogenic 
radionuclides (Webber et al. 2007). Lower energy 
particles, usually sourced via SCRs, result in a 
different cosmogenic radioniuclide production 
'signature' compared to higher energy particles (i.e. 

Fig. 2. Solar and geomagnetic modulation of Solar and Galactic cosmic rays (SCR and GCR respectively). Blue shading around 
Earth represents the geomagnetic field generated by Earth. Red shading represents the Sun's heliosphere. Deflection and 
penetration of both types of rays also indicated (adapted from Beer et al. (2012)).  
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GCR source). An example of such a change in 
signature occurs between the energy spectrum 0.01 to 
0.1 GeV (specifically ~25-30MeV; see fig. 4), where 
there is a visible 'levelling out' in 36Cl production, 
while 10Be/14C are decreasing with decreasing kinetic 
energy of incident particles. This trend highlights the 
sensitivity of 36Cl production to lower energy (SCR) 
particles. Although GCR induced production accounts 
for much of the cosmogenic radionuclides of interest 
in this study, particularly large solar storms resulting 

in rapid increases in SCR could significantly increase 
the production of 36Cl relative to 10Be and 14C. 

In summary, cosmic ray-induced spallation 
reactions within the Earth’s atmosphere lead to a series 
of complex nuclear cascades, resulting in the 
production of cosmogenic radionuclides. Each 
radionuclide entails different production pathways and 
target nuclei, and therefore is differently sensitive to 
the energy of incoming cosmic rays. The relative 
production of 36Cl and 14C (to a lesser extent) are 
generally more sensitive than 10Be to lower-energy 
solar particles. These patterns of relative production 
yield differences can, in theory, be used to infer the 
energy level of incident cosmic rays for a given period 
(Mekhaldi et al. 2015). 

 
2.3 Transport and deposition of 

cosmogenic 14C, 10Be and 36Cl 
 
14C, 10Be and 36Cl records are widely used in the 

reconstruction of past solar activity. As seen in the 
previous section, their production rates vary widely in 
terms of production processes and incident particle 
energy spectra. In addition, the processes and 
mechanisms of transport and deposition for each 
radionuclide add further distinctions on how their 
relative abundances are interpreted in geological 
archives. The following section will outline the 
transport and deposition mechanisms for each. 

 
2.3.1 Carbon-14 

Carbon-14, which is produced through the neutron 
capture of nitrogen-14, is the most abundant of the 
three cosmogenic radionuclides discussed so far. It has 
a half-life of approximately 5.73 ka and, due to its 
involvement in the global carbon cycle, has the longest 
atmospheric residence time relative to the 

Fig. 4. Yield functions of various cosmogenic isotopes: 14C 
(Castagnoli & Lal 1980), 36Cl and 10Be (Webber et al. 2007) 
in the atmosphere per incident vertical cosmic ray proton as 
a function of energy – modified from Mekhaldi et al. (2015).  

Fig. 3. Relative production of radionuclides in the atmosphere. Primary particles react into secondary particles which through 
spallation of 14N, 16O and 40Ar produce resulting radionuclides. Main reaction pathways shown with increasing relative 
production from left to right. Adapted from Huggle et al. (1996);  Yim& Caron (2006);  Beer et al. (2012);  Mekhaldi et al. 
(2015). Decreasing relative production is not the case for lower energy particles – where relatively more 36Cl is produced at 
low energies. 



11 

aforementioned radionuclides (7-8 years; Beer et al. 
(2012)). After formation, 14C can follow several 
pathways into various Earth system reservoirs. 
Primarily, it forms gaseous 14CO2 and is absorbed into 
vegetation through photosynthesis or dissolved into 
the surface of the oceans. During the breakdown of 
organic matter, some of the absorbed 14C is released 
back into the atmosphere or sequestered into soil. Over 
longer time scales, the 14C dissolved into oceans is 
absorbed by calcareous organisms and sequestered to 
deeper ocean waters in the form of Ca14CO3, while 
also moving into the deep ocean via diffusion and 
ocean mixing. Some of this sequestered 14C eventually 
returns to the atmosphere through upwelling of ocean 
waters and exchange with atmosphere. Therefore, the 
atmospheric concentration of 14C, Na(t) is a function of 
the production rate Q(t), the rate of decay e-λt and the 
carbon cycle C(τ). The following equation (Beer et al. 
2012) expresses this function as:  

 
 
 

 
 

 For the purposes of solar activity reconstruction, 
the best archive for atmospheric 14C measurement are 
tree rings, measured at single year e.g. (Miyake et al. 
2012) and decadal e.g. (Stuiver & Becker 1993) time 
scales. However due to its long atmospheric residence 
and complex lifecycle within the Earth system, the 
measured 14C in tree rings is not a direct reflection of 
the 14C production rate, but a time-shifted and 
dampened version of it. This suppression and time-
shift can be corrected using a reversed carbon cycle 
model which accounts for 14C in multiple reservoirs 
and calculates the actual 14C production rate 
(Muscheler 2000). 

 
2.3.2 Beryllium-10 

Beryllium-10, which is formed through spallation 
of atmospheric oxygen and nitrogen, has a larger half-
life (approx. 1.386 ma; Chmeleff et al. (2010)) 
compared to 14C.  It is more rapidly scavenged from 
the atmosphere as it readily binds to aerosols. These 
aerosols combine with water droplets and precipitate 
on the Earth's surface - the dominant deposition 
process referred to as wet deposition (Lal & Peters 
1967). Regions which receive a higher amount of 
precipitation, for example the tropics and coastal areas 
in polar regions, will in turn receive the highest flux of 
10Be through rapid atmospheric scavenging of 10Be and 
wet deposition. Relative 10Be flux is also dependent on 
where stratospheric-produced 10Be enters the 
troposphere, which is mainly at mid-latitudes (fig. 5).  

These factors need to be considered when 
reconstructing global 10Be production/deposition rates. 
Regardless, Heikkilä & Smith (2013) have shown that, 
in general, 10Be records are well suited as solar activity 
proxies. Where precipitation is scarce, such as 
Antarctica, 10Be is mainly deposited through so-called 
“dry deposition” via gravitational settling processes. 

The reduced atmospheric residence time of 10Be, 
relative to 14C, results in a more direct signal of 
production rate within annual archives such as ice 
sheets. Beryllium-10 concentrations within geological 

archives are subject to climate influences, meaning 
they are not a direct reflection of incident cosmic ray 
flux, but are also influenced by atmospheric 
circulation and accumulation rate changes.   

Berggren et al. (2009) use a calculation for 
deriving the deposition flux of 10Be, which helps 
remove large ice-age scale variations in 10Be 
concentrations in ice core archives. It remains unclear 
if this calculation leads to any correction or 
improvement of Holocene 10Be production rate 
estimates. 

 
2.3.3 Chlorine-36 

Chlorine-36 (half-life 301 ka; Beer et al. (2012)) is 
produced in the atmosphere through cosmic ray 
spallation of 40Ar or through release of 36Cl to the 
atmosphere from nuclear bomb tests (Synal et al. 
1990). Because of the extremely low abundance of 
36Cl in the environment, double the amount of ice is 
needed compared to 10Be for AMS (accelerator mass 
spectrometry) measurement. In addition, the current 
cost of measurement is very high, making it less 
commonly used in solar activity reconstructions 
compared to 10Be and 14C.  

Cosmogenic 36Cl production mainly occurs in the 
stratosphere (~54-90%; Huggle et al. (1996); Masarik 
& Beer (1999)). Stratospheric-produced 36Cl is either 
bound to aerosols (such as Na36Cl; Beer et al. (2012)) 
or more rarely form in a gaseous state (H36Cl / 36Cl2). 
These aerosol-bound and gaseous forms of 36Cl are 
transported out of the stratosphere and across the 
tropopause within ~2 years (Synal et al. (1990); Tosaki 
et al. (2012). They are then removed rapidly from the 

Fig. 5. Production (x-axis) and deposition (y-axis) of 10Be as 
a percentage for given latitudes and atmospheric layers. Far 
right stack shows the dominant production of 10Be in the 
stratosphere (65%), with deposition occurring semi-
homogeneously between the mid latitudes. Troposphere-
produced 10Be is deposited heterogeneously. For example: 
10Be produced in the troposphere between 60-90°S is 
deposited to 16% between 60-90°S, to 65% between 30-60°S 
and to 15% between 0-30°S (left most stack). Deposition 
which occurs in the same latitudes as production are 
labelled. Figure modified from Heikkilä et al. (2009).  

(1) 
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troposphere through dry and wet deposition. Based on 
estimates of atmospheric aerosol residence times 
(Turekian et al. (1977); Bleichrodt (1978) and 
Raisbeck et al. (1981), the mean residence time of 36Cl 
in the troposphere is expected to be several weeks.  

Low natural concentrations mean that 36Cl 
transport and deposition cycles are mostly derived 
through fallout of bomb produced 36Cl (Synal et al. 
1990), meaning no 'natural' 36Cl cycle investigations 
have been made, limiting our understanding of 
transport and deposition changes across latitudes. As is 
the case with 10Be, we can only assume that the 
concentrations of 36Cl in ice cores are somewhat 
representative of atmospheric production rates, 
allowing us to investigate temporal variations. A 
known caveat of ice bound 36Cl (as gaseous H36Cl), is 
its inclination to become mobile post-deposition 
through upward diffusion. During snow 
metamorphism, the upper firn layers in the snow pack 
are subject to physical transformations which are 
thought to result in the release of gaseous species from 
snowflakes, including gaseous H36Cl (Delmas et al. 
(2004); Arnaud et al. (2000)). Some of this released 
H36Cl can then be redeposited on younger layers 
through co-condensation with water vapour. This 
upward mobility of H36Cl needs to be considered when 
using 36Cl in ice for the purposes of solar activity 
reconstruction, particularly in low accumulation 
regions where dry deposition dominates, such as 
Antarctica. 

 
2.4 Solar Proton Events (SPE) 
 

It has recently been shown that solar proton events 
(SPEs) can act as a source for rapid increases in the 
production of cosmogenic radionuclides in the Earth’s 
atmosphere (Mekhaldi et al. 2015). The same scenario 
may exist for the LU2610 and LU7510 events, 
therefore the main attributes of SPEs will be reviewed 
here. 

Energetic events on the Sun's surface periodically 
result in large fluxes of high-energy solar protons 
directed at the Earth, with some studies suggesting 
they are more likely to occur near Solar Maximum 
(Shea & Smart 1990;  Webb & Howard 1994;  
Gopalswamy et al. 2003). Such a period of elevated 
solar proton flux, generally lasting for a few days, is 
known as a solar proton event (Jackman et al. 2005). 
In the case where all particles and nuclides are 
considered, these events are referred to in the literature 
as solar particle events. A percentage of these 
accelerated solar protons have enough energy to 
penetrate the Earth’s atmosphere, and are guided by 
the Earth’s magnetic field - impacting both the 
northern and southern polar cap regions (>60° 
geomagnetic latitude) where geomagnetic cut off 
rigidities are lower. 

The concept of an SPE and the measurement of its 
magnitude have been given many names in the ~60 
years since its discovery. Mostly attributed with 
detection technique, these energetic events have been 
referred to as solar cosmic ray events, ground level 
events, polar cap absorption events and solar electron 
events (Shea & Smart 1990). The most extreme events 
are often referred to as ground level enhancements 

(GLE). GLEs are measured by neutron monitors at the 
Earth’s surface and provide measurements in terms of 
neutron flux and, in some cases, energy distribution 
(Gordon et al. 2004). Neutron monitors only detect 
highly energetic secondary neutrons, and provide 
measurements in terms of percentage above the pre-
event flux count. It should also be noted that neutron 
counters do not directly measure the primary cosmic 
rays, but the neutron by-product of the reactions 
initiated by them (Gordon et al. 2004). Orbital 
spacecraft and satellites, which are not hindered by the 
blocking effects of our atmosphere, are many orders 
more sensitive than Earth-based measurements to 
incoming energetic particles. Satellites such as the 
Geostationary Environmental Satellite 15 (GOES-15) 
can measure much lower energy particles and specific 
compositions of solar particle events at a wide energy 
spectrum, ranging from ~1 to ~100 MeV.  

It is commonplace for SPEs to be detected in terms 
of their specific proton fluence spectra, which 
describes the flux of particles (protons) at varying 
energies per surface area, usually cm-2. These spectra 
are generally defined as being either 'soft' or 'hard' 
depending on the kinetic energy distribution of the 
proton flux. Events which produce a higher than 
average flux of mainly low energy protons are usually 
categorised as soft, whereas hard SPE spectra show a 
relatively higher than average flux of protons with 
high and low energies. In both cases, it is conventional 
to describe the SPE intensity in terms of its fluence 
above 30 MeV or F (> 30 MeV) resulting in the 
standard F30 parameter. This convention is not without 
dispute, with some authors finding it ambiguous and 
strongly dependent on the assumed shape of the 
energy spectrum (Kovaltsov et al. 2014), however for 
the purposes of this study it will suffice. 

A noteable hard SPE which has been recorded 
during the instrumental era occurred in February 1956, 
which was measured with a GLE peak of 5,500% 
above normal average, and estimated to have had an 
F30 of 1.8×109 protons.cm-2 (Meyer et al. (1956); 
Webber et al. (2007)). An example of a soft SPE 
occurred in 1972, where a fluence of 4×109 protons.cm
-2 was recorded (Cane et al. (1986); Shea & Smart 
(1990)). Probably the most popular solar event, due to 
its extreme effects, such as wide spread telegraph 
system outages over Europe and North America, is the 
Carrington event which occurred prior to instrumental 
measurement in September of 1859. Proposed to be an 
extreme solar flare, the event was well documented in 
terms of purely observational data at the time (Shea & 
Smart 2006), however subsequent studies have 
attempted to reconstruct the event empirically to allow 
comparisons with modern day solar proton events. 

McCracken (2001) performed such a 
reconstruction by using nitrate concentrations in polar 
ice archives to calculate an F30 value of ~1.9×1010 

protons.cm-2. Smart et al. (2006) found an absence of 
increased 10Be in different ice cores for the same 
period, drawing the conclusion that the Carrington 
event was of a soft spectrum, with a high proton flux 
of lower energies. Agreement on this reconstruction is 
not unanimous however, with some authors unable to 
find the same nitrate concentration spike in other ice 
cores for the same period (Wolff et al. 2012), and 
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hence were unable to reach the same conclusions. The 
fact that nitrate enhancements can at all be attributed 
to solar flares is heavily disputed, with some authors 
stating that such nitrate spikes can be produced due to 
enhanced deposition (Wolff et al. 2008). 

A recent study by Mekhaldi et al. (2015) used 
annually resolved 10Be measurements from several ice 
cores to confirm a solar source for a large spike in 
atmospheric radiocarbon (14C) around AD 774/5 and 
993/4. The authors concluded that the AD 774/5 event 
most likely had an F30 well above 1010 protons.cm-2 - 
about 5 times larger than any SPE observed during the 
instrumental period between 1956 and 2005. The 
identification of such events in the geological record is 
the motivation for the current study, with the aim of 
such studies to better constrain the frequency of such 
severe solar events. 

 
3 Methods and Dataset 

 
The goal of this study is to investigate a source for 

the previously mentioned rapid changes in 14C found 
in the IntCal13 dataset (LU2610 and LU7510 events). 
Existing ice core records of 10Be and 36Cl have been 
investigated, and new measurements have also been 
made, all of which are described in the following 
section. 

 
3.1 Existing Datasets 

 
The IntCal13 calibration curve, which was used to 

locate the two potential events for this study, utilises 
radiocarbon (14C) measurements from tree rings and 
provides a continuous record of ∆14C fluctuations 
throughout the Holocene. The mixed decadal and 
single year measurements which form the smooth 
IntCal13 curve makes it unsuitable for quantifying 
potential spikes in 14C against background production, 
and therefore unsuitable for comparing the magnitude 
of these spikes against short temporal variations in 
other radionuclides such as 10Be and 36Cl. It would be 
preferable to use annual or biannual 14C measurements 
for such a comparison.  

Although many ice core records have been 
accumulated over the past several decades, the 
measurement of cosmogenic radionuclides such as 
10Be and 36Cl have been intermittent and sparse; 

usually at varying resolutions and time spans. 
Generally, aside from 36Cl, an annual or biannual 
resolution of cosmogenic radionuclide measurement is 
required to confidently investigate the occurrence of 
large SPEs.  

In the case of 36Cl, the resolution of measurement 
is generally lower due to lower natural concentrations. 
However, the sensitivity of 36Cl production to low 
energy particles mean that these measurements are still 
useful for solar activity reconstructions. For some 
periods during the Holocene 36Cl measurements are 
available for the GRIP ice core at ~5.5 yearly 
resolution (Wagner et al. 2000). In the case of 36Cl, 
two samples were combined to produce a single 
measurement due to low natural 36Cl concentrations, 
resulting in the lower resolution record. The record is 
not continuous for the entire core, however the 
LU2610 interval relating to this study has been 
partially measured. No comparable radionuclide 
records for the LU2610 and LU7510 intervals in the 
southern hemisphere (i.e. Antarctica) have been 
published at time of writing, meaning a global signal 
for the two events in question cannot currently be 
analysed. An itemisation of the datasets used in this 
study are shown in table 1. 

 
3.2 GRIP 36Cl 
 

Existing concentrations of 36Cl within the GRIP 
core (geographical location shown in fig. 6) have been 
measured at a resolution of ~5.5 years for the period 
covering LU2610, however no 36Cl records exist for 
the LU7510 period. In order to establish a reliable 
radionuclide flux, the accumulation rate needs to be 
known for the corresponding period of the 
radionuclide data. Accumulation rate within an ice 
core is usually established through layer counting, 
whereby the number of layers within a given section 
will represent the number of years of deposition. In 
response to the overlying weight of the ice sheet, there 
is thinning of layers at greater depths due to strain. If 
one was to simply estimate (via layer counting) the 
thickness per year at these depths, the accumulation 
rate would appear to decrease almost exponentially. 
Therefore, a strain model is used to correct for this 
'thinning' effect. Once the strain has been modelled for 
a given depth, it can be used to reverse this thinning 
effect. Additionally, the existing GRIP time-scale has 

RECORD SOURCE PROXY TIME SPAN 
(GICC05) 

RESOLUTION 
(YEARS) REFERENCE 

INTCAL13 Tree rings 14C 
2595 – 2626 

7499 - 7530 
10 Reimer et al. (2013) 

GRIP Ice 
(Greenland) 

36Cl 2595 – 2626 ~5.5 Wagner et al. (2000) 

NGRIP Ice 
(Greenland) 

10Be 
2595 – 2626 

7499 - 7530 

~1 

~1 
This study 

Table 1. Itemisation of tree ring and ice core archives used in this study. 



14 

been corrected according to the proposed IntCal13-
GICC05 transfer function by Adolphi & Muscheler 
(2016). The resulting GRIP data is shown in figure 7. 

 
3.3 New dataset: NGRIP 10Be 
 

In order to confidently investigate short-term solar 
events during LU2610 and LU7510, continuous high-
resolution resolution records of 10Be and 36Cl are 
required. New sub-annually to annually resolved 10Be 
measurements have been made for the corresponding 
sections of the NGRIP ice core (geographical location 
shown in fig. 6), with the process of sampling and 
measurement described below. 
 
3.3.1 Ice sampling 

A series of NGRIP ice core samples were obtained 
from the Centre for Ice and Climate in the Niels Bohr 
Institute of the University of Copenhagen, Denmark. 
During the initial drilling of NGRIP, the core was cut 
into ~55cm segments at the coring site. Annual layer 
thickness in the core at the proposed depths is 
approximately 11cm, therefore the segments were cut 
by band saw into 5 pieces (depending on segment 
length) within the core storage facility at the Centre for 
Ice and Climate, at an ambient temperature of -15°. 
Each of the resulting 78 samples was then bagged 
individually to avoid cross contamination and 
transported to the Cosmogenic Radionuclide 
laboratory at Geocentrum II in Lund University, 
Sweden for preparation for Accelerator Mass 
Spectrometry (AMS) measurements of 10Be (and 
eventually 36Cl). 

Fig. 6. Location of the two Greenland ice cores used in this 
study (Stauffer 1991;  Gundestrup 2000)  

Fig. 7. Chlorine-36 concentration and calculated flux for the LU2610 period in 
the GRIP core (Wagner et al. 2000)  
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3.3.2 Chemical preparation for AMS measurements 
 

The chemical preparation of 10Be and 36Cl for AMS measurements in this study follows the same procedure 
used by previous authors who have worked on this and similar ice cores (Berggren et al. 2009;  Mekhaldi et al. 
2015) and is described below: 



16 

Firstly, the ice samples of 100-200g were cleaned 
with Milli-Q ultrapure water to eliminate any potential 
contaminates introduced during drilling or subsequent 
processing. Two carrier solutions were then precisely 
added to the samples via pipet: 0.1ml of 1000mg/l 
standard beryllium (9Be-carrier) and 1ml of 1000mg/l 
Cl (35Cl-carrier). Both carriers are required as part of 
the AMS procedure in order to calculate the amount of 
the rare radionuclide in each sample (10Be and 36Cl 
respectively). Adding these carriers as early as 
possible ensures that any subsequent loss of sample 
from this point on will not impact the overall ratio of 
isotopes within the samples. The ice samples where 
then sealed in pre-weighed and sterilised containers 
before being incrementally melted in a microwave 
oven. Care was taken to control the time of melting to 
avoid any boiling and/or sublimation.  

The melted samples were then decanted into glass 
funnels which were linked to cation exchange columns 
(Bio-Rad Poly-Prep prefilled chromatography cation 
columns AG 50W-X8 resin 100-200 mesh hydrogen 
form 0.8x4) via silicon tubes which could be clamped 
to modulate flow. These cation exchange columns 
capture the beryllium (10Be and 9Be) from the melted 
ice, before allowing the water to flow onto the next 
column. Silicon tubes then directed the resulting water 
to a set of anion exchange columns, which were 
manually filled with Bio-Rad AG 4x4 resin (100-200 
mesh free base form). This secondary set of anion 
columns are intended to capture Cl ions from the 
sample water, and were combined from two samples to 
increase the captured amount of Cl. Although not 
measured in this study, these samples have been stored 
in the Cosmogenic radionuclide laboratory at 
Geocentrum II in Lund University for later analysis. A 
series of 12 blanks consisting of Milli-Q water (~150g) 
were also processed in the same way to allow for an 
estimation and correction of any background 
contamination. 

The beryllium resin columns were then mounted 
below sterilised funnels and eluted with a 25mL 
solution of 4M HCL. The resulting eluate, consisting 
of beryllium isotopes and HCL, was combined with 
12mL of NH3 in order to reach a pH of between 6 and 
12, allowing for the formation of beryllium hydroxide 
(Be(OH)2). The samples were then left in centrifuge 
tubes overnight to allow precipitation of Be(OH)2, 
before being centrifuged at 4200 RPM for 15 minutes. 
The centrifuge processing separated a translucent Be
(OH)2 gel from solution. The solution was discarded, 
retaining only the Be(OH)2 gel. Milli-Q water (8mL) 
was added to the gel and mixed thoroughly using a 
Vortex mixer before being centrifuged again for 15 
minutes at 4200 RPM. The water was discarded and 
the process was repeated four times, until all that 
remained was a pure Be(OH)2 gel (see lab schematic 
on previous page).  

The Be(OH)2 gel was then transferred into quartz 
crucibles using a pipette before being slowly dried on 
a hot plate under UV heat lamps. Once dry, the 
samples were transferred to a laboratory oven where a 
programed heating process was performed, heating the 
samples to 150°C for 2 hours before stepping up to 
850°C over a period of two hours and maintaining 
850°C for a further 2 hours. The temperature in the 

oven was then decreased gradually to approximately 
100°C, and the samples remained in the oven 
overnight to prevent contact with air moisture. The 
samples, now a powder-like BeO, were left to cool. 
Once they had reached room temperature, about 1mg 
of niobium (Nb) was added to enhance AMS currents. 
The BeO was then well mixed with the Nb before 
being pressed into titanium cathodes (AMS targets). 
Once the pressing was complete, another 1mg of Nb 
was added before the cathode was sealed with an 
aluminium ball bearing. The resulting AMS targets 
were then shipped to Tandem Laboratory, University 
of Uppsala, Sweden for AMS measurement. 
 
3.4  Data treatment and analysis 
 

Galactic cosmic rays are responsible for much of 
cosmogenic radionuclide production in the Earth's 
atmosphere. The remaining production, which is much 
smaller by comparison, is due to solar cosmic rays. 
The impact of SCR on the production rate of 10Be, 36Cl 
and 14C (along with others) have been extensively 
modelled (Webber et al. 2007;  Usoskin & Kovaltsov 
2008;  Kovaltsov et al. 2012). Conclusions drawn from 
this modelling show that particularly large SPEs can 
contribute to the total yearly cosmogenic radionuclide 
production. Such an event occurred on February 23rd 
1956, and, in the case of no latitudinal mixing, is 
estimated via modelling to have contributed about 
40% of the total production of 10Be above 65° latitude 
that year (Meyer et al. 1956;  Webber et al. 2007).  

In order to identify whether an SPE has impacted 
the production rate of cosmogenic radionuclides, we 
first need to establish the background GCR production 
rate for the period of investigation. This background 
rate of GCR-based production, once established, can 
then be used as a baseline for investigating possible 
peaks in production due to increased SCR. 
Additionally, if an increase in production relative to 
this baseline is determined, we need to know whether 
it can be explained by normal solar modulation or 
other factors not related to SCR. A common index of 
solar modulation is referred to as the solar modulation 
function (Φ), which is measured in MeV and varies 
from 0 (no solar modulation) to 2000 MeV (maximum 
solar modulation). Based on analysis of neutron-
monitor data by Muscheler et al. (2016), a Φ range of 
400 to 1400 MeV  was used here to simulate minimum 
and maximum modulation parameter, which 
corresponds to approximately 0.0197 atoms cm2 s−1 
and 0.0104 atoms cm2 s−1 respectively in terms of 
modelled globally averaged 10Be production rate 
(Herbst 2013).  

The background level for 10Be measurements 
performed in this study will consist of a time weighted 
average of 10Be production prior to and following any 
notable peaks within measured data. A similar method 
will be used to establish a background production for 
GRIP 36Cl data. 

Initially, the prospective peaks in radionuclide 
production were identified through analysis of the 
IntCal13 dataset. The main criteria for selecting a 
possible peak involved a rapid increase in 14C, over 
annual timescales if possible (i.e. rapid changes from 
one year to the next). As seen in figure 1, the IntCal13 
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dataset for the periods of investigation invoke a 
composite of tree ring archives. The two periods of 
investigation show relatively strong 14C increases in 
the low resolution data which could indicate short term 
events. However, quantifying these events against a 
background is difficult due to the low resolution of the 
IntCal13 dataset.  
 
3.5 Radionuclide production and 

deposition fluxes 
 

Radionuclide measurements in ice cores are 
recorded as the ratio of rare to common nuclide, i.e. 
10Be/9Be, before being transferred to the concentration 
of the rare nuclide (atoms per gram of ice, 
conventionally expressed as 104) when sample weight 
and carrier amount is known. An increase in snow 
accumulation for a given year may result in a dilution 
of radionuclides (Berggren et al. 2009). In order to 
correct for these 'amount' effects, 10Be and 36Cl fluxes 
were calculated using the following equation: 

 
 
 
 
 
Where A  is the accumulation rate (cm/year),  ρice is 

the density of ice (g/cm3), C is the concentration of 
radionuclides (atoms/g) and S is the number of 
seconds in a year. The resulting flux is expressed as 
atoms / cm2 s−1. In the case of 36Cl measurements from 
the GRIP core, a strain model was used in conjuction  
with yearly layer thickness to calculate the change in 
yearly accumulation rate. For the new NGRIP 10Be 
measurements, no strain model was available, 
therefore a fixed accumulation rate of 0.192 meters per 
year was used. 
 
4 Results 
 
4.1  NGRIP 10Be measurements 
 

New sub-annually to annually-resolved NGRIP 
10Be measurements from this study, although partially 

incomplete, span the periods BP 2595-2626 and BP 
7499-7530 (fig. 8). These ages are based on the 
Greenland Ice Core Chronology 2005 (GICC05; 
Vinther et al. (2006)), and have been IntCal13-
GICC05 transferred according to Adolphi & 
Muscheler (2016). In order to estimate the possible 
weather influences on the production signals of 10Be 
(NGRIP) and 36Cl (GRIP), the deposition flux for each 
record has been calculated using equation 2.  

NGRIP 10Be measurements (resolution ~0.96-1.1 
years),  for the period from 7499 - 7530 do not show a 
clear spike in 10Be concentration, however there is a 
small increase at BP 7504, with a 10Be concentration 
of 3.78 104 atoms.g (fig. 8 (a)). Concentration 
measurements directly prior to and after this increase 
vary from 2.09 to 2.1×104 atoms.g –1, before increasing 
to 3.02 and 3.33×104 atoms.g –1 respectively. The 
younger period of measurement (resolution ~0.74-1.1 
years), 2595 - 2626, shows a prominent peak in 
deposition at BP 2612, reaching 10Be concentrations of 
3.81×104 atoms.g. Concentration measurements 
directly prior to and after this peak are of a similar 
magnitude, indicating a peak span of ~2-3 years. This 
peak in 10Be concentration has a close temporal match 
to the rapid change in 14C seen in the IntCal13 dataset 
(fig. 1).  
 
4.2 Production surplus 
 

LU2610 Event: Once the deposition flux was 
calculated (see §3.5), the background level for the 
newly measured LU2610 NGRIP data was defined as 
the time weighted mean flux for the dataset excluding 
the (three) peak values; calculated to be 0.0090 
atoms.cm-2 s-1, with a peak deposition flux of 0.0212 
atoms.cm-2 s-1 (figure 10). The relative flux increase 
occurs over a ~2-3 year period, however, excess 
cosmogenic radionuclide production due to SPEs is 
expected to occur contemporaneously with the initial 
event, with the exception of multiple events occurring 
over the same three-year period. Therefore, any lead 
and lag flux increases can be attributed to atmospheric 
residence time (~1-2 years for 10Be; McHargue & 
Damon (1991); Masarik & Beer (1999)), deposition-
related delay and/or multiple SPE events.  

(2) 

Fig. 8. Measured NGRIP 10Be concentrations. Shading represents upper and lower measurement error. A timescale break has 
been placed at 2595-7530.  
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By assuming that the excess production occurred 
due to a single event, the ~3 years which contain the 
peak in question have been integrated into a single 
year, resulting in a peak factor increase of 2.40 ± 0.11. 
This integration implies that, during one year, the 10Be 
production increased by 240% relative to the 
background average. It should be mentioned that the 
new measurements (excluding peak values) all fall 
within the production range expected due to normal 
solar modulation (modulation explained in §3.4).  

Qualitatively, there appears to be a sinusoidal 
variation in the dataset which may occur due to the 11-
year solar cycle (Beer 2000). An attempt has been 
made to visually align an 11 year sine wave function 
to this cyclicity, with the peak occurring during a 
phase of solar minimum. In addition, corresponding 
bands of production due to solar modulation have been 
shown on figure 9, illustrating both expected 
production due to normal modulation (400 to 1400 
MeV, figure 9), along with extreme minimum and 
maximum modulation parameters (0 to 2000 MeV).  

Depositional flux also was calculated for 36Cl 
concentration measurements in the GRIP core. Due to 
a lower resolution dataset (~5.5 years), a 200-year time 
weighted average (excluding peak values) was used 
for estimating the average 36Cl deposition (BP 2500-
2700); resulting in a background flux of 0.0016 
atoms.cm-2 s-1. A longer-term view of the GRIP core 

(fig. 10(e)) shows that the peak values being 
investigated sit well outside the average for the given 
period of interest, adding confidence to the estimated 
background value used here. It's worth considering 
that the relative increases in 36Cl flux may be the result 
of measurement error, contaminated samples or post-
depositional effects, however their temporal 
synchronicity with the 10Be peak in the separate 
NGRIP core strengthens the theory of an overall peak 
in radionuclide production for this period. As seen in 
figure 10(c), the low-resolution measurement of 36Cl 
in the GRIP ice core shows a peak of 0.0027 atoms.cm
-2 s-1 over a period of ~6 years. Once integrated into a 
single year, the peak represents a factor increase of 
4.57 ± 0.22 relative to the calculated background 
average. 

 
LU7510 Event: The apparent production rate 

change seen in the IntCal13 dataset for the LU7510 
period is not clearly matched in the corresponding 
NGRIP 10Be measurements. Although there are some 
deviations from the time weighted mean flux of 0.0113 
atoms.cm-2 s-1, there is no singular rapid increase at the 
annual scale which is independent of other peaks of 
similar amplitude (fig. 11). The dataset appears to 
contain abundant noise and there is generally no clear 
pattern, aside from a slightly increasing production 
towards younger parts of the record.  

Fig. 9. Calculated 10Be flux from new NGRIP measurements for the LU2610 period. Calculated 10Be flux has been compared 
against two ~11 year sinewaves used to simulate expected ‘normal’ solar modulation (400-1400 Φ, §3.4), and 0-2000 Φ, 
representing extreme minimum and maximum solar modulation. Corresponding bands have been applied to represent the 
vertical extent of the sine waves for the period. The flux and corresponding sine wave functions have been divided against their 
respective mean values in order to normalise the data for comparison.  

Summary of results for LU2610 
Radionuclide 10Be 36Cl 
Peak factor (Flux) 2.40 ± 0.11 4.57 ± 0.22 
Integrated flux enhancement (atoms.cm-2 s-1) 2.17 ± 0.02  x 10 –2 7.2 ± 0.2 x 10 –3 
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Fig. 10. LU2610 event view of 10Be and 36Cl. (a) Time series for newly measured NGRIP 10Be flux (red line), along with corre-
sponding measurement error margins (grey shading). (c) Time series for existing 36Cl GRIP measurements, displayed as flux 
(blue line). Filled areas represent estimated production enhancements relative to background production (dashed lines). Inset 
(e) is an extended time series for 36Cl flux in the GRIP core, with the investigated period shown in grey. Sub figures (b) and (d) 
show radionuclide production enhancement fluxes in atoms cm-2 s-1 for the LU2610 event, integrated into 1 year for 10Be and 
36Cl respectively. The radionuclide increases are indicated with arrows relating to the ratio between the inferred flux/production 
enhancements stacked over 1 year (filled rectangles) and estimated background levels (white rectangles). Error bars represent 
measurement uncertainty for the period of integration.  
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In summary, new and existing radionuclide 
measurements have been investigated for the LU7510 
and LU2610 periods. A lack of additional existing 
radionuclide data for LU7510, along with no 
discernible peak in 10Be production based on new 
measurements mean we are unable to draw 
conclusions on the possibility of a significant increase 
in radionuclide production for this period.  

New 10Be measurements for the LU2610 event 
indicate a flux 240% that of calculated background for 
a single year, which is synchronous with the rapid 
∆14C change found in the IntCal13 dataset. 
Additionally, previous measurements of 36Cl in the 
GRIP core show a single year production increase of 
457% for the LU2610 period. 
 
5 Discussion 
 
5.1 Assessing the cause of the LU2610 

Event 
 

The rapid change in ∆14C seen in the IntCal13 
dataset around 2610 BP (LU2610) and 7510 BP 
(LU7510), which prompted this study, have resulted in 
new NGRIP 10Be measurements.  

In the case of LU2610, these new measurements 
indicate an enhancement in 10Be deposition (relative to 
background) which lasts for approximately 3 years. 
Further investigation has led to the discovery of a 
deposition enhancement (relative to background) in 
36Cl within the GRIP core, which is synchronous with 
both the rapid change in ∆14C and the enhancement in 
NGRIP 10Be.  

The new NGRIP 10Be measurements for LU7510 
may indicate a minor 10Be deposition increase towards 
younger parts of the record, with a minor peak in 
deposition relative to background around 7504BP. As 
this increase is only represented as a single data point, 
we are unable to distinguish it from noise in the 
dataset. Additionally, we currently lack published 
measurements for 10Be and other radionuclides in 
different archives for this period. Considering 
currently available data, further conclusions on a 
radionuclide production increase for LU7510 will not 

be made here.  
Instead, the remaining focus of this investigation 

will be on the LU2610 event, which is evidenced by 
short term radionuclide deposition enhancement from 
two separate ice core records and is possibly reflected 
in the IntCal13 dataset. The approach of the remaining 
investigation is to use this multiradionuclide record to 
define the source of said enhancement. 

Although there is convincing evidence that past 
short-term increases in cosmogenic radionuclide 
production can in some cases be attributed to extreme 
solar proton events (Mekhaldi et al. 2015), it is not a 
foregone conclusion in the current study. However, as 
seen in §4.2 (fig. 9), the LU2610 radionuclide 
deposition enhancement, interpreted here as a short 
production increase, cannot be explained by solar 
modulation alone. Other possible sources of rapid 
short term increases in cosmogenic radionuclides 
include events such as relatively close supernovae and 
short gamma ray bursts (GRBs). These phenomena 
will be briefly investigated in respect to the LU2610 
multiradionuclide enhancement to determine if they 
are possible and valid sources. 
 
5.1.1 Long gamma-ray burst due to a recent 

and close supernova 
Relatively close supernovae explosions, and the 

resulting gamma-ray emissions, have been suggested 
as possible sources for rapid increases in cosmogenic 
radionuclide production in the Earth’s atmosphere, in 
particular 14C and 10Be (Damon et al. 1995;  
Brakenridge 2011).      

Gamma-rays (γ -rays) which are produced during 
supernova explosions, and are unaffected by the geo-
magnetic or heliomagnetic fields, enter the atmosphere 
and generate atmospheric neutrons through photo-
nuclear reactions (Zhou et al. 2013). These secondary 
neutrons can then react with atmospheric 14N through 
14N(n,p)14C (read 1 neutron + 1 14N atom gives 1 pro-
ton + 1 14C atom, see §2.2, fig. 3), resulting in produc-
tion of 14C. If we could quantify the relative increase 
of 14C generated during the LU2610 event, we may be 
able to model the necessary incident γ-ray energy re-
quired to reproduce it. However, the relative 14C in-

Fig. 11. Newly measured NGRIP 10Be measurements, displayed as calculated fluxes, for the LU7510 period. Estimated 
background flux shown as dashed line.  
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crease is unknown at this time, and outside the scope 
of this study.  

Instead, we will compare the LU2610 event to 
AD775, an event which has a similar magnitude in 
terms of 36Cl and 10Be enhancement (fig. 11), and has 
a Δ14C enhancement in of ~12‰ from one year to the 
other. Miyake et al. (2012) report no detectable in-
crease in 14C corresponding to supernovae SN 1006 
and SN 1054  (Burrows 2000), and that the energy 
released during a supernova which corresponds to 
AD775 would have to be larger than these. The au-
thors go on to calculate that a supernova which could 
be responsible for the AD775 event would need to 
have been ~2 kpc (65,000 lightyears) from Earth when 
they considered the typical γ-rays emissions by such 
an event (~3 1051 erg). Finally, although the authors 
cannot rule out an undiscovered supernova remnant 
corresponding to the AD 775 event, they state that 
such a supernova (occurring relatively recently and 
relatively close to Earth) would have resulted in a very 
bright x-ray and radio wave signature, the remnants of 
which would still be readily detectable with modern 
instruments.  

Citing a similar radionuclide enhancement between 
the AD775 and LU2610 events, much of the same 
reasoning can be applied, advocating against the likeli-
hood of a supernova source for LU2610. Therefore, 
unless a remnant is discovered which can match the 
required criteria to produce LU2610, we can rule out a 
supernova source at this time. 
 
5.1.2 Short gamma-ray burst source 

Short duration (<2 s) gamma-ray bursts (GRB) 
have been previously cited as a possible source for 
rapid increases in the production of cosmogenic 

radionuclides, specifically 14C and 10Be (Hambaryan & 
Neuhäuser 2013). Short GRBs, as opposed to longer 
bursts (Kouveliotou et al. 1993), emit more energetic 
photons and are thought to result from the coalescence 
of compact binary systems such as double neutron 
stars or neutron stars and black holes (Nakar 2007).  

Although the conclusions from Hambaryan & 
Neuhäuser (2013) have since been proven spurious 
based on the use of unsuitable modelling data (Melott 
& Thomas 2012;  Mekhaldi 2014), other authors have 
argued in favour of short GRBs as sources of rapid 
radionuclide enhancement. For example, Pavlov et al. 
(2013) attempted to predict the production of multiple 
radionuclides though the modelling of photonuclear 
reactions of primary cosmic rays (and their subsequent 
secondary particle cascades) with atmospheric atoms.  

The resulting photon yield functions for direct 
photon-atom interactions are shown in figure 13. The 
authors show that high-energy γ-rays (E ~1-30MeV), 
do not result in a measureable 10Be production increase 
for direct photon-atom interactions. According to the 
authors this is because the energy range of the cascade 
produced secondary particles (neutrons) is below the 
10Be spallation threshold (n ~15-20 MeV).  

The 36Cl spallation threshold for reactions on 40Ar 
is approximately the same as 10Be, however the spalla-
tion threshold for the 36Ar(n,p)36Cl reaction is much 
lower (neutron energy ~0.5MeV), meaning secondary 
particles with energy n ~ 1 MeV will efficiently pro-
duce 36Cl via this reaction pathway without any ac-
companying 10Be production. The significant produc-
tion of 36Cl via this pathway is dubious, considering 
the rarity of 36Ar (40Ar/36Ar = 298.73 ± 0.28; Lee et al. 
(2006)). Nevertheless, the authors refer to this feature 
as the 'isotopic footprint' of short-GRB's, resulting in 
production increases of 14C and 36Cl, with the absence 
of 10Be. 

Fig. 11. Comparison of LU2610 (a,c) and AD775 (b,e) radionuclide enhancements for NGRIP 10Be and GRIP 36Cl. Thick lines 
represent concentrations, with grey shading representing measurement error. Inset plots d and f extended time series for 36Cl 
concentration. Note slightly higher 10Be resolution measurement for LU2610, and the added time break between events.  
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Finally, Pavlov et al. (2013) state that short-GRB 
induced radiation would result in strong ionization of 
the atmosphere. This ionization would yield significant 
amounts of nitric oxides (NOx), a known catalyst of 
ozone depletion, in the stratosphere. The resulting 
ozone depletion would then lead to a rise of the tropo-
pause, facilitating and accelerating stratosphere-
troposphere exchanges. The authors hypothesize that 
the deposition rate of 10Be could therefore increase, 
despite production remaining constant, due to a sus-
tained injection of stratospheric air into the tropo-
sphere. Citing differences in stratosphere-troposphere 
based deposition between the arctic and Antarctic re-
gions, the authors conclude that increased deposition 
of 10Be due to sustained injection of stratospheric air 
into the troposphere would be more apparent in Ant-
arctic ice records, resulting in a bi-polar asymmetry of 
10Be deposition.  

More concisely, Pavlov et al. (2013) suggest that 
radionuclide evidence of a typical short-GRB would 
consist of a measureable excess of 14C and 36Cl, and 
possibly 10Be in the Antarctic region, with an absence 
of arctic 10Be depositional enhancement. 

The new NGRIP 10Be measurements for the 
LU2610 are interpreted to indicate a rapid production 
excess in 10Be (fig. 10(a)) in Greenland. Although we 
are unable to directly compare the relative excess pro-
duction in 14C with 10Be, the fact that a production 
excess occurs at all in the arctic is incompatible with 
mechanisms proposed by  Pavlov et al. (2013). There-
fore, a short-GRB is inconsistent as a source for the 
multiradionuclide enhancement for the LU2610 event 
based on currently proposed theories. 

 
5.1.3 Solar proton event source 

As outlined in previous sections, changes in solar 
modulation (see §4.2), supernovae and short-GRB's 
have been effectively eliminated (based on current 
data) as potential sources for the LU2610 event. We 
will now consider the remaining possible source: a 
solar proton event (SPE). 

A solar source has been discarded by previous 
authors for other events with similar radionuclide 
enhancements, such as the AD775 event (Miyake et al. 
2012;  Hambaryan & Neuhäuser 2013). The main 
reasoning for the initial discarding of a solar source for 
the AD775 event was based on an overestimated 14C 
production rate used by Miyake et al. (2012). 
Revisions to this production rate by subsequent 

authors (Melott & Thomas 2012;  Usoskin et al. 2013) 
have indicated that a very strong SPE could have 
indeed been the source for AD775. Further to this, 
Mekhaldi et al. (2015) has also made a very 
compelling argument in favour of an SPE source for 
the AD775 event through a comprehensive 
multiradionuclide analysis. 

Although the excess of 14C has not been quantified 
for LU2610, the enhancement in 10Be and 36Cl matches 
the expected production increase due to solar protons. 
When the yield functions of the three cosmogenic 
radionuclides are divided by their respective means 
(fig. 14), we can see that 36Cl is relatively more 
affected by lower energy solar protons (~25-30MeV) 
compared to the other radionuclides. The results from 
this study show that the production excess of 36Cl 
during the LU2610 event was increased by a factor of 
1.9 compared to 10Be, adding support for a solar 
source in terms of expected proton energy ranges. 
Finally, as opposed to the previously discussed short-
GRB 'isotopic footprint' suggested by Pavlov et al. 
(2013), computations by Webber et al. (2007) show 
that the increased productions of both 36Cl and 10Be are 
theoretically a distinguishing feature of strong SPEs. 

In summary, the new NGRIP 10Be measurements 
from this study suggest a cosmogenic radionuclide 
enhancement event which is inconsistent with a 
supernova or short-GRB source for the LU2610 event, 
based on current data. The contemporaneous 
enhancement in GRIP 36Cl, which is 190% that of 
NGRIP 10Be, supports the hypothesis that an extreme 
solar proton event was the source of the LU2610 
radionuclide enhancement. This hypothesis is further 
strengthened when we consider that: a) the 
radionuclide peaks in the LU2610 and AD775 events 
are similar in magnitude, b) it has been shown 
conclusively that the AD775 event is the result of a 
strong SPE and c) the alternative GRB source cited for 
both events are thought to occur much less frequently 
compared to energetic solar events (e.g. 1 GRB 
directed at Earth every 125,000 years (Melott & 
Thomas 2011)). 

Fig. 13. Yield functions for direct γ-ray-atom interactions for 
14C (magenta), 10Be (blue) and 36Cl (orange). Modified from 
Pavlov et al., 2013.  

Fig. 14. Yield functions by protons for 14C (magenta), 10Be 
(blue) and 36Cl (orange), divided by their respective mean 
values for comparison. Sources: 14C (Castagnoli & Lal 
1980), 36Cl and 10Be (Webber et al. 2007)  
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5.2 Parameters of LU2610 solar proton 
event 

 
Galactic cosmic rays, which have on average much 

higher kinetic energies than solar particles, account for 
most cosmogenic nuclide production in the Earth's 
atmosphere (Beer et al. 2012). If we consider that the 
pronounced radionuclide enhancement recorded 
during the LU2610 event was the result of solar 
protons (e.g. a solar flare), the event in question must 
have been extraordinarily strong.  

When also considered that a similar source has 
been proposed for the AD775 event (Mekhaldi et al. 
2015), the periodicity of such strong events may be 
more frequent than previously thought (Usoskin & 
Kovaltsov 2012). It should be noted that such 
frequency estimates are based on very few 
controversially defined (Wolff et al. 2008) extreme 
solar events, and that some of the strongest 
instrumentally recorded events considered (e.g. 
SPE56) did not result in a large excess in 10Be flux.  

To better understand the periodicity and 
implications of extreme solar events, an attempt will 
be made here to describe the energy spectrum and 
fluence of the SPE source for LU2610. 

5.2.1 The energy spectrum 
The varying production yields of cosmogenic 

radionuclides are dependent on the energy spectrum of 
the source SPE. This means that a hard SPE with a 
smaller F30 (F30; term explained in §2.4) than a soft 
SPE may result in the same cosmogenic radionuclide 
production. This feature has been exemplified though 
the computation of 10Be and 36Cl productions of 
historical SPEs from 1940 to 2005 (fig. 15) by Webber 
et al. (2007). The computations show that the very 
hard SPE of January 2005 (SPE05), which had an F30 
of 2.0×108 protons.cm-2, produced as much 10Be as the 
SPE of August 1972 (SPE72), which is considered as 
very soft, and had a much larger F30 of 4.0×109 

protons.cm-2. In the same study, Webber et al. (2007) 
show that the hardest recorded SPE, February 1956 
(SPE56), with a GLE (GLE; term explained in §2.4) of 
5,500% and F30 = 1.8×109, yielded 5 times more 10Be 
than the soft event SPE72 which had an F30 over twice 
that of SPE56.  

In terms of relative 36Cl production, we see an 
inverse relationship, indicating that the production of 
10Be and 36Cl is distinctive in terms of peak response 
energies. We can use this distinction to estimate the 
energy spectrum of the SPE related to LU2610 by 

Fig. 15. Event-integrated fluence spectra for 10 instrumentally recorded historical solar proton events occurring between 1956 
and 2005 (Webber et al. 2007). Inset table shows corresponding event with F30 (*unit: protons.cm-2) and 36Cl/10Be ratio (** 
relative ratios, after Mekhaldi et al. (2015)) . The blue and green bands indicate estimated specific peak response energies of 
36Cl and 10Be (incident proton energies at which each radionuclide is predominantly produced). The blue and red dashed curves 
indicate very hard energy spectra SPEs. Modified from Webber et al. (2007) and  Mekhaldi et al. (2015).  
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comparing its relative 36Cl/10Be enhancement ratio to 
historical SPEs.  

The integral spectra for major SPEs as calculated 
by Webber et al. (2007) are shown in figure 15 along 
with associated 36Cl/10Be ratios corresponding to the 
events (Webber et al. 2007;  Mekhaldi et al. 2015). 
There is a clear relationship between the shape of the 
spectra and its associated 36Cl/10Be ratio which define 
the events into two distinct energy spectra groups: soft 
and hard. Hard SPEs, such as SPE56 and SPE05 tend 
to have increased production ratios < 2, while softer 
SPEs exhibit ratios > 3. The LU2610 event is 
calculated to have a 36Cl/10Be ratio of 1.90 ± 0.06. 
Based on this ratio, and its corresponding uncertainty, 
we can see that the event produced less than 2 times 
more 36Cl than 10Be. This places the LU2610 event 
into the hard spectrum category of solar proton events, 
with its most similar historical counterpart being 
SPE05, which had an F30 = 2.0×108. 

 
5.2.2 The fluence 

The computations by (Webber et al. 2007) infer 
that SPE05 resulted in annual 10Be production increase 
of about 2.4%. This 10Be production increase assumes 
that global atmospheric mixing has taken place before 
deposition, as opposed to the case of no latitudinal 
mixing. The assumed scenario of global atmospheric 
mixing is more credible than no mixing, considering 
that the energy ranges of incident protons from SPEs 

would result in mostly stratospheric radionuclide 
production (Beer et al. 2012). The nature of this 
mostly stratospheric production (as opposed to 
tropospheric production), results in a longer mean 
residence time - ensuring a homogeneous distribution 
of the cosmogenic radionuclide signature (Beer et al. 
2012). The NGRIP 10Be measurements from this study 
indicate an integrated peak factor increase of 2.40 ± 
0.11 relative to background. The 10Be production 
excess caused by the LU2610 event is therefore a 
multiple of 100 of SPE05 (X05 = 100). By applying 
this multiple to the spectrum of SPE05, the resulting 
F30 value is 2.0×1010 protons.cm-2. This technique has 
been utilised previously for the AD775 event for 10Be 
(Mekhaldi et al. 2015), and similarly for 14C (Usoskin 
et al. 2013). 

Additionally, the computed 36Cl production rate for 
SPE05 was scaled according GRIP 36Cl measurements 
for the LU2610 event. Computations by Webber et al. 
(2007) infer that SPE05 resulted in an annual 36Cl 
production increase of about 5%. The calculated peak 
factor enhancement (relative to background) for 
LU2610 36Cl was 4.57 ± 0.21, resulting in a scaling 
factor of X05=91. Applying this multiple to SPE05 
produces an F30 value of 1.83×1010 protons.cm-2. 
Although we can make the assumption that the 
transport and deposition mechanisms which control 
the 36Cl flux are similar to that of 10Be (Beer et al. 
2012), the low resolution measurements of 36Cl mean 

Fig. 16. Estimated fluence spectra of the extreme SPE associated with the LU2610 event based on 36Cl and 10Be and scaled 
against the fluence spectrum of SPE05 (dashed blue line). Scaling factors for both radionuclides are shown, with shading 
representing upper and lower uncertainty boundaries. The estimated fluence spectra for AD775 is shown for reference (red 
line). Dashed black lines indicate spectra for hard (SPE56) and soft (SPE72) events.  
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F30 estimations derived are much less reliable 
compared to 10Be. The fact that the 36Cl derived F30 
estimates are within the same magnitude as those 
calculated from 10Be may suggest some validation in 
the choice of spectral fit to an instrumentally recorded 
hard SPE counterpart.  

Ultimately, the F30 estimates derived from the 
scaling of LU2610 radionuclide enhancements (and 
their associated errors) against SPE05 are viewed as 
upper and lower uncertainty limits, with the actual F30 
occurring in-between. The estimated LU2610 F30 is 
therefore 1.92 ± 0.18×1010 protons.cm-2 
 
5.3 Implications 

 
Based on techniques described in the previous 

section, the estimated event-integrated fluence spectra 
of LU2610 are shown in figure 16. These possible 
fluence spectra estimations involve a series of 
assumptions and uncertainties in terms of true 
annually resolved 36Cl peaks, valid 10Be production 
rates, noise inherent to radionuclide data and the 
choice of spectral fit. Additionally, we are currently 
relying on radionuclide records from a single 
hemisphere to estimate the parameters of a global 
event.  

 
Nonetheless, several statements can be made with 

a reasonable level of confidence: 
 
The solar proton event related to the LU2610 

radionuclide enhancement is probably stronger than 
any historical solar flare, including the Carrington 
event, keeping in mind that the parameters of the 
Carrington event are still uncertain (Smart et al. 2006).  

 
The event-integrated fluence spectra suggest a 

fluence > 30 MeV of 1.92 ± 0.18×1010 protons.cm-2, 
indicating that the LU2610 event contained at least an 
order of magnitude more protons than the so far 
assumed strongest hard SPE of February 1956 (fig. 
15).  

 
Additionally, the LU2610 event was similar in 

magnitude to the remarkably strong hard AD775 paleo
-SPE event (fig. 16). Both the LU2610 and AD775 
events resulted in 10Be deposition (inferred here as 
production) enhancement in polar ice. Furthermore, 
both events were characterized by a similar hard 
spectrum and F30 value.  

 
This suggests that solar proton events need to have 

a hard spectrum and F30 values in the region of 1010 
protons.cm-2 in order to leave an imprint on polar ice 
10Be concentrations, implying that 10Be is limited to 
detecting paleo-SPEs with hard spectrum and large F30 
values. 

 
Alternatively, 36Cl appears to be a better detection 

method for a wider energy and spectral range of past 
solar proton events, due to a resonance near ~25-30 
MeV for production from 40Ar (Webber et al. 2007). 

6 Conclusions 
 
x Of the two supposed sharp increases in IntCal13 

which prompted this study, only LU2610 had a 
synchronous peak in 10Be (NGRIP) and 36Cl 
(GRIP).  

 
x New sub-annually to annually-resolved 10Be 

measurements from the NGRIP ice core have led to 
the discovery of a sharp peak in 10Be deposition 
around 2610 BP, with an estimated integral 
increase of 240% relative to annual background 
10Be deposition. 

 
x Existing measurements indicate a synchronous 36Cl 

deposition peak in the GRIP ice core, with an 
estimated increase of 457% relative to annual 
background 36Cl deposition. 

 
x The enhancement in 36Cl and 10Be (GRIP and 

NGRIP), combined with the rapid change in ∆14C 
in IntCal13, are interpreted here as peak in 
radionuclide production which is unrelated to 
normal solar modulation of galactic cosmic rays. 

 
x The peak in production is unlikely to be the result 

of a supernova explosion, due to the lack of an 
appropriate remnant signature (relatively recent 
and relatively close to Earth). 

 
x The arctic 10Be production peak is inconsistent 

with a short gamma-ray burst per the production 
mechanisms proposed by Pavlov et al (2013). 

 
x The production enhancement in 10Be and 36Cl 

matches the expected production increase due to 
solar protons, and, based on currently available 
data, a solar proton event is hypothesised as the 
cause for the LU2610 peak. 

 
x Based on relative 36Cl/10Be ratios, it is suggested 

that the solar proton event related to LU2610 had a 
very hard energy spectrum, similar to that of the 
instrumentally recorded SPE in January 2005. 

 
x The fluence (>30MeV) for the SPE of LU2610 is 

estimated to be 1.92 ± 0.18×1010 protons.cm-2. 
 
x The estimated fluence suggests that the SPE related 

to LU2610 was much stronger than the Carrington 
event of 1859 - previously considered as the 
strongest historically recorded solar flare. It is 
noted that the strength of the Carrington event has 
been estimated based on nitrate records (a 
controversial technique; Wolff et al. (2008)), and 
corresponding radionuclide spikes relating to this 
event have not been found.  

 
x The SPE related to LU2610 was at least an order of 

magnitude more energetic than the so far assumed 
strongest hard SPE of February 1956, and similar 
in magnitude to the remarkably strong and hard 
AD775 paleo-SPE event. 
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x Due to a resonance near ~25-30 MeV for 

production from argon-40, chlorine-36 atmospheric 
production is more sensitive to solar protons than 
10Be and 14C. Hence it is suggested as the best 
detection method of past solar proton events. 

 
x The availability of corresponding annually 

resolved 14C measurements for the LU2610 period 
may provide further support for the hypothesis of 
an SPE source for the LU2610 10Be/36Cl 
radionuclide enhancement. 
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