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Abstract Cosmogenic nuclides are good indicators of past cosmic ray events and variations. To verify
such phenomena, it is important to evaluate them using multiple nuclides from different archives. The
cosmic ray event in 993–994 Common Era (CE) has already been conﬁrmed with 14C and 10Be data, which
show rapid increases in the concentrations. However, the 10Be data were obtained from the Greenland ice
cores in the Northern Hemisphere. To investigate the extent of the 10Be increase in the Southern
Hemisphere, we measured quasi-annual 10Be concentrations between 980 and 1,011 CE in the Antarctic
Dome Fuji ice core. We observed a ~50% increase in 10Be concentration around 994 CE, consistent with the
Greenland data. Increases in 10Be concentrations in both hemispheres support a solar origin of the 994-CE
event. In addition, we propose a method of evaluating the so-called “system effect” for 10Be deposition by
extracting common components from 10Be and Na+ data.
Plain Language Summary New quasi-annual beryllium-10 measurements were made with the
Dome Fuji ice core from Antarctica over the period in which the 994 cosmic ray event would be expected. We
observed an approximately 50% increase in beryllium-10 concentrations, which is consistent with the
beryllium-10 increases observed in the Greenland ice cores. This lends support to a solar origin of the 994
event. We propose a phenomenological method for evaluating a common deposition component between
quasi-annual beryllium-10 and sodium ion data.

1. Introduction
Two rapid increases in 14C concentrations, the ﬁrst occurring in 774–775 Common Era (CE) and the second
in 993–994 or 992–993 CE (hereafter referred to as the 775 event and the 994 event), were ﬁrst detected in
Japanese tree rings. The 775 event was identiﬁed even in the decadal 14C data (INTCAL) and 10Be data
(Dome Fuji [DF] ice core) as a rapid change (Usoskin & Kovaltsov, 2012). The 775 and 994 events were conﬁrmed by subsequent independent annual 14C measurements using worldwide tree samples (Büntgen et al.,
2018; Fogtmann-Schulz et al., 2017; Güttler et al., 2015; Jull et al., 2014; Miyake et al., 2012, 2013, 2014; Park
et al., 2017; Rakowski et al., 2015; Usoskin et al., 2013; Uusitalo et al., 2018). Carbon-14 is a nuclide produced
by cosmic rays (CR), which are high energy particles with origins in outside the solar system (Galactic CR:
GCR) or an eruption of the sun (Solar Energetic Particles). The increases in 14C concentrations in 775 and
994 CE point to an extraterrestrial event that induced CR incident on the Earth within 1 year.
Information from other cosmogenic nuclides, such as 10Be and 36Cl, becomes important in a discussion of
the origin of the 775 and 994 events, because a ratio of cosmogenic nuclide production rates varies depending
on the types and energies of incident particles. Several studies have reported 10Be and 36Cl data from
Greenland and Antarctic ice cores around the 775 event (Mekhaldi et al., 2015; Miyake et al., 2015; Sigl
et al., 2015). Quasi-annual 10Be data were taken from ice cores of the North Greenland Ice Core Project
(NGRIP), North Greenland Eemian Ice Drilling (NEEM), and TUNU2013 in Greenland and the West
Antarctic Ice Sheet Divide Ice Core and DF in Antarctica. All of the ice cores showed sharp 10Be increases
that corresponded with the 775 event with a dating uncertainty in the original age model of ice cores of
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±7 years (Mekhaldi et al., 2015; Miyake et al., 2015; Sigl et al., 2015). A sharp 36Cl peak was also detected in
the GRIP core, although the time resolution was not quasi-annual but approximately 5 years (Mekhaldi et al.,
2015; Wagner et al., 2000). Using data from these cosmogenic nuclides, Mekhaldi et al. (2015) concluded the
origin of the events was an extreme Solar Proton Event (SPE) or several SPEs, whose energy spectrum is very
hard compared to the SPE of 2005 CE. Sukhodolov et al. (2017) modeled the 775 event as the scaled SPE
signal using 10Be data from four ice core sites.
On the other hand, quasi-annual data from cosmogenic nuclides other than 14C in association with the 994
event are still very limited. Only a few 10Be data sets have been published. The data sets were collected from
the NGRIP and NEEM sites in Greenland, and they showed small 10Be increases of ~50% over background
levels relative to 775 CE (Mekhaldi et al., 2015). Although the 10Be peaks associated with the 994 event were
small and comparable to background, the event could be explained by an extreme SPE with a hard energy
spectrum, since 14C and 10Be production agreed within the margin of error (Mekhaldi et al., 2015). The
14
C data indicate the amplitude of the 994 event was half of the 775 event (Büntgen et al., 2018). If the
994 and 775 events shared the same origin, the increase in 10Be concentration corresponding to the 994 event
would also be smaller than that observed for the 775 event.
The difﬁculty in identifying such a small 10Be signal may be one of the reasons behind the limited number of
publications related to quasi-annual 10Be data for the 994 event. Such a small signal could be disturbed easily
by the so-called “system effect,” which is related to 10Be transport and deposition processes (Abreu et al.,
2013; Steinhilber et al., 2012). Indeed, the larger 10Be peak in our previous study, which was associated with
the 775 event (Miyake et al., 2015), was superimposed on a background in which variation in the 10Be signal
was synchronous with variation in the Na+ signal. Baroni et al. (2011) also reported a positive correlation
between signals from 10Be and Na+, as well as those from other ions of sea-salt origin, in quasi-annual data
from inland Antarctica. They argued the correlation reﬂected a troposphere-modulated contribution to 10Be
variation. Although the cause of this correlation has not been fully elucidated, it is possible that the similarities in 10Be and Na+ behavior have been attributed to the system effect. If we could evaluate correlations
between signals of 10Be and other species that are unrelated to the original CR variations, we could view
the CR information more clearly. Therefore, it is important to investigate the relationships between 10Be
and other species, such as Na+, to establish a method for evaluating the system effect.
Although it has been proposed that the origin of the 994 event was an extreme SPE, investigations of the ratio
of 14C and 10Be production rates have only considered 10Be data obtained from ice cores collected in the
Northern Hemisphere. In this study, we analyzed 10Be concentrations in an ice core from the DF station
around the 994 event at a quasi-annual resolution to determine whether a similar 10Be signal could be found
in the Antarctic ice core. If we detected a comparable 10Be signal in the DF data, it would mean that CR
incident on the Earth entered nearly isotropically. This scenario would favor a solar proton origin, which
would be affected by geomagnetic ﬁelds. In addition, we investigated the commonalities between 10Be
and Na+ collected from the same ice core. Finally, we devised a phenomenological method for evaluating
the common system effect from the quasi-annual record of cosmogenic 10Be.

2. Materials and Methods
2.1. DF01 Core and Its Chronologies
We used the DF01 core, a shallow ice core drilled at the DF station in 2001. The DF01 core is stored at
National Institute of Polar Research as an ice core section with cuts every 50 cm (supporting information
Figure S1). The DF station is located near the highest point of Dronning Maud Land (77°190 S, 39°420 E),
3,810 m above sea level. It has been suggested that inland snow precipitations in Antarctica, including those
at the DF site, hold more stratospheric information than the tropospheric information compared with the
coastal regions of Antarctica (Fourré et al., 2006).
It was difﬁcult to date the DF01 core using the annual layer counting method, since the snow accumulation
rate in the DF region is very low and shows little seasonal variation. For example, snow accumulation rates
averaged over 741 and 7,100 years were 25.2 ± 0.3 and 25.0 ± 1.3 kg·m2·year1, respectively (Fujita et al.,
2011; Igarashi et al., 2011). Hence, the age of the DF01 core has been estimated by 10Be-14C matching and
volcanic tie point matching. With these methods, the following chronologies of the DF01 core were
MIYAKE ET AL.
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independently determined: (1) the 10Be-14C age (Horiuchi et al., 2008); (2) the DFS1 chronology; and (3) the
DFS2 chronology (Motizuki et al., 2014). The 10Be-14C age was constructed mainly by 10Be-14C matching in
which 10Be data obtained from quasi-decadal measurements of each core section were compared to 14C production rates calculated using the INTCAL 14C data with decadal time resolution (Stuiver et al., 1998;
Usoskin & Kromer, 2005). The 10Be and 14C data used for matching had 10-year resolution, and the resulting
chronology was quasi-decadal. The DFS1 and the DFS2 chronologies were constructed by volcanic tie point
matching. Motizuki et al. (2014) identiﬁed the volcanic events through analysis of nonsea salt sulfate (nss
SO42) in the divided section cores with an average time resolution of 0.9 years. The volcanic signal appeared
as spikes in nss SO42 concentrations. Since the closest volcanic tie points are 686 and 1,108 CE (DFS1) and
694 and 1,170 CE (DFS2), the 994 event can be a time marker where a section of more than 400 years with no
volcanic markers if we detected the 994 spike in the DF core. Not only nns SO42 but also other ion species
have been analyzed in the same DF01 cores with the same time resolution (Motizuki et al., 2017).

2.2. Selection of Core Sections of DF01
In our previous analysis of the 775 event (Miyake et al., 2015), we selected sections in the DF01 core based on
their 10Be-14C ages (Horiuchi et al., 2008) and detected a sharp 10Be increase corresponding to the 775 event.
The difference between the 10Be-14C age and the tree-ring age around the 775 event is about 5 years only
(Miyake et al., 2015). Thus, the 10Be-14C age method successfully determined the ice core age with
acceptable accuracy.
The approach used in our analysis of the 775 event was applied in the present study. First, we estimated the
age of the ice-core sections by the 10Be-14C age method. Based on their 10Be-14C age, the ice core sections
around 994 CE were numbered DF01 #103–#105, corresponding to 1,005–985 CE. Since we identiﬁed a
sharp 10Be peak in the #104 section, which represented the second-largest increase in the 10Be concentration
in quasi-decadal data from 695 to 1,005 CE (note: the largest 10Be peak for the same interval coincided with
the 775 event; Horiuchi et al., 2007, 2008), it is possible the 10Be signal detected in the #104 section is attributable to the 994 event. The 10Be-14C ages of core sections #103–#105 were in good agreement with the
DFS1 and DFS2 chronologies, falling within 3 and 5 years of their DFS1 and DFS2 ages, respectively. The
close agreement between independent chronologies gave us conﬁdence in the accuracy of our initial age
determination for sections #103–#105, which included the 994 event. Table S1 gives information about
the core sections, chronologies of the DF01 core, and the previously published quasi-decadal 10Be data.

2.3. Pretreatments and Measurement
We divided each core section into 10–12 samples for 10Be analysis (Table S1). Each length of division is the
same as the previous nss SO42 and other ion species measurements (Motizuki et al., 2014, 2017). The time
resolution of the samples is a quasi-annual. Sample pretreatments were carried out at the
Paleoenvironmental and Cosmogenic-Nuclide Laboratory, Hirosaki University, using a method (Miyake
et al., 2015) modiﬁed from Horiuchi et al. (2007). 10Be analysis was performed as described by Miyake
et al. (2015) on a 5 MV accelerator mass spectrometer at the University of Tokyo (Matsuzaki et al., 2007).
Ion chromatography data from the DF01 core can be found in Motizuki et al. (2017).

3. Results
The quasi-annual data set of 10Be concentrations is plotted against the three independent chronologies for
the DF01 core in Figure S2. Among these, the largest 10Be peak reﬂected a 51% increase above the average
of the 10Be concentrations in 992.3 CE (10Be-14C age), 994.5 CE (DFS1), and 998.3 CE (DFS2). Since the 10Be
peak appears at year 994 (±5) CE in all the three chronologies, it is reasonable to conclude the peak reﬂects
the 994 event and to identify the point as 994 CE. Figure 1 shows the 10Be proﬁle plotted against a modiﬁed
10
Be-14C age model, in which the time axis is shifted to align the 10Be peak to 994 CE. In the following, we
use this age model for both 10Be and Na+ data obtained from the same core (Figure 1), referring to it as
“tree-ring age.”
MIYAKE ET AL.
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4. Discussions
4.1. Correlation Between 10Be and Na+

10

+

Figure 1. Comparison between Be and Na data around 994 CE. The hor10
14
izontal line is shifted from the original Be- C age model so that the largest
10
Be peak to be 994 CE (see text). CE = Common Era.

A positive correlation between annual 10Be data and Na+ data has been
reported in previous studies of Antarctic Vostok and DF ice cores
(Baroni et al., 2011; Miyake et al., 2015). The linear correlation coefﬁcient
(R) between the two species for the last 60 years at Vostok was 0.51
(Baroni et al., 2011). R = 0.49 circa 775 CE (763–794 CE) at DF
(Miyake et al., 2015). In addition, Baroni et al. (2011) reported a similar
correlation between 10Be concentrations and those of some other chemical species of marine (sea salt) origin, for example, sea-salt sulfate and
magnesium, in quasi-annual data. We checked our 10Be and Na+ data
obtained from the same core (Motizuki et al., 2017) for similar correlations. Our ﬁndings were consistent with those of previous studies; we
found a weak correlation (R = 0.46: t = 2.9, p = 0.007) between 10Be
and Na+ (Figure 2).

Beryllium-10 is produced by a spallation reaction caused by CR in the
atmosphere, primarily in the stratosphere and the upper troposphere
(approximately 65% of 10Be atoms are produced in the stratosphere by
GCR or more than 65% of 10Be atoms are produced by Solar Energetic Particles whose energy spectrum is
softer than that of GCR; Heikkilä et al., 2013; Poluianov et al., 2016). It is believed that 10Be atoms react
immediately with oxygen (10Be + O ➔ 10BeO), attach to aerosols, and ﬁnally fall to the ground through
atmospheric circulation and precipitation (Beer et al., 2012). There are many types of atmospheric aerosol
particles, and most of them contain ionic species including Na+. Although a mechanism causing positive
correlation between 10Be and Na+ data has not been ﬁgured out, there is probably a common depositional
process in these two species. Baroni et al. (2011) suggested the correlations between 10Be and other ion species could be explained by troposphere-modulated contributions, such as the Antarctic Oscillation or the
Antarctic Circumpolar Wave. Although large atmospheric ﬂuctuations such as the Antarctic Oscillation
have not been conﬁrmed yet as the main cause of the correlations, we can probably evaluate part of the system effect of 10Be using Na+ data.
4.2. Evaluation of the System Effect Using Na+ Data
Since positive correlation between 10Be and Na+ was conﬁrmed in this study and in two other independent studies, it may be possible to use this correlation between 10Be and Na+ concentrations as an indicator of the system effect. Thus, we made the following simplifying
assumptions regarding the source of variations in 10Be and Na+ concentrations: (1) variations in 10Be concentrations are caused by a combination of the system effect and a production effect caused by CR; and (2)
variations in Na+ concentrations are caused mainly by the common
system effect with 10Be. If we eliminate the common signal between
10
Be and Na+ from the original 10Be concentration data, information
related to the production of 10Be should be identiﬁable.
We can obtain relative production variability of 10Be information, henceforth called Δ10Be(t), from the difference between the 10Be data and a
regression line constructed with the 10Be and Na+ concentration data as
shown in equation (1),
Δ10 BeðtÞ ¼

+

10

Figure 2. Relationship between Na and Be data. The circled data correspond to 994 CE in the tree-ring age. The correlation coefﬁcient of the linear
regression is R = 0.46 (p = 0.0064). If we omit the largest point, the correlation becomes improved (R = 0.54). CE = Common Era; DF = Dome Fuji.
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BeðtÞ  C ðNaðtÞÞ;

(1)

where 10Be(t) is the normalized 10Be concentration, Na(t) is the normalized Na+ concentration, and C(t) is the regression line between the normalized 10Be and Na+ concentrations. Figure 3a shows the normalized
10
Be and Na+ concentrations, and Figure 3b shows Δ10Be(t).
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10

Figure 3. (a) Comparison between Be and Na data around 994 CE. While several Be peaks are accompanied by
+
+
10
Na peaks (black broken lines), there are no Na peaks corresponding to the largest Be peak in 994 CE and the
10
10
second largest Be peak in 987 CE (red broken lines). (b) Δ Be values whose calculation method is provided in the
14
text. (c) Δ C values from Japanese tree rings (Miyake et al., 2013). CE = Common Era.

4.3. The 994 CE CR Event
Figure 3a reveals similarities in the characteristic variations of 10Be and Na+ concentrations. Several 10Be
increases are accompanied by corresponding increases in Na+. However, the largest and second-largest
peaks in 10Be concentration, corresponding to 994 and 987 CE (tree-ring age), are not accompanied by
Na+ peaks. As Figure 1 shows, this is consistent with the original 10Be and Na+ data. This makes the two
10
Be peaks emphasized in the Δ10Be proﬁle (Figure 3b). For example, the increment of the largest peak
against the standard deviation of the Δ10Be data excluding the largest peak is 3.7, whereas that of the original
10
Be data is 3.0.
Quasi-annual and quasi-semiannual 10Be data around the 994 event were collected in previous measurements of the Greenland cores (NEEM and NGRIP). We compared this 10Be data with ours in Figure 4.
The time resolutions of the NEEM and NGRIP data were quasi-semiannual and quasi-annual, respectively
(Mekhaldi et al., 2015; Sigl et al., 2015). In addition, we compared the NEEM average annual resolution data
to the DF and NGRIP data. The horizontal axes in Figure 4 are shifted to align the largest 10Be point with
994 CE. The offsets from the original ice core ages are +1.7 years from the 10Be-14C age (this study),
+5.4 years (Mekhaldi et al., 2015), and +7 years (Sigl et al., 2015). The largest peak in the annually resolved
NEEM data set represents a 52% increase in 10Be concentration above the average for the data set. The largest
peak in the NGRIP data set represents an increase of 41% in 10Be concentration above average. These values
are nearly equal to the increase found in the DF data (51%). These 10Be increments above the averages indicate an additional 10Be production against the normal production mainly by GCR. Then the consistency of
MIYAKE ET AL.
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10

Figure 4. Be concentration data from both hemispheres around 994 CE. (a) Circles show measured quasi-annual
4
1
data from Antarctic DF. The line shows an average of the data (8.3 × 10 [atoms g ]). (b) Quasi-annual measurements of the Greenland ice cores from the NGRIP shown in diamonds (Mekhaldi et al., 2015). The line shows an
4
1
average of the data (2.1 × 10 [atoms g ]). The horizontal line is shifted +5.4 years to the original ice core age the
10
Greenland Ice Core Chronology 2005 bottom to the largest point to be 994 CE. (c) Be data (0.5- and 1-year time
4
resolutions) of the NEEM core from Greenland (Sigl et al., 2015). The line shows average of all data (1.6 × 10 [atoms
1
10
g ]). The corrected age indicates an original ice core age +7 years to match the Be peak with 994 CE (Sigl et al.,
2015). CE = Common Era; DF = Dome Fuji; NEEM = North Greenland Eemian Ice Drilling; NGRIP = North
Greenland Ice Core Project.

the increments between both hemispheres implies almost equal
both hemispheres.

10

Be production was occurred in

The 10Be peaks in Greenland data considered to correspond to the 994 event by Mekhaldi et al. (2015) are not
readily distinguished from background variation (Figure 4). The increase around 1,005 CE in the NGRIP
core is more rapid and is greater in magnitude than the change occurring around 994 CE, and this is also
same in the estimated 10Be ﬂux data (Mekhaldi et al., 2015). However, nearly identical 10Be increases are
observed in three independent records from both hemispheres at the expected age. Therefore, it is possible
that the ~50% increase in 10Be concentration was caused by the 994 event. This also means that 10Be
increases identiﬁed in both hemispheres related to the 775 and 994 events were similar but a factor ~1.5
difference in magnitude. This is consistent with extreme SPE origin, of the 994 event, which has been
proposed by Mekhaldi et al. (2015).
MIYAKE ET AL.
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Figure 3c shows 14C data obtained from a Japanese cedar tree sample (Miyake et al., 2013) around the 994
event. In addition to a 14C concentration increase in 994 CE, there is also a small 14C increase from 985 to
987 CE (tree-ring age), which corresponds to the second-largest 10Be peak in our DF data. This small 14C
peak represents a 4.7‰ increase in Δ14C and is 2.5 times larger than the measurement error. It is possible
that the second-largest peak reﬂects a CR variation. However, the details of 14C variation are unknown,
because the 14C data around the second peak are biannually resolved. Fogtmann-Schulz et al. (2017) measured 14C concentrations for the period 980–1,006 CE with annual resolution. Although no 14C increase
was identiﬁed around 987 CE, the data from 985 to 987 CE were only taken in the late wood. Additional
high-precision and high-time-resolution 14C measurements are necessary to determine whether a rapid
CR increase also occurred around 987 CE.

5. Conclusions and Final Remarks
We measured quasi-annual 10Be concentrations in the DF01 core for the period from 980 to 1,011 CE based
on the 10Be-14C age (#103–#105 core sections), where evidence of the CR event in 994 CE would be expected.
We detected the largest 10Be increase, indicated by a peak of ~50% above baseline, in 992.3 CE (10Be-14C age).
Since the increase in 10Be concentration was identiﬁed in three independent chronologies of the DF01 core
around 994 CE (992–998 CE), it is possible that the 10Be peak corresponds to the 994-CE event. Hence, we
propose the 10Be peak may be used as a time marker for 994 CE.
In addition, we found a correlation between 10Be and Na+ concentrations in the same ice cores, in agreement with the results of previous studies. Since both of the species are related to aerosol deposition in the
atmosphere, we interpret this correlation as indication, at least partly, of the system effect on 10Be deposition. Based on this interpretation, we evaluated the system effect using a common component in the 10Be
and Na+ data. Consequently, the 10Be peak in 994 CE became more signiﬁcant relative to background.
Since a positive correlation between quasi-annual 10Be and Na+ concentrations has been identiﬁed in all the
annual measurement data from the DF core so far (Miyake et al., 2015; this study), the correlation between
the two species might be observed in annual data from the DF core through at least the Holocene epoch,
where no evidence of drastic climate change has been reported (e.g., Kawamura et al., 2017; Uemura
et al., 2018). We propose a part of the so-called system effect in quasi-annual 10Be data can be phenomenologically evaluated with Na+ data from the same core. Although the correlation between 10Be and Na+ is
found, its cause has not been elucidated. In the future, it will be necessary to reveal its cause by investigating
productions, transportation processes, and chemical dynamics of these species and other ionic species such
as SO42.
The ~50% increase in 10Be concentration in the DF core is consistent with 10Be data obtained from the
Greenland NEEM and NGRIP cores. Nearly equal increases in 10Be detected in both hemispheres support
an extreme SPE origin of the 994 event. Another weaker 10Be peak was identiﬁed circa 987 CE (tree-ring
age). Although it is possible that this peak is related to a CR event, further investigation of annual 14C or
10
Be data is needed to support this conclusion.
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