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ARTICLE INFO ABSTRACT

Article history:

A pre-heating method that improves the background and precision of '4C dating significantly was applied
for fossil coral dating with high resolution in our lab in Guangzhou Institute of Geochemistry, Chinese
Academy of Sciences (GIGCAS). The reaction tube is heated under 300 °C in a vacuum line before it is used
for graphitization. The method can reduce the contamination absorbed in TiH,, Zn and Fe power placed in
the graphitization tube. With the pre-heating and average drilling method, bi-weekly resolution '*C dat-
ing in a fossil coral is carried out to investigate the “AD 775 “C spike event”. Different from the tree ring
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;(fé' er;ﬁilg 14C archives with the 'C spike of ~15% (A'C), the '“C spike in the coral shows an abrupt peak of 45%o
Coral and two smaller spikes of A'#C>20% in half a year in AD 776. And then, the 'C content in coral
Bi-weekly resolution decreases gradually in AD 777. The peak time of the C spike event likely occurs in the summer of AD
AD 776 776 according to the §'80 variation in coral. High-resolution dating of C in coral provides not only a
14¢ spike more detail process of the event than that from tree rings, but also the first report of the event from

sea ecosystem. Both of them suggest an extraterrestrial origin of the event cause.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Radiocarbon (14C) is primarily formed through the reaction of
cosmic rays and atmospheric nitrogen. The pulse of the
atmospheric *C content could be documented in coral through
air-sea CO, gas exchange and biogeochemical cycle in the sea
[1]. Different from annual resolution record in the tree ring, coral
provides seasonal, monthly or even weekly resolution [2].
Sometimes, annual resolution is not high enough to show the
course of an abrupt event clearly, such as “AD 775" cosmogenic
ray enrichment event [3,4]. To find out the true cause, e.g., contri-
bution by a long-period comets collision [4-6], a galactic short
gamma-ray burst [7], or a proton storm from giant solar flares
[8-10], for an unexpectable burst of atmospheric *C, higher
resolution than annual dating of '*C in coral would be helpful. At
present, monthly resolution of '“C in coral is the highest among
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which has been reported [11]. For a higher resolution dating of
14C in coral, such as biweekly resolution, precision of '“C dating
is important to note because the amount of available sample is
usually limited and the amplitude of fluctuation is usually low.

In this paper we introduce a pre-heating method that used in
the preparation of '“C dating with AMS in AMS-'C lab in
Guangzhou Institute of Geochemistry, Chinese Academy of
Sciences (GIGCAS). Using this method, a fossil Porites coral that
covering the “AD 775" event is subsampled by average drilling
and dated by '*C in biweekly resolution. The core of fossil Porites
coral is drilled from Xiaodonghai (XDH) Reef in the northern
South China Sea in 1997. It is cut into slabs of 7 mm in thickness
with 1.2 m long. X-ray diffraction analysis shows the coral is
100% aragonite and scanning electron microscopy image indicates
the absence of secondary aragonite along the slab. The coral
was dated by 23°Th techniques at the High-Precision Mass
Spectrometry and Environment Change Laboratory (HISPEC),
National Taiwan University, on a multi-collector inductively cou-
pled plasma mass spectrometer (MC-ICP-MS), giving an age of
AD 776 * 14 at the depth of 11.6 cm [4].
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2. Materials and methods
2.1. Materials

The coral was separated into biweekly-resolution subsamples
by average drilling vertically at depths of 12.25-17.19cm
(Table 1). The surface of coral was polished firstly, and then
drilled along the growth axis in a same interval of 0.1 cm.
Table 1 shows the detail separating depth. It covered 2 years

when the 'C content in coral increased abnormally [4]. The coral
is dated by 23°Th at a depth of 2.15cm, giving an age of AD
783 £ 14, which is 7 annual growth bands above the layer contain-
ing the onset of “C anomalies at a depth of 16.11 cm and corre-
sponding to an age of AD 776 + 14 [4]. About 6-8 mg coral power
was obtained for each subsample. At the depth 12.70 cm,
13.78 cm, 15.03 cm, 15.93 cm of the coral, we separated the
subsample with the amount of about 3 mg for the duplication
measurement (Table 1).

Table 1
Details of the biweekly interval data.

Sample No. Depth (cm) Year?® (AD) AYAC (%o) Uncertainty () 3180 (%0) 313C (%0)
XDH-m-1 12.25 777 -182.0 2.5 —4.60 -1.98
XDH-m-2 12.34 777 -180.8 2.5 -4.76 -1.78
XDH-m-3 12.43 777 —180.0 2.4 —-5.52 -1.88
XDH-m-4 12.52 777 -180.2 3.2 -5.35 -2.38
XDH-m-5 12.61 777 -182.1 2.8 -5.16 -2.51
XDH-m-6 12.70 777 -179.2 3.0 -5.22 —-2.41
XDH-m-6’ 12.70 777 —-181.4 2.8

XDH-m-7 12.79 777 -183.3 2.5 -5.03 -1.99
XDH-m-8 12.88 777 -171.9 2.5 -4.8 -1.88
XDH-m-9 12.97 777 -181.3 3.1 —4.98 -2.18
XDH-m-10 13.06 777 -1791 2.6 —4.81 -2.04
XDH-m-11 13.15 777 -173.5 2.6 —-4.84 -1.72
XDH-m-12 13.24 777 -177.3 3.0 —-4.87 -1.74
XDH-m-13 13.33 777 -175.0 2.6 —4.92 -1.71
XDH-m-14 13.42 777 -170.6 2.7 -5.12 -1.57
XDH-m-15 13.51 777 —168.5 2.8 -5.23 -1.57
XDH-m-16 13.60 777 —-175.6 2.4 -5.37 -1.36
XDH-m-17 13.69 777 -179.3 2.6 -5.35 -1.30
XDH-m-18 13.78 777 —-173.7 2.6 -5.53 -1.35
XDH-m-18’ 13.78 777 -175.9 2.8

XDH-m-19 13.87 777 -173.9 2.4 -5.27 —-1.52
XDH-m-20 13.96 777 -179.8 3.0 -5.38 -1.77
XDH-m-21 14.05 777 —-181.2 2.6 —-4.67 -1.51
XDH-m-22 14.14 777 -177.0 2.7 —-4.51 —-1.48
XDH-m-23 14.23 777 -1721 2.6 -4.35 -1.65
XDH-m-24 14.32 777 —-174.4 24 —-4.31 -1.08
XDH-m-25 14.41 777 —-182.0 2.5 —4.48 -1.64
XDH-m-26 14.50 776 —-178.2 2.4 —4.59 —-1.47
XDH-m-27 14.59 776 -176.5 3.0 —-4.87 -1.43
XDH-m-28 14.67 776 —-1754 2.8 —4.55 -1.36
XDH-m-29 14.76 776 —-176.5 2.7 -5.13 -1.13
XDH-m-30 14.85 776 -175.6 2.5 -5.21 -1.22
XDH-m-31 14.94 776 —182.0 2.8 —-5.32 -1.24
XDH-m-32 15.03 776 —145.6 2.4 -5.13 -1.11
XDH-m-32’ 15.03 776 —148.8 2.6

XDH-m-33 15.12 776 -156.7 2.4 -5.44 -1.32
XDH-m-34 15.21 776 —168.8 2.4 —5.01 -1.63
XDH-m-35 15.30 776 -170.3 2.6 -5.33 -1.73
XDH-m-36 15.39 776 -175.5 3.0 -5.23 -1.56
XDH-m-37 15.48 776 -169.8 2.5 —5.42 -1.49
XDH-m-38 15.57 776 -1791 2.5 —-5.43 -1.10
XDH-m-39 15.66 776 -173.8 2.6 -5.73 -0.51
XDH-m-40 15.75 776 —-142.9 24 -5.51 -1.19
XDH-m-41 15.84 776 -169.3 2.5 -5.45 -2.09
XDH-m-42 15.93 776 —148.7 2.4 -5.12 -1.38
XDH-m-42’ 15.93 776 —146.4 2.5

XDH-m-43 16.02 776 —-123.3 3.0 -5.01 -1.53
XDH-m-44 16.11 776 -164.0 2.5 -5.23 -1.30
XDH-m-45 16.20 776 -172.7 2.4 -5.13 -1.24
XDH-m-46 16.29 776 —-173.5 2.4 —4.85 -1.35
XDH-m-47 16.38 776 -176.1 3.1 —-491 —1.45
XDH-m-48 16.47 776 -177.0 2.8 —4.60 -1.37
XDH-m-49 16.56 776 —-174.9 2.6 —4.55 -1.30
XDH-m-50 16.65 776 —-173.3 2.6 —4.35 -1.35
XDH-m-51 16.74 776 -181.5 3.2 —-4.27 -1.43
XDH-m-52 16.83 776 —178.0 2.6 —4.44 -1.42
XDH-m-53 16.92 776 —-175.4 2.5 —4.55 -1.33
XDH-m-54 17.01 775 -189.8 2.5 —-4.82 -1.18
XDH-m-55 17.10 775 -190.3 3.0 -5.21 -1.19
XDH-m-56 17.19 775 —-190.7 24 —5.57 -1.02

3 The chronology is based on 23°Th age of XDH-2 at the depth 2.15 cm and annual density bands of coral.
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Fig. 1. Reaction tubes (a) and pre-heating oven (b).
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Fig. 2. Comparison of the '“C data between the pre-heated and none pre-heated background (a, coal and calcites) and modern carbon standard OXI (b). The coal was pre-
heated under 300 °C in the vacuum line for 6 h before it was changed into CO,.

2.2. Method make sure the purity of H3PO4 close to 100%. Reaction tube which
has a branch was firstly sink with 0.5 mol/L HCI for 12 h and then
The detail chemical procedure is descripted as follow. rinsed with distilled water and dried in the vacuum drying oven.

Guaranteed reagent Phosphoric acid (H3PO4, >85%) was further About 5 mg coral powder was weighted and placed into the reac-
purified under 60 °C in a vacuum drying oven for 72 h in order to tion tube with purified H3PO,4 in the branch. Tube was pumped



662 P. Ding et al./Nuclear Instruments and Methods in Physics Research B 361 (2015) 659-664

in a vacuum system under 1.0 x 107> Torr for at least 2 h before
the sample was mixed with H3PO,. Graphitization tubes were
cleaned in an ultrasound cleaner with distilled water, and then
were dried in the vacuum drying oven. Finally, tubes were baked
in an oven under 600 °C for 4 h. About 31.0 £ 0.5 mg Zn powder,
15.0 + 0.5 mg TiH, powder, and 4.0 + 0.2 mg Fe powder was placed
into the graphitization tube. The graphitization tube isa 9 mm O.D.
Pyrex reactor tube with reductants zinc and titanium hydride in
bottom and catalyst iron in a 6 mm O.D. Pyrex culture tube sitting
on a dimple 2 cm from the base of the outside tube.

Released CO, was extracted in a vacuum system and frozen to
the graphitization tube. And then the graphitization tube was
sealed by a torch. The total length of the sealed tube was 90 mm
long. A shorter tube may be helpful for graphitization of smaller
samples [12]. The CO, gas finally reduced to graphite using the
method proposed by Xu et al. [13]. In order to reduce the contam-
inant involved in the TiH,, Zn or Fe powder in the graphitization
tube, pre-heating method was adopted. The graphitization tube
was vacuumed first and then heated in the vacuum line under
300°C in a smart oven fixed in the vacuum system for 15 min
before the purified CO, was frozen inside (Fig. 1).

Graphite samples were analyzed in the AMS laboratory at
Peking University. The standard used during the analysis was
NIST-OXI, and the secondary modern carbon standard NIST-OXII
was adopted. Two calcite samples pretreated as coral were used
as background. The precision for *C analysis is about 3%.. It is
important to mention that some of background and OXI data dis-
cussed in the pre-heating method section were analyzed in UC,
Irvine, USA. Coral 8'80 measurements from the same biweekly
subsamples were carried out with MAT-252 mass spectrometry
equipped with Kiel II micro carbonate automatic sample input
device at the Institute of Earth Environment, CAS. Results are
reported as 5'%0 and §'3C with the international Vienna Pee Dee
belemnite (PDB) standard. The analytical error of the laboratory
standard is approximately +0.2%.. 580 and 5'>C were not analyzed
for the duplicated samples.

3. Results and discussion
3.1. Pre-heating method

We started the pre-heating method at the end of 2008. It was
inspired by the two-step heating for organic carbon (OC) and ele-
ment (EC), in which the volatile organic compounds could be
removed [14]. It was helpful to improve the background and preci-
sion of 1“C dating in the AMS-'“C lab in GIG-CAS. Fig. 2 shows the
differences in background and modern carbon standard (OXI)
between pre-heated graphitization tubes and none pre-heated
tubes. The background improved gradually from 32ka BP to
45 ka BP from 2006 to 2009 when graphitization tubes were not
pre-heated. From 2009 to 2014, when the graphitization tube
was pre-heated, the background climbed to older than 46 ka BP
(Fig. 2). Besides pre-heating of graphitization tube, the coal was
also pre-heated under 300 °C for 6 h in a vacuum line before it
was oxidized into CO, gas. The mean value of PMC of OXI was
104.83 £ 0.54 (n=91) during 2006-2009, while it was improved
to 104.13+0.34 (n=107) during 2009-2014 when the
pre-heating method was adopted. The international consensus
value of PMC of OXI is about 104.00 in 2013, and the contempora-
neous value in our lab is 104.00 £ 0.14 (n = 32).

The effect of pre-heating method was not so significant in clean
14C labs. Xu et al. [15] has compared the pre-heated and none
pre-heated graphitization tubes in UCI, America. She found that
there was no significant difference in results, but this method
was useful for improving inhomogenous radiocarbon standards,

such as Chinese sugar carbon [15]. The method can reduce the
amount of volatile organic compounds absorbed in Fe, TiH,, Zn
powder and sample itself especially in the lab in heave air pollu-
tion areas.

Using the preheating method, the four duplications give very
close A'C values with the corresponding ones (Table 1).
Standard deviations of the four duplicated samples at the depth
12.70 cm, 13.78 cm, 15.03 cm, 15.93 cm are 0.57%o, 1.56%o, 2.26%o
and 1.63%., respectively, which are within the range of *C dating
error 2.40-3.00%o.

3.2. Bi-weekly resolution of coral A'*C

In order to find out the C spike event recorded by the coral,
the coral was first examined in half-annual resolution (Table 2).
Results showed that the 'C content increased from —188%. to
—177%0 when the event onset (Fig. 3a). The bi-weekly resolution
of A™C results shows that the '“C content increases by ~15%o dur-
ing the winter to the early spring in AD 776, and remains elevated
for more than 4 months (Fig. 3b). Then, it drops down in the fol-
lowing 1 month, forming a spike of 45%. (S1) in late spring of AD
776. Another two smaller '*C spikes (A'C>20%., S2 and S3)
occurs in the following 5 months. Finally, the '“C content in coral

Table 2
Details of the half-annual interval data.

Sample No. Depth (cm) Year® (AD) AYC (%0) Uncertainty (+)
XDH-1 1.04 783.5 —184.1 2.4
XDH-2 2.15 783.0 -165.9 2.6
XDH-3 2.99 782.5 —-176.8 2.4
XDH-4 4.20 782.0 -182.6 2.5
XDH-5 5.22 781.5 —-175.1 3.0
XDH-6 6.53 781.0 -180.2 2.5
XDH-7 7.53 780.5 —-1721 3.0
XDH-8 8.72 780.0 -177.6 2.5
XDH-9 9.59 779.5 —-179.8 2.4
XDH-10 11.10 779.0 —-179.9 2.8
XDH-11 12.31 778.5 -175.0 3.1
XDH-12 13.27 778.0 —-175.5 2.8
XDH-13 14.04 777.5 -176.6 2.6
XDH-14 14.98 777.0 -174.9 2.6
XDH-15 16.11 776.5 —-179.8 3.2
XDH-16 17.04 776.0 —186.5 2.6
XDH-17 18.13 775.5 -185.1 2.5
XDH-18 18.98 775.0 -190.9 2.6
XDH-19 19.92 777.5 -186.2 3.0
XDH-20 20.97 777.0 —183.6 2.4
XDH-21 21.96 776.5 -191.7 3.0
XDH-22 23.12 776.0 —-187.5 2.6
XDH-23 2413 772.5 —-192.0 2.7
XDH-24 25.15 772.0 -181.0 2.2
XDH-25 26.72 771.5 —-187.3 2.4
XDH-26 27.86 771.0 —189.8 2.6
XDH-27 28.92 770.5 -190.9 2.6
XDH-28 29.82 770.0 -180.9 2.7
XDH-29 30.64 769.5 -188.4 2.4
XDH-30 32.03 769.0 —-187.6 3.0
XDH-31 33.03 768.5 —189.7 2.6
XDH-32 34.04 768.0 —-178.1 2.7
XDH-33 35.05 767.5 —-183.7 2.6
XDH-34 36.05 767.0 —189.4 2.4
XDH-35 37.02 766.5 —189.9 3.4
XDH-36 37.94 766.0 —188.5 3.2
XDH-37 38.90 765.5 -191.0 2.8
XDH-38 39.65 765.0 —186.5 2.4
XDH-39 40.58 764.5 -186.9 3.0
XDH-40 41.54 764.0 —-194.7 2.6
XDH-41 42.65 763.5 -187.3 2.7

3 The age is based on 23°Th age of 783 + 14 at the depth of 2.15 cm, and annual
density bands of coral.
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Fig. 3. '“C spike event at AD 776 and AD 777 recorded in coral with half annual resolution (a), biweekly resolution (b). Coral 5'%0 suggested the event occurred in winter or
early spring of AD 776 (c). And the event documented by annual tree rings from south and north hemisphere (d, modified from [12]). S1, S2 and S3 indicate the peak and two

smaller 'C spikes in the event.

decreased slightly in AD 777. The three A'#C spikes occur in the
summer of AD 776 probably represent the “peak time” of only
one abrupt '“C increase event. Reason for the drop of A4C in the
peak time remains unknown, maybe because of the influence from
different carbon source in the oceanic environment or the fluctua-
tion of the event itself.

The abrupt *C increase of ~45%. in A'*C within two weeks has
never been observed in tree rings from other sites before (Fig. 3d).
In annual resolution tree rings records, ~15%. increase of A*C is
found in the '“C spike event [16], very similar to the half-annual
resolution record in the coral. In addition to the stronger '“C spike,

the bi-weekly resolution also reflects a shorter spike time within
half a year. The fact that the '“C signal observed both in global tree
rings and coral likely suggested an extraterrestrial origin of the
event cause.

3.3. Bi-weekly resolution of coral §'%0

Coral 8'80 is strongly influenced by the precipitation/evapora-
tion ratio. The higher 5'80 value appears in winter while the lower
8'80 value in summer [17-19]. Though the mean annual §'80
values are close, the high-resolution record states the difference
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in the variation of §'30 value in AD 776 and AD 777. Coral §'%0 in
summer (June to August) of AD 776 almost stays in —5.00%0 to
—5.50%0. But in the summer of AD 777, there is an obviously pos-
itive shift to —4.75%. of coral 5'80. A difference of 0.45%. of coral
380 exists between the summer of AD 776 and AD 777, which is
not caused by the measuring error. It is likely linked with weaker
Asian monsoon during that time [20], which induced lower precip-
itation/evaporation ratio in the summer of AD 777. The higher pre-
cipitation/evaporation ratio in the summer of AD 776 may be
helpful for the '“CO, exchanging between atmosphere and sea
water, and finally entering into coral and recorded.

4. Conclusions

Pre-heating method can improve the quality of *C preparation
in labs of pollution. It guarantees the higher resolution of '“C dat-
ing in the 'C lab in GIGCAS. The average drilling method is useful
to divide the coral into bi-weekly resolution subsamples. Different
from the tree ring '*C record in annual resolution, the bi-weekly
resolution '“C record in the coral shows a spike of 45%. in A'“C,
and two smaller spikes with A!#C>20%. within half a year.
According to the coral §'80, the C spike event occurs in the sum-
mer of AD 776. High-resolution dating of '“C in coral is a useful
supplement to the tree ring document in investigating the myste-
rious abrupt '*C increase during AD 776 and AD 777, which totally
suggests an extraterrestrial origin of the event cause.
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