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PREPARATION OF GRAPHITE TARGETS FROM SMALL MARINE SAMPLES FOR 
AMS RADIOCARBON MEASUREMENTS

Laval Liong Wee Kwong1 • Pavel P Povinec1,2 • A J Timothy Jull3

ABSTRACT. A vacuum sample processing line was set up and methods were developed for the determination of radiocarbon
in small-volume seawater and biota samples. Seawater samples (500 mL per borosilicate glass bottle and poisoned with
HgCl2) were acidified with 5 mL concentrated hydrochloric acid. Pure N2 was used as a carrier gas to strip CO2 from the sam-
ples for 10 min in a circulation mode. After purification through several water traps, the CO2 was isolated cryogenically.
Using Na2CO3 standard solutions, recovery yields were calculated superior to 95 ± 5%. Freeze-dried marine biota samples
were thoroughly mixed with Cu(II)O and combusted at 900 °C. The CO2 was purified by passing through Ag wool and Cu
granules at 450 °C before reduction to graphite. Finally,  graphite was synthesized using Zn dust heated to 450 °C in the pres-
ence of an Fe catalyst at 550 °C. Although this method takes about 8 hr (synthesis done overnight), the advantage is that no
water vapor by-product is formed to hinder the reaction. The graphite yields, measured both by gravimetric methods and by
pressure readings, were 95 ± 5%. Accelerator mass spectrometry (AMS) measurements were carried out at the NSF-Arizona
AMS Facility. Results for water samples from the northwest Pacific Ocean are reported which are in agreement with data
reported elsewhere. 

INTRODUCTION

Due to its ubiquitous nature and relatively long half-life (5730 yr), radiocarbon is a unique tracer
which has been applied in a wide range of disciplines including marine sciences. 14C is a useful tool
for studying the ocean carbon cycle, oceanic transport, water mass circulation, and mixing processes
(e.g. Östlund and Stuiver 1980; Stuiver et al. 1983; Östlund et al. 1987; Bard et al. 1989; Östlund
and Rooth 1990; Broecker et al. 1998; Lawson et al. 2000; Povinec et al. 2000; Aramaki et al. 2001;
Key et al. 2002, etc.).

The 2 approaches for 14C determination are conventional radiometrics β-counting and accelerator
mass spectrometry (AMS) techniques. In the first method, CO2 is generated from the sample,
purified or converted to a hydrocarbon gas, and then analyzed by a gas proportional counter (e.g.
Povinec 1992; Povinec 1994; Gorczyca et al. 1998, etc.). Alternatively, carbon dioxide can be
converted to benzene, which is analyzed by liquid scintillation counting (e.g. Calf 1978; Burchuladze
et al. 1980, etc.). Although the 2 methods have been intensively used, they have proved to be limited
when dealing with small sample sizes and low 14C levels, like, for example, in dissolved inorganic
carbon (DIC) measurements in seawater for high-resolution ∆14C profiling of the water column. As
14C has a very low natural abundance and a slow decay rate, either a very long counting time is
necessary or very large quantities of samples are required for good precision measurements. For
example, when measuring DIC in seawater, large volumes of the order of 250–300 L are required
(Bhushan et al. 1994). In polar regions, which are key areas for deep-water circulation studies, or
when deep-water samples are needed for specific analyses, it is very difficult and time consuming
to collect large-volume samples. A typical chemical procedure involves precipitation as Na2CO3 or
BaCO3, usually done on shipboard immediately after sampling. In the home laboratory, CO2 is
generated and counted in a gas proportional counter, or acetylene is produced and benzene is
obtained by cyclotrimerization of acetylene before liquid scintillation counting (e.g. Calf 1978;
Burchuladze et al. 1980; Bhushan et al. 1994, etc.).
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An alternative approach to decay counting is to measure the number of 14C atoms in a sample, more
precisely, the ratio of 14C atoms to the stable carbon isotope atoms by AMS. With a state-of-the-art
AMS technique, a sub-mg level of graphite suffices; consequently, a volume of 500 mL is enough
for processing seawater samples. The major steps involved are CO2 extraction and reduction. For
seawater, the extraction is performed by first hydrolyzing the seawater and then stripping CO2 either
by bubbling with a carrier gas (e.g. Östlund et al. 1987) or by vacuum extraction (e.g. Dörr and
Munnich 1980; Nydal et al. 1992; McNichol et al. 1994). For marine biota, the sample is either
combusted with an oxidant at 900 °C, or, if in the form of a calcareous solid like a shell or coral,
the sample can be wet-digested with phosphoric acid. The reduction to filamentous graphite is
carried out using H2 in the presence of Fe metal activated by O2 (e.g. Vogel et al. 1984). However,
an elaborate installation is required involving a heater and a water trap to eliminate the H2O by-
product which kills reduction. Zn has also been used as a reducing agent in the presence of a metal
catalyst such as Fe (Jull et al. 1987). Here, the reaction usually lasts several hours. The graphite is
then pressed as a target for AMS measurements.

To carry out 14C assessment of small volume marine samples, a vacuum sample preparation line was
constructed at the International Atomic Energy Agency’s Marine Environment Laboratory (IAEA-
MEL) in Monaco, and methods were developed to produce graphite targets for marine environmen-
tal studies. The adopted procedures are briefly described in the present paper.

METHODS

Seawater samples were collected in precleaned (rinsed several times with hexane and dried over-
night in an oven at 100 °C), preweighed 500-mL borosilicate glass bottles and poisoned immedi-
ately with HgCl2 (McNichol and Jones 1992). To minimize contamination, CO2 was stripped in the
bottles in which the seawater was collected. Biota samples were frozen before being lyophilized and
ground into a fine homogeneous powder.

Extraction of CO2

Seawater

In a glove box under a high-purity N2 atmosphere, a stripping probe was inserted into the sample bot-
tle and a glassware assembly was set up which was connected to the preparation line (Figure 1). Then
a vacuum was generated up to the glassware assembly’s valves. Standard water traps at –80 °C, a
slurry of ethanol and dry ice, and a liquid N2 bath were installed before the seawater was hydrolyzed
with 5 mL of concentrated HCl. High-purity carrier N2 gas was injected into the line until a pressure
of 0.1 MPa was reached. Immediately, the appropriate valves were opened to create a circulation
loop, and a bellows pump (Iwaki® BA-110 SN) was switched on, forcing the carrier gas through the
fritted end of the probe. The seawater sample is thus sparged along by the N2 gas carrying CO2 to be
trapped. This stripping process was completed in 10 min. The carrier and other non-condensable gas
was then purged out. While the trapped CO2 was allowed to thaw, the liquid N2 bath was replaced
by a water bath cooled to –80 °C. After equilibrium was reached, the CO2 was cryogenically trans-
ferred to the calibrated volume section to which a high-precision pressure transducer was connected.
The measured pressure was used to calculate the concentration of the extracted CO2. The calibrated
volume section was also used to collect precisely known amounts of CO2 for graphite synthesis and
measurement of 13C.
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Biota

Fifty mg of freeze-dried marine biota sample was thoroughly mixed with 1000 mg of Cu(II)O and
combusted under vacuum at 900 °C in a 9-mm Vycor® tube connected to the processing line. For
samples of suspected higher activity, the mixture was flame-sealed in the tube before combustion in
a separate oven to avoid contaminating the line. The CO2 was purified by passing the produced gas
through pure Ag wool, water traps cooled at –80 °C, and a column of packed Cu granules at 450 °C.
An aliquot of the pure CO2 of precisely known volume was reduced to graphite while a second frac-
tion was used for δ13C determination.

When dealing with solid samples like shells and corals, small pieces of the material are introduced
into one of the arms of the extraction glassware apparatus for solid samples depicted in Figure 1b.
Five mL of H3PO4 was carefully introduced into the side arm before connecting the apparatus to the
line and generating a vacuum. The extraction apparatus was then isolated from the processing line
by means of 2 valves, enabling its disconnection from the line. No leakage was observed during this
manipulation. The acid was gently tipped over the solid sample, thus liberating CO2. For complete
dissolution, gentle heating was sometimes necessary. After total digestion, the extraction apparatus
was again connected to the line and the CO2 was purified as previously described before graphite
synthesis and δ13C measurement.

Reduction of CO2

The reduction was carried out with Zn in the presence of dendritic Fe (200 mesh) (Slota et al. 1987).
Both chemicals were carefully weighed and introduced into 6-mm-diameter Vycor tubes. They were
then connected to the graphite apparatus, together with a tube filled with purified (using liquid nitro-
gen and dry ice traps) CO2 extracted from a sample, as shown in Figure 1c. The air above was care-
fully pumped out and the CO2 transferred cryogenically to the reactor. The Zn tube was then heated
to 450 °C, which pre-reduced CO2 to CO. After 1 hr, the Fe was heated to 550 °C and graphite was
produced and deposited onto the Fe. The pressure was constantly monitored until the reaction was
completed, which usually takes between 8 to 10 hr, by means of a transducer connected to a com-
puter via a data acquisition system. The product was then weighed very carefully. The graphite yield
was calculated both gravimetrically and manometrically from pressure readings.

For a 6-mm-diameter tube, 2 mg of carbon was found to be the appropriate amount for synthesis.
The mass of Fe used, enabling to reach an acceptable ionic current in the AMS source, was twice the
amount of carbon that needed to be reduced. For complete reduction, the pressure should drop to
zero, meaning all gaseous CO2 and CO has been reduced to solid graphite. The reactions occurring
within the reactor are the following:

CO2 + Zn → CO + ZnO

2CO → CO2 + C (graphite).

Figure 2 shows the variation of pressure with time. Curve 2 shows successful synthesis with a yield
of about 98%. Curve 1 shows a synthesis with a yield of about 95%, as the curve did not return to a
zero pressure state, probably because of the presence of water vapors in the system. Curves 3 and 4
are examples where no synthesis took place at all. The constant increase in pressure with time in
curve 4 is an indication of a leakage in the graphite apparatus (probably due to a damaged O-ring).
In reaction 5, the synthesis seemed to end prematurely at point A, which would have resulted in a
poor graphite yield and probable isotopic fractionation. However, on removing the tube furnace, a

550 °C

450 °C
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yellow deposit was noticed on the Zn surface. It was concluded that it was sulphur, obtained by the
reduction of co-extracted SO2, which was hindering the graphite synthesis. By gently tapping the Zn
tube with a spatula and re-setting the furnaces, the reaction continued to completion as depicted.

RESULTS AND DISCUSSION

To verify that the CO2 extraction procedure from water samples was quantitative, known amounts
of Na2CO3 standards, which were dried overnight at 200 °C in an oven, were dissolved in degassed
Milli-Q® water. As soon as the dissolution was complete, the solution was processed. The mean
recovery yield for 5 extractions was 95 ± 5%. Similarly, to check the performance of the wet-diges-
tion procedure, exactly known amounts of solid Na2CO3 were hydrolyzed with H3PO4 using the
extraction apparatus for solid samples as described above. The mean recovery was 97 ± 3% for 5
extractions.

The combustion procedure was tested by burning 50 mg of the National Institute of Standards and
Technology’s (Gaithersburg, USA) oxalic-acid standard reference material (HOxII, NIST SRM
4990C) with an excess of Cu(II)O. The compounds were thoroughly mixed in a 9-mm-diameter
Vycor tube and combusted at 900 °C under vacuum. Aliquots of 4 mL (STP) of pure CO2 were taken
for the measurement of 13C. In addition, other aliquots of CO2 were reduced to graphite. These were
then strongly heated with a torch, so that the graphite would oxidize back to CO2. New δ13C values
were again measured and they agreed with the initial 13C values, proving the validity of the proce-
dure. All stable isotope analyses were within 0.3‰. The reproducibility of 14C measurements on the

Figure 2 Variation of pressure during the graphite synthesis
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NIST standard reference material was better than 15‰. All graphite samples discussed in this paper
were analyzed by the AMS facility of the University of Arizona.

Finally, several replicate samples of seawater were collected in the Mediterranean near the port
of Monaco, and processed according to the performance check tests described above. The mean
concentration of CO2 extracted was 2.64 ± 0.18 mmol kg–1. The δ13C values ranged from –0.80
to –1.18‰ and ∆14C values were in the interval of 70–80‰. For testing purposes, seawater sam-
ples collected at Station 1 (34°59′N, 145°59′E) of the IAEA 1997 Pacific Ocean expedition were
also processed according to the developed procedure. The ∆14C profile is shown in Figure 3 and
corroborates well with results published by Aramaki et al. (2001).

Analyses of marine biota samples (plankton, fish, and corals) have been carried out for carbon flux
studies and investigations of transport and exchange processes between seawater and marine biota.
The obtained results will be published in a separate paper.

CONCLUSIONS

Development of the 14C line at the IAEA’s Marine Environment Laboratory in Monaco and the
sample processing procedures have proved to be successful, giving results comparable to published
values. For routine water analyses, a rigorous internal verification procedure has been implemented
and is carried out on a continuous basis. Each set of samples is processed together with Na2CO3
standards and another seawater sample of known concentration (a water sample collected off the
port of Monaco,) which is used as an internal reference material. Measurements of 14C in seawater

Figure 3 ∆14C (‰) profile for Station 1 of the IAEA 1997 Pacific Ocean expedition (this work and Aramaki
et al. 2001).
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and marine biota such as plankton will continue to be carried out for investigations of processes in
the water column, climate change and carbon flux studies, and investigations of transport and
exchange processes between seawater and marine biota.
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