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ABSTRACT. The Belfast Ramped Pyroxidation/Combustion (RPO/RC) facility was established at the 14CHRONO
Centre (Queen’s University Belfast). The facility was created to provide targeted analysis of bulk material for refined
chronological analysis and carbon source attribution for a range of sample types. Here we report initial RPO results,
principally on background material, but also including secondary standards that are routinely analyzed at
14CHRONO. A description of our setup, methodology, and background (blank) correction method for the system
are provided. The backgrounds (anthracite, spar calcite, Pargas marble) reported by the system are in excess of
35,000 14C years BP with a mean age of 39,345 14C years BP (1σ= 36,497–43,800 years BP, N=44) with
F14C= 0.0075 ± 0.0032. Initial results for standards are also in good agreement with consensus values:
TIRI-B pine radiocarbon age= 4482 ± 47 years BP (N=13, consensus= 4508 years BP); IAEA-C6 ANU Sucrose
F14C= 1.5036 ± 0.0034 (N=10, consensus F14C= 1.503). These initial tests have allowed problematic issues to be
identified and improvements made for future analyses.

KEYWORDS: backgrounds, radiocarbon, ramped pyroxidation, standards.

INTRODUCTION

The new Belfast Ramped Pyroxidation/Combustion (RPO/RC) facility was set up to provide
analysis of archaeological and environmental (bulk) samples. Radiocarbon dating bulk
material is problematic due to samples such as sediment, soil or peat comprising multiple
carbon sources (Grimm et al. 2009; Keaveney et al. 2015; van der Plicht et al. 2016;
Bao et al. 2018). In addition, the presence of contamination is also an issue due to
burial conditions or preservation protocols with conserved materials (Higham 2019).
Bulk material often has to undergo stringent pre-treatment procedures leading to loss of
material and low carbon yields. Even with these intensive methods, the date may be
younger or older than expected depending on the age of the individual fractions.

The RPO/RC method (Rosenheim et al. 2008, 2013; Hemingway et al. 2017; Zigah et al. 2017;
Bao et al. 2018) was developed at The National Ocean Sciences Accelerator Mass
Spectrometry (NOSAMS) and the University of South Florida. With the help of colleagues
from these institutions, a ramped pyroxidation/combustion system was constructed in the
14CHRONO Centre, Queen’s University Belfast, with the capability of switching between
RPO and RC modes. RPO is a method that incrementally heats a bulk sample and allows
for the separation of material into its composite fractions according to their thermal
stability. The RPO products are then oxidized, and the resulting CO2 is collected
cryogenically by an automated valve system. The CO2 collected is transferred under vacuum
to a connected graphitization line for conversion to graphite, which is then analyzed for
radiocarbon content. By using RPO, we can acquire a profile of the CO2 produced over
different temperature intervals, providing an indication of the composition of the bulk
material as well as a suite of radiocarbon values from the respective individual
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CO2 fractions. Here we report initial RPO and radiocarbon analysis of background and
secondary standards commonly analyzed at the 14CHRONO Centre.

METHODS

Ramped Pyroxidation Configuration

The ramped pyroxidation/combustion furnace arrangement is presented in Figure 1 and was
designed and constructed following RPO setups used elsewhere (e.g., Rosenheim et al. 2013;
Hemingway et al. 2017; Zigah et al. 2017; Bao et al. 2018). In ramped pyroxidation mode (used
in the results presented here), Helium gas (99.999% purity) flows through the top of the reactor
(35 mL/min) as the sample is heated in the absence of oxygen (pyrolysis). Oxidation occurs in
the lower furnace via O2 (99.999%) that flows in (3 mL/min) through the sidearm with He
(10 mL/min). This reacts with the pyrolysis derived products of the upper furnace that have
been carried by helium into the lower furnace. Copper oxide, nickel and platinum (Ni/Pt/CuO)
wires act as catalysts, to ensure complete oxidation of carbon-bearing pyrolysis products to CO2.

The RPO quartz reactor insert (Figure 1) was baked at 850ºC overnight, and then baked at
1000ºC in-situ in the pyrolysis furnace until no CO2 was produced. Bulk samples were
lyophilised overnight and placed in the quartz reactor insert, which was then inserted to the
quartz reactor vessel in the upper furnace (Figure 1). The mass of material required is
dependent on carbon content but typically in the order of 20–100 mg.

Figure 1 RPO furnace arrangement featuring upper furnace for
pyrolysis or combustion of the sample and lower furnace for
oxidation of pyrolysis derived products and/or reduction of
oxygen from combustion process.
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The oxidation furnace was switched on and allowed to reach 850ºC before the ramping furnace
was set to continuously ramp to 1000ºC, typically over 3–4 hr, with ramp rates in the range of
2.5–6.5°C per min, depending on sample type. Ramp rates were also varied to investigate the
impact on the CO2 profile and to examine the effect of contamination introduced for different
collection time intervals. Any CO2 evolved over the ramp cycle was quantified using a Sable
Systems CA-10 infra-red CO2 detector, and spectra were logged using LabVIEW software and
National Instruments data acquisition hardware.

An automated cryogenic trap system was used to collect CO2 from targeted areas of the
spectrum. For new sample types, an initial “profile” run without collection illustrated the
temperature at which intervals CO2 structures of interest occurred. CO2 was cryogenically
captured at these intervals for radiocarbon measurement during subsequent “collection”
runs. The CO2 was transferred under vacuum to a connected (newly constructed)
graphitization line, and samples were graphitized in the presence of an iron catalyst at
560ºC for 4 hr using the Bosch-Manning hydrogen reduction method (Manning and Reid
1977; Vogel et al. 1987). Samples were analyzed on a 0.5 MeV National Electrostatics
compact accelerator mass spectrometer (AMS) at the 14CHRONO Centre in Queen’s
University Belfast. The 14C/12C ratio of the sample relative to an international standard
(F14C) and its associated uncertainty were calculated according to Reimer et al. (2004) and
van der Plicht and Hogg (2006) and incorporated a fractionation correction (Stuiver and
Polach 1977) based on 13C/12C measured by AMS.

Background (Blank) Measurements
A suitable background correction for the 14CHRONO RPO system was developed based on
methods used at the NOSAMS RPO Facility (Fernandez et al. 2014; Hemingway et al. 2017).
Data was used from 14 separate RPO runs carried out on background materials routinely
analyzed at the 14CHRONO Centre (anthracite (%C= 85–98%), sparitic calcite
(%C= 12%, theoretical), and Pargas marble, all of geological age, i.e., negligible
14C content). CO2 was collected from 38 temperature intervals. Fifty AMS radiocarbon
measurements were obtained from the CO2 produced (12 were duplicates). Two to six
temperature fractions of CO2 were isolated for each run with the median temperature of
collection ranging from 601–908°C, the duration of collection ranging from 1.2 to 8.1 min,
and the sampled mass ranging from 0.25 to 2 mg C. Contamination was determined in
6 samples due to inaccurate 14C dates (having a bias consistent with air leakages). These
were removed from the analysis, 2 on account of leakage into the graphitization line
reactors (connector issues) and 4 due to significant leakage in the RPO setup (resolved with
tightening or replacement of connectors and inspection/replacement of valve seals).

Standard Measurements
A series of RPO measurements have been carried out on two standards: TIRI-B pine, which
has a consensus value of 4508 14C years BP, 14CHRONO mean value= 4507 ± 44 years BP
(n= 542), %C= 47 ± 10% and IAEA-C6 ANU Sucrose with a consensus F14C= 1.503,
14CHRONO mean value= 1.503 ± 0.0078 (n= 1868), %C= 42% (theoretical). For each,
4 RPO runs were carried out as a part of initial tests of the system and newly constructed
hydrogen graphitization line. For TIRI-B, a total of 20 CO2 fractions were successfully
captured and graphitized for radiocarbon dating. For Sucrose, a total of 14 gas CO2

fractions were successfully captured, graphitized and radiocarbon dated. Usually, a series of
RPO runs were carried out and dated on a wheel with other routine samples before a
complete wheel of RPO samples was run on the AMS. For this reason, line leakages
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affected multiple runs before being identified and resolved (radiocarbon dates on standards
deviated significantly from consensus dates significantly in a direction consistent with air
leakages). Four TIRI-B samples (fractions from a single RPO run) were discarded due to a
RPO line leak and a further three dates were removed due to graphite line reactor
leakages. Three Sucrose samples were discarded due to graphite line/separation valve line
leakages, and one was discarded as a measurement outlier (using Chauvenet’s criterion for
outlier identification, Hughes and Hase 2009).

Background (Blank) Corrections
It is necessary to carry out a background correction for any non-background run in the system.
From analysis of the background results, variation of F14C with RPO variables such as the
ramp rate and collection temperature were not found to be statistically significant.
However, there was a relationship with the quantity of CO2 collected (expressed as mg C)
and the ratio of the collection time to quantity of CO2 collected (Figure 2). This latter
variable reflects the fraction of CO2 contamination introduced to the system through
leakages in the RPO/RC line with its relationship to F14C derived in the background
correction now described.

For an RPO measurement on background material, the measured F14CB, of mass MB, is
expressed as a combination of a dead component, F14CD, of mass MD, and a contaminating

Figure 2 Linear regression plot of F14C versus Δt/M for all RPO background runs. Black circle—anthracite; red
diamond—spar calcite; blue square—Pargas marble. Dashed magenta—1δ uncertainty on regression model.
Regression result: y= 0.0005 (± 0.0002) x� 0.0049 (± 0.0008), R2= 0.25.
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component, F14Cc, of mass MC (under ideal conditions F14CD= 0, however, in the following
derivation F14CD is used to reflect and incorporate any non-RPO/RC related deviation of the
blank from zero, for example contaminant introduced to the blank prior to loading in the
RPO/RC reactor). The measured F14CB can be expressed as:

F14CB � F14CD
MD

MB
� F14CC

MC

MB
(1)

with

MB � MD � MC (2)

Using (2) we can re-express (1) as

F14CB � F14CD � MC

MB
�F14CC � F14CD� (3)

Furthermore, we can express MC as the sum of two components: a non-time dependent MC1

that is a systematic contamination and can be expressed as a percentage of the total
background mass sampled with MC1 = aMB (a = constant); a time dependent MC2 that is
proportional to the collection time, Δt, and governed by a contamination rate C (expressed
in mg/min and due to leakages in the RPO, reasonable to assume where vacuum fittings
were used in a non-vacuum system) with MC2 = Δt C. With this, (3) can be re-arranged to:

F14CB � F14CD � MC1 �MC2

MB
�F14CC � F14CD�

F14CB � F14CD � aMB

MB
�F14CC � F14CD� �

Δ

MB
�F14CC � F14CD�

F14CB � F14CD � aΔF
� �� Δ

MB
ΔF (4)

where ΔF = F14Cc – F14CD

This is equivalent to the linear expression:

y � c�mx

where y � F14CB; c � F14CD � aΔF; m � CΔF; x � Δt
MB

As we measure F14CB, Δt, and MB, we used the above relationship to apply a linear regression
(ordinary least squares carried out with MATLAB R2020a, Figure 2) on our background
dataset and established estimates of c and m that were then used to estimate an F14C value
for background corrections on all samples.

The associated uncertainty in the background correction, δB, using the uncertainties in c and m,
δc and δm, respectively, calculated from regression analysis, can be expressed as,

δ2B � @y
@c

� �
2
δ2c � @y

@m

� �
2
δ2m � @y

@x

� �
δ2x

2
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δ2B � δ2c � Δt
MB

� �
2
δ2m �m2δ2x (5)

This also includes an expression for the uncertainty in x � Δt
MB

, δ2x . This is given by:

δx

x

� �
2
� δΔt

Δt

� �
2
� δMB

MB

� �
2

δ2x � Δt
MB

� �
2 δΔt

Δt

� �
2
� δMB

MB

� �
2

� �
(6)

with δΔt
Δt the fractional uncertainty in the measurement of the duration of CO2 capture for a

temperature fraction and δMB
MB

the fractional uncertainty in the estimated mass of gas captured.
The uncertainties in the measured duration of capture, δΔt, and mass of gas captured, δMB,
are 10 seconds and 0.02 mg, respectively.

The above methodology was applied to the RPO background dataset resulting in an estimate to
be used in future background corrections. The parameters of this model will be updated
regularly with 1–2 new background runs for every 6–8 sample runs.

RESULTS AND DISCUSSION

Backgrounds

The results from all backgrounds are presented in Figure 3 with the associated ages shown in
Table 1. The average background value is F14C= 0.0075 ± 0.0032 (39950 ± 3132 BP, n= 44).
No significant differences were observed between anthracite and calcite results. Background
F14C values are consistent with contamination ranging from approximately 0.2–0.8%
modern CO2. From our regression analysis the contamination not associated with leakage
into the RPO line, i.e., systematic contamination, results in F14C= 0.0049 ± 0.0008,
corresponding to an age of 42,700 years BP (approximately 0.25% modern carbon). Any
remaining contamination is most likely derived from RPO/RC line leakages. We assume
the dominant source of such leakages are connections between Swagelok Ultra-Torr
vacuum fittings and the quartz glass at the entrance and exit of the furnace that are prone
to low-level leakages when operating under non-vacuum conditions.

Figure 4 shows CO2 profiles of CO2 captured fractions and associated ages of anthracite (4a)
and calcite (4b) RPO runs. These demonstrate the statistical agreement observed between the
ages obtained from different temperature fractions. The profiles are as expected; a broad
shoulder of thermal decomposition (approximately 550–950°C) is evident on the anthracite
profile and a well-defined peak (approximately 650–850°C) of thermal decomposition
(795°C) is seen on the calcite profile. Both profiles indicate that the RPO/RC system is
efficient at the upper limit of its temperature range (< 1000°C). The yields obtained on
complete runs (i.e., RPO runs to high enough temperatures to allow complete thermal
decomposition) were also in in good agreement with expected values: for anthracite two
complete runs each resulted in a yield of % C= 93%; for spar calcite seven complete runs
resulted in yields of %C= 12.9 ± 1.5%. Yields in agreement with expected values,
particularly for high carbon content anthracite, support that the RPO system is completely
oxidizing and capable of capturing all the pyrolysis products produced in the process.
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Secondary Standards
The results of secondary standards TIRI-B and ANU Sucrose are presented in Tables 2 and 3
and the associated radiocarbon age and F14C results are plotted in Figure 5. An example RPO
run for each is presented in Figure 6. The results are within range of consensus values. The
mean age of TIRI-B samples was 4482 ± 47 years BP (N= 13, consensus= 4508 years BP).
The mean age of IAEA-C6 ANU Sucrose was F14C= 1.5036 ± 0.0034 (N= 10, consensus
F14C= 1.503). The yield from two complete runs was %C= 48.4 ± 3.0%, supporting
complete oxidation of the pyrolysis products.

During the pyrolysis of organic material, there is preferential loss of hydrogen, nitrogen,
sulphur and oxygen (Li et al. 2013; Williams et al. 2014). This leads to the increased
formation of aromatic hydrocarbons, which are more resistant to thermal decomposition.
This process is known as charring (Currie et al. 2005; Fernandez et al. 2014; Williams et al.
2014). Charred products decompose at a higher temperature and can leading to double
peaks similar to those observed in both the ANU sucrose and TIRI-B pine cellulose CO2

profiles. Alternatively organic material also comprises multiple carbon pools and the
multiple peaks in profiles from this study may indicate the presence of carbon products
from different thermal decomposition processes (Hemingway et al. 2017), e.g., sucrose
comprises fructose, glucose, which can break down at different temperatures.

Figure 3 RPO background results (1σ) expressed in F14C. Note apparent shift to more modern values is associated
with the use of smaller samples sizes, longer collection times, and an associated higher proportion of contamination.
Black circle—anthracite; red diamond—spar calcite; blue square—Pargas marble. Red vertical lines used to separate
individual RPO runs.
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Table 1 RPO background results for anthracite, spar calcite, and Pargas marble.

Sample type Lab identifier Temp. range (°C) Mass (mg) Δt/M (min/mg) 14C age (years BP) σ (years BP) F14C σ (F14C)

Anthracite 41861 652–664 1.12 3.99 40222 2403 0.0067 0.0017
41864 652–665 1.12 3.99 39414 2399 0.0074 0.0019
41862 700–710 1.16 3.19 40198 2407 0.0067 0.0017
41865 700–710 1.16 3.19 40539 2397 0.0064 0.0017
41863 900–916 1.16 5.16 40028 2396 0.0068 0.0018
41866 900–916 1.16 5.16 41680 2408 0.0056 0.0014
41874 650–659 1.16 2.74 41371 2406 0.0058 0.0015
41876 700–709 1.24 2.59 42494 2398 0.005 0.0013
41877 700–709 1.24 2.59 43794 2402 0.0043 0.0011
41878 900–904 1.12 1.25 38908 2391 0.0079 0.002
41879 900–904 1.12 1.25 38996 2389 0.0078 0.002
41992 651–670 1.08 6.14 40793 2418 0.0062 0.0016
41993 651–670 1.08 6.14 41786 2401 0.0055 0.0014
41994 700–712 1.1 3.82 42453 2423 0.0051 0.0013
41995 700–712 1.1 3.82 44765 2411 0.0038 0.001
41996 900–910 1.12 3.08 41734 2406 0.0055 0.0014
41997 900–910 1.12 3.08 42664 2399 0.0049 0.0013

Spar calcite 41998 700–717 0.64 9.92 36887 2387 0.0101 0.0026
41999 801–809 1.1 2.70 43700 2393 0.0043 0.0011
42000 815–820 0.96 2.03 40817 2389 0.0062 0.0016
42010 754–766 0.94 4.24 39882 2390 0.007 0.0018
42011 800–815 2.02 2.45 47266 2464 0.0028 0.007
42012 830–840 1.1 3.02 41172 2392 0.0059 0.0015
42017 700–719 1.02 7.91 41218 2401 0.0059 0.0015

Spar calcite 42018 700–719 1.02 7.91 41468 2399 0.0057 0.0015
42019 800–805 1.08 1.91 44528 2420 0.0039 0.001
42020 800–805 1.08 1.91 42945 2397 0.0048 0.0012
42021 819–827 1.08 3.12 43104 2407 0.0047 0.0012
42022 819–827 1.08 3.12 42526 2397 0.005 0.0013
42019-2 700–732 0.5 1.17 35999 2385 0.0113 0.0029
42019-3 750–771 0.64 1.80 38953 2385 0.0078 0.002
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Table 1 (Continued )

Sample type Lab identifier Temp. range (°C) Mass (mg) Δt/M (min/mg) 14C age (years BP) σ (years BP) F14C σ (F14C)

42019-4 800–830 0.6 7.77 35903 2383 0.0114 0.0029
42019-5 836–863 0.5 4.35 37811 2386 0.009 0.0023
42019-6 700–752 0.42 6.64 38975 2387 0.0078 0.002
42019-7 800–820 0.58 6.87 38142 2388 0.0087 0.0022
42019-8 850–880 0.94 13.13 35012 2382 0.0128 0.0033
42019-9 815–840 0.78 3.45 35635 2388 0.0118 0.003
42019-10 863-880 0.7 3.26 39940 2391 0.0069 0.0018
42019-12 710–726 0.36 6.39 31489 2381 0.0198 0.0051
42019-13 737–755 0.52 4.79 36868 2387 0.0102 0.0026
42019-14 765–775 0.58 13.24 35676 2386 0.0118 0.003
42019-15 786–796 0.62 10.38 38001 2387 0.0088 0.0023

Pargas marble 42493 780–786 1 5.17 36424 2389 0.0107 0.0028
42494 750–757 0.76 4.78 35627 2385 0.0118 0.003

Mean F14C 0.0075
Standard deviation 0.0032

Mean age (14C years BP) 39345
1σ age range
(14C years BP)
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However, this highlights a potential issue with RPO of organic samples, as low temperature
pyrolysis products may char and become resistance to thermal decay leading to
decomposition at higher temperatures. Organic samples may contain a mixture of carbon
sources. Labile carbon can form char and evolve at the equivalent temperatures to older

Figure 4 Example background RPO run for anthracite sample (a) and spar calcite
sample (b). Fuzzy grey line—raw data (spiked structures associated with valve
sequence switch-over have been removed). Black solid line—spline smoothed data.
Red and yellow boundaries mark temperature intervals of CO2 capture with
resultant radiocarbon results (F14C) presented on secondary axis (y axis error bars
to 1σ, x axis error bars mark temperature interval). Duplicates of the CO2 fraction
captured were dated for most fractions (for anthracite, the duplicates of the last
sample are almost identical and difficult to distinguish).

1282 E M Keaveney et al.

https://www.cambridge.org/core/terms. https://doi.org/10.1017/RDC.2021.46
Downloaded from https://www.cambridge.org/core. MBLWHOI Library, on 11 Feb 2022 at 01:32:17, subject to the Cambridge Core terms of use, available at

https://www.cambridge.org/core/terms
https://doi.org/10.1017/RDC.2021.46
https://www.cambridge.org/core


recalcitrant carbon. As such, this may lead to incorporation of this labile material into the high
temperature fraction; the high temperature fraction 14C age will consequently be offset and
appear younger. Either a charring correction (Williams et al. 2014) or utilization of ramped

Table 2 RPO results from TIRI-B Pine.

Lab ID
Temperature
range (°C)

Mass
(mg) F14C

σ
(F14C)

14C age
(years BP)

σ (years
BP)

Run 1
UBA-42126 295–320 0.62 0.5759 0.0027 4433 37
UBA-42127 325–333 1.02 0.5707 0.0021 4506 29
UBA-42128 350–361 1.06 0.5681 0.0018 4543 26
UBA-42129 419-440 0.98 0.5779 0.0019 4406 26
Run 2
UBA-42270 320–325 0.98 0.5699 0.0016 4517 22
UBA-42271 341–350 1.54 0.5667 0.0016 4562 22
UBA-42272 341–350 1.54 0.5746 0.0016 4451 22
UBA-42273 394–400 0.7 0.5752 0.0016 4443 22
Run 3
UBA-42273-6 300–312 0.46 0.5702 0.0019 4513 27
UBA-42273-7 331–337 0.64 0.5714 0.0015 4496 21
UBA-42273-8 348–365 1.08 0.5734 0.0017 4468 24
UBA-42273-9 432–460 0.44 0.5759 0.0026 4433 36
UBA-42273-11 560–574 0.58 0.5709 0.0018 4502 26
Mean F14C 0.5724 ± 0.0034
Mean age
(years BP)

4482 ± 47

Consensus age
(years BP)

4508

Table 3 RPO results for IAEA-C6 ANU-Sucrose.

Lab ID Temperature range (°C) Mass (mg) F14C σ (F14C)

Run 1
UBA-42123 220–234 0.62 1.4974 0.0033
UBA-42124 263–272 0.96 1.5039 0.0034
UBA-42125 300–319 1.68 1.5014 0.0030
Run 2
UBA-42254 275–293 1.02 1.4996 0.0023
Run 3
UBA-42496 330–353 1 1.5039 0.0034
UBA-42498 545–574 0.68 1.508 0.0035
UBA-42499 700–735 1.08 1.506 0.0032
Run 4
UBA-42254-2 249–266 0.42 1.5052 0.0050
UBA-42254-5 545–571 0.52 1.5031 0.0030
UBA-42254-6 600–619 0.62 1.5076 0.0032
Mean F14C 1.5036 ± 0.0034
Consensus F14C 1.503
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combustion may be more appropriate for some organic samples (the RPO/RC system at the
14CHRONO Centre is equipped to perform both procedures), especially where higher
temperature fractions are of interest.

CONCLUSION

Backgrounds and secondary standard CO2 profiles and radiocarbon values presented here
demonstrate the ability of the 14CHRONO Ramped Pyroxidation line to measure varying
sample types with an acceptable process background value. Future testing will include the
operation of the ramped combustion mode and collection of CO2 for δ13C stable isotope
analysis. The efficacy of this RPO/RC facility has been tested using a range of sample
types including mortar, lake and marine sediment, and a preserved archaeological wooden
bowl from the National Museum, Dublin (Ireland). Publication of these results is
forthcoming. The results of background and standard results here give us confidence that
our analyses are robust and replicable.

Figure 5 RPO results from analysis of TIRI – B pine (a) and IAEA-C6 ANU Sucrose (b). Red dashed
line—consensus value, 14C age= 4508 years BP (pine) and F14C= 1.503 (sucrose). Error bars to 1σ.
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Figure 6 Example RPO run for TIRI-B pine sample (a) and IAEAC-6 ANU Sucrose (b). Fuzzy gray line—raw data
(spiked structures associated with valve sequence switch-over removed). Black solid line—spline smoothed data. Red
and yellow boundaries mark temperature intervals of CO2 capture with resultant radiocarbon results presented on
secondary axis (y axis error bars to 1σ, x axis error bars mark temperature interval). Dashed red line—consensus
value of (age= 4508 years BP and F14C= 1.504, respectively). Black solid region—run paused to resolve ice trap
blockage.
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