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 7 

ABSTRACT. To resolve an inconsistency around AD 1895 between radiocarbon 8 

measurements on oak from the British Isles and Douglas fir and Sitka spruce from the Pacific 9 

Northwest, USA, we measured the 14C content in single-year tree rings from a Scots pine tree 10 

(Pinus sylvestris L.), which grew in a remote location in Saltdal, northern Norway. The 11 

dataset covers the period AD 1864 to 1937 and its results are in agreement with measurements 12 

from the US Pacific coast around 1895. The most likely explanation for older ages in British 13 

oak in this period seems to be 14C depletion associated with the combustion of fossil fuels.  14 

 15 

INTRODUCTION 16 

Variations in the atmospheric 14CO2 concentration over time are well known and have been 17 

the focus of radiocarbon research aimed at improving the conversion of measured 14C 18 

concentrations into calendar ages. The IntCal calibration synthesises the available data, which 19 

is based on dendro-dated tree-ring 14C measurements for the Holocene period (Reimer et al. 20 

2009; 2013). With increasing demands on both accuracy and precision of the 14C calibration, 21 

the question whether discrepancies between different datasets used in IntCal result from 22 

measurement uncertainties or reflect real atmospheric differences becomes highly important.   23 

A generally close agreement exists between the different datasets in the IntCal calibration 24 

curve, which are mostly from trees at mid-latitudes. In the late-19th and early-20th centuries, 25 

terrestrial tree-ring measurements from the Northern Hemisphere are derived from Douglas fir 26 

(Pseudotsuga menziesii) from Washington state and Oregon state, USA (Stuiver and 27 

Braziunas 1993), Sitka spruce (Picea sitchensis) from Alaska, USA (Stuiver and Braziunas 28 

1998), and from oak (Quercus petraea) from the British Isles, approximately 25 km northwest 29 

of Belfast (McCormac et al. 1998). However, around AD 1895, there are differences in the 30 

single-year 14C content of the NW-American Douglas fir and Sitka spruce compared to 31 

decadal British oak ages. As a result, the 14C age of British oak differs in AD 1895 by 60 32 

years from IntCal13, which is dominated by the American data, when decadal dates are 33 

smoothed according to Knox and McFadgen (2001). 34 

Regional differences in 14C concentration have been documented between the Northern and 35 

the Southern Hemispheres due to for instance ocean upwelling (e.g. Damon et al. 1989; Hogg 36 

et al. 2002; McCormac et al. 2002; Hogg et al. 2009), in the eastern Mediterranean related to 37 

differences in growing season (Kromer et al. 2001; Dee et al. 2010; Manning et al. 2010; 38 
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Manning et al. 2018), and due to monsoon circulation (Hua et al. 2004a,b; Nakamura et al. 39 

2013). Confirmation of such regional differences in atmospheric 14C concentration between 40 

Northern Ireland and the US Pacific coast would have major implications for the use of IntCal 41 

as a calibration tool. We propose that the cause of the dissimilarity between NW-American 42 

Douglas fir and Sitka spruce compared to British oak could be resolved by the analysis of a 43 

tree from a clean area at a different location during the same period. This might reduce the 44 

uncertainty in the calibration curve, and hence reduce uncertainty in calibrated ages.  45 

Here, we present 14C measurements on selected tree-rings from Northern Norway for the 46 

period AD 1864-1937. The tree grew in a remote location near the Norwegian Sea, with very 47 

little influence from local fossil fuel effects.  48 

MATERIAL AND METHODS 49 

Sample description 50 

One Scots pine tree (Pinus sylvestris) was felled at Vensmoen in Saltdal, Northern Norway 51 

(66°59'34"N 15°19'03"E) at 52 m a.s.l. during the winter of 2005/2006. Saltdal municipality 52 

has a population of 4700 with a density of 2.1 inhabitants per square kilometre as of 2018 53 

(Statistics Norway 2018) and the closest larger city is Bodø (51500 inhabitants), 54 

approximately 50 km northwest of Vensmoen. Prevailing winds between Iceland and Norway 55 

are westerly or south-westerly (Førland et al. 1997), from the Norwegian Sea. The tree 56 

therefore grew in a remote location with regard to possible sources of pollution and is 57 

presumably not influenced by local fossil fuel effects. A wood section containing 135 rings 58 

was sawn from the log at approximately knee height, with the innermost ring, which is close 59 

to the pith, dated to AD 1803. Mean ring width in the sample is 1.27 mm. The surrounding 60 

Scots pine forest in the area is relatively dense, with tall, fast-growing trees and has been 61 

standing without major logging activity since around AD 1900. The vegetation below the 62 

canopy mainly consists of heather, e.g. Vaccinium myrtillus and V. vitis-idaea and the area is 63 

characterised as slightly oceanic by Moen (1999), with a growing season, defined as the 64 

period of the year when the temperature does not go below 5°C, lasting from 160 to 170 days 65 

in the boreal warm season. 66 

Dendrochronology 67 

Due to missing outer rings, the wood sample was dated by dendrochronology. Ring widths 68 

were measured to a precision of 0.01 mm using a LINTAB-TSAP system (Rinn 2005) and 69 

compared to Scots pine reference chronologies from southern Norway (Thun 2002), central 70 

Norway (Eidem 1953), Steigen in northern Norway (Aandstad 1939), and Dividalen and 71 

Forfjorddalen in northern Norway (Kirchhefer 1999). The dendrochronological match was 72 

determined by visual linkage with an overlap of 135 years, producing t-values (Baillie and 73 

Pilcher 1973) between 4.4 and 6.2, and Gleichläufigkeit values (Eckstein and Bauch 1969) 74 

between 60 and 64 with significance levels between 99.0 % and 99.9 % in the dated position.  75 

Sample preparation and AMS 14C analysis 76 
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Annual rings, which are clearly distinguishable in Scots pine due to the dense and dark 77 

latewood, were cut from 66 of the 1864-1937 bands using a hand-held scalpel. Cellulose was 78 

extracted separately from each annual ring to retain the original isotopic composition of the 79 

plant material. Three methods for cellulose extraction were used. Cellulose was extracted 80 

according to the procedure of Stuiver et al. (1984) for 11 of the samples. This involves soxhlet 81 

extraction with petroleum ether and ethanol to remove resins and other easily extractible 82 

compounds, and treatment with acid hypochlorite, sodium hypochlorite, sodium sulfite, and 83 

17.5% sodium hydroxide to extract alpha-cellulose. Sixteen of the samples were cellulose 84 

extracted by using a base-acid-base-acid-bleaching method (BABAB; Seiler et al. This issue; 85 

Němec et al. 2010), which involves treatment with 4 % sodium hydroxide, followed by short 86 

steps of 4 % hydrogen chloride, 4 % sodium hydroxide, and then 4 % hydrogen chloride again 87 

at 75 °C. A bleaching step with a mixture of 5 % sodium chlorite and 4 % hydrogen chloride 88 

at 75° C (pH ≤ 4), with an ultrasonic bath at room temperature, follows at the end. Thirty-six 89 

samples were soxhlet extracted for oils, resin, and waxes using petroleum ether for four hours, 90 

then using ethanol for another four hours. Cellulose was subsequently extracted using the 91 

BABAB procedure. The remaining three samples were split and pretreated both with the 92 

Stuiver et al. (1984) method and with the soxhlet-and-BABAB method.  93 

After pretreatment, the cellulose was combusted in an elemental analyser (Elementar 94 

Microcube), and the CO2 was reduced to graphite by H2 gas over a Fe catalyst in an 95 

automated reduction system described by Ohneiser (2006). Seiler et al. (This issue) detail the 96 

procedures for sample treatment and graphitisation. The 14C/12C ratio in the graphite was 97 

measured in the 1MV AMS system at the National Laboratory for Age Determination in 98 

Trondheim (Nadeau et al. 2015). The 13C/12C ratio of each sample was measured on the AMS 99 

at the time of 14C/12C measurement and used to correct for isotopic fractionation to a δ13C 100 

value of -25 ‰ with respect to VPDB (Stuiver and Polach 1977). Results are also corrected 101 

for process blank and are reported as conventional radiocarbon ages before present (BP). The 102 

measurement uncertainties were calculated according to Nadeau and Grootes (2013) although 103 

the contributions from the fractionation correction and the normalisation to the standards were 104 

omitted as they are very small compared to the other uncertainties. The measurements were 105 

normalised to the Oxalic Acid II primary standards (NIST SRM-4990C; Mann 1983). The 106 

samples were measured in 10 different wheels together with other unknown samples as space 107 

permitted. Each wheel usually contains 10 (minimum eight) primary standards, five secondary 108 

standards, five process and machine blanks and 30 unknown samples. The blank correction 109 

was made assuming a modern contamination scaling inversely with the mass of the sample 110 

combusted (Seiler et al. This issue). The process blank curve was derived from measurements 111 

of coal samples of different weights and measured over a few years as described by Seiler et 112 

al. (This issue).  113 

Fifty targets (50) made from five different secondary standard materials were measured 114 

together with the samples: FIRI samples D, E, H, and J (Scott 2003), Oxalic Acid I (NIST 115 

SRM 4990B), and IAEA-C5, C7, and C8 (Rozanski 1991; Rozanski et al. 1992; Le Clercq et 116 

al. 1997). These have a 14C concentration ranging from 15 to 110 pMC. To compensate for 117 

the different radiocarbon concentrations and measurement uncertainties, the difference 118 
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between measured and canonical values was normalised to the compounded uncertainty of the 119 

measurement and the canonical values (normalised deviation). The average of these should be 120 

centred around zero and the width of the distribution should be about 1 as it is in unit of σ. 121 

The average of the normalised deviations (n = 50) is 0.04 ± 0.14 σ indicating that there is no 122 

systematic offset. The standard deviation of the distribution is 0.87 σ indicating that the 123 

quoted uncertainties are representative of the true uncertainties of the measurements.  124 

Duplicate graphitisation and AMS measurements on the extracted cellulose were made on 30 125 

samples, 10 of which were repeated a third time in view of inconsistent results. Duplicate 126 

measurements are presented as weighted averages, where the weights are the inverse square 127 

of the measurement uncertainty, and the errors are represented as whichever is largest of the 128 

combined error and the error of the mean. In addition, the 13C/12C ratio of the cellulose 129 

samples was measured in a Thermo Flash 2000 elemental analyser connected to a Thermo 130 

Delta V Advantage isotope-ratio mass spectrometer (IRMS). The results are reported relative 131 

to the VPDB standard. 132 

RESULTS AND DISCUSSION 133 

The cellulose extraction yields differ between the three pretreatment methods. For the soxhlet-134 

and-BABAB and BABAB methods, average yields were 62 % and 75 %, respectively. The 135 

more rigorous alpha-cellulose extraction of Stuiver et al. (1984) gave an average yield of 19 136 

%. Despite these differences, the final carbon content did not differ between cellulose 137 

extraction methods, and was on average 43 %, with a range from 36-48 %. Two of the three 138 

samples that were pretreated both with the Stuiver et al. (1984) method and the soxhlet-and-139 

BABAB method, gave results that were within the one sigma measurement error, while the 140 

third (AD 1914) gave radiocarbon ages that are outside the two sigma error range, with the 141 

youngest radiocarbon age obtained from the Stuiver et al. (1984) cellulose extraction method. 142 

Although we do not observe systematic differences between the results of the different 143 

pretreatment methods, an exhaustive analysis would require additional samples and is beyond 144 

the scope of this paper. For practical reasons, we prefer the soxhlet-and-BABAB procedure.  145 

From the 30 samples with replicate measurements (n = 32), we excluded five measurements, 146 

resulting in 27 samples with replicates, eight of which having three measurements per sample. 147 

Four of the excluded measurements had too low current during measurement compared to the 148 

standards, and one was likely influenced by sparks in the ion source. The difference between 149 

duplicate measurements (n = 19) is within one sigma uncertainty for 10 samples, between one 150 

and two sigma for six samples, and outside two sigma in one case. For the eight samples 151 

where a third measurement was made to clear up inconsistent results, six gave results where 152 

two of the repeats were within two sigma and the third was outside the two sigma error range 153 

of the others. For these samples, an explanation for the inconsistent results could not be found 154 

and all three measurements were averaged. For the AD 1935 sample, which also has three 155 

measurements, the spread in AMS δ13C measurements was large. The inconsistency between 156 

the 14C measurements was reduced to within the one sigma when using the IRMS δ13C values 157 

for isotopic fractionation correction. This leaves nine unexplained results outside normal 158 

statistical scatter in this series (Supplementary Table S1).  159 
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The radiocarbon ages obtained from the Saltdalen tree are presented in Table 1 and plotted 160 

along with measurements from the British Isles and the Pacific Northwest, USA (Figure 1; 161 

Supplementary Figure S1). The average difference between the British oak data and the 162 

decadal (Stuiver et al. 1998) Pacific NW data is + 24 ± 8 years for the period 1855 to 1945 163 

(Figure 2). In 1895, however, British oak is 88 years older than results from the Pacific NW 164 

when measured in Belfast and 50 years older when measured in Waikato. Around 1895, our 165 

Saltdalen results are in agreement with measurements from the Pacific NW, USA. The 166 

Saltdalen results are on average 5 ± 4 years older than the single-year Pacific NW dataset of 167 

Stuiver et al. (1998) for the whole period studied, the largest differences being 77 years older 168 

(AD 1872) and 85 years younger (AD 1920). On average, they are 18 ± 4 years older for the 169 

period before 1913, and 19 ± 6 years younger after 1913. Fifteen of the 66 differences are 170 

outside the 2-sigma uncertainty. We cannot explain the mechanisms behind these larger 171 

differences although cellulose inhomogeneity and growing- and regional weather-conditions 172 

could play a role.  173 

It has been suggested that temporal variation in upwelling along the NW coast of America 174 

could lead to regional differences in 14C levels (e.g. Knox and McFadgen 2004), but this 175 

cannot explain the 1895 discrepancy between British oak and NW Pacific Douglas fir and 176 

Sitka spruce as it would generally lead to older ages along the Pacific Northwest. McCormac 177 

et al. (1998) note a disappearance of hemispheric offset around 1895 when the British Isles 178 

(54°N) data are compared to cedar data (Libocedrus bidwillii) from New Zealand (39°S). 179 

British oak is 5.3 ± 8.5 years older than New Zealand cedar in the period from 1885 to 1945 180 

compared to 27.2 ± 4.7 years younger between 1725 and 1885. McCormac et al. (1998) 181 

attribute this change to anthropogenic input of fossil fuel CO2 in the Northern Hemisphere 182 

since the industrial revolution. A local fossil fuel effect in the British oak would explain the 183 

differences we observe with Saltdalen and Pacific NW results being younger than those of the 184 

oak from the British Isles around 1895. This fits an upsurge of the Belfast industry from the 185 

mid-19th century (O’Malley 1981), which peaked in the early 1900s and lasted until the 186 

worldwide economic recession of the 1930s (Plöger 2007). The British oak sample was 187 

collected near Shane’s Castle, Co. Antrim, which is ~25 km northwest of Belfast. Prevailing 188 

winds in this area are south-westerly, however, with a high frequency of north, north-east, and 189 

easterly winds in spring (Met Office station Aldergrove; 54.65°N, 6.24°W; 68 m a.s.l.). 190 

 191 

 192 
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 193 

Figure 1: Radiocarbon measurements on single-year tree rings from Saltdal, northern Norway 194 

(N-Norway; this study) compared to single-year measurements of Sitka spruce from Kodiak 195 

Island, Alaska and Olympic Peninsula, Washington State, USA (Pacific NW, USA; Stuiver et 196 

al. 1998), and decadal measurements of British oak (British Isles; McCormac et al. 1998). The 197 

Alaska dates are normalised to the Washington dates by subtracting 14 ± 3 years (Stuiver and 198 

Braziunas 1998), and the British Isles dates are the average of measurements obtained in 199 

Belfast and Waikato. The figure with all data points is available in colour in the 200 

supplementary material. 201 

 202 

 203 

 204 

 205 
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 206 

Figure 2: Differences in radiocarbon ages of single-year tree rings from Saltdal, N-Norway 207 

and Pacific NW, USA and decadal tree rings from the British Isles and Pacific NW, USA for 208 

AD 1864-1937. Pacific NW datasets are from Stuiver et al. (1998); the British Isles data is the 209 

average of measurements from Waikato and Belfast. Error bars represent the combined one 210 

sigma uncertainties. 211 
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Table 1: Results of measurements on Scots pine tree-ring cellulose from northern Norway. 226 

Radiocarbon age BP, one sigma error (age ±), number of repeat measurements (n), lab ID 227 

(TRa#), and IRMS δ13C values (δ13C ‰). * indicates that the sample measurements were 228 

normalised using the δ13C value from IRMS. Pretreatment method is indicated next to the lab 229 

ID: c = Stuiver et al (1984) alpha cellulose, s = soxhlet and BABAB, b = BABAB.  230 

Year (AD) TRa# 

14C 
age 
BP 

age 
± n δ

13C 
(‰) 

Year 
(AD) TRa# 

14C 
age 
BP 

age 
± n δ

13C 
(‰) 

1864 12088c 92 16 2 – 1904 12097c 103 16 1 -24.5 
1865 12373s 131 15 1 -24.9 1905 12402b 94 21 2 -24.9 
1866 12374s 128 15 1 -26.1 1906 12438c,s 68 10 2 – 
1867 12375s 94 21 2 -25.9 1907 12403b 121 19 2 -25.2 
1868 12376s 138 19 1 -25.5 1908 12404s 110 22 3 -26.2 
1869 12377s 155 16 1 -25.6 1910 12406s 115 17 1 -25.6 
1870 12378b 95 12 2 -25.2 1911 12407b 103 22 3 – 
1871 12379s 163 15 1 -25.1 1912 12408b 121 16 1 -26.0 
1872 12380s 191 16 1 – 1913 12409b 107 18 2 -26.2 
1873 12381s 150 17 1 -26.5 1914 12098c,s 72 27 2 – 
1875 12089c 170 18 1 – 1915 12410b 69 11 2 -26.1 
1876 12383s 153 14 1 -26.6 1916 12411s 101 15 1 -24.8 
1877 12384s 155 19 1 -26.3 1917 12412b 81 17 1 -25.1 
1880 12090c 91 12 2 -25.8 1918 12413b 83 11 2 -24.9 
1882 12388s 130 16 1 -26.0 1919 12414b 72 14 1 – 
1883 12389s 145 17 1 -25.8 1920 12415s 59 12 2 -25.5 
1884 12390b 141 15 1 -24.9 1921 12416s 115 18 1 -26.2 
1885 12391s 129 18 1 -25.8 1922 12417s 94 21 2 -25.9 
1886 12392s 118 18 2 -26.4 1923 12418b 82 15 1 -25.8 
1887 12437s 90 12 1 – 1924 12419s 139 22 1 -25.7 
1888 12393s 107 21 3 -25.8 1925 12439c,s 115 10 2 – 
1889 12394s 110 13 2 -26.3 1926 12420b 118 15 1 -26.0 
1890 12091c 71 14 1 – 1927 12421s 133 24 2 -25.7 
1891 12395s 121 13 3 – 1928 12422b 142 23 3 -25.9 
1892 12396s 76 17 1 -26.1 1929 12423b 147 12 2 -25.9 
1893 12092c 82 16 1 – 1930 12424s 162 17 1 -25.0 
1895 12093c 66 13 1 -24.9 1931 12099c 123 14 1 -25.8 
1897 12094c 74 13 1 -25.5 1932 12440s 146 30 3 – 
1898 12095c 119 22 1 – 1933 12425s 155 15 1 -26.2 

1899 & 1900 12399s 105 16 1 -26.6 1934 12426s 175 19 1 -25.2 
1901 12096c 70 13 1 -25.0 1935 12427b 126* 10 3 -26.5 
1902 12400s 129 15 1 – 1936 12428s 187 17 1 -25.8 
1903 12401s 108 47 2 – 1937 12429s 120 22 3 -25.7 

 231 

 232 

 233 
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CONCLUSIONS 234 

14C concentrations of cellulose from single tree rings of a Scots pine from Northern Norway 235 

agree with single-year results from Douglas fir and Sitka spruce from the Pacific coast of the 236 

USA. This indicates that the AD 1895 discrepancy between the datasets from the NW Pacific 237 

coast and oak from the British Isles used in the IntCal radiocarbon calibration curve is most 238 

likely the result of a local fossil fuel influence in the oak in this period and therefore should 239 

not be incorporated in the IntCal calibration curve.  240 
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