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MARINE RADIOCARBON RESERVOIR AGES IN SCOTTISH COASTAL AND 
FJORDIC WATERS

Alix G Cage1,2 • Jan Heinemeier3 • William E N Austin1

ABSTRACT. High freshwater inputs into Scottish sea lochs (fjords) combined with the restricted exchange between sea loch
basin water and coastal Atlantic water masses are likely to result in reduced regional marine radiocarbon reservoir ages (R[t])
in these environments. To test this hypothesis, historical, museum-archived shells, collected live on known dates prior to
AD 1950 from coastal locations in NW Scotland, were 14C dated to provide a means of determining R(t) and hence the
regional deviation (∆R) from the modeled global surface ocean reservoir age (R). The sea loch data, when combined with 14C
dates from the Scottish west coast (Harkness 1983), yield a regional ∆R value of –26 ± 14 yr. The ∆R of sea loch (fjordic) and
coastal waters of NW Scotland are statistically different (at a confidence level >95%) from the ∆R value of 17 ± 14 yr reported
for UK coastal waters (Reimer 2005; data after Harkness 1983) and are in good agreement with the coastal ∆R value of –33 ±
93 yr reported by Reimer et al. (2002). Therefore, it is recommended that a regional ∆R correction of –26 ± 14 yr should be
applied to modern (i.e. pre-bomb but not prehistoric) marine 14C dates from the NW coast of Scotland.

INTRODUCTION

Radiocarbon in the atmosphere is rapidly mixed, and organisms living in the terrestrial biosphere
generally exhibit 14C concentrations that are in equilibrium with atmospheric 14C due to rapid gase-
ous exchange during life processes. Conversely, marine organisms typically deposit their carbonate
shells close to isotopic equilibrium with seawater (e.g. Mook and Vogel 1968), primarily deriving
carbon from the dissolved inorganic carbon available in the surrounding seawater. The 14C concen-
tration of marine shells therefore reflects the 14C concentration of the seawater in which they live
and calcify. Restricted replenishment of 14C across the ocean-atmospheric boundary, along with the
continual introduction of 14C-depleted deeper waters through mixing and upwelling, results in a 14C
deficiency in the mixed surface ocean relative to the atmosphere, so that marine organisms typically
exhibit an apparent 14C age excess compared to contemporaneous terrestrial organisms. The 14C
deficiency of a water mass is expressed by its marine 14C reservoir age, R(t), which is determined
by the difference between a measured marine 14C age, 14CM(t), obtained from marine carbonate
material such as a mollusk, and the contemporaneous atmospheric 14C age, 14CT(t), taken from the
terrestrial calibration curve IntCal04 (Reimer et al. 2004):

R(t) = 14CM(t) – 14CT(t) (1)

A reservoir age correction is typically applied to a conventional marine 14C date in order to correct
for growth in a non-atmospheric (i.e. marine) carbon reservoir (e.g. Stuiver et al. 1986). Stuiver et
al. (1986) calculated a smooth calibration curve for the mixed layer of a model ocean. To accommo-
date local effects, they introduced the quantity ∆R, defined as the difference between the measured
sample age and the global model curve. The standard modeled global average surface ocean reser-
voir age is approximately 400 yr (Stuiver and Braziunas 1993). A first-order approximation is to
replace R(t) by a constant (regional) value R*. This fixed reservoir correction, R*, is subtracted
from the measured 14C age of a marine sample prior to calibration by the terrestrial calibration
curve. However, marine reservoir ages can vary geographically (Table 1; Berkman and Forman
1996; Bard et al. 1998; Facorellis et al. 1998; Siani et al. 2000; Yoneda et al. 2000) and, according
to the model, temporally (e.g. Austin et al. 1995; Bard 1998; Waelbroeck et al. 2001).
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A more accurate procedure to correct sample 14C ages for regional marine 14C reservoir effects is
therefore to determine the regional value of ∆R and subtract it from the measured 14C age prior to
calibration with the model marine calibration curve, the latest version being Marine04 (Hughen et
al. 2004a). ∆R is defined as the difference between a measured marine 14C age and the global model
14C curve of the surface ocean (R, obtained from the Marine04 14C calibrations curves of Hughen et
al. 2004a) and may be expressed as:

∆R =  14CM(t) – Marine04(t) (2)

Table 1 Regional ∆R values for the Northeast Atlantic shelf sea region. Also shown are the publica-
tions from which the data were derived.

Location Method
Regional mean
∆R value References

Spitsbergen Pre-bomb shells and 
mammal bones collected 
live in known year

93 ± 23 yra Mangerud 1972; Mangerud 
and Gulliksen 1975; Olsson 
1980

N Norway Pre-bomb shells collected 
live in known year

65 ± 35 yra Mangerud and Gulliksen 1975

Iceland and Faroe
Islands

Pre-bomb shells collected 
live in known year

52 ± 19 yra Broecker and Olson 1961; 
Krog and Tauber 1974;
Håkansson 1983, 1984

W coast of Nor-
way (including 
fjordic samples)

Pre-bomb shells collected
live in known year

7 ± 30 yr Mangerud 1972; Mangerud 
and Gulliksen 1975

SE Norway, W 
Sweden, and E 
Denmark

Pre-bomb shells and 
mammal bones collected 
live in known year

–10 ± 16 yra Håkansson 1969; Olsson et al. 
1969; Håkansson 1970;
Mangerud 1972; Krog and 
Tauber 1974; Mangerud and 
Gulliksen 1975; Olsson 1980; 
Heier-Nielsen et al. 1995

Baltic Sea Not known –107 ± 24 yra Engstrand 1965; Håkansson 
1987

S Norway and 
North Sea

Pre-bomb shells collected 
live in known year

–3 ± 27 yra Mangerud 1972; Mangerud 
and Gulliksen 1975; Weidman 
1995

Danish coastal 
waters, including 
fjords

Pre-bomb shells collected 
live in known year

Coastal waters:
∆R = 13 ± 16 yr
Fjords: mean
∆R = 279 yr

Heier-Nielsen et al. 1995

UK coastal waters Pre-bomb shells collected
in known year

∆R = 17 ± 14 yr Harkness 1983 

W coast Ireland, 
W coast Scotland, 
Outer Hebrides 
and the Orkney 
Islands

Paired dating of marine 
and terrestrial samples for 
the past 6100 yr BP. Mate-
rial from archaeological 
sites

∆R = –33 ± 93 yr Reimer et al. 2002

aRegional mean ∆R values taken from the online Marine Reservoir Correction Database (http://radiocarbon.pa.qub.ac.uk/
marine; Reimer 2005).
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Modern pre-bomb R(t) and ∆R values from sites across the globe, along with regional mean values,
are reported on the online Marine Reservoir Correction Database compiled by Reimer (2005) and
accessible at http://radiocarbon.pa.qub.ac.uk/marine/.

Regional Deviations in Marine Reservoir Age (∆R) Within Fjords

Harkness (1983) calculated the average reservoir age of UK coastal waters to be 405 ± 40 yr based
on measurements obtained from 14 locations, only 4 of which come from the west coast of Scotland.
Unlike most coastal locations, the sea lochs of NW Scotland typically have a restricted connection
with the adjacent shelf waters and also experience high freshwater inputs, which can dilute the salin-
ity of bottom water masses (e.g. Farmer and Freeland 1983). An important characteristic of fjordic
circulation is the occurrence of periodic deep-water renewal events (DWREs) that are usually forced
by salinity thresholds, mixing processes, and wind speed and/or direction (e.g. Gillibrand et al.
1995). Gillibrand et al. (2005) demonstrated the influence of climatic forcing upon the frequency of
DWREs, and Austin and Inall (2002) exemplified how DWREs could influence the isotopic compo-
sition of fjord water. The 14C/12C ratios of freshwater systems in igneous areas (such as NW Scot-
land) should be similar to atmospheric ratios (Broecker and Walton 1959) and are unlikely to be
influenced by “hard water effects” from the surrounding bedrock geology in contrast to studies from
other settings (e.g. Heier-Nielsen et al. 1995). Spiker (1980) reported a conservative 14C:salinity
relationship for estuarine waters, and the significant influence of fresh water in fjordic hydrography
suggests that Scottish fjords are likely to exhibit reduced marine reservoir ages when compared to
average UK coastal values. The ∆R value of 17 ± 14 yr estimated for the coastal waters of the UK
(Harkness 1983; data recalculated by Reimer 2005) should contrast with an expected negative ∆R in
Scottish sea lochs because coastal waters are mixed with relatively “young” fresh waters in these
fjordic environments. Reimer et al. (2002) reported a ∆R value of –33 ± 93 yr for the coastal waters
of Ireland, Scotland, and the Orkney Isles during the mid- to late Holocene, while Ascough et al.
(2004) reported a ∆R of –79 ± 17 yr for N and W Scottish coastal waters at approximately 2000 BP.

Differences in sea loch bathymetries (e.g. sill and basin depths) and freshwater inputs mean that sea
lochs typically exhibit a varying and complex hydrography (Farmer and Freeland 1983; Edwards
and Sharples 1986). The frequency of DWREs and the resultant salinity of basin water is highly
variable in Scottish sea lochs (e.g. Edwards and Sharples 1986; Gillibrand et al. 1995, 1996; Allen
and Simpson 1998; Austin and Inall 2002); thus, sea lochs are likely to show different R(t)
responses. Despite these differences, it would be advantageous to determine and use the average ∆R
for Scottish sea lochs rather than the average UK coastal value of ∆R currently available. Recent
paleoclimate studies have focused on obtaining high-resolution paleoenvironmental records from
NW European fjordic locations (e.g. Mikalsen et al. 2001; Kristensen et al. 2004), and there is there-
fore a growing need for improved understanding of both the spatial and temporal behavior of ∆R in
fjord environments. Even in shelf areas, ∆R has been found to exhibit strong temporal variability
(Eiríksson et al. 2004).

METHODS

Sample Material

In this study, the modern marine reservoir ages from locations around the west coast of Scotland
were determined by 14C dating 10 marine mollusk shells (obtained from the National Museum of
Scotland, Edinburgh) collected “live” on known dates prior to AD 1950 (e.g. Mangerud 1972; Hark-
ness 1983; Heier-Nielsen et al. 1995), i.e. the death of the mollusk is presumed to be contemporane-
ous with the collection year. Bivalves in pristine condition (periostracum intact and often articu-
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lated) from Loch Creran, Loch Fyne, Upper Loch Fyne, Tarbert, and Wemyss Bay were used (see
Figure 1 for locations). Due to the general dearth of available archived shells from Scottish sea
lochs, 2 shells from Oban (Firth of Lorne) were also 14C dated. The Loch Creran bivalve (AAR-
7489) is not accompanied by a known collection year (Table 2); however, it was bequeathed to the
National Museum by Alexander Somerville, who is known to have collected samples between AD
1843–1907, and the sample was included in the study to expand the available data from sea loch
environments. Unfortunately, information on the water depth, temperature, and salinity did not
accompany the shell samples. The majority of the mollusk species in this study are short lived
(<10 yr) and have reported habitats from the littoral to water depths of up to 100 m. The preferred
substrate tends to be mud or muddy sand, suggesting fairly low energy environments of deposition,
i.e. water depths below spring low tide and beneath the influence of wave action.

Figure 1 a) Map showing the 2 study areas, which are seen in detail in b and
c. The shells used in this study were collected from Loch Creran, Loch Fyne,
Upper Loch Fyne, Tarbert, Wemyss Bay, and Oban by Alexander Somerville
between AD 1843–1907. Shells used in the Harkness (1983) study were col-
lected from Loch Broom, Skelmorlie Bank, Hunterston Sands, and the Firth
of Clyde (locations shown in italics).
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Laboratory Methods

Approximately 40 mg of material was removed from each sample in preparation for accelerator
mass spectrometry (AMS) dating, allowing sufficient material for potential pretreatment losses and
enough carbon yield for a repeat analysis of the sample if required. The periostracum was scraped
off the shells where possible and on the larger scallop shells (which are known to live for up to 6 yr)
the outer growth bands were selected to ensure that the youngest shell material was obtained. Sam-
ple material was prepared for AMS dating using the techniques reported in Heier-Nielsen et al.
(1995), i.e. cleaned, dried, and acid etched (using 1M HCl) to remove approximately 20–25% of the
outer shell surface and thus possible surface contamination. The organic component was removed
from the sample material by reduction methods (i.e. heating to 80 °C for 12 hr in a solution contain-
ing KMnO4). After cleaning and drying the sample, approximately 14 mg of the prepared sample
was used to generate CO2 gas. The CO2 was liberated using ~100% phosphoric acid in an evacuated
vial at 25 °C, and a portion of the CO2 gas was used for δ13C analysis (carried out by isotope ratio
mass spectrometry at the Science Institute, Reykjavík, Iceland, by Dr Árný E Sveinbjörnsdóttir),
while the rest was converted to graphite for AMS 14C measurements via reduction with H2 using
cobalt as a catalyst. A small reaction volume and a high initial pressure of the reacting gases were
used (Vogel et al. 1984).

All AMS 14C measurements were carried out using the EN tandem accelerator at the University of
Aarhus (Denmark). The dating results are reported as conventional 14C dates in 14C yr BP (before
AD 1950) based on the measured 14C/13C ratio corrected for the natural isotopic fractionation by
normalizing the result to the standard δ13C value of –25‰ PDB (Stuiver and Polach 1977; Andersen
et al. 1989).

RESULTS

Marine bivalves, which were presumably collected “live” from Scottish west coast waters between
AD 1843–1935, yielded measured AMS 14C ages ranging from 347 ± 39 to 554 ± 35 14C yr BP
(Table 2). The weighted average 14C age of the samples including the Loch Creran sample (AAR-
7489) is 444 ± 14 14C yr BP, and 458 ± 15 14C yr BP when the Loch Creran sample is excluded.

The calculated marine 14C reservoir ages, R(t), and regional ∆R values are presented in Table 2.
Scottish coastal and fjordic R(t) values range from 259 ± 37 yr for sample AAR-7419, collected
from Oban in AD 1935, to 441 ± 36 yr for sample AAR-7422, collected from Loch Fyne in AD 1850
(Table 2). ∆R values range from –70 ± 43 yr for the Upper Loch Fyne sample (AAR-7421) to
69 ± 42 yr for the Loch Fyne sample (AAR-7422). Although the Loch Creran sample (AAR-7489)
does not have a specific collection date (i.e. collected between AD 1843–1907), the ∆R range (–142
± 45 yr for AD 1843 to –102 ± 45 yr for AD 1907) has been included to exemplify the extent to
which these fjordic environments could deviate from R. Individual ∆R values from this study range
from –122 ± 45 yr (mean ∆R value for the Loch Creran sample) to 69 ± 42 14C yr, giving a weighted
average ∆R value of –9 ± 18 yr excluding the Loch Creran sample, and –24 ± 16 yr when an aver-
aged ∆R for the Loch Creran sample is included. Five out of the 7 ∆R values fall below the global
surface ocean average marine curve of ∆R = 0 (Figure 2). Figure 2 shows that the 2-σ error range of
all the ∆R values (with the exception of the oldest possible Loch Creran date, AD 1843) intersect the
2-σ error range of the weighted average ∆R = –9 ± 15 yr, suggesting that differences between the
data are statistically insignificant at 95% confidence levels. The fact that the individual ∆R values
fall within the acceptable limits of the weighted average suggests that all data can be included in a
regional average (Harkness 1983).
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DISCUSSION

The weighted average ∆R value for the fjordic samples from this study is –9 ± 18 yr (or –24 ± 16 yr
when an averaged ∆R for the Loch Creran sample is included). To improve the spatial coverage of
the regional ∆R value and add more sea loch or “restricted” environments to the relatively small data
set (n = 7) presented in the previous section, 14C reservoir data from Harkness (1983) were com-
bined with data from this study (Table 3).

Harkness (1983) determined a marine 14C reservoir age of 405 ± 40 14C yr BP for UK coastal waters;
however, this average included only 4 west Scotland sites (Table 3). Harkness highlighted samples
SRR-170 (a+b) and SRR-356 (b; Table 3) as falling outside the acceptable statistical variance (2 σ)
for the group’s mean apparent age of 405 ± 40 14C yr BP (Table 3). However, these samples have
been included in this study following the recalculation of Harkness’ (1983) 14C ages by Reimer
(2005; http://radiocarbon.pa.qub.ac.uk/marine/refs/132.html). Recalculation of the Harkness (1983)
data by Reimer (2005) yields younger apparent ages because the latter have been calculated from the
published ∆14C, D14C, or δ14C values and have been corrected for isotopic fractionation associated
with anthropogenic activity.

The recalculated Harkness weighted average R(t) for the Scottish west coast samples is 353 ± 10 14C
yr BP (n = 9) with sample ∆R values ranging from –120 ± 54 to 93 ± 33 yr (Table 3). Out of the 9
samples reported, 6 show negative ∆R values, while samples SRR-356a, -356b, and -357b exhibit
positive ∆R values greater than ~70 yr (Table 3 and Figure 3). All the shells used in this study and
by Harkness (1983) were whole valves (often articulated), with no visual signs of deterioration, such
as a powdery surface common as a result of recrystallization processes (Aitken 1990). Reimer et al.
(2002) point out that molluskan feeding habits are important when interpreting δ13C and therefore
14C data, since this may influence how carbon with different 14C signatures enters the organism. For
example, filter-feeders obtain carbon directly from seawater in the form of dissolved inorganic car-

Figure 2 The ∆R values of the historical, museum-archived, Scottish west coast shells (filled diamonds) plus the
possible collection period of the Loch Creran sample (unfilled diamond linked by a line) with measured 14C age
errors of 2 σ. The thick black line and shaded box represent the weighted average of the ∆R values with 2-σ error
bars (∆R = –9 ± 18; excluding the Loch Creran sample).
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bon (DIC), whereas deposit-feeders may utilize old organic carbon from detritus. The shells used in
this study were all bivalve filter-feeders, hence they should derive their carbon directly from seawa-
ter DIC. Ascough et al. (2005) suggested no significant species effect upon the 14C content of marine
mollusks in a study of archaeological material from a coastal location in the Outer Hebrides, Scot-
land, and it is unlikely that the shells used in this study or by Harkness (1983) show a species-
dependent effect on 14C measurements.

The averaged Harkness ∆R data for whole-shell measurements are presented with the data from this
study in Figure 4. These combined data show a weighted average ∆R value of –7 ± 20 yr, including
an averaged ∆R value for the Loch Creran sample. The ∆R value of the combined data is likely to
approach 0 by the inclusion of the Hunterson Sands sample (SRR-356; Table 3). Hunterston Sands
is located near the mouth of the Firth of Clyde (Figure 1), so one might expect to see less negative
∆R values due to a greater influence of “older” coastal waters at this location. However, as Harkness
(1983) points out, the Hunterston Sands and Skelmorlie Bank samples may have been influenced by
pollution, since organic waste (containing unknown quantities of modern 14C and 14C-free residues)
was being dumped into the Clyde Sea at the time of the collection period (AD 1920). Since the
Hunterston Sands sample (SRR-356) is the only sample to lie outside the acceptable statistical var-
iance (2 σ) of the data’s weighted average ∆R (Figure 3) and its validity of truly representing the nat-
ural regional ∆R is in doubt (Harkness 1983), it has been omitted from the west Scottish weighted
average ∆R. Therefore, the new calculated weighted average of the “combined” ∆R is –26 ± 14 yr.

A Student’s t test (with the null hypothesis accepted in the F test) shows that the “combined” ∆R
value of –26 ± 14 yr is statistically different (with a confidence level >95%) from the ∆R value of
17 ± 14 yr quoted by Harkness (1983; data from Reimer 2005) for UK coastal waters. Coastal and

Figure 3 The ∆R values of the Scottish west coast shells (unfilled triangles) from the Harkness (1983) study (data from
Reimer 2005) along with measured 14C age errors of 2 σ. The thick black line and shaded box represent the weighted aver-
age of the ∆R values with 2-σ error bars (∆R = 5 ± 10).
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fjordic waters of the Scottish west coast exhibit significantly more negative ∆R values due to the
restricted connection with adjacent “older” shelf waters, high inputs of “younger” freshwater into
the fjordic hydrography (e.g. Farmer and Freeland 1983), and the mixing of fjordic waters with
coastal waters. Scottish sea lochs experience DWREs, i.e. basin water renewal, relatively frequently
(Edwards and Sharples 1986); thus, the basin water stagnation sometimes seen in deeper Norwegian
fjords (e.g. Mangerud 1972) is unlikely to be an additional source of “high apparent age” water
masses to the fjordic hydrography.

The regional ∆R value of –26 ± 14 yr reported in this study for the NW coastal and fjordic waters of
Scotland is in broad agreement with estimates of ∆R (–33 ± 93 yr) quoted by Reimer et al. (2002)
for the region encompassing west Ireland, Scotland, and the Orkney Islands during the mid- to late
Holocene. Bondevik et al. (1999) also reported a marine reservoir age of 380 ± 32 BP (∆R = –20)
for the west coast of Norway. Spatially, differences in regional ∆R values (Table 1) typically arise
due to local hydrography (e.g. Mangerud and Gulliksen 1975). For instance, the high positive ∆R
values from the northern Norwegian Sea (Table 1) likely reflect the introduction of 14C-depleted
deep waters and may be influenced by the restricted 14C atmosphere-surface ocean exchange of
polar water masses due to regional sea-ice cover, whereas negative ∆R values in the seas around
S Norway, W Sweden, and E Denmark suggest a significant influx of Baltic Sea brackish water into
the local hydrography (Table 1). Negative ∆R values from coastal locations such as NW Scotland
and W Norway may also be explained by the mixing of “young” freshwater surface runoff with
coastal water masses that are likely to be dominated by a strong Atlantic surface ocean water com-
ponent with a ∆R value close to 0 (e.g. Mangerud and Gulliksen 1975). However, the ∆R of –26 ±
14 yr presented here is statistically different from the ∆R of –79 ± 17 yr reported by Ascough et al.
(2004) for coastal locations in north and west Scotland based on the dating of paired marine and ter-

Figure 4 ∆R values for historical shells obtained from the coastal waters of W Scotland from this study (filled diamonds)
and from the Harkness (1983) study (data from Reimer 2004; unfilled triangles). The linked data points represent the pos-
sible collection period of the Loch Creran shell. The thick black line and shaded box represent the weighted average of the
∆R values with 2-σ error bars (∆R = –26 ± 14; including the averaged ∆R value for the Loch Creran sample).
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restrial material within archaeological sites dated at ~2000 BP. Temporal variations at any location
are likely to be complex due to variations in 14C production and changes in regional circulation, both
of which would significantly influence the 14C activity of surface ocean waters (e.g. Weidman and
Jones 1993; van Geel et al. 2003; Hughen et al. 2004b).

CONCLUSION

The igneous bedrock geology of NW Scotland, the thin and poorly developed soils, and the steep
slopes that rapidly translate rainfall into surface runoff (Black and Cranston 1995) mean that the
freshwater inputs into sea lochs should typically have an isotopic signal close to atmospheric 14C/
12C (Broecker and Walton 1959). In these settings, the influences of 14C-deficient carbon derived
from humus or carbonate bedrock are likely to be small.

A regional ∆R value of –26 ± 14 yr has been determined for the sea loch (fjordic) and coastal waters
of NW Scotland, which is statistically different (at a confidence level >95%) from the ∆R value of
17 ± 14 yr reported for UK coastal waters (Harkness 1983) and in good agreement with the –33 ±
93 yr reported by Reimer et al. (2002). This negative ∆R supports the hypothesis that high freshwa-
ter inputs into NW Scottish coastal waters typically produce marine 14C reservoir ages, R(t),
“younger” than the global average surface ocean 14C reservoir age (Stuiver and Braziunas 1993),
with a combined R(t) of 323 ± 8 yr (including an averaged R[t] for Loch Creran and excluding data
from Hunterson Sands). Therefore, a regional marine reservoir age correction factor of ∆R = –26 ±
14 yr should be applied to modern (i.e. pre-bomb but not prehistoric) marine 14C dates from the NW
coast of Scotland.
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