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THE MARINE RADIOCARBON BOMB PULSE ACROSS THE TEMPERATE NORTH
ATLANTIC: A COMPILATION OF A'™C TIME HISTORIES FROM ARCTICA
ISLANDICA GROWTH INCREMENTS

James D Scourse!? « Alan D Wanamaker Jr* « Chris Weidman* « Jan Heinemeier® «
Paula J Reimer® « Paul G Butler! « Rob Witbaard” » Christopher A Richardson!

ABSTRACT. Marine radiocarbon bomb-pulse time histories of annually resolved archives from temperate regions have been
underexploited. We present here series of AMC excess from known-age annual increments of the long-lived bivalve mollusk
Arctica islandica from 4 sites across the coastal North Atlantic (German Bight, North Sea; Tromse, north Norway; Siglufjor-
dur, north Icelandic shelf;, Grimsey, north Icelandic shelf) combined with published series from Georges Bank and Sable Bank
(NW Atlantic) and the Oyster Ground (North Sea). The atmospheric bomb pulse is shown to be a step-function whose
response in the marine environment is immediate but of smaller amplitude and which has a longer decay time as a result of
the much larger marine carbon reservoir. Attenuation is determined by the regional hydrographic setting of the sites, vertical
mixing, processes controlling the isotopic exchange of 14C at the air-sea boundary, 1*C content of the freshwater flux, primary
productivity, and the residence time of organic matter in the sediment mixed layer. The inventories form a sequence from high
magnitude-early peak (German Bight) to low magnitude-late peak (Grimsey). All series show a rapid response to the increase
in atmospheric AC excess but a slow response to the subsequent decline resulting from the succession of rapid isotopic air-
sea exchange followed by the more gradual isotopic equilibration in the mixed layer due to the variable marine carbon
reservoir and incorporation of organic carbon from the sediment mixed layer. The data constitute calibration series for the use
of the bomb pulse as a high-resolution dating tool in the marine environment and as a tracer of coastal ocean water masses.

INTRODUCTION

Thermonuclear weapons testing in the 1950s and 1960s approximately doubled the amount of radio-
carbon in the atmosphere compared to pre-bomb levels (Goodsite et al. 2001). This atmospheric
excess “C “bomb pulse” is registered in both inorganic and organic materials as carbon is cycled
through natural systems and is reported as A'*C, the deviation of a sample *C/!2C ratio from its pre-
industrial level expressed in per mil (%o) (Mahadevan 2001). The *C bomb pulse is therefore an
exceptionally important environmental tracer and has been used in diverse applications in both
terrestrial and marine settings. With an equilibration time of 7-10 yr (Mahadevan 2001), 1*C infuses
into the ocean through air-sea gas exchange. The mixing of carbon of different ages as water masses
evolve, notably linked to the depletion through radioactive decay in deep-water reservoirs isolated
from the atmosphere (Broecker and Peng 1982), means that A*C can be used as an important tracer
for water mass circulation (e.g. Broecker et al. 1980; Wunsch 1984; Sikes et al. 2008; Wanamaker
et al. 2012) and as a tool for assessing air-sea CO, exchange (Gruber 1998; Sweeney et al. 2007,
Miiller et al. 2008).

14C measurements from known-age increments of near-surface annually banded corals covering the
past 60 yr from subtropical and tropical contexts have provided valuable records of the marine
expression of the bomb pulse (Druffel 1987, 1989, 1997; Toggweiler et al. 1991; Guilderson and
Schrag 1998; Guilderson et al. 1998, 2000; Druffel et al. 2008; Reimer et al. 2009) with significant
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ocean circulation applications (¢.g. Grumet et al. 2002; Hua et al. 2005; Kilbourne et al. 2007).
Mahadevan (2001) compared A'*C time histories from annually banded corals with one-dimen-
sional model simulations to discriminate between advection, air-sea flux, convection, and diffusion
as controls of A*C in surface waters across the Pacific Ocean. A'*C records can also be used as cal-
ibration series for very high-resolution dating of marine sediment sequences (¢.g. Ohkouchi et al.
2003). These applications have hitherto been largely confined to the availability of suitable coral
from subtropical and tropical sites, and have been restricted in temperate shelf seas because of the
lack of an annually resolved archive yielding known-age increments suitable for '#C analysis. Tem-
perate or high-latitude A'“C profiles have generally been used in the inverse sense, applied to non-
annually resolved archives in order to assess rate of growth, to validate organism age (¢.g. Kalish et
al. 2001; Ardizzone et al. 2006; Campana et al. 2008), and/or to ascertain whether increments are
indeed annual in period or not (¢.g. Sherwood et al. 2005; Kilada et al. 2007, 2009; Sherwood and
Edinger 2009). Recently, however, AC time histories from cold-water corals from the temperate
and northern North Atlantic have been used to reconstruct mixing and regional hydrography (e.g.
Sherwood et al. 2008).

Weidman and Jones (1993) presented a time history of bomb *C on Georges Bank (NW Atlantic)
using known-age increments from the annually banded long-lived marine mollusk Arctica
islandica. Measurements from a 54-yr-old specimen live-collected in 1990 enabled a time history of
AMC from 1939 to 1990. In comparison with 2 North Atlantic coral-derived A*C inventories
(Druffel 1989), the depleted A'“C values from this site revealed “old” Labrador Sea water as a sig-
nificant component of Georges Bank water and were used to constrain models suggesting a
reduction in Labrador Sea (deep) Water formation during the late 1960s and 1970s. Witbaard et al.
(1994) used A'“C profiles from A. islandica from the Oyster Ground, southern North Sea, along the
seasonal 330 profiles, to verify that the increments in this species are annual in period. Given that
the annual period for the major increment formation in A. islandica is now well established
(Murawski et al. 1982; Weidman et al. 1994; Schone et al. 2005), the A'*C record from the QOyster
Ground series can also be interpreted as an indicator of hydrographic variability.

These studies demonstrated the potential for A*C time histories from 4. islandica to identify spatial
gradients in temperate to subpolar hydrographic variability and air-sea gas exchange, but they have
not been followed by similar studies from other regions of the North Atlantic. This is surprising
given the significance of the subpolar North Atlantic as a primary source of deep water contributing
to the global thermohaline circulation, and the existence of abundant populations of 4. islandica
across the temperate and boreal North Atlantic (Dahlgren et al. 2000) adjacent to sites of North
Atlantic Deep Water convection.

We present here A'4C series measured on known-age annual increments of 4. islandica from across
the temperate North Atlantic, from sites on the north Icelandic shelf (2 series; Grimsey and
Siglufjordur), the southern North Sea (German Bight), and northern Norway (Tromse). These are
combined with published 4. islandica AMC series from Georges Bank, NW Atlantic (Weidman and
Jones 1993); Sable Bank, NW Atlantic (Kilada et al. 2007); and from the Oyster Ground, southern
North Sea (Witbaard et al. 1994) (Figure 1).

The north Icelandic shelf is dominated by oceanic water masses. At present, the North Atlantic Polar
Front (NAPF) extends across the north Icelandic shelf (e.g. Olafsson 1999; Rytter et al. 2002),
separating casterly flowing warm and high-salinity Atlantic Water (Irminger Current) from Arctic
Surface Water (Johannessen 1986), a cold low-salinity water mass derived from modified Polar
Water of the East Icelandic and East Greenland currents (Figure 1). At shallow depths down to 300—
400 m, including the 4. islandica sampling stations reported here, the Atlantic water extends to the
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Figure 1 Location map ofthe North Atlantic showing all sites referred to inthe text and
detail ofthe north Icelandic shelf.

seabed (cf. Stefansson 1962; Knudsen and Eiriksson 2002; Knudsen et al. 2004; Eiriksson et al.
2011) and stratifies during the summer months (Eiriksson et al. 2011). Over recent decades, how-
ever, well-instrumented temperature-salinity anomalies, in particular the Great Salinity Anomaly
(GSA) during the 1960s (Dickson et al. 1988; Sundby and Drinkwater 2007), have resulted in cold
low-salinity Arctic waters reaching the north Icelandic coast, displacing the NAPF south of the
entire northern shelf and generating winter sea ice cover between Iceland and Greenland.
Hydrographic data indicate that during the GSA, Arctic Water extended to the seabed, displacing
Atlantic Water across the north Icelandic shelf. The East Icelandic Current is characterized by
depleted 14C values (Tauber and Funder 1975; Eiriksson et al. 2011) with AR » +200 yr (AR is
defined as the regional offset from the global marine model age at any given point in time, i.e. the
measured 14C age of a sample of known age minus the marine calibration curve age at that
[calendar] time; Stuiver and Brazunias 1993); hence, a decrease in A14C might be expected in this
region during the GSA. Both north Icelandic shelf sites are close to nonnal fully marine salinities;
Siglufjordur has a smaller drainage basin than most fjords in north Iceland, receiving little water
from central Iceland or glacial meltwater. The Tromso sample was collected from very shallow
depths (3 m, surface mixed layer) in a fjordic setting strongly influenced by the inflow of North
Atlantic surface water via the North Atlantic Current and the Norwegian Coastal Current. The shelf
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waters on the southern flank of Georges Bank from where the analyzed specimen was recovered
consist of 75% Scotian Shelf Water and 25% Slope Water, both of which are southerly flowing cold
water masses that originate in the Labrador Sea (Chapman and Beardsley 1989; Weidman and Jones
1993); water masses of similar origin dominate Sable Bank to the north (Hannah et al. 2001).

The shallow North Sea (<200 m) is preconditioned by warm saline Atlantic Water (90%) flowing
via the Shetland Current and through the Strait of Dover with the remainder consisting of freshwater
inputs from riverine sources (¢.g. Rhine, Thames), brackish inputs from the Baltic Sea outflow, and
precipitation (Hardisty 1990). The dominant outflow from the North Sea is via the Norwegian
Coastal Current. The hydrography in the North Sea is dominated by high tidal and wave energy lev-
els; the shallower sites, such as the German Bight, are therefore very well mixed, but in the summer
deeper northern areas such as the Oyster Ground become stratified (Weston et al. 2008), separated
from the mixed sector by the development of the seasonal southern North Sea tidal mixing front
(Hill et al. 1993). The German Bight is also strongly influenced by riverine inputs, notably from the
Elbe, which significantly reduces the salinity in the German Bight (29-31) compared with the Oys-
ter Ground (33-35; Witbaard et al. 1994). The southern North Sea sites therefore range from fully
mixed and strongly coastal (German Bight) to seasonally stratified open shelf (Oyster Ground).

The aims of this paper are 1) to present this compilation of % modern carbon (pMC) time histories
as a basis for identifying the regional variability in A'*C, and therefore age and mixing histories, of
coastal waters across the North Atlantic; 2) to test the hypothesis that the Great Salinity Anomaly
(GSA) of the north Icelandic shelf during the 1960s is detectable as a plateau or reduction in *C
excess; and 3) to assess these data as calibration series for ultra high-resolution #C dating of shallow
marine sediment records.

MATERIALS AND METHODS

The A4. islandica shell is deposited as a series of annual growth increments (fast growth) separated
by narrow growth checks (slow growth or cessation of growth) (Figure 2; Jones 1983). The longev-
ity of the species is well in excess of the ~60 yr required to provide increments covering the atmo-
spheric bomb pulse from single live-collected specimens; an exceptional live-collected specimen
from the north Icelandic shelf has been determined to be 507 yr old, making it likely the longest-
lived non-colonial animal known to science (Butler et al. 2012). The Georges Bank series is based
on the analysis of a single live-collected individual (Weidman and Jones 1993). However, annual
growth increment width declines with age, forming a clear ontogenetic growth trend (Figure 2).
Often, the individual senescent annual growth increments are too small for *C subsampling, given
the minimum weight of aragonite required for high-precision accelerator mass spectrometry (AMS)
14C analysis (~10 mg), and subsampling of the early, wide, juvenile increments is preferred. This can
be achieved by analysis of a number of live-collected individuals of different age that settled sequen-
tially during the course of the bomb-pulse period. The series reported here are based on analyses of
single live-collected specimens, apart from the Grimsey (collected 2006, north Icelandic shelf) and
published Oyster Ground (collected 1988; Witbaard et al. 1994) series, which are based on analyses
of a number of live-collected specimens of similar collection dates but differing longevities.

The live-collected 4. islandica specimens used in this analysis were collected from shallow marine
settings (3—80 m water depths) from sites in north Norway (Tromse), the German Bight of the
southern North Sea, and the north Icelandic shelf (Grimsey and Siglufjordur; Figure 1; Table 1). For
the Tromse, German Bight, and Siglufjordur samples, specimen ages were determined by increment
counting as described by Ropes (1984). Specimens of suitable longevity were selected and prepared
by radially sectioning a 2-mm-thick slice from 1 valve (Weidman and Jones 1993). The perio-
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Figure 2 (adapted from Scourse etal. 2006). (A)Arctica islandica external valve face, showing line ofsection through
valve. (B) Acetate peel replica cross-section of valve showing annual growth band increments along shell margin
(arrows) and within hinge-plate. The axis of growth through the hinge plate used to generate increment data is indi-
cated by the dashed white line. (C) Numbered annual growth bands are measured from the earliest growth bands to the
most recent along the axis of growth. Juvenile early bands are wide and reflect the ontogenetic growth curve ofthe
individual. (D) Narrow senescent late bands from the outer part o fthe hinge plate axis with youngest incrementat base.

stracum (outer organic layer) and the nacre (inner laminated aragonite layer) were ground away to
reveal the central prismatic layer (growth banded aragonite), which was then subsectioned into
samples containing 1to 3 annual increments. The number of annual bands integrated into individual
samples was determined by the minimum amount of aragonite required for AMS 14C analysis.
Temporal resolution was reduced in the more recently deposited increments because ofthe ontoge-
netic growth trend. For the Grimsey (north Icelandic shelf) shells (Figure 1), live-caught animals
were harvested, sectioned, and prepared for image analysis (increment counting) following methods
outlined by Scourse et al. (2006). Approximately a 30-mg solid sample of shell aragonite was
removed from the desired increment (calendar year) from the outer shell surface (Figure 2) using a
razor blade. Prior to 14C sampling, the periostracmn was physically removed with a razor blade.
Each sample taken for 14C analysis represented 1 year’s growth. The age assigmnent of each 14C
sample was determined by counting the last complete annual increment (representing 2005) on each
shell, back to the targeted increment. The individuals used from Grimsey have been absolutely dated
by cross-dating techniques (Butler et al. 2012).

The Tromso, German Bight, and Siglufjordur samples were prepared for AMS 14C analysis by first
etching in 10% HC1 for 30 seconds to remove surface contaminants, followed by conversionto C02
in anhydrous phosphoric acid at 60 °C (overnight), and finally conversion to graphite using a hydro-
gen reduction and iron catalytic process (Gagnon and Jones 1993). Graphite targets were analyzed
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Table 1 Details of Arctica islandica sample collection sites.

Nrof Measure-

Water Year of  speci- ments per
Site Location depth (m) collection mens specimen
North Norway, Tromso 70°N, 19°E 3 1993 1 14
German Bight, southern North Sea  54°N, 7°E 37 1990 2 7-13
Oyster Ground, southern North Sea  54°N, 4°E  30-50 1988 2 5-13
(Witbaard et al. 1994)
North Icelandic shelf, Siglufjordur ~ 66°N, 19°W 22 1991 3 4-7
North Icelandic shelf, Grimsey 66°N, 18°W 80 2006 6 1-6
Georges Bank, NW Atlantic 41°N, 67°W 76 1990 1 13
(Weidman and Jones 1993)
Sable Bank (Kilada et al. 2007) 44°N, 61°W 33-70 2003 6 2-3

at the National Ocean Sciences AMS Facility at Woods Hole Oceanographic Institution, Woods
Hole, Massachusetts, USA. Analytical A'*C error for these samples ranged from +3.0%o to +13.5%0
with a mean of £5.7%.. The Grimsey samples were treated following a standard mollusk pretreat-
ment procedure and measured using the EN tandem accelerator at the University of Aarhus
(Denmark). To eliminate any possible surface contamination, the outer 10-25% of the shell was
removed by etching in weak HCI (for sample size >8 mg carbonate) after ultrasonic rinsing. Any
organic carbon incorporated in the shell carbonate was removed by treatment with a KMnO,
solution for 16-20 hr at 80 °C. The CO, was liberated with ~100% phosphoric acid in an evacuated
vial at 25 °C. Part of the CO, was used for 313C measurements; the rest was converted to graphite
for AMS “C measurements by reduction with H,, with cobalt as a catalyst (Vogel et al. 1984). Al4C
data are age-corrected to AD 1950 and normalized to a 3!3C (VPDB) value of —25%o (Andersen et
al. 1989), according to the methods outlined by Stuiver and Polach (1977). To correct for natural
isotopic fractionation, 33C values were obtained either from subsamples of the same material
analyzed for A*C, interpolation with adjacent samples from within the same shell, or the mean 313C
of other A. islandica shells in the region. 4. islandica shell 313C values averaged about +2%o. Data
are given in Table 2 in pMC, which is corrected for natural isotopic fractionation and is equivalent
to F14C x 100% (Reimer et al. 2004).

In order to compare our recent AMS 14C results with previous studies (e.g. Weidman and Jones
1993), we converted age-corrected A“C (A in conventional notation) into pMC values using the
following equation, which can be derived from the equations of Stuiver and Polach (1977), where x
is the growth increment sample calendar year AD:

PMC = (1 + A4C/1000) & (195025267 x 100% )

Note that A*C is age-corrected in this equation. AR was determined by comparing the measured C
age with the 1*C value of the Marine09 calibration curve or modeled marine bomb pulse (Reimer et
al. 2009) for the increment year concerned (cf. Wanamaker et al. 2008, 2012; Butler et al. 2012).

RESULTS

The data generate AC time histories for the marine bomb pulse for the regions investigated (Fig-
ure 3; Table 2), which can be compared with the modeled global marine surface mixed-layer bomb
pulse (Reimer et al. 2009). The marine curve is highly correlated at all sites but damped with respect
to the atmospheric signal, and the amplitude of the marine peak differs in a number of key respects
between regions. As noted by Weidman and Jones (1993), the Georges Bank signal contains reduced
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AMC excess, reaching a 1974 peak of 108 pMC, in comparison with the Bennuda and Florida coral
records (Druffel 1989), both of which reach -115 pMC. The Sable Bank data (Kilada et al. 2007) are
quite noisy, probably a reflection that a number of different individuals from a range of depths have
been sampled, but in general this data set plots very close to the Georges Bank data with a peak of
109 pMC in 1968. However, the north Icelandic shelf series are characterized by an even more
attenuated AI4C excess signal than at Georges and Sable banks, with peaks of 106 pMC
(Siglufjordur) at 1971 and 104 pMC (Grimsey) in 1980. The Grimsey data show the lowest A14C
excess of all series analyzed from across the temperate North Atlantic. The Tromso data show a
larger excess, with a double peak at 1970 (-113 pMC) and 1977 (-112 pMC). The largest excess
recorded is from the North Sea, the Gennan Bight series reaching an initial peak of-124 pMC in
1968. The Oyster Ground (southern North Sea) series is slightly attenuated compared with the
Gennan Bight, but has a double peak with maxima of-121 pMC in 1966 and 1974 (Witbaard et al.
1994); the differences in the timing of the peaks in the Oyster Ground and Gennan Bight series are
within the sampling enor. The Tromso series is very close to the modeled surface ocean bomb pulse
(Reimer et al. 2009); the large excess of the 2 North Sea series lie between the modeled surface
ocean values and the atmospheric signal, while those from the more oceanic Georges and Sable
banks and the north Icelandic shelf sites lie well below the surface ocean model values.

125 German Bight(NS) . iso

Oyster Ground Composite (NS)

120 slromso 170
Eatde Dol
160
115 Georges Bank O
Siglufjordur (NIS) 150 £
| I S
Grigminys €NIS) (NIS) o)

o]
ino j 10

Modelled Ocean (mixed-layer)

*5 I —%— Atmosphere A 0.
(R :
E
120 <
100
110
95
100
90 T -, T T T i L90
1925 1935 1945 1955 1965 1975 1985 1995 2005

Calendar Year AD

Figure 3 Radiocarbon data from all sites expressed as pM C plotted againstthe absolute date AD. The Grimsey, Siglufjordur,
German Bight, and Tromso data are published for the first time here, though the Siglufjordur, German Bight, and Tromso
data are presented in Weidman (1995); the series from Georges Bank (Weidman and Jones 1993), Oyster Ground (Witbaard
et al. 1994), and Sable Bank (Kilada et al. 2007) have been published previously. The Northern Hemisphere atmospheric
bomb pulse (Levin and Kromer 2004; Levin et al. 2008) and the modeled surface ocean mixed-layer bomb pulse (Reimer
et al. 2009) are shown for comparison. Analytical and dating uncertainty are shown for all data points except the Oyster
Ground; for this site the data from the 3 shells analyzed have been processed using a low pass filter (Savitzky-Golay; span =
5; degree = 2) to show the “mean” response (see Table 2 for analytical and dating uncertainty based on sample resolution).
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Marine 1#C Bomb Pulse across the Temperate North Atlantic
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Marine 1#C Bomb Pulse across the Temperate North Atlantic
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Marine 1#C Bomb Pulse across the Temperate North Atlantic
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There is therefore a clear gradient of increasing amplitude of the bomb pulse from the north
Icelandic shelf, Georges and Sable banks, Tromse through to the North Sea (Figure 3). This gradient
is also matched in the timing of the peak A'*C values: the peak is earliest in the German Bight (1967)
and in the Oyster Ground (1966) and most recent on the north Icelandic shelf (up to 1980). Apart
from Sable Bank, all sites show an initial and rapid response around 1958 within a year of the start
of the atmospheric A*C excess; Sable Bank contains a single data point with an early rise to
103 pMC in 1957. The atmospheric peak was reached very rapidly, by 1963, after a small reversal
in 1960-1962 resulting from the 1958-1962 moratorium on weapons testing imposed by the Geneva
Convention, and declined rapidly after reaching this peak. The peak in all marine inventories is
therefore delayed with respect to the atmospheric peak. The marine series, however, all remain high
and plateau for a significant period while atmospheric values rapidly decline (Figure 3). This slow
relaxation is also phased between the sites; significant reduction in A“C excess is recorded in the
North Sea around 1975, in Tromse around 197677, at Siglufjordur (north Icelandic shelf) around
1980, and at Grimsey (north Icelandic shelf) not until 2000. The resolution of the Georges
(Weidman and Jones 1993) and Sable bank (Kilada et al. 2007) series are not sufficient to identify
with any certainty the timing of the marked decline in excess. There is a clear reversal in the rising
limb of the Sable Bank data, and an inflection in the Grimsey (north Icelandic shelf) series, but these
changes predate the timing in the reduction in the rate of the rise of atmospheric bomb pulse; for the
Grimsey series, this cannot result from an error in the chronology since this series has been cross-
dated (Butler et al. 2012). The inflection in the rising limb of the German Bight series between 1960
and 1962 is, however, consistent with the timing in the reduction in the rate of the rise of
atmospheric A“C.

DISCUSSION
Hydrographic Context of the Sites

The global modeled marine curve is damped with respect to the atmospheric signal because of the
relative size of the marine and atmospheric carbon reservoirs (Figure 3). The key variables deter-
mining the character of the marine bomb pulse in any particular coastal or shelf region are both
physical and biogeochemical. Physical controls include the age (extent of depletion) of the precursor
marine water masses and rates of vertical mixing, rates of air-sea CO, exchange, the “C content of
inflowing freshwater, and the depth and rate of exchange between coastal basins and the open ocean.
Biogeochemical controls are dominated by the rates of primary production, the flux of organic car-
bon to the seabed, and the residence time of organic matter within the sediment mixed layer; these
factors together control the availability of organic matter containing variable excess '“C as a carbon
source for A. islandica. The percentage of metabolic carbon uptake in 4. islandica is consistent
across growth rates and ages, and is always below 10% (Beirne et al. 2012).

In the pre-bomb era, marine sites influenced by '“C-enriched waters as a result of enhanced
exchange with the atmosphere in restricted basins or significant freshwater input show significantly
reduced local reservoir ages (negative AR) and marine sites influenced by upwelling of *C-depleted
deep, old water (¢.g. Antarctica, coastal Peru, north Icelandic shelf) show high local reservoir ages
(AR >>0). The overall magnitude and the temporal offsets between the maximum peaks in the post-
bomb atmospheric and marine curves result from the mixing of deep water with water recently
ventilated by air at the sea surface containing elevated levels of 14C through atmospheric testing of
atomic weapons. The damped and strongly attenuated records are therefore from sites characterized
by pre-bomb AR values greater than 0, such as the north Icelandic shelf. Here, immediately pre-
bomb AR values (AD 1650 to 1950) have been constrained to between +100 and +400 based on
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measurement of both pre-bomb 4. islandica increments and tephra age-model-constrained
foraminifera and mollusks (Eiriksson et al. 2004; Wanamaker et al. 2008). The data presented here
for the 1940 and 1950 increments from the Grimsey series are AR = +120 (pMC = 93.03) and +95
(pMC = 93.28), respectively (Table 2; Figure 3). In the German Bight, however, pre-bomb AR val-
ues reach as low as —53 (Figure 3; Table 2). This contrast can be at least partially attributed to the
entrainment of old, deep waters on the north Icelandic shelf, notably modified Arctic water of the
East Icelandic and East Greenland currents (Eiriksson et al. 2004; Wanamaker et al. 2008), in
comparison to the German Bight, which is far removed from the influence of upwelled deep-water
masses and characterized by restricted exchange.

Rates of air-sea CO, exchange in shelf seas are a function of physical controls, largely wind and sea
surface temperature, and biological controls, principally the balance between production and respi-
ration (Thomas et al. 2004). Assimilation of atmospheric *C excess will be rapid in shallow basins
with restricted exchange (Heier-Nielsen et al. 1995); this is the “shelf sea effect.” Permanently
mixed areas, such as the German Bight, tend to be weak CO, sources, whereas seasonally stratified
areas, such as the northern North Sea, are CO, sinks, constituting the continental shelf pump com-
ponent of the ocean biological pump (Rippeth et al. 2008). Rapid exchange of CO, between air and
river water sources (soil moisture) results in freshwater A'4C excess close to equilibrium with the
atmosphere unless there is inert bedrock or old carbon, notably soil carbon, sources accessed within
the catchment, or if the water sources have a long residence time.

Freshwater can have very variable '*C content, ranging from settings with significant lake-related
reservoir ages and hardwater effects (cf. Heier-Nielsen et al. 1995) to enriched inflow resulting from
rapid exchange with the atmosphere with zero “C reservoir age. For any basin experiencing steady-
state catbon exchange with the atmosphere, the reservoir age will be seen to increase with the increas-
ing size of the marine to atmosphere reservoir ratio; hence, shallow basins with large surface area and
restricted exchange with the open ocean will have low reservoir age (Heier-Nielsen et al. 1995).

The near-instantaneous response of the marine A4C excess records to the start of the atmospheric
increase can be attributed to the importance of air-sea exchange. The reduced magnitude, delayed
response, and attenuated decline of the bomb pulse in the ocean reflects the time required for isotopic
equilibration, which is slower than CO, equilibration (Lynch-Stieglitz et al. 1995), resulting from air-
sea isotopic exchange and mixing with the larger carbon reservoir in the mixed layer. Therefore, sites
with low AR values, such as the German Bight, characterized by small carbon reservoirs in the mixed
layer, might be expected to reach a peak more quickly through air-sea exchange than sites strongly
influenced by mixing with larger reservoirs, such as the north Icelandic shelf. As might be expected
from their strongly positive AR values, the most strongly attenuated of the 4. islandica bomb-pulse
series are indeed from the north Icelandic shelf; these are coastal sites with open exchange with deep,
old water masses. The Siglufjordur specimen (pMC peak of 105.7 at 1971) was from 20 m, close to
the coast, and Grimsey (peak 104.3, 1985) at 80 m on the open shelf; the small offset in the timing
and magnitude of A“C excess between the 2 sites can probably be attributed to the shelf sea effect
given the difference in water depths between the 2 sites. It is unlikely that freshwater input is
significant since both north Icelandic shelf sites are close to normal fully marine salinities;
Siglufjordur has a smaller drainage basin than most fjords in north Iceland, receiving little water from
central Iceland or glacial meltwater. The Georges and Sable bank series are also quite attenuated and
these data highlight the significance of depleted Labrador Sea water in influencing the character of
the AC record along this margin (Weidman and Jones 1993). The Tromse record is from a very shal-
low site influenced by waters with AR values close to the global modeled mean (North Atlantic Cur-
rent) and rapid assimilation of the atmospheric bomb pulse is to be expected in such a setting.
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The inflections in the rate of increase in Al4C in the Gennan Bight and Grimsey (north Icelandic
shelf) series are within the range of natural variability in the pre-bomb era, as demonstrated by the
Oyster Ground series (Figure 3; Witbaard et al. 1994). Even though the Gennan Bight inflection in
the 1960-1962 period is coincident with, but an attenuated fonn of, the actual decline in atmo-
spheric AI4C excess resulting from the moratorium on atmospheric weapons testing, it may there-
fore not be a reflection of air-sea exchange and rapid assimilation ofthe atmospheric signal. Grim-
sey and Siglufjordur lack the early upward inflection that characterizes the other sites possibly
because they are generally more attenuated than the other sites. There is no detectable plateau or
reduction in 14C excess associated with the GSA (Figure 4).
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Figure 4 Detail ofnorth Icelandic sites (lower amplitude) with atmospheric bomb pulse (upper panel).
Lower panel shows summertemperature and salinity data at 50 m are from Iceland (Grimsey) from the
Marine Research Institute Reykjavik, Iceland (http://www.hafro.is/Sjora/). It is clear that the inflection
in the Grimsey bomb pulse is synchronous with the atmospheric bomb pulse and does not relate to the
later Great Salinity Anomaly (GSA).
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The rapid response of the shallow North Sea settings might be related to the high primary production
rates in the area (Joint and Pomroy 1993). This high productivity causes a rapid transport of organic
material to the seafloor and rapid incorporation into the ecosystem. In some settings, including the
Oyster Ground, some of this material is buried up to 20 cm into the sediments and this might func-
tion as a long-term source of excess '“C. This might therefore explain the long attenuation time for
the shallow marine sites in high-productivity areas after the decline of the atmospheric peak.

A number of annually resolved 8'3C records are now available from A. islandica growth increments
from sites across the North Atlantic, all of which show a distinct negative shift in 33C since
~AD 1900 (Butler et al. 2009; Schone et al. 2011). This has been attributed to the oceanic Suess
effect arising from the incorporation of isotopically light anthropogenic CO, into the surface ocean.
Both the Suess effect and the bomb pulse result from the anthropogenic emission of isotopically dis-
tinctive carbon, but at different times; the 2 events also differ in that the Suess effect has increased
exponentially since inception, whereas the bomb pulse was a sharp peak followed by rapid decline.
As the physical and biogeochemical processes controlling the incorporation of anthropogenic CO,
into the ocean will be the same as those controlling the incorporation of the '*C bomb pulse, we
hypothesize that the regional differences in the expression of the oceanic Suess effect (absolute val-
ues, attenuation, rate of uptake) measured from known-age marine bivalve increments will posi-
tively correlate with the regional differences in AC, i.e. the damped and attenuated bomb-pulse
records will have a similar expression for the inception of the Suess effect, and the offsets between
sites will be a function of the isotopic composition of the water masses concerned.

Applications

In order to constrain the rates of natural and anthropogenically forced processes in the marine envi-
ronment, it is critical that robust geochronological techniques are available. This is particularly the
case for the past 6 decades, which cover a significant proportion of the industrial period most
impacted by anthropogenic influence and in which the detection of systems changes forced by
anthropogenic versus naturally occurring processes is critical. Key applications that require such
recent dating control include 1) vertical mixing and diffusion of materials, notably contaminants, by
bioturbation and physical processes within the sediment mixed layer; 2) calculation of sedimenta-
tion rates and influx data (concentration x sedimentation rate) for key sediment components (e.g.
microfossil groups, lithic particles including ice-rafted detritus); 3) carbon-cycle processes across
and within the benthic boundary layer; 4) range extensions of marine organisms forced by seawater
temperature change; 5) decadal-scale reconstructions of coastal water mass origins and mixing; and
6) the timing of marine climatic changes over the past century.

Typically, sedimentation rates from cores of surficial sediments (box, multi-, gravity cores) are
constructed using AMS 1#C before ~250 yr BP, followed by 21°Pb and/or *’Cs or other event
markers (e.g. Pb isotopes, tephra) for the last few decades. In many cases, however, the “splicing”
of chronologies based on different methods is problematic, resulting in reconstructed jumps in sed-
imentation rates that are intuitively unlikely (cf. Lebreiro et al. 2006). Similarly, the interpretation of
137Cs peaks based on atmospheric fallout event histories can be difficult, as can the interpretation of
210Pp data via constant rate-of-supply (CRS) modeling (Appleby 2001). The Al4C excess invento-
ries presented here provide the basis for calibration of post-bomb AMS 4C determinations from
surficial marine sediments (using typically foraminifera or mollusks as the dated material) from the
regions investigated without recourse to additional techniques or approaches. In some cases, single
probability peak solutions may be possible, but in most cases, because of the overall form of the
bomb-pulse curve and its double-peaked character, at least 2 potential high-probability solutions
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may be possible. If short-lived bivalve mollusks are being used as the dated medium, this problem
canbe circumvented by dating both the start and the end of growth series to assess whether the rising
(low—high pMC), or the falling (high—low pMC), limb of the curve presents the highest probabil-
ity solution. The strong regional differences identified, however, indicate that care should be taken
to assess the hydrographic similarity of any individual A. islandica “calibration curve” to the setting
of the sequence to be calibrated. It would clearly not be appropriate, for instance, to calibrate 4C
determinations from a sediment sequence in the German Bight with a curve from the north Icelandic
shelf.

Dynamical oceanographic investigations of mixing in coastal and shelf waters are usually limited to
the timeframe of the duration of individual experiments, typically only a few years (cf. Simpson
1993). The marine bomb-pulse “C data presented here provide data for validation of the hydrody-
namic modeling of mixing processes in the coastal ocean over the 10-100 yr timescale. The data
also constitute a key baseline for the management of coastal systems in the context of contaminant
releases, some of which may involve radionuclides with long half-lives, the radiation from which
will impact the marine system for significant periods of time.

Research into species’ distribution changes (range extensions) and ecosystem functioning in rela-
tion to recent climate change and anthropogenic dispersals is restricted to analysis of data from long-
term monitoring programs (Hawkins et al. 2003) in the absence of access to high-resolution geo-
chronology. The A*C excess series presented here provide a basis for the dating of dead but unstrat-
ified preserved materials (shell/valve carbonate, teeth, otolith, statolith, bone), for instance from
subtidal lags, and from intertidal accumulations, at high precision. This will enable range extension
rates to be established for species for which data are not currently available from long-term moni-
toring, and will permit detailed statistical analysis of such changes with instrumental (temperature,
salinity, nutrients) data sets. The series will also provide critical information for studies in marine
ecology, such as evaluating the age of fish populations (¢.g. Campana and Jones 1998; Kerr et al.
2005), identifying the environmental agents implicated in the decline of maerl (coralline algal) beds
(c.g. Blake et al. 2007) and the characterization of particulate organic matter in coastal waters (e.g.
Megens et al. 2001).

Given the demonstrated within-region variability of the signature of the marine bomb pulse exem-
plified by the north Icelandic shelf and North Sea data pairs (Figure 3), for dating exercises of this
kind it is recommended that multiple rather than single series are used to generate calibration data
sets.

CONCLUSIONS

1. Measurement of A1#C excess from known-age annual increments of the long-lived bivalve mol-
lusk Arctica islandica from 7 sites across the coastal North Atlantic demonstrates strong
regional variability in the character of the marine bomb pulse.

2. This variability can be attributed to differences in the hydrographic and biogeochemical setting
of the sites relating to entrainment of old, deep, upwelled water masses; processes controlling
the isotopic exchange of 14C at the air-sea boundary: salinity as a function of the flux of fresh-
water into the coastal ocean; and the productivity and flux to, and the residence time of organic
matter within, the sediment mixed layer.

3. The inventories form a sequence from high magnitude-carly peak to low magnitude-late peak,
in the following order of increasing attenuation: German Bight (southern North Sea), Oyster
Ground (southern North Sea), Tromse, Sable Bank, Georges Bank, Siglufjorder (north Icelan-
dic coast), Grimsey (north Icelandic shelf).
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4. All series show a rapid response to the increase in atmospheric A*C excess but a slow response
to the subsequent decline resulting from a combination of rapid isotopic air-sea exchange, con-
tinued entrainment of older water masses, and incorporation of buried organic matter.

5. Given the resolution of the data, there is no statistically significant inflection in the rate of rise,
or reversal, in marine A“C excess coincident with the temporary reversal in the rise of atmo-
spheric A™C excess resulting from the 1958-1962 moratorium on atmospheric nuclear weap-
ons testing.

6. The Great Salinity Anomaly of the late 1960s on the north Icelandic shelf, associated with the
advection of the “old” East Icelandic Current linked to the southward migration of the Polar
Front, did not impact on the character of the north Icelandic bomb-pulse records.

7. The inventories constitute calibration series for the use of the bomb pulse as a high-resolution
dating tool in the marine environment. Applications include 1) vertical mixing and diffusion of
materials, notably contaminants, by bioturbation and physical processes within the sediment
mixed layer; 2) calculation of sedimentation rates and influx data (concentration x sedimenta-
tion rate) for key sediment components (e.g. microfossil groups, lithic particles including ice-
rafted detritus); 3) carbon-cycle processes across and within the benthic boundary layer; 4)
range extensions of marine organisms forced by seawater temperature change; 5) decadal-scale
reconstructions of coastal water mass origins and mixing; and 6) the timing of marine climatic
changes over the past century.

The atmospheric bomb pulse therefore constitutes a step-function whose response in the marine
environment is immediate but of smaller amplitude and with a longer decay time as a function of the
much larger reservoir; the character of this attenuation is a function of regional hydrography and
biogeochemistry.
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