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SEAWATER RADIOCARBON EVOLUTION IN THE GULF OF ALASKA: 2002 
OBSERVATIONS

Thomas P Guilderson1,2 • E Brendan Roark3,4 • Paul D Quay5 • Sarah R Flood Page6,7 • 
Christopher Moy8

ABSTRACT. Oceanic uptake and transport of bomb radiocarbon as 14CO2 created by atmospheric nuclear weapons testing
in the 1950s and 1960s has been a useful diagnostic for determining the carbon transfer between the ocean and atmosphere.
In addition, the distribution of 14C in the ocean can be used as a tracer of oceanic circulation. Results obtained on samples col-
lected in the Gulf of Alaska in the summer of 2002 provide a direct comparison with results in the 1970s during GEOSECS
and in the early 1990s during WOCE. The open gyre values are 20–40‰ lower than those documented in 1991 and 1993
(WOCE), although the general trends as a function of latitude are reproduced. Surface values are still significantly higher than
pre-bomb levels (~ –105‰ or lower). In the central gyre, we observe ∆14C values that are lower in comparison to GEOSECS
(stn 218) and WOCE P16/P17 to a density of ~26.8 σt. This observation is consistent with the overall decrease in surface ∆14C
values and reflects the erosion of the bomb-14C transient. We propose that erosion of the bomb-14C transient is accomplished
by entrainment of low-14C water via vertical exchange within the Gulf of Alaska and replenishment of surface and subther-
mocline waters with waters derived from the far northwest Pacific.

INTRODUCTION

Due to the long radioactive half-life, the oceanic distribution of natural radiocarbon (14C expressed
as ∆14C; Stuiver and Polach 1977) reflects centennial- to millennial-scale circulation. Atmospheric
nuclear testing in the 1950s and early 1960s resulted in an excess of 14C, which augmented the nat-
ural 14C gradient between surface and subsurface waters. This contrast makes the distribution of 14C
in the surface ocean particularly sensitive to vertical mixing and lateral exchange. Oceanic uptake
and transport of bomb 14C as 14CO2 has been a useful diagnostic for determining the carbon transfer
between the ocean and atmosphere and as a transient tracer of ocean circulation. The present-day
distribution of bomb 14C in the ocean reflects the integration of variable circulation and air-sea
(14CO2) exchange over the last ~45 yr. 

We present ∆14C data of the total dissolved inorganic carbon (ΣCO2) determined on surface water
and samples from 2 hydrocasts collected in June/July of 2002 in the Gulf of Alaska. These results
are compared to similar ∆14C data obtained during WOCE sections P16n (1991) and P17n (1993),
opportunistic cruises in the 1980s, and GEOSECS station 218 in 1973.

NORTH PACIFIC CIRCULATION

In general, the shallow sub-subsurface circulation of the subpolar North Pacific follows the wind-
driven circulation, creating a large subpolar cyclonic gyre north of 40° (Figure 1) (cf. Sverdrup et al.
1942; Reid and Arthur 1975). The southern edge of the subarctic gyre is delineated by the eastward-
flowing North Pacific Current, which is sourced in the far west from the Kuroshio Current. The
position of the southern boundary varies seasonally and to a large extent tracks the zero curl of the
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wind-stress. The Gulf of Alaska contains the third and easternmost of the subarctic cyclonic gyres
imbedded in the overall cyclonic gyre of the subarctic. The Alaskan Gyre is bounded to the east by
the Alaskan Current, which east of Kodiak Island converges with the strong westward-flowing
Alaskan Stream. The western boundary is nominally at 180° where the Aleutian Islands dip furthest
south and force the Alaskan Stream south, essentially closing the small gyre. In the Gulf of Alaska,
and the whole of the subpolar North Pacific, low surface water salinity maintains a large density
contrast, which in general suppresses deep convection. Climatological winter mixed-layer depths
are on the order of 100–200 m (Monterey and Levitus 1997). West to east across the subpolar North
Pacific, isopycnals trend downward (Figure 1). Coastal downwelling and deepening of isopycnals to
the south of the Alaskan Gyre dominate the north-south trend (Figure 1). Bowing up of isopycnals
in the center of the gyre along the meridional profile is consistent with wind-driven Ekman diver-
gence and the large-scale North Pacific wind field.

There are relatively few easily characterizable subsurface water masses in the North Pacific. A
major subthermocline water type is North Pacific Intermediate Water (NPIW), which is character-

Figure 1 a) Winter sea level pressure (mbar) and surface currents; stippled area is Aleutian Low; b) Oxygen profile along
47°N; contours are lines of potential density (σt) in kg/m3. Note that the isopycnals slope down to the east; c) Salinity
profile along 152°W, with lines of potential density overlain. Data presented in b and c along 47° and 152° come from
the R/V Thomas Thompson WOCE cruises.
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ized by low salinity (~33.9 psu) and high oxygen content (e.g. Talley 1991; Talley et al. 1991; Tsu-
nogai et al. 1995). Utilizing salinity and oxygen to define NPIW places the core of this water mass
at a potential density (σt) of 26.8 kg/m3. NPIW is one of the major interior water masses of the North
Pacific, and its fundamental characteristics can be traced to ~20°N and along Baja to near the Equa-
tor. Waters of this density (in a climatological sense) do not outcrop in the open subpolar North
Pacific, and it has been determined that the source of much of this water is from the Sea of Okhotsk
(Talley 1991; Talley et al. 1991). The northern extent of NPIW is delimited by the subarctic front,
except in the east where a tongue of low-salinity water at the appropriate density is found around the
eastern side of the Gulf of Alaska (Talley 1993).

Transient tracers such as chlorofluorocarbon and “bomb”-derived tritium and 14C data indicate that
NPIW is in general a few decades old (e.g. Watanabe et al. 1994; Warner et al. 1996; Tsunogai et al.
1995; Van Scoy et al. 1991a) and that the circulation follows that of the surface waters, albeit offset
slightly to the east and south. The tracer data indicate that direct air-sea exchange in the open North
Pacific is limited, with most of NPIW being formed in the Sea of Okhotsk. However, in their anal-
ysis of transient tracer data Van Scoy et al. (1991b) inferred that there does appear to be wintertime
ventilation in the Gulf of Alaska with sufficient vigor as to mix into NPIW. Subsequent analysis of
WOCE P17 chlorofluorocarbon and hydrographic data collected in 1993 (Aydin et al. 1998) imply
modification of NPIW and subsurface waters within the Gulf of Alaska and the Alaskan Gyre in par-
ticular.

METHODS

Water samples were collected in June and July of 2002 during the Gulf of Alaska Seamount Expe-
dition (GoASEx-2002) on the R/V Atlantis (ATL 7/15 and ATL 7/16: Figure 2). The southern
boundary of the subpolar gyre is approximately demarked by the zero-line of the curl of the wind-
stress. To estimate the southern end of the gyre, we calculated the zero-line of the curl of the wind-
stress using a simple bulk formula approximation of the u/v stress and the average May–June 2002
surface u and v wind velocities provided by the NCEP reanalysis (cdc.noaa.gov). In this case, we
calculated pseudo-stress; for the u vector this is given by τu = ρa × Cd × abs(U)× U where ρa is the
density of air, Cd is a unit-less drag coefficient ~1.4 × 10–3, and U is the u component of the wind
velocity. The southernmost stations are likely to have been either outside the gyre or at the gyre
boundary in the North Pacific Current (Figure 2). This would be comparable with Western Subpolar
water and the transition zone described in Aydin et al. (1998).

Underway samples were taken from the vessel’s continuous-flow clean seawater line after purging
the line for at least 5 min before collection. Two sets of hydrocast samples were collected using a
niskin-CTD array at Patton (ATL 7-15 ctd1: 53.93°N, 148.43°W) and Warwick (ATL7-16 ctd2:
47.95°N, 132.92°W) seamounts. Half-liter glass bottles were filled from the bottom and allowed to
flush for twice their volume prior to poisoning with mercuric chloride and storage. Following stan-
dard protocols (e.g. Dickson and Goyet 1994), total dissolved inorganic carbon was quantitatively
stripped via acidification and purging with nitrogen at the School of Oceanography, University of
Washington (UW). Aliquots of cryogenically purified CO2 were analyzed for δ13C (‰ VPDB) at
UW, and the remaining CO2 transferred to the Center for Accelerator Mass Spectrometry (CAMS)
in glass ampules.

CO2 was reduced to elemental carbon (graphite) in the presence of iron catalyst and a stoichiometric
excess of hydrogen similar to the method described by Vogel et al. (1987). Graphite targets were
measured at CAMS. Raw data (14C/13C ratios) are normalized to the average of 6 bracketing aliquots
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of the primary standard (OX-1) for each pass through a sample group. Counting errors (primary
standard and unknown) are propagated through the analysis and are assumed to be Gaussian (cf.
Bevington and Robinson 1992). The average of the n-measurement cycles of each unknown is then
determined, and for the final error, the larger of the counting error or the external error of the n-
cycles is chosen. CAMS 14C data are based on 14C/13C atom ratios, not decay counting, to obtain
specific 14C activities. The algorithms used (JR Southon, unpublished data) are similar to those
developed at Arizona (Donahue et al. 1990). 14C results are reported as absolute fraction modern
and equivalent age-corrected ∆14C (‰) as defined by Stuiver and Polach (1977) and include a back-
ground subtraction and the δ13C correction obtained from the stable isotope results. The majority of
samples were analyzed in conventional mode to a fractional precision level of ~ ±3.0‰ (1 σ).

We took advantage of a subset of the ampoules as a means to test the limits of AMS-14C analytical
precision. For these samples, we made 2 individual (~60 µmole C) graphite targets from the single
CO2 ampoule. The graphite targets were then analyzed in what is now being termed “ultra-preci-

Figure 2 GoASEx underway sample (solid circles) locations relative to WOCE P16 (open triangles) and P17 (open cir-
cles) 14C-stations. Fine contours are bathymetry. Solid black contours are climatological summer surface salinity (Lev-
itus 1998). Thick striped line is the zero-contour of the curl of the wind-stress based on May/June 2002 winds.
GEOSECS station 218 is to the west of this region. 
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sion” mode. Each wheel load is composed of a suite of about 10 aliquots of the primary (OX1) stan-
dard, a single set of secondary standards (OX2, ANU, TIRI B wood), the unknown samples and
blanks, and is broken into several groups. In general, a group is composed of 10–14 unknowns with
intervening and bracketing primary standards. Samples are analyzed in such a fashion that a single
group is completely analyzed prior to proceeding onto the next. A group is analyzed repeatedly such
that a suite of bracketing primary standards and the secondary standards are analyzed in conjunction
with the unknown samples. For “ultra-precision” samples, 10 unknowns compose a group. Addi-
tional secondary standards were analyzed amongst, and as, unknowns. During each cycle, an indi-
vidual target was analyzed for 50,000 14C events. Initially, we had intended on cycling all of the
ultra-precision targets at least 20 times (i.e. 1 × 106 14C events), but beam-time considerations pre-
cluded this. The last set of ultra-precision samples were only analyzed for ~7.5 × 105 14C events.

RESULTS

Fundamental oceanographic and carbon isotope data are tabulated in Tables 1, 2, and 3. Table 1 con-
tains the underway surface data, and Tables 2 and 3 contain the results from the 2 hydrocasts. For the
most part, sea surface temperature (SST) and salinity (SSS) are strongly correlated (Figure 3). Tem-
perature decreases from ~13 °C to ~9 °C from 47.5°N to 54°N before rising to ~12 °C as one crosses
into the Alaskan Stream heading in towards Kodiak. Salinity steadily increases over the same latitu-
dinal range from a low of ~32.1 at 47.5°N to a high of ~33, again at 54°N. Salinity dramatically
decreases as one exits the Alaskan Gyre and heads north towards Kodiak. 

Figure 3 Sea surface temperature (SST, °C) and surface salinity (SSS, psu) as a function of latitude as observed in June/
July of 2002.
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Seawater 14C Evolution in the Gulf of Alaska 9

Surface water ∆14C values as a function of latitude have a pronounced V shape (Figure 4). The high-
est values that we observed (~ +20‰) were at the southward edge of the Alaskan Gyre (47.5°N) and
the lowest values (~ –20‰) at 55°N. Further north as one crosses the Alaskan Stream, values
increase to ~ +10‰. The open gyre values are 20–40‰ lower than those documented in 1991 and
1993 (WOCE; data of Key et al. 1996), although the general latitudinal trend is reproduced. 

Vertical profiles of temperature, salinity, oxygen, and ∆14C at Patton (ATL 7-15 ctd 1) and Warwick
(ATL 7-16 ctd 2) seamounts (Figure 5) exhibit common features: strong halocline, subsurface tem-
perature maximum, thick oxygen minimum zone, and a subsurface oxygen maximum above the
main halocline. As documented in ATL 7-15 ctd 1, temperatures at Patton Seamount decrease from
~9 °C at the surface to ~3.4 °C at ~80 m. The main thermocline is at ~27 m. There is a subsurface
temperature maximum of ~4 °C at ~140 m near the base of the halocline. Below the subsurface max-
imum, temperature decreases to ~1.6 °C at 2200 m. Salinity increases from ~33.00 at the surface
through a mini-halocline at ~25 m, where values become nearly constant at 33.14 between ~50 and
~80 m. The main halocline is at 110 m (33.50) and rolls over at ~140 m (33.84), after which salinity
gently increases with depth to 34.62 at 2200 m. Surface water oxygen concentration at Patton is
~276 µmole/kg. Oxygen concentration increases with depth through the main thermocline to a sub-

Figure 4 a) Surface ∆14C as a function of latitude during the summer of 2002 (solid circles),
March of 1991 (P16, open triangles), and June of 1993 (P17, open circles); b) GoASEx sur-
face ∆14C as a function of density and latitude (water mass).
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surface maximum of ~314 µm/kg at 30 m. Oxygen remains high until ~80 m and then decreases in
a 2-step fashion across the main halocline. Oxygen values at Patton are low (8.2–10.2 µm/kg)
between ~200 m and ~800 m and then increase with depth to 78 µm/kg by 2200 m.

Temperature at Warwick Seamount as observed in ATL 7-16 ctd2 decreases from 12.9 °C at the sur-
face through the main thermocline (~40 m) to ~7.2 °C at 50 m. Temperature slowly decreases to
~5.8 °C at 110 m where a ~20-m thermostad is observed. Temperature increases below the thermo-
stad (~130 m) to a subsurface maximum of ~6.4 °C at ~185 m. Except for a slight pause at ~850 m,
temperature decreases steadily to ~1.8 °C at 2200 m. Salinity slowly increases from 32.38 at the sur-
face to 32.65 at the top of the halocline (120 m). The main halocline is at 140 m and rolls over by
185 m (33.79). Salinity gradually increases to 33.91 at 340 m and then increases in a more regular
fashion to 34.60 at 2200 m. Oxygen concentrations increase from 264 µmolar at the surface to a sub-
surface maximum of 302 µmole/kg at 42 m and high oxygen concentrations to the halocline. Below
the halocline, oxygen concentration rapidly decreases to a 300-m-thick oxygen minimum (2.8–5.5
µm/kg) zone between ~800 and ~1100 m. Oxygen concentration increases to ~64 µm/kg by 2200 m.

In both hydrographic profiles, there is a well-mixed (with respect to ∆14C) surface layer. At Patton
Seamount, this layer is mixed to at least 50 m but less than 100 m and would be consistent with the

Figure 5 Patton (ATL 7-15 ctd1) and Warwick (ATL7-16 ctd2) hydrographic profiles to ~2200 m: temperature (solid
line), salinity (thin solid line), oxygen concentration (gray line), and ∆14C (connected solid squares). Note the well-mixed
∆14C surface layer trapped above the halocline and that the lowest ∆14C values do not occur in the oxygen minimum zone.
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Seawater 14C Evolution in the Gulf of Alaska 11

depth of the main thermocline, but not through the main halocline. At Warwick Seamount, the con-
stant ∆14C layer penetrates into the main halocline and extends to ~150 m. Below the surface mixed
layer, values decrease as a function of depth. The minimum observed ∆14C value at Patton Sea-
mount is –239‰ and –237‰ at Warwick Seamount. The minima are not observed in the oxygen
minimum zone but in the water mass below it. Corresponding ∆14C in the Patton Seamount bottle
samples with the lowest oxygen content are ~ –190‰, and the one sample at Warwick is –183‰.
14C results on samples from deep interior waters are similar and consistent with existing measure-
ments made during WOCE, GEOSECS, and cruises of opportunity.

The “ultra-precision” replicates were determined over the span of 3 different sample wheels and 2
different AMS runs and include both “within” wheel and between wheel replicates—i.e. a realistic
albeit limited test of external variability. As discussed in the Methods section, due to beam-time lim-
itations some of the samples were only analyzed for 7.5 × 105 14C events, not the full 1 × 106. The
average relative error of the 33 pairs of targets is 0.94‰ (Figure 6). The majority of the pairs repli-
cate within 1 σ, 2 pairs at 2 σ, and the third will keep us honest. 

DISCUSSION

Evolution of 14C and Ocean Circulation

Surface ∆14C has a somewhat simpler albeit noisier linear relationship to temperature than salinity.
Higher ∆14C is observed at warmer temperatures, with lower ∆14C corresponding with cooler and
saltier waters. This results in a near-linear relation between ∆14C and potential density (Figure 4). In

Figure 6 ∆14C results on CO2 extracted from Gulf of Alaska seawater samples. Single
ampoules of CO2 were split to produce 2 independent graphitization targets and pairs were ana-
lyzed on the same and/or different sample wheels. The relative or fractional error of the 33 indi-
vidual pairs scatter with a mean error of 0.94‰. The majority of pairs are analytically
indistinguishable from each other at 1 σ (sd).
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density space, ∆14C values of the Alaskan Stream (stations north of 55°) are indistinguishable from
stations in the middle of the gyre (50–53°N). These ∆14C values are intermediate between the low
values observed towards 55°N and the high ∆14C at the warm, fresh end to the south. This gives the
distinct impression of a simple 2-end-member mixing model between a low-14C end-member at
~25.5 kg cc–3 and a high-14C end-member <24.5 kg cc–3. We can take advantage of this relationship
to explore mixing processes in the Gulf of Alaska.

If we make the logical assumption that the Alaskan Current is sourced from water at the southern
gyre boundary, our limited data indicates that there is an addition of low-14C water through vertical
entrainment or from freshwater coastal run-off. Depending upon the source of the low-14C water
requires density modification to fit the simple 2-end-member mixing model. In the case of vertical
entrainment, this could be accomplished through radiative heating and freshening to decrease the
salinity of subsurface saltier waters. In the case of coastal (freshwater) run-off, evaporation would
be required to increase the salt content. Freshwater run-off is likely to have a ∆14C signature similar
to the atmosphere, which is higher than Gulf of Alaska surface waters and therefore would be a
source of higher ∆14C. We thus infer that vertical mixing/entrainment is an important dynamic pro-
cess that mixes low-14C water into the surface mixed layer of the central gyre. Our observations also
imply that there is little modification of the 14C content in the Alaskan Current/Stream, at least dur-
ing late spring and into early summer. 

Near Patton and Warwick seamounts, the salinity and density that defines NPIW occurs at the base
of the halocline: ~150–200 m at Patton (ATL 7-15 ctd1) and 185–350 m at Warwick (ATL 7-16
ctd2). The thick ~33.9-psu water mass and salinity inflection observed in the vertical profile at War-
wick leaves no doubt as to the occurrence of NPIW, whereas at Patton the layer is rather thin. ∆14C
values of thermocline and NPIW waters at Warwick are higher than similar density (salinity) waters
to the north as observed at Patton. This observation could be interpreted as more bomb 14C in the
ventilated waters around Warwick Seamount compared to subhalocline central gyre waters to the
north. An equally valid statement would be that the central Alaskan Gyre waters has diluted its
“bomb-14C” signature to a greater extent with low-14C water. At depths deeper than NPIW, the
waters sampled by the 2 hydrocasts are indistinguishable in density (salinity) ∆14C space. Subtropi-
cal surface waters are the likely source of the higher 14C signature observed at Warwick relative to
Patton. Subtropical (higher-14C) waters would be entrained into the southern edges of the Alaskan
Gyre through interaction with the North Pacific Current.

Relative to the (spatially) equivalent WOCE P16 (58) and P17 (127) stations, waters in the Gulf of
Alaska in 2002 have lower ∆14C for a given potential density (σt) than those in the early 1990s (Fig-
ure 7). Indeed, none of the WOCE ∆14C profiles approach the consistently low values observed at
Patton Seamount (ATL 7-15 ctd1) for densities less than ~26.7σt and for the most part the same can
be said for the transition or gyre boundary at Warwick (ATL7-16 ctd2). Comparison of our ∆14C data
to GEOSECS indicates erosion of the transient bomb-14C signature to a density of ~26.8 or a depth
of ~160 m at station 218 (50.43°N, 176.58°W). In June 1982, Gulf of Alaska surface water ∆14C val-
ues approached 100‰ at a latitude of 51.5°N (Stuiver and Quay 1982). By the late 1980s, surface
water ∆14C had decreased to a maximum of ~70‰, with the highest values again around 50°N
(Takahashi et al. 1991). Values observed in the early 1990s as part of WOCE continue the trend
towards lower ∆14C. The surface data document a steady erosion of the bomb-14C transient from the
1970s to the present.

In the north Pacific, pre-bomb ∆14C surface water values are thought to be lower in the western sub-
polar North Pacific where low-14C water is entrained into the surface mixed layer through vigorous
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vertical mixing and upwelling (cf. Guilderson et al. 2000). ∆14C values in the eastern subpolar North
Pacific are higher than those in the west, likely due in part to entrainment of higher-14C subtropical
water from the North Pacific Current. Transport of western North Pacific waters would be accom-
modated in the North Pacific Current. Pre-bomb surface values over Warwick Seamount are inferred
to be ~ –105‰ (Roark et al. 2005), but as of yet we do not know what the values should be in the
Alaskan Gyre itself. Our observation of decreasing ∆14C surface values through the gyre in addition
to lower-∆14C in subthermocline water (NPIW) in the north versus the south implies a local source
of low-14C water. Chlorofluorocarbon ages indicate a residence time in the Alaskan Gyre of only a
few years (Aydin et al. 1998). This precludes our observation being the result of in situ aging. The
likely mechanism is entrainment of low-14C water and vertical exchange. Based on our data alone,
we cannot discount replenishment of surface and subthermocline waters with recently upwelled
low-14C water from the NW Pacific. It is possible that both physical mechanisms have contributed
to the erosion of the bomb-14C transient in the Gulf of Alaska.

The observation that the lowest ∆14C, and hence 14C age, is not coincident with lowest oxygen con-
centrations indicates a decoupling between oxygen concentration (or apparent oxygen utilization)
and ventilation age. This would be caused by high oxygen consumption during remineralization of
organic matter along the margin of northern North America and within the water column under areas
of high productivity.

Figure 7 Temporal evolution of ∆14C in the Gulf of Alaska as a function of potential density. Snapshots include: 1991 (P16,
open triangles); 1993 (P17, open circles); and 2002 (GoASEx, solid circles and for surface samples crosses). P17-127
(asterisk) and P16-58 (star) are the two WOCE stations closest to that of Patton ATL07/15-ctd1. For reference, we also plot
GEOSECS station 218 (solid diamond: 176.58°W, 50.43°N) taken in the fall of 1973. Surface pre-bomb value at Warwick
as reconstructed from biologic archives (Roark et al. 2005) is demarked by the solid arrow. 
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“Ultra-Precision” 14C Analyses

The average fractional error of the 33 pairs of carefully “split” CO2 and individually graphitized tar-
gets is 0.94‰. To the best of our knowledge, these are the first ~1‰ AMS results on real-world sam-
ples. These results indicate that with high negative ion sputter efficiency and complete beam trans-
port, it is possible to achieve results comparable to the best liquid scintillation laboratories. In this
experiment, we did not see the deleterious and potentially limiting effects described by Nadeau et al.
(1987, 1990). We believe that this observation is the result of individual AMS-system and ion-
source peculiarities. The CAMS spectrometer system was designed with performance and capabili-
ties not available in commercially available AMS systems or similar systems at many nuclear phys-
ics laboratories. All high-energy magnets have 5-cm apertures, and all quadrapole lenses in the
beam-line have 10-cm apertures. This results in better optics with complete transmission and no
fractionation (Davis et al. 1990, 1992). Unlike many other cesium sputter sources, the CAMS sys-
tem does not seem to introduce appreciable time-dependent fractionation during the course of ana-
lyzing individual targets or at variable ion currents (Southon et al. 1991). Due to the design of the
low-energy injection system, no beam is lost even at high source emittance. All this being said, the
true test of this type of measurements is not as a “one-off” but long-term reproducibility with preci-
sion and accuracy. 

CONCLUSIONS

14C measurements on total dissolved inorganic carbon on water samples from the Gulf of Alaska
obtained in 2002 have been compared with similar data from the 1990s (WOCE), the 1970s (GEO-
SECS), and surface water samples of opportunity taken in the 1980s. The open gyre surface water
values are 20–40‰ lower than those documented in 1991 and 1993 (WOCE), continuing the trend
towards lower ∆14C values since GEOSECS. Within the admittedly limited spatial sampling, ero-
sion of the bomb-14C transient appears from the surface to densities approaching 26.8 σt. In addition
to lateral (isopycnal) replenishment with waters from the western Pacific via the general shallow cir-
culation, our data imply a local source of low-14C water. Vertical mixing and entrainment of water
below 26.8 σt is the preferred source of the low-14C water. This interpretation would be consistent
with other tracer data (e.g. Aydin et al. 1998).

In a proof of principle study, we took advantage of a subset of the samples to analyze to a level
approaching 1‰. Individually graphitized splits of the same CO2 ampoules were analyzed on the
same and different wheels. The vast majority replicated to 1‰ at 1 σ over a range of values from
~ –240 to ~0‰. The cumulative fractional error of the 33 “pairs” was 0.94‰. The results of this
experiment indicate that AMS has the potential to equal the precision and accuracy of high-preci-
sion liquid scintillation counting laboratories.
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