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ABSTRACT. Radiocarbon measurements on a 109-year-old (1868-1977) core of Mon- 
tastrea annularis coral from Glover Reef, Belize, in the Gulf of Honduras, reveal uptake 
of fossil fuel CO2 and bomb 14C by surface ocean waters. The history of 0'4C values 
revealed by this Belize growth agree remarkably well with results for coral growth from 
the Florida Straits. It is concluded that these corals are reliable recorders of 14C concen- 
trations of dissolved inorganic carbon (DIOC) in surface waters representative of the 
Gulf Stream. 

INTRODUCTION 

Radiocarbon measurements of dissolved inorganic carbon (DIOC) in 
sea water have been used in the past to reveal many aspects of circulation 
patterns for the world's oceans. Low 0140 values obtained for equatorial 
and polar surface waters reveal varying degrees of upwelling for these 
areas (Rafter, 1968; Linick, 1975). Higher 14C levels in mid-gyre areas of 
the Atlantic and Pacific Oceans illustrate considerably less communica- 
tion with deeper waters than do upwelling regions (Broecker and others, 
1960; Ostlund, Dorsey, and Rooth, 1974; Bien, Rakestraw, and Suess, 
1960). Bomb 14C concentrations in equatorial surface waters have been 
used to estimate upwelling rates and CO2 exchange rates between the 
atmosphere and ocean (Broecker, Peng, and Stuiver, 1978). 

Recently, Druffel and Linick (1978) reported 0140 values found for 
a 175-year-old (AD 1800-1974) core of Montastrea annularis coral that 
grew off the Florida Keys (24° 57' N, 83° 30' W). Pre-anthropogenic 14C 
values in the coral were constant throughout the entire 19th century at 
-51. The input of dead CO2 to the atmosphere by the burning of fossil 
fuels since the turn of this century decreased the 14C in these surface 
waters to -62%,o by 1954. The uptake of bomb 1.4C by these Gulf Stream 
waters increased 14C values to 215% above normal by 1970, similar to 
those increases seen for North Atlantic surface waters (Ostlund, Dorsey, 
and Rooth, 1974; Ostlund, Dorsey, and Brescher, 1976). 

The coral samples 
Hermatypic (reef-building) coral accrete calcium carbonate in the 

form of aragonite whose main carbon source is DIOC from sea water. 
Weber (1974) showed that 8130 values for hermatypic coral skeletons are 
close to those for the DIOC of the surrounding ocean waters and that 
metabolic CO2 from the coral polyps is the only other minor source of 
carbon to the skeleton. This is of no consequence, however, because zoo- 
plankton, whose Q14C is virtually the same as that for DIOC in sea water, 
is the main constituent in the coral's diet (Williams and Linick, 1975; 

Linick, 1978). Aragonite does not exchange its CO2 with other carbonates, 
nor does it dissolve to any significant degree. Thus, once accreted, 
aragonitic bands remain a permanent record of past radiocarbon levels. 
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Fig 1. Partial map of Central America. The Florida collection site is indicated by an X in the upper right-hand corner of this map. Upper portion shows Belize and the coral collection site from Glover Reef. 
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Most reef-building corals growing in the world's oceans exhibit an- 
nual growth bands in their accreted aragonite. The bands are primary 
skeletal characteristics, that form as seasonal variations in the bulk density 
of the aragonitic material. Field observations, alizarin-staining techniques, 
autoradiography, and stable isotope measurements have been employed 
to establish the annual periodicity of these density bands (Knutson, 
Buddemeier, and Smith, 1972; Glynn, ms in preparation; MacIntyre and 
Smith, 1974; Buddemeier, Margos, and Knutson, 1974; Emiliani and 
others, 1978; Hudson and others, 1976; MacIntyre, ms in preparation). 

The coral core from Glover Reef (16° 50' N, 87° 50' W) is located in 
the Gulf of Honduras approximately 40km east of Belize (formerly British 
Honduras) (fig 1). Glover Reef is an oval-shaped reef, surrounded on 
its east and west sides by deep, fast moving ocean water. In some ways this 
location is even more ideal than the Florida site, because there is no bay 
water influx to the reef and the coral is sufficiently away from the coast 
to allow for total flushing of the reef with open ocean waters. Surface 
waters in the Gulf of Honduras are supplied by southeasterly Caribbean 
currents, which are part of the Gulf Stream system (Wust, 1964; Climato- 
logical and Oceanographic Atlas for Mariners, 1959). 

The Belize coral core was collected from 5m depth in July 1977 and 
represented 1.2m of vertical growth. The coral species, Montastrea an- 
nularis, displayed continuous annual bands from AD 1868 to 1977. Each 
section of the core was slabbed in the direction of corallite growth and 
X-rayed (Hudson and others, 1976). High density bands formed during 
the warm months of July through September, and less dense bands formed 
during the cooler months of October through June (Hudson, personal 
communication). Coral samples younger than 1955 were of single years, 
whereas older samples consisted of three consecutive years of coral growth. 

The Florida core was collected from The Rocks reef at 4m depth. The 
reef was constantly flushed with surface waters from the Florida Straits. 
Other details were described by Druffel and Linick (1978). 

Measurement procedures 
Each coral growth ring or group of rings was converted to acetylene 

gas via lithium carbide. Four gas proportional beta-counters were em- 
ployed to measure 14C activity. Each sample was counted for two consecu- 
tive days in each of two counters. Two quartz counters, with volumes of 

2.4 and 2.8 liters, were used to measure most samples. Two stainless steel 
counters, with volumes of one liter and 400cm3, were used for small 
samples. 

All results published here are reported as 014C in per mil (%) 
(Broecker and Olson, 1961). The standard used is 0.95 NBS oxalic acid 
whose 13C is corrected to -19.0% (PDB). All Q14C values are normalized 
to a 613C of -25.0% and for 14C decay from the time of ring formation 
to AD 1950. 

Pre-anthropogenic E"C values 

Nineteenth century, pre-anthropogenic 14C values for the Belize 
coral averaged about -49 ± 3% (fig 2). Those values for the Florida coral 

https://doi.org/10.1017/S0033822200009656 Published online by Cambridge University Press

https://doi.org/10.1017/S0033822200009656


366 Man-made 14C Variations 

averaged -51 ± The base-line for the two areas in the Gulf Stream 
are essentially the same. The reasons for the 5 percent depletion in surface 
ocean waters with respect to the atmosphere are assumed to be diffusion 
of older, deeper waters to the surface and the low rate of exchange of CO2 
between the atmosphere and surface ocean waters. 

Fossil fuel GO2 

The combustion of fossil fuels since the late 1800's is the cause of 
the 11 to 15 percent rise in the CO., content of the atmosphere (Keeling, 
1973). It is assumed that the oceans have taken up about half of the 
industrial CO2 produced. As this excess CO2 contains no measurable 14C, 

atmospheric 14C levels observed in tree rings exhibit a decline of about 
20 to 30% by 1955 in the northern hemisphere (Revelle and Suess, 1957; 
Munnich and Vogel, 1958; Brannon and others, 1957; Houtermans, Suess, 
and Munk, 1967; Stuiver, personal communication). An exponential curve 
fitted through the Belize 14C values from 1900 to 1955 is shown in figure 
2. This type of fit is used because the input of fossil fuel CO2 to the atmo- 
sphere has increased nearly exponentially since about 1900. The decrease 
is about 13% by 1955. Extrapolation of this curve reveals an additional 
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Fig 2. 14C for samples from the Montastrea annularis coral core from Glover Reef. 
Coral samples younger than 1955 were of single years, and older samples consisted of 
three consecutive years. Error bars represent two-sigma counting errors. The solid line 
from 1885 to 1900 represents the average Q14C of the coral (thus for surface ocean waters 
of the Gulf Stream) in the late 1800's and early 1900's, viz -49 ± 3%. The solid line 
through points from 1900 to 1956 represents an exponential curve fitted through the 
experimental LA 14C values for the time during which fossil fuel CO2 was present in the 
atmosphere. The dashed line is an extrapolation of this exponential curve indicating 
future uptake of fossil fuel CO2, which predicts an additional decline of 14C of 13%. 

https://doi.org/10.1017/S0033822200009656 Published online by Cambridge University Press

https://doi.org/10.1017/S0033822200009656


Radiocarbon in annual coral rings of Belize and Florida 367 

decrease of 13% predicted by the year AD 2000. In comparison, the Florida 
coral core revealed an 1l% decline in A19C, from -51% in 1900 to -62%0 
by 1955. 

Bomb-produced 14G 

Due to the production of 14C by thermonuclear bombs from 1957 to 
1963,14C concentrations in the northern hemisphere increased by a factor 
of two above normal. Figure 4 illustrates the decrease of atmospheric 14C 

levels after 1965, primarily due to isotopic exchange of CO2 with the 
oceans. The Belize coral data illustrates the uptake of this bomb 14C from 
the year 1957 to 1977 (fig 3). A maximum of 151 ± 4% was reached by 
1970. The Florida core reached a maximum of 153 ± 5% by about 1970 
(fig 3). Both sets of data agree remarkably well during this period. The 
reason for the time lag between the 014C maxima for the atmosphere and 
surface ocean is due to the slow rate of exchange for CO2 between the two 
reservoirs. Similar Q14C values for DIOC in the surface waters of the 
North Atlantic were obtained by Geosecs in 1972-73, which averaged 
about 150 to 180% (Ostlund, Dorsey, and Rooth, 1974; Ostlund, Dorsey, 
and Brescher, 1976). Similar values were obtained for the northern mid- 
Pacific (fig 4), averaging l60% by 1970 (Linick, 1975). 

DISCUSSION 

A comparison of the 0140 values obtained for Belize and Florida 
coral reveals nearly total agreement of all aspects of these data. The pre- 
anthropogenic level for the 19th century is -50 ± 2% for surface waters 
of the Gulf Stream. This value may change slightly once the remaining 
samples from the Belize core are measured. The important point, how- 
ever, is that the base-lines are nearly the same for both areas. 
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Fig 3. Post bomb 'C values for Montastrea annularis coral from The Rocks in 
the Florida Straits and Glover Reef, Belize. Both sets of data are remarkably similar, 
because the source water to both reefs is the Florida Current (Gulf Stream). These data 
also agree with 14C values from Geosecs for the North Atlantic, which average 150 
to 180/o during 1972-73 (Ostlund, Dorsey, and Rooth, 1974; Ostlund, 
Brescher, 1976). 

Dorsey, and 
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The uptake of industrially-produced CO2 by the surface waters of the 
Gulf Stream has resulted in a 12% decrease in Q14C. This value represents 
the average for those seen in both Belize and Florida coral. Likewise, an 
average of the plateaus observed for bomb-produced 14C reveal a 214% 
increase in 14C for the Gulf Stream surface waters. 

The origin of Gulf Stream waters, which supply the Gulf of Honduras 
and the Florida Straits, is mainly the southwestern Sargasso Sea and the 
North Equatorial Current (Iselin, 1936; Stommel, 1965). Less than one- 
third of the water originates from the South Atlantic. Recent studies 
have indicated that the exchange rate of CO2 between the air and 
temperate surface waters varies minimally with latitude. Therefore, since 
the Q14C records for Florida and Belize coral are virtually identical, we 
can conclude that vertical mixing for both of these areas in the Florida 
Current (Gulf Stream) are essentially the same. Furthermore, any dif- 
ferences in vertical mixing that may exist are certainly dwarfed by the 
rapid horizontal movement of the Florida Current. The agreement be- 
tween Geosecs data and the coral data for the post-bomb era further illus- 
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Fig 4. A14C trends for troposphere, surface oceans, and land biota during the 
period affected by bomb 14C. 1) 014C measurements of various authors for tropospheric 
carbon dioxide. Monthly averages for numerous stations in the northern hemisphere 
were used to obtain a smoothed curve (after Linick, 1975); 2) A14C measurements by 
Cain and Suess (1976) for annual tree rings of a Bear Mountain Oak from rural New 
York State; 3) Average L14C for annual Montastrea annularis coral rings from the Florida 
Straits and Glover Reef, Belize; 4) A L14C values of dissolved inorganic carbon (DIOC) in 
the surface waters of the North Pacific gyre (Linick, 1975). Radiocarbon measurements 
were averaged for a latitude range of 15°N to 27°N, and a longitude range of 140 ° E 
to 120°W. 
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trates that we are, in fact, measuring 14C levels that existed for past Gulf 
Stream surface waters. 

These data in no way illustrate, however, the average 0140 records of 
fossil fuel CO2 and bomb 14C in the world's surface oceans. Preliminary 
L14C results from coral of the eastern equatorial Pacific illustrate lower 
values for pre-bomb years (by about 15%) and bomb 14C concentrations 
of about half that observed for the Florida Current by 1970 (Druffel, ms 
in preparation). This is due to upwelling along the equator, which is 
especially enhanced along eastern boundaries. 

In conclusion, hermatypic coral skeletons living in suitable areas 
provide permanent annual records of past radiocarbon concentrations of 
DIOC in surface ocean waters. This is a useful method for recovering 
data we thought were lost due to the penetration of bomb 14C into the 
oceans. If coral from enough areas are studied in this manner, we can 
obtain a better estimate of the amount of fossil fuel CO2 taken up by the 
oceans. Also, estimates of equatorial upwelling rates can be improved 
using these data. 
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DISCUSSION 

Roether: I wonder whether it would be possible to obtain similar 
14C records for higher latitudes. Such would be of particular interest in 
the northern North Atlantic, where much of the deep water of the world 
ocean has its source but for which very little pre-bomb 14C data exists. 
Dru,Jel: Unfortunately, hermatypic coral growth is extremely strained 
when subjected to temperatures below 19°-20°C. Thus, coral growth is 
limited to latitudes between about 35°N and 32°S. In contrast, aher- 
matypic corals are not limited by temperature or ambient light, but 
they incorporate far less inorganic carbon from the sea water to their 
skeletons. These would be useful for the purposes you mentioned if 
the carbon source to the skeleton is similar in Q14C to that of DIOC 
(dissolved inorganic carbon) from the sea water. Also, the banding in 
these corals shows far less accretion of aragonite. The nature of the 
banding in ahermatypic corals is not clearly established. 
Gove: How far back in time do coral samples go? 
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Drufel: I presume you are interested in recent coral growth whose 
annual bands are of known age. The coral core from the Florida Straits 
mentioned today extends back to about AD 1650. This is the oldest core 
I know of. I expect that there are continuous growth records older than 
this for areas with relatively stable weather conditions and equally as 
favorable conditions for coral growth as those in Florida (ie, water tem- 
perature between 22° and 28°C, low turbidity, standard ocean salinities, 
plentiful sunlight, etc). It takes only one bad storm kicking up sediment 
or one cold spell with enough duration to kill a coral head. A good over- 
view of coral growth was written by R W Buddemeier, 1974, cited in my 
references. 
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