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Coral Chronometers: Seasonal Growth Bands in Reef Corals

Abstract. Autoradiographs and x-radiographs have been made of vertical sec-
tions through the centers of reef corals from Eniwetok. Radioactivity bands in
the coral structure are caused by strontium-90 and are related to specific series
of nuclear tests, thus making possible calculation of long-term growth rates. These
data indicate that the cyclic variations in radial density revealed by x-radiography

are annual.

Growth rates and growth patterns of
corals are of interest for several rea-
sons. Wells (/) and Runcorn (2) have
interpreted growth bands in fossil
corals as indicators of past variations
in the length of day, year, and lunar
month. Chave et al. (3) have sum-
marized the results of various investi-
gations of the growth rates of contem-
porary reef corals. Other workers have
commented on apparently annual bands
in coral growth patterns (4), but their
nature, origin, and periodicity have not
been conclusively characterized or cal-
ibrated.

Table 1. Growth rates and dimensions of reef corals.

Bonham (5) has reported on the use
of autoradiography in combination with
optical thin-section photography to
measure the growth rate of a giant
clam, Tridacna gigas, which was sam-
pled at Bikini Atoll and which contained
fallout radioactivity from nuclear tests.
He observed variations in shell translu-
cence which he identified as annual and
tentatively ascribed to seasonal varia-
tions in the water temperature.

We have used autoradiography to
study the growth rates and x-radiogra-
phy to identify structural density vari-
ations in a variety of reef corals listed

in Table 1. Samples 1 to S from Eniwe-
tok Atoll (also the site of nuclear tests,
1948 to 1958) were subjected to both
types of radiography. Samples 6 and 7
(from Fanning Island and Fort Lauder-
dale, Florida, respectively) were X-ra-
diographed only; these samples were
included in the study in order to ensure
that the observed growth bands were
not peculiar to the Eniwetok environ-
ment.

We cut a vertical slice less than 2 cm
thick through the center of each coral
specimen. For autoradiography, no-
screen x-ray film was placed in direct
contact with the samples; lead back-
scatter plates or fluorescing intensifier
screens, or both, were placed behind
the films to increase exposure speeds.
After 40 days, the autoradiograph of
sample 1 showed four radioactivity
bands, that of sample 2 showed two
bands, and that of sample 3 showed
one definite band and a possible second
band. Radioactivity bands for samples
2 and 3 were near the base (origin) of
the coral, an indication that the earlier
test series occurred prior to the incep-
tion of growth. Samples 4 and 5 showed
no discernible concentrations of radio-
activity, thus indicating total ages
younger than the elapsed time since
the most recent nuclear test series.

Nuclear weapons test series at Eniwe-
tok were conducted during April-May
1948, April-May 1951, October—No-
vember 1952, May 1954, May-July
1956, and May—July 1958 (6). In each
radioactivity-containing specimen the

Average linear

Average upward

Average upward growth rate

istanc owth rate
Sample Species Date Location* grsltgm te(; bied on 1958 bssed. on
No. collected surfacet radioactivity band banednzg{mt
(cm) (cm/year) (cm/year)
1 Favia Feb. 1971 Eniwetok 18 = 0.5 0.46 = 0.02% 0.46 = 0.02
speciosa (Chinimi)
2 Goniastrea June 1971 Eniwetok 16 =1 1.25 £ 0.05 1.25 + 0.05
parvistella (Bogen)
3 Goniastrea June 1971 Eniwetok 10 = 0.5 0.78 = 0.03
retiforms (Chinimi)
4 Porites June 1971 Eniwetok 15+1 >1.2 1.35 = 0.05
lutea (Chinimi) :
5 Psammocora June 1971 Eniwetok 26 = 0.5 >2.0 29 +0.1
togianensis (Chinimi)
6 Platygyra Aug. 1971 Fanning Island 22=+1 22+0.1
rustica (Suez Pond)
7 Montastrea Jan. 1970 Florida 14+2 1.7+03
annularis (Fort Lauderdale)

* All samples were taken from water depths ranging from 2 to 5 m; > ;
+ Samples 1 through 4, 6, and 7 are approximately hemispherical;
alues determined. Sample 5 is a branching coral; the measurement

which was taken from a pinnacle reef top.

along several different radial transects; error limits represent the range of the gxtreme va T
is along the longitudinal axis of the stalks x-rayed, with error limits representing the difference between adjacent stalks.

and 1958 radioactivity bands equals 0.47 == 0.02 cm/year.
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Eniwetok samples were all from the reef flat toward the lagoon, except for sample 2,

measurements are the average of those

f Growth rate between 1952
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outermost band was by far the most
intense (see Fig. 1); we correlate this
band with the 1958 Hardtack test series,
which not only was the last at Eniwetok
but also had the highest announced total
yield and the greatest number of surface
and subsurface lagoon shots. The other
radioactivity bands of sample 1 have
been identified with the 1956, 1954, and
1952 tests. The 1951 and 1948 series
were relatively low-yield tests and they
apparently did not deposit detectable
amounts of radioactivity in sample 1.

‘Chemical separation of strontium (7)
from samples 1 and 2 followed by
liquid scintillation counting of the re-
covered salt indicated that much if not
all of the observed radioactivity is due
to 90Sr and its daughter %Y. This find-
ing is in agreement with Bonham’s ob-
servations (5).

All samples x-rayed (8) showed dis-
tinct and fairly regular alternating dark
and light bands, reflecting a cyclic vari-
ation in the bulk density of the de-
posited skeletal material. The measure-
ment does not make it possible to deter-
mine whether the density variations are
the result of variations in the thickness
of the corallite skeletal walls, variations
in the spacing of the structural com-
ponents of the skeleton, or some com-
bination of the two. Pairs of consecu-
tive dark and light bands were counted
and measured, and the results are sum-
marized in Table 1. In the case of sam-
ple 3 the 1958 radioactivity band was
readily observable, but the specimen
had been so badly perforated by boring
organisms that accurate counts or mea-
surements of density band pairs were
not possible.

Figure 1 shows the x-radiographs and
autoradiographs of samples 1 and 2,
which contained both radioactivity
bands and easily discernible density
bands. We superposed the two radio-
graphs for each sample and used the
1958 radioactivity band as a base line
for counting density bands. For both
samples there are 13 density band pairs
between the 1958 radioactivity band
and the surface, in agreement with the
elapsed time (13 years) between the
1958 tests and the 1971 sampling of
the corals.

These results, summarized in Fig. 1
and Table 1, indicate that the density
banding is annual. Sample 1 provides
further evidence of annual density
banding, in that the radioactivity bands
corresponding to the 1956, 1954, and
1952 tests are each separated by two
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density band pairs. This specimen thus
contains a confirmed record of annual
density bands for 19 years of growth,
with radioactivity inclusions providing
four separate chronology checks. The
density band records from the presum-
ably younger corals (samples 4 and 5)
containing no radioactivity are in sup-
port of this conclusion; fewer than
13 band pairs are observed in these
samples.

Growth rate data are presented in
Table 1. The agreement between ages
based on radioactivity inclusions and
those determined by density band count-
ing encouraged us to measure growth
rates on the basis of density bands in
those corals which do not contain radio-
activity. The growth rates thus deter-
mined are in good agreement with de-

‘ " hepfes “l,,’

¥

v N ‘hﬂ,”"ﬁf,
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terminations based on other techniques
(3). Significantly, the growth rates are
approximately constant in terms of
linear yearly increments, but not in
terms of the amount of mass deposited
each year. Moreover, inclusion of the
observed radioactivity had no apparent
significant effect on growth rates and
patterns; for example, the average an-
nual growth rate of sample 1 for the
period from 1952 to 1959 is virtually
the same as its average growth rate be-
tween 1959 and 1971.

Seasonal growth patterns shown in
the x-radiographs presumably reflect
regular variations in growth rate in re-
sponse to some cyclically fluctuating
environmental parameter. The fact that
seven different species from three differ-
ent locations show similar characteris-

Fig. 1. (A) X-radiograph of a cross-sectional slice of sample 1; annual bands are
indicated by index lines and dates; arrows show the location of (B) the dated radio-
activity bands. (B) Autoradiograph of sample 1, with dates of test series associated
with observed bands. (C) X-radiograph of sample 2; circles indicate the locations
of intraseasonal secondary bands less intense or less continuous, or both, than the
annual bands. (D) Autoradiograph of sample 2. The pictures are positives printed
from x-ray negatives, so that dark areas correspond to the denser portions of the
coral. In order to index bands near the center of the coral, half of each radiograph

is shown.
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tics suggests that the controlling sea-
sonal fluctuations are not merely local
phenomena. In addition, the controlling
parameters should display intraseasonal
variations capable of accounting for the
occasional secondary bands observable
in sample 2 (see Fig. 1).

Water temperature (9) and available
sunlight (10, 11) have been the factors
most frequently suggested as controlling
coral growth rates. A recent study in
Hawaii (/1) has indicated that available
light is a dominant factor in determin-
ing growth rates of reef corals there.
Our results are consistent with this find-
ing; seasonal variations in cloud cover
in combination with variations in the
length of day occur even in locations
where water temperature is almost in-
variant, and can account for the an-
nual banding mechanism. Year-to-year
variations in the degree and dates of
occurrence of cloudiness can account
for both the secondary bands observed
in sample 2 and the modest differences
between annual bands.

The fact that there are internal, sea-
sonal growth bands permits the retrieval
of information on both the differential
and integral long-term growth rates of
corals without the necessity for real-
time in situ experiments. The response
of coral growth rates to imposed
stresses such as storms, pollution, and
radioactivity inclusions may also be pre-
served in the density pattern record.

Other possible applications of the
coral internal calendar are the follow-
ing: (i) retrieval of global distribution
patterns of 9Sr and #C in surface
ocean waters during the early stages of
the nuclear era; (ii) measurement of
annual variations in cloudiness from
the band dimensions and, concurrently,
of water temperature variations deter-
mined by isotope thermometry (I2);
(iii) eventual construction of a “coral
ring chronology” analogous to the long-
term tree-ring chronologies successfully
developed by dendrochronologists; and
(iv) paleoclimatic studies and investiga-
tions of the natural historic variations
in oceanic 4C activity, provided that
sufficiently old or preserved coral heads
can be found and dated.
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Oligothymidylates: Formation by Thermal Condensation of
02,5’-Cyclothymidine 3’-Phosphate

Abstract. Thermal activation of O%2,5'-cyclothymidine 3'-phosphate in solution
and in the solid state led to the formation of thymidine oligonucleotides contain-

ing up to approximately 12 nucleotide units.

Only the 3'.5' internucleotide

diester bonds were formed. This polymerization occurs without the addition of

any activating agent or catalyst.

The chemical synthesis of oligonucle-
otides (/) has been undertaken by the
stepwise condensation or polymeriza-
tion of mononucleotides. Both of these
processes involve the activation of the
phosphate moiety of the suitably pro-
tected nucleotides. Even in the absence
of activating agents, 2’-deoxynucleotides
could be polymerized at elevated tem-
peratures in anhydrous solution with a
variety of mild acidic catalysts. Oli-
gonucleotides containing up to eight or
nine nucleotide residues have been ob-
tained (2). Another route for the syn-
thesis of the internucleotide linkage in-
volves an intermediate formation of
phosphotriesters (3). Besides these
methods of phosphate activation, a dif-
ferent principle is based on the use of
cyclonucleosides (4). Various pyrimi-
dine and purine cyclonucleosides have
been used for this purpose, but the
products obtained were no larger than
the dinucleoside monophosphate or the
trinucleoside diphosphate.

We report our results on the self-
condensation of 02, 0
5’ - cyclothymidine !
3’-phosphate (1), *a
which led to the l

N
ture of oligonucle- ﬂ‘g// 1
otides. This mole-
cule (1) contains
phile and the leav- °=
ing group, and con-

formation of a mix-
both the nucleo- ';

o

¢ 1

sequently is able to polymerize. The
polymerization is not dependent on the
addition of an activating agent or a
catalyst, and it can be performed in so-
lution as well as in the solid state.
02,5'-cyclothymidine  3’-phosphate
was obtained after a series of reactions
starting from 5’-O-tosylthymidine (5),
which was phosphorylated with 2-
cyanoethyl phosphate by the method
of Tener (6). The cyanoethyl group
was removed by alkali, and the 5’-O-
tosylthymidine 3’-phosphate was puri-
fied by column chromatography on
Dowex-1 formate with 0.05M am-
monium formate in 50 percent alcohol
(pH 4). This was converted into 5’-O-
tosylthymidine  3’-phosphoromorpholi-
date by activating the phosphate moiety
with diphenyl phosphorochloridate (7)
in a mixture of dioxane and hexamethyl-
phosphorotriamide, followed by the ad-
dition of morpholine. The product was
purified on a silica gel column with n-
butanol : water (86: 14) as the eluant.
Treatment of this with four equivalents
of N,N’-dicyclohexyl-4-morpholinocar-
boxamidine (8) in a mixture of di-
methylformamide and dioxane at 90°C
for 18 hours led to the formation of
02,5'-cyclothymidine 3’-phosphoromor-
pholidate in 55 to 60 percent yield. The
phosphoromorpholidate was hydrolyzed
in 0.SN HCI at 0°C for 5 minutes, and
the pH of the solution was quickly
adjusted to 4. The solution was placed
on Dowex-1 chloride resin (10 ml of
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