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Records of cosmogenic radionuclides 10Be, 26Al and 36Cl in corals: First studies on coral
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Abstract—We present results of measurements of cosmogenic 10Be, 26Al and 36Cl, and the indigenous
(intrinsic) concentrations of the stable elements Be, Al and Cl in 120–200 kyr old corals from Barbados and
Puerto Rico. The concentration levels of these radionuclides in the corals lie in the range 104 to 108 atoms/g.
A comparison of the measured nuclide concentrations with those expected to be produced in the corals by
nuclear interactions of energetic cosmic radiation shows that (i) the radionuclides 26Al and 36Cl are derived
from in situ cosmic ray interactions in the corals after their formation, but that (ii) the radionuclide 10Be owes
its provenance in the coralline lattice primarily due to incorporation of dissolved beryllium in seawater in the
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lattice structure of the corals. Copyright © 2005 Elsevier Ltd
We discuss production rates and potential uses of cosmogenic
radionuclides in corals and the implications of the measure-
ments reported here on the concentration of the cosmogenic
radionuclides 10Be, 26Al and 36Cl. We show that the latter two
radionuclides serve as gauges of coral terrace erosion rates,
whereas the cosmogenic 10Be is suitable for determining the
ages of old corals, of ages exceeding a few million years, up to
�10 myr. The erosion rates of the corals range from 0.7 to 5 �
10�3 cm/yr, corresponding to an appreciable surface loss after
aerial exposure: 1–3 m since the last interglacial and �8 m
since the penultimate interglacial.

1. INTRODUCTION

Corals serve as unique archives of past chemical history of
the oceans, past seawater temperatures, and sea levels. They
serve as high resolution recorders of paleoenvironments. Trace
element (e.g., Sr, Ba, Cd, Mn) concentrations and isotopic
ratios, � 18O, � 13C, in surface waters (Fairbanks and Dodge,
1979; Shen et al., 1992; Schrag, 1999) have been used to infer
valuable “related” and “independent” information on climatic
changes in the past millennium (Beck et al., 1992; Shen et al.,
1992). An interesting application of coral studies has been to
study the effect of the ENSO system of the tropical ocean,
which governs global climatic changes (Cole et al., 1993;
Druffel, 1997; Cobb et al., 2003). Corals also provide informa-
tion on sea level changes (Gallup et al., 1994; Cutler et al.,
2003) and yield valuable information on the effect of changes
in sea level on marine trace element chemistry (Stoll and
Schrag, 1998).
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For each of the applications listed above, coral stratigraphy
is relevant and dating is critical. Coral stratigraphy results in
part from the zonation of species with water depth in coral
reefs. In the Caribbean, this zonation is well documented (Go-
reau, 1959) and has been used to infer original water depth of
ancient coral reefs drowned due to sea level rise (Fairbanks,
1989) or uplifted by tectonic uplift (Matthews, 1973). The
stratigraphy of uplifted coral terraces also results from the
effects of sea level change, tectonic uplift, and erosion. Sea
level studies aim to unravel these effects to isolate the sea level
record and thus require a well documented and understood
stratigraphy.

Uranium-series methods are the primary resource for dating
corals. The methods rely on the disequilibrium between parent
and daughter isotopes (238U: 234U and 230Th; 235U: 231Pa),
where 230Th/238U and 231Pa/235U activities start at zero in the
coral skeleton and increase to secular equilibrium values with
time and 234U/238U activity starts above secular equilibrium
and decays back to secular equilibrium with time. The in-
growth of 230Th and 231Pa provide chronometers, while the
decay of 234U provides a check for closed-system behavior.
234U does not provide a third chronometer because, whereas the
modern seawater 234U/238U activity is known (Chen et al.,
1986), the past value is constrained but not known (Edwards et
al., 2003). The shortcomings of U-series methods are the po-
tential for open-system behavior during the diagenesis of the
aragonitic coral skeleton and the limited time range of appli-
cation. In principal, corals can be dated to �600,000 yr
(Stirling et al., 2001) but, in practice, diagenesis often limits
application to the last �200,000 yr. Identifying corals that have
remained a closed system, and thus have reliable ages, involves
1) screening samples for alteration to calcite, 2) cross checking

the 230Th (and 231Pa where available) ages with the amount of
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234U decay, and 3) checking for stratigraphic consistency
within an outcrop (e.g., Gallup et al., 2002).

In this paper we present results of our studies of the cosmo-
genic radionuclides 10Be, 26Al and 36Cl, and the concentrations
of the stable elements Be, Al and Cl in U-series dated corals
from Barbados and Puerto Rico. Our results augment the
records contained in fossil corals. The primary goal of this
study is to determine the usefulness of cosmogenic radionu-
clides to ascertain erosion rates and ages of coral reef terraces.
Accurate assessment of erosion rates is expected to result in
improved stratigraphy in sites where fossil corals have been
collected for sea level studies. To date, there exist no radio-
metric methods of dating corals older than �600,000 yr. A
by-product of our studies is the realization that the coral 10Be/
9Be ratio has the potential to serve as a chronometer for
determining the ages of “old” (3–10 myr) corals.

2. PRODUCTION RATES OF USEFUL COSMOGENIC
RADIONUCLIDES IN CORALS

Long-lived radionuclides expected to be produced in corals
in easily measurable amounts are listed in Table 1, along with
their estimated production rates. Table 1 lists the production
rates at sea level, and geomagnetic latitudes, �60°. For 10Be
and 26Al, the scaling factors for other altitudes and latitudes can
be obtained by using the scaling factors given by Lal (1991).
For 36Cl altitude scaling, especially for altitudes below sea

Table 1. Expected in situ production rates of long-lived cosmogenic
radionuclides in corals at sea level (geomagnetic latitudes �60°),
arranged in order of decreasing half-lives.a

Radionuclide Half-life
Principal target
element in coral

Nuclide production rate
(references)b (atoms/g

coral/y)

10Be 1.5 my Oxygen, carbon 8.1 (1,2)
26Al 0.7 my Calcium �0.55 (2)
36Cl 0.3 my Calcium 21.6 (3,4)
14C 5730 y Oxygen 16 (2,5)
39Ar 269 y Calcium �30 (2)
32Si �150 y Calcium �1.0 (2)

a The list excludes 41Ca and 38Ar, which may find useful applications
as cosmogenic tracers.

b 1: Nishiizumi et al. (1989); 2: present work; 3: Stone et al. (1996);
4: Stone et al. (1998); 5: Lal and Jull (1994).

Table 2. Phy

Sample Location

PR-3B Puerto Rico substage 5e (18° 04.7=
N; 67° 53.5= W)

NU-1493 West Barbados, Gays Cove (stage
5e) NU (13° 18.2= N; 59° 35.3=
W)

NU-1494 West Barbados, Cave Hill substage
7.1, Wilcox (13° 8.4= N; 59°
37.9= W)

WANC-93-1 (Wanstead-C) S.E.Coast Barbados (13° 40.7=, 59°
37.7= W)
a 1: Winter et al. (2003); 2: Watanabe et al. (2002); 3: Speed and Cheng (2
level, one has to take into account the changes in the flux of
slow muons (Stone et al., 1996, 1998; Heisinger et al., 2002);
36Cl production rates can be estimated using these studies. The
production rates of 10Be, 26Al and 36Cl in corals at the respec-
tive latitude and altitude (Table 2) can be obtained by multi-
plying the nuclide production rates in Table 1 for latitudes
�60° by factors of 0.833, 0.795, 0.804 and 0.807 for PR-3B,
NU1493, NU1494 and WANC-93-1, respectively.

As seen in Table 1, corals that contain the relatively high
mass-number element Ca offer the possibility of studying a
number of commonly studied cosmogenic radionuclides of
mass number �40 (39Ar, 36Cl, 32Si, 14C, 26Al, and 10Be), with
half-lives ranging between 1.5 � 102 to 1.5 � 106 yr. Not
discussed in Table 2 are the radionuclide 41Ca (expected to be
produced by thermal neutron capture in Ca), and the stable
nuclides, 3He, 21Ne and 38Ar (expected to be produced in high
energy neutron interactions with Ca), which may prove useful
as tracers. By way of comparison, in quartz (SiO2), a mineral
commonly studied in geomorphology, three radionuclides, 14C,
26Al, and 10Be, and two stable nuclides, 3He and 21Ne, are
produced. Although numerous radionuclides are produced in
corals, they are exposed at low altitudes, where cosmogenic
production rates are low.

39Ar and 32Si offer the possibility of measuring coral erosion
rates over short periods of time (� 500 yr), in situations where
recent appreciable coral denudation may be expected. The in
situ produced 14C offers the possibility of measuring erosion
rates over the past 10,000 yr. It may seem that measurement of
14C will be foiled by the incorporation of dissolved 14C from
seawater and the ubiquitous presence of organic matter in
corals. However, in situ 14C forms mostly 14CO (Lal et al.,
2000; Lal and Jull, 2001), making it possible to distinguish the
in situ 14C from seawater 14C and organic matter 14C, which
would be extracted in the form of 14CO2 (Handwerger et al.,
1999).

3. SAMPLES AND METHODS

We present measurements of 3 radionuclides, 10Be, 26Al and 36Cl, in
corals from Puerto Rico and Barbados. Puerto Rico has a stable
coastline (in the Quaternary); one coral was collected from the exposed
last interglacial reef, which grew �125,000 yr ago when sea level was
�6 m higher than today. Barbados is an uplifting coastline; one coral
was collected from the last interglacial terrace at �70 m elevation and
two corals were collected from the penultimate interglacial terrace, one

ta on corals.

ecies
Elevation
a.s.l. (m)

Coral age
(kyr)

Sampling
depth (cm) Referencea
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004); 4: Gallup et al. (1994).
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of which is from the reef crest at 92 m and the other from the fore-reef
at 79 m. The physical data on the corals, including their locations, ages
and sampling depths, are given in Table 2. Each of the corals was
collected from the exposed horizontal surface of a coral terrace and
oriented to show which direction was up. Each of the samples is also
quite large, extending 6–70 cm below the exposed surface: sample
PR-3B from Puerto Rico is a drill core taken from a large head coral
and the Barbados samples were taken with a hammer and chisel from
the tops of road cuts into coral terraces. The ages of PR-3B (Winter et
al., 2003) and NU-1493 are from U-Th ages of the samples themselves;
the comparison of the 230Th ages with the 234U/238U activities shows
only minimal evidence for open system behavior, suggesting that the
ages are accurate to within a few thousand years (e.g., Gallup et al.,
1994; Thompson and Goldstein, 2005). Samples NU-1494 and WAN-
C-93-1 have not been dated directly by U-Th methods; the ages are
inferred from reliable dates from corals within the same terrace com-
plex (Gallup et al., 1994).

Although the ages of formation of corals are known (Table 2), the
duration of their free exposure (unshielded by seawater) to cosmic
radiation are not known precisely. We can however estimate plausible
durations of free exposure for the corals studied based on sea level
chronology. The last interglacial corals were submerged until sea level
fell at the end of MIS 5e. The best estimate for the end of the last
interglacial high sea level stand of � � 6 m comes from Australia
(Stirling et al., 1998), where there is evidence that coral growth
continued, though not robustly, until 116 � 1 ka. The best evidence for
sea level drop after this comes from Barbados, where a coral grew 20 m
below modern sea level at 113.1 � 0.7 kyr (Cutler et al., 2003).
Therefore, PR-3B and NU-1493 have been exposed to cosmic radiation
since they emerged between 112 and 117 ka ago (114.5 � 2.5 kyr). The
emergence of the penultimate interglacial corals is constrained by the
youngest penultimate interglacial coral, which is recorded by a Barba-
dos coral as 191.7 � 1.6 kyr (Edwards et al., 1997), and the drop from
the high stand of �6 to 9 m to below �18 m by 189.7 � 1.5 kyr, as
recorded by a Bahamian speleothem (Bard et al., 2002). Therefore,
NU-1494 and WANC-93-1 have been exposed to cosmic radiation
since between 193.3 and 188.2 kyr (190.8 � 2.5 kyr).

X-ray diffraction studies by Winter et al. (2003) show that PR-3B
aragonite has undergone little or no diagenesis. Our studies of NU-1493
also show essentially no diagenesis. However, NU-1494 and WANC-
93-1 show considerable diagenesis effects, �20% and �80% (� 5%)
calcite in the two cases, respectively.

Subsamples for radionuclide measurements of 20–100 g were taken
with a stainless steel chisel. They were taken from the portions of the
coral exhibiting the cleanest looking coral skeleton, away from the
generally dirty exposed surface portion. The depth(s) of each sub-
sample below the exposed surface are given in Table 2. The coral
samples were first ground to 100 micron size using a titanium mortar.
The samples were washed to remove adhering fine dust. Samples were
cleansed of detrital materials using the procedures discussed earlier
(Dong et al., 2001). �15%–20% of the sample was then slowly
dissolved using 5%–10% nitric acid in large volumes of water to
remove any adsorbed Be and Al. The dried coral powder was then
processed for AMS measurement of 10Be, 26Al and 36Cl using standard

10 26

Table 3. Measured 9Be and 10Be concentrations

Samplea Sample weight (g) Intrinsic 9Be c

PR-3B 50.16 1.05 � 1
NU-1493a 26.80 5.73 � 1
NU-1493b 54.53 8.52 � 1
NU-1493c 13.36 8.52 � 1
NU-1494a 36.06 1.66 � 1
NU-1494b 28.06 8.52 � 1
WANC-93-1a 73.57 9.71 � 1
WANC-93-1b 14.00 1.60 � 1
WANC-93-1c 29.00 2.71 � 1

a a, b, c represent subsamples taken from the same bulk sample.
radiochemical procedures ( Be: Gu et al., 1996; Al: Kohl and
Nishiizumi, 1992; 36Cl: Stone et al., 1996). The concentrations of 10Be
were measured at the NSF AMS Facility at the University of Arizona
at Tucson; those of 26Al and 36Cl were measured at the Center for
Accelerator Mass Spectrometry, Lawrence Livermore National Labo-
ratory at Livermore.

We expect that the cleansing procedure should effectively remove
any adhering detrital particles in the coralline matrix, and also desorb
garden variety 10Be, 26Al and 36Cl. One would expect that the surfaces
where the garden variety 10Be and 26Al are adsorbed would also be
easily accessible to acid dissolution. This follows from consideration of
the facts that Be and Al are very particle active, and they would be
adsorbed on outer surfaces of grains during percolation of meteoric
waters. If this is a reasonable expectation, we should be able to
effectively cleanse the corals of garden variety 10Be and 26Al. We do
not expect any problem with meteoric 36Cl, as it should easily get
removed during washing of the coralline matrix.

The concentrations of 10Be, 26Al and 36Cl were measured after
adding nominally 3 mg, 2 mg and 3 mg carriers of Be, Al and Cl,
respectively. In all cases we measured the intrinsic Be, Al and Cl
concentrations (by “intrinsic” we mean the amounts present in the
coralline lattice) in aliquots of the dissolved sample using ICP-OES.
Statistical errors in measurements of intrinsic concentrations are
smaller than � 10% in most cases. In the case of radionuclide concen-
trations, statistical errors include those arising from the background in
the AMS and from chemical blanks. (Errors cited in elemental and
radionuclide concentrations are 1� values). These measurements per-
mitted determination of intrinsic 10Be/ 9Be, 26Al/ 27Al and 36Cl/ Cl
ratios in the corals.

4. RESULTS OF MEASUREMENTS OF COSMOGENIC
RADIONUCLIDES, 10BE, 26AL, AND 36C IN CORALS

4.1. 10Be

Measured 9Be and 10Be concentrations are presented in
Table 3. Statistical errors in 10Be measurements are �4% in
most cases; in two of the cases the errors are 7%–9%. The 10Be
concentrations (Table 3) lie in the range of 2.3 � 106–1.0 �
108 atoms/g coral, varying by �2 orders of magnitude. The
intrinsic 9Be concentrations lie in the range of 1.6 � 10�9–1.6
� 10�7 g Be/ g coral, and vary by �2 orders of magnitude,
similar to and in step with the variation in 10Be concentrations.
Intrinsic 10Be/ 9Be ratios in the samples analyzed fall in a
narrower range, between �6 � 10�9 and 3 � 10�8 atoms
10Be/ atoms 9Be.

Results of multiple determinations of 9Be and 10Be in three
coral samples are seen to lie outside statistical errors in some
cases, especially in the case of the two NU-1494 subsamples,
which differ by an order of magnitude, and in one of the three
WANC-93-1 subsamples (WANC-93-1-a), which also is devi-
ant by an order of magnitude. The range of 10Be/9Be ratios is

l samples. Statistical errors cited are 1� values.

g) 10Be conc. (atoms/g) Intrinsic 10Be/9Be ratio

4.55 � 0.06 � 107 6.47 � 0.08 � 10�9

1.06 � 0.03 � 107 2.76 � 0.07 � 10�8

1.13 � 0.03 � 107 1.98 � 0.06 � 10�8

1.41 � 0.07 � 107 2.48 � 0.13 � 10�8

1.03 � 0.01 � 108 9.30 � 0.11 � 10�9

1.21 � 0.11 � 107 2.13 � 0.20 � 10�8

3.82 � 0.05 � 107 5.88 � 0.08 � 10�9

2.58 � 0.19 � 106 2.42 � 0.17 � 10�8

2.31 � 0.09 � 106 1.27 � 0.05 � 10�8
in cora

onc. (g/

0�7

0�9

0�9

0�9

0�7

0�9

0�8

0�9

0�9
smaller than the spread in 9Be and 10Be concentrations. This is
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not surprising since Be in the coral lattice is primarily derived
by incorporating dissolved 9Be and 10Be species present in the
seawater; changes is the 10Be/9Be ratio between samples could
reflect numerous factors.

Measurements of 10Be and 9Be concentrations were reported
previously for two coral samples and several samples of a
460 m coral reef by Bourlès et al. (1984). The 9Be concentra-
tions in the reef ranged between 10�9–10�8 g Be/ g coral. The
10Be/ 9Be ratios in the reef samples of expected ages of �3 ma
ranged between �10�7 and 10�6. Two measurements of in-
trinsic 9Be in corals gave values of 1–2 � 10�9 g Be/ g coral
(Dong et al., 2001). We discuss the implications of the coral
9Be and 10Be data in Section 6.

4.2. 26Al

The results of measurements of 26Al in three coral samples
are presented in Table 4. Unlike the 10Be/9Be ratios, the 26Al/
27Al ratios in the samples were close to the limit of detection
�5 � 10�15, resulting in large statistical uncertainties of �40
and 60% in two of the samples. For the third sample (NU-
1494), the measured 26Al concentration has a large statistical
uncertainty, partly because of the smaller sample size. The
intrinsic 27Al concentrations in the three samples range be-
tween �3 � 10�8 and 4 � 10�6 g 27Al/ g coral. The intrinsic
26Al/27Al ratios in the samples range between �8 � 10�13 and
3 � 10�11 atoms 26Al/ atoms 27Al.

Measurements of 26Al and 27Al concentrations were reported
earlier for 2 coral samples from a core in a lagoon by Bourlès
et al. (1984), and of 27Al for 2 coral samples by Dong et al.
(2001). Bourlès et al. (1984) reported values of 2.6 � 103 and
1.4 � 104 atoms 26Al /g for the two samples; the corresponding
values of 27Al were 1.5 � 10�6 and 1.7 � 10�6 g 27Al/g coral.
Dong et al.(2001) reported values of 0.23 � 10�6 and 0.82 �
10�6 g 27Al/g for two coral samples. We discuss the implica-
tions of the coral 26Al and 27Al data in Section 6.

4.3. 36Cl

The 36Cl concentrations in the four coral samples are pre-
sented in Table 5. Statistical errors in 36Cl measurements range
between 5 and 16%, except in the case of WANC-93-1d where
the statistical uncertainty is 44%. The intrinsic 36Cl/Cl ratios lie
between �4 � 10�15 and 1.5 � 10�13. The AMS detection
limit for the 36Cl/Cl ratio is �5 � 10�16. The intrinsic 36Cl/Cl
ratios should be considered only as lower limits (Table 5) since
it is difficult to remove all of the seawater occluded Cl in the
coralline matrix.

5. INTERPRETATION OF DATA ON COSMOGENIC 10BE,
26AL, AND 36CL IN CORALS

Cosmogenic 10Be, 26Al and 36Cl owe their origin in corals

Table 4. Measured Al and 2

Sample Sample wt. (g) Intrinsic Al conc.

PR-3B 50.16 3.14 � 10�8

NU-1494 36.06 4.13 � 10�6

WANC-93-1a 73.57 3.53 � 10�7
to: (i) in situ production by nuclear interactions inside the
coralline matrix, and (ii) incorporation of dissolved 10Be, 26Al
and 36Cl in seawater in the lattice structure of the corals. We
first consider the expected concentrations of these radionu-
clides produced in situ in the CaCO3 matrix of the corals,
exposed for a period of T (yr) above sea level. A part of the
cosmogenic production would be expected to occur when the
coral is growing just below sea level. In corals exposed for
�100 kyr above sea level, as is the case for the samples
analyzed, below-sea-level production can be neglected. The
production rate estimates in Table 1 include muon contribu-
tions at sea level, and apply for all the coral samples analyzed
since they were exposed close to sea level.

A fraction of the cosmogenic radionuclide production in
corals is expected to occur from capture of muons in Ca, C and
O. In the case of 36Cl, neutron capture in 35Cl is significant for
intrinsic Cl concentrations exceeding 100 ppm. For an intrinsic
Cl concentration of 100 ppm Cl, we estimate that the produc-
tion rate at sea level and high geomagnetic latitudes is esti-
mated to be 2.6 atoms 36Cl /g coral/ yr (Lal and Peters, 1967),
which amounts to 12% of the production of 36Cl by energetic
neutrons. At greater depths in the coral, the fast neutron pro-
duction rate of 36Cl decreases exponentially as in Eqn. 1, but
the thermal neutron production rate monotonically increases to
a depth of �30 g · cm�2 (Phillips et al., 2001), and then
decreases following the absorption of the (parent) high energy
neutrons. However, it is not known whether the intrinsic Cl
measured in the corals is truly in the coralline matrix, or
whether this is the amount which we were not able to remove
from the coral during the chemical purification steps. We will
use the data from multiple determinations of 36Cl and Cl
concentrations in the same sample to evaluate the source of Cl
in the samples (see Section 6.2).

In situ production of 10Be in corals by neutrons and muons
is not significant because the seawater occluded 10Be far ex-
ceeds the in situ produced 10Be. In the case of 26Al, its con-
centration in the corals is expected to be primarily due to in situ
production by high energy neutrons. In this case, the in situ
production rate of 26Al within the coralline matrix at a depth, x
(cm) is given by the function P(x):

P(x) � P(0)e�� � x (1)

where P(0) is the radionuclide production rate at the exposed
coral surface (x � 0); � and � are the absorption coefficient for
energetic nuclear active particles of the cosmic radiation
(g�1.cm2) and the mean density of the coralline matrix
(g.cm�3) respectively (Lal, 1991). (The absorption mean dis-
tance (1/ �) is taken to be 160 g.cm�2 and the density of
coralline matrix is taken as 2.7 g.cm�3). After cosmic ray
irradiation for a period of T years, the number of 26Al atoms,
N(x, T) per g coralline matrix, eroding at a constant rate, 	

centrations in three corals.

26Al concentration (atoms/g) Intrinsic 26Al/Al ratio

1.9 � 1.18 � 104 2.7 � 1.69 � 10�11

1.8 � 4.7 � 104 2.0 � 5.1 � 10�14

6.1 � 2.3 � 103 7.7 � 2.9 � 10�13
6Al con

(g/g)
(cm/yr) is given by (Lal, 1991):
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N(x, T) � N(x, 0)e�
T �
P(0)


 � ��	
e���x(1 � e�(
���	)T) (2)

In Eqn. 2, the first term on the right hand side gives the
contribution to radionuclide concentration arising from incor-
poration of the corresponding dissolved species in the seawater
during formation of the coralline matrix, with N(x,0) being the
initial ‘dissolved’ radionuclide concentration at t � 0. As
discussed below, it is possible to place reasonable limits on the
initial nuclide concentration from estimates of the concentra-
tion of the radionuclide and the element in the seawater, and the
concentration of the element in the coralline matrix. The second
term on the right hand side in Eqn. 2 is the expected number of
26Al after exposure of the coralline matrix for a time period of
T years; it assumes that the nuclide concentration is not af-
fected by exchange with the environment.

If N(x, 0), P(0), and T are known, the rate of erosion is easily
obtained using iterative methods to solve Eqn. 2. Eqn. 2 does
not yield simple equations for the functional behavior of the
sensitivity of erosion rate to uncertainties in the cosmogenic
production rate, P, or the exposure duration, T. We have
calculated the fractional uncertainty in erosion rate, (d	/	), as
functions of (dT/T) and (dP/P). Figure 1 shows these calcula-
tions for 6 values of T (103, 104, 3 � 104, 105, 3 � 105 and 106

yr). Uncertainties in 	 are functions of erosion rate and expo-
sure duration. The ratio, d	/	, is more sensitive to uncertainties
in P, relative to uncertainties in T.

Assuming that the measured intrinsic Cl concentrations in
the coral samples are truly the amounts present in the coralline
matrix, we have estimated the coral erosion rates in the follow-
ing manner. The expected in situ 36Cl production at depth, x
(cm), after cosmic ray exposure for T years is estimated taking
into account the actual depth dependence in the total 36Cl
production rate, due to fast and thermal neutrons, Ptotal, as a
function of depth:

N(x, T) � �
0

T

P(x � 	 t)e�
 tdt (3)

In the above equation, erosion rate is assumed to be constant as
in Eqn. 2. The rate of production of 36Cl by high energy
neutrons is given in Table 1. The corresponding thermal neu-
tron production rate of 36Cl is taken to be 2.6 � 10�2 atoms

Table 5. Measured Cl and 36Cl concentrations

Samplea Sample wt. (g) Intrinsic Cl

PR-3B 50.16 2.63 �
NU-1493 26.48 4.20 �
NU-1494 36.06 1.78 �
NU-1494 36.06 1.78 �

Average, NU-1494
WANC-93-1a 73.57 1.61 �
WANC-93-1d 31.47 6.28 �

Average, WANC-93-1

a a, d represent subsamples taken from the same bulk sample.
b The intrinsic 36Cl/Cl ratios should be considered only as lower li

include some occluded Cl in the coralline matrix, which could possibly
to sub-100-�m size.
36Cl /g coral /ppm Cl /yr, as stated earlier.
6. INFORMATION BASED ON COSMOGENIC
RADIONUCLIDES 10BE, 36CL, AND 26AL

6.1. Information Based on 10Be

The measured 10Be concentrations in the corals are much
greater than those expected from in situ production. The max-
imum expected in situ 10Be concentration in the corals, corre-
sponding to an exposure age of �150 kyr and ‘zero’ erosion
rate is �1 � 106 atoms 10Be/g coral. This value is �40% of the
lowest 10Be concentrations in two WANC-93-1 subsamples,
and � (1–10) % of the 10Be concentrations in other samples.
The more realistic expected in situ 10Be concentration of
WANC-93-1-c, taking into account the coral erosion rate (Ta-
ble 6; 5 � 10�3 cm/yr), is �104 atoms 10Be/g coral, which
corresponds to �0.4% of the measured 10Be concentrations in
the two low concentration WANC-93-1-b and c samples.

The absolute 10Be concentrations in the four coral samples
vary by a factor of �50 (Table 3). The exposure ages of the
corals are within a narrow range, 125–200 kyr, suggesting that
most of the 10Be in the coral is not in situ produced. This
conclusion is buttressed by the observation that the concentra-
tions of 10Be and intrinsic 9Be (Fig. 2) are well correlated, as
would be expected if they are both derived from dissolved 10Be
and 9Be species in seawater. The 10Be/9Be ratios are within a
narrow range, 6 � 10�9 to 3 � 10�8, relative to the much
larger range in 10Be concentrations (range of 50�). These
ratios are quite consistent with those observed in seawater
(Kusakabe et al., 1987; Ku et al., 1990; Kusakabe et al., 1990).
There is a systematic trend in the 10Be/9Be ratios (which range
between 4 � 10�8 and �2 � 10�7) along advective flow lines
(Ku et al., 1990) from surface N. Atlantic (4 � 10�8) to surface
Pacific (2 � 10�7). The corals studied in this investigation are
from the W Atlantic Ocean. The reported 10Be/9Be values (Ku
et al. 1990) for the nearest site in the Atlantic ocean is for the
N. Atlantic (330-420 N latitude and 630-770 W longitude); the
ratios range from 2 to 6 � 10�8. The ratios in corals utilized for
this work (Table 3) overlap the observed range in seawater, but
are definitely lower by factors of �2–5. One would expect
appreciable differences between 10Be/9Be ratios in seawater
surrounding islands and coastal regions vis-à-vis open-ocean
waters, due to relatively larger fluxes of detrital Be in near
island/coastal waters. Dissolution of detrital particles would

r corals. Statistical errors cited are 1� values.

g/g)b 36Cl conc. (atoms/g) Intrinsic 36Cl/Cl ratiob

1.96 � 0.11 � 105 4.39 � 0.25 � 10�15

9.53 � 1.55 � 105 1.34 � 0.22 � 10�13

2.76 � 0.13 � 105 9.13 � 0.42 � 10�14

2.05 � 0.24 � 105 6.78 � 0.80 � 10�15

2.40 � 0.27 � 105 7.85 � 1.00 � 10�14

2.84 � 0.20 � 105 1.04 � 0.07 � 10�13

3.17 � 1.40 � 105 2.97 � 1.31 � 10�14

3.00 � 1.41 � 105 6.68 � 2.98 � 10�14

ce it is expected that the intrinsic Cl concentrations would definitely
ved only if the coral was very finely ground. Our samples were ground
in fou

conc. (

10�4

10�4

10�4

10�4

10�4

10�4

mits sin
be remo
cause preferential increase in dissolved 9Be concentration in
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seawater, which lowers 10Be/9Be ratios. The data plotted in
Figure 2 are consistent with these expectations, both on the
large scatter in 10Be concentrations and the narrow range in
10Be/9Be ratios in corals. We note here that dissolved 9Be/Ca
ratios in N. W. Atlantic surface seawater, (1–7) � 10�7

(Kusakabe et al., 1990), are of the same order as the measured
9Be/Ca ratios in corals, although much lower ratios, 4 � 10�9,
are observed in some samples (Table 3).

Our conclusion, namely that most of the 10Be in coral sam-
ples derived from dissolved beryllium in seawater, is supported
by the results of Bourlès et al. (1984), who measured 10Be and
9Be in several samples of a 460 m coral reef of age 6.5 myr.
Their measured values of 10Be concentrations and 10Be/9Be
ratios, corrected for 10Be decay, are similar to those we ob-
served (Table 3). However the scatter in the 10Be/9Be ratios of
Bourlès et al. (1984) is much larger than those we observed.
Note that we can compare the results of Bourlès et al. (1984)
with ours since the two data sets primarily refer to the 10Be
occluded from seawater (and not to in situ produced 10Be).

Fig. 1. (top) Theoretical ratios of fractional uncertaintie
with N(x,0) � 0) plotted as a function of erosion rate for
and 106 yr). (bottom) Theoretical ratios of fractional unc
A potentially significant feature of the observed distribution
in 10Be/9Be ratios in corals (Table 3) is that it suggests a
potential method of determining ages of ‘old’ corals. The
measured 10Be/9Be ratios in relatively young corals (compared
to half-life of 10Be), show that we are able to remove adsorbed
garden-variety 10Be (meteoric 10Be adsorbed after aerial expo-
sure), and that we are primarily measuring intrinsic 10Be and
9Be concentrations in the coralline matrix (as seen from the
linear regression between 10Be and 9Be in Fig. 2). If it can be
assumed that the relative ratio of concentrations of Be isotopes
was not altered during any subsequent diagenetic changes in
the coral, the measured ratio 10Be/9Be in an old coral can be
used to determine its age.

If the mean 10Be/9Be ratio in the coral at the time of forma-
tion is R0, the age of a coral can be obtained by using the
conventional age dating equation:

R � R0 e�
T (4)

In Eqn. (4), R is the measured 10Be/9Be ratio in a coral of age

mated erosion rates and nuclide production rates (Eqn. 2),
exposure periods, T (� 103, 104, 3 � 104, 105, 3 � 105

s in estimated erosion rates and exposure periods.
s in esti
T, and 
 is the disintegration constant of 10Be. For small



5723Cosmogenic radionuclides 10Be, 26Al, and 36Cl in corals
uncertainties in the initial ratio, R0, the uncertainty in the
estimated age, dT � (dR0 /R0) /
. Therefore a 1% uncertainty
in R0 results in an absolute uncertainty of 2.17 � 104 yr in the
age. For larger uncertainties in R0, the absolute error in age, 	T
� loge (K) /
, independent of the coral age; K is the ratio of
’true’ and ‘assumed’ values of initial 10Be/9Be ratios.

In the present set of measurements, the mean value of R0

(10Be/9Be ratios) based on 8 measurements in 3 relatively
young corals (Table 3) is: 1.7 � 0.8 � 10�9. The cited
uncertainty in R0 corresponds to 1� uncertainty of 1.1 myr in
the coral age, independent of its true age. Thus with the present
uncertainties in the initial 10Be/9Be ratio, one can determine
ages of corals older than 3 myr within uncertainties of �30%.

It is apparent from the multiple determinations made on the
same coral (Table 3) that for dating an old coral, one has to
make several measurements on different samples from the coral
to ascertain the variability in both 9Be concentrations and
10Be/9Be ratios. More research is needed to establish the range
of variations in initial 10Be/9Be ratios We may mention here the
results of von Blanckenburg et al. (1996) for 10Be/9Be ratios in
ferromanganese crusts in the N. Atlantic and Pacific Oceans,
which show a very narrow range of (0.4–0.6) � 10�7 and
(1.0–1.6) � 10�7, respectively. These data refer to ratios in
waters of depth �200 m, where lesser variability would be
expected. Results of Carcaillet et al. (2004) for authigenic
10Be/9Be ratios in sedimentary sequences from the Portuguese
margin (NE. Atlantic) covering the past 300 kyr led them to the
conclusion that the ratios remained within a narrow range
except during geomagnetic excursions.

6.2. Information Based on 36Cl and 26Al

The measured isotopic abundance ratios in the cases of 36Cl
and 26Al are much larger than those expected if these radionu-
clides were primarily derived in the coralline matrix from
dissolved species in the seawater. In the case of 36Cl, the
seawater 36Cl/Cl ratio is lower than that which can be measured
using AMS, �10�15. Adopting atmospheric production rate of

Table 6. Estimated erosion rates of corals based on in situ 36Cl and
is the nuclide production rate and T is the coral exposure age).

Samplea

Erosion rate (cm/y)

36Clb

PR-3B 2.60 � 0.25 � 10�3

(6.10 � 0.35 � 10�3)
3.70

NU-1493 7.18 � 2.14 � 10�4

(1.96 � 0.38 � 10�3)
NU-1494 4.50 � 0.52 � 10�3

(6.81 � 0.52 � 10�3)
WANC-93-1a 4.27 � 0.31 � 10�3

(6.10 � 0.44 � 10�3)
2.12

WANC-93-1d 4.75 � 0.21 � 10�3

(1.18 � 0.48 � 10�2)

a a, d represent subsamples taken from the same bulk sample.
b In the case of 36Cl based erosion rates, we have presented two va

entirely from interaction of high energy neutrons with Ca. Erosion_rate
additionally from neutron capture in 35Cl in the coralline matrix.

c Dash indicates no data.
36Cl (Lal and Peters, 1967), we estimate for the steady state
natural (in the period before testing of nuclear weapons)
36Cl/Cl seawater ratio, a value of 1.22 � 10�16. The measured
36Cl/ Cl ratios range between �4 � 10�15 and 1.5 � 10�13,
significantly larger than that expected from dissolved Cl iso-
topes in seawater.

The measured 26Al / 27Al ratios in seawater samples of �900
m depth (Kusakabe et al., 1987; Ku et al., 1995) lie in the range
of �n � (10�15–10�14), with 1 � n � 10. The measured 26Al
/ 27Al ratios in two corals, ignoring NU-1494 where the errors
are huge, are 7.7 � 10�13 and 2.7 � 10�11 (Table 4), greater
than that expected from dissolved Al isotopes in seawater. We
therefore make the plausible assumption that both 36Cl and
26Al in the coral samples we analyzed are primarily due to their
in situ production during their exposure above sea level.

Results of Bourlès et al. (1984) gave values of 4 � 10�16

and 8 � 10�17 for 26Al /27Al ratios in 2 corals. These ratios are
lower than those in seawaters (Kusakabe et al., 1987; Ku et al.,
1995); nevertheless they support our conclusion that the 26Al in
the coral samples we analyzed is primarily due to its in situ
production during its exposure to cosmic radiation above sea
level. The larger 26Al /27Al ratios in our data set arise due to the
fact that the corals were exposed to cosmic radiation for �100
kyr above sea level.

We will now estimate coral erosion rates based on estimated
exposure durations for the four coral samples (Section 3: 114.5
� 2.5 kyr for PR-3B and NU-1493, and 190.8 � 2.5 kyr for
NU-1494 and WANC-93-1). These differ by �13% and �5%
from the coral formation ages, for PR-3B and NU-1493 and
NU-1494 and WANC-93-1, respectively. An uncertainty is
therefore introduced in the erosion estimates since we are
neglecting the cosmic ray exposure of corals below sea level,
whereby erosion rates would be underestimated. The effect of
this neglect can be seen in Table 6, where we present estimates
of uncertainties introduced in the erosion estimates for corre-
sponding uncertainties in cosmic ray exposure duration.

In Table 6, we present estimated erosion rates of corals based
on mean free cosmic ray exposure durations of 114.5 � 2.5 kyr

d corresponding uncertainties arising from uncertainties in P and T (P

Sensitivity of erosion rate to:

�10% P change �10% T change

� 10�3 �11% �0.6%

�14% �11%

�10% �� �0.2%

� 10�3 �10% �� �0.2%

�10% �� �0.2%

rosion_rate-1 estimate assumes that the measured 36Cl was produced
ate (values given within parentheses) assumes that 36Cl was produced
26Al an

26Al

� 11.9

—c

—

� 0.83

—

lues. E
-2 estim
and 190.8 � 2.5 kyr for PR-3B and NU-1493, and NU-1494
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and WANC-93-1, respectively. In the case of 36Cl, we give two
erosion rate values in each case, arising from the uncertainty as
to whether 36Cl was produced by neutron capture in 35Cl in the
coralline matrix, in addition to its production by the interaction
of high energy neutrons with Ca. This uncertainty arises from
the fact that we do not know whether the measured intrinsic Cl
in the coral samples was indeed present in the coralline matrix
originally or was added later during subaerial exposure. “Ero-
sion_rate-1” estimates are based on the assumption that the
measured intrinsic Cl concentration represents recently oc-
cluded Cl from pore water, and that therefore it does not
contribute to 36Cl production in the coralline matrix. “Erosion-
_rate-2” estimates (values given within parentheses in Table 6)
are based on the assumption that the measured intrinsic Cl
concentration was initially present in the coralline matrix, and
that therefore it does contribute to 36Cl production. The two
estimates differ by �30% in the case NU-1494 and WANC-
93-1, but in the case of PR-3B and NU-1493, the Erosion-
_rate-2 estimates are about two times greater. If we were unable

Fig. 2. Measured 10Be concentrations are plotted agains
in Table 3.
to clean the corals effectively and most of the measured Cl is
recent, then Erosion_rate-1 would be appropriate. The presence
of recently occluded Cl is not unexpected, as the high surface
area of coral skeletons makes it very difficult to clean them
thoroughly.

An examination of the 36Cl and Cl concentration data
reveals some clues about the effectiveness of our efforts to
remove Cl from the pores of the coral. Two subsamples of
WANC-93-1, WANC-93-1a and WANC-93-1d, show very
different Cl concentrations, 160 ppm and 680 ppm, respec-
tively (Table 5). The two samples have nearly the same 36Cl
concentrations. However, because of the large differences in
their intrinsic Cl concentrations, one obtains very different
Erosion_rate-2 values for these subsamples: 6.10 � 10�3

and 1.18 � 10�2 cm/yr, respectively. This result suggests
that most of the measured Cl concentrations represent pore
water occluded Cl, which is not present in the coralline
matrix. This inference is consistent with the observation of
Budd and Land (1990) who documented Cl concentrations
of 40 ppm in pore water in a similar tropical coastal setting

red intrinsic 9Be concentrations for the nine coral samples
t measu
(the Bahamas) right after the rainy season.
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In view of the foregoing, we conclude that the more reliable
erosion rate estimates in the case of 36Cl are the Erosion_rate-1
estimates. The 26Al-based erosion rate estimate for WANC-
93-1, which has however a statistical uncertainty of �40%, is
not inconsistent with its Erosion_rate-1 estimate.

In Table 6, we have also presented the uncertainties in the
estimated erosion rates for a � 10% uncertainty in the exposure
time, T, which corresponds to 13 kyr in the case of PR-3B and
NU-1493, and 20 kyr in the cases of NU-1494 and WANC-
93-1-a. Only in the case of NU-1493, which exhibits a much
lower erosion rate, �7 � 10�4 cm/yr, the deduced uncertainty
in erosion rate is comparable to the corresponding uncertainty
in T. For other samples that have erosion rates of 2–5 � 10�3

cm/yr, a � 10% uncertainty in T corresponds to �1% uncer-
tainty in the erosion rate. In Table 6 we also present uncertain-
ties in estimated erosion rates arising from any uncertainties in
the production rates, P of the radionuclides 36Cl and 26Al.
Again, the sample NU-1493 displays higher sensitivity to un-
certainty in P. Thus, we note that the erosion rate of NU-1493
has an additional uncertainty (over and above the statistical
uncertainties in measurements given in column 2 in Table 6 of
about � 20%, considering uncertainties of � 10% in P and T.
For the other 3 samples the additional uncertainties due to
uncertainties in P and T, are about � 10%–11%.

One can now calculate the total amount of erosion implied
by our data to have occurred at each sample location since it
emerged above sea level (Table 6). The amount of erosion since
the last interglacial is close to 3 m for Puerto Rico, compared
to less than a meter in Barbados coral NU-1493. However, the
erosion in Barbados coral NU-1494 since the penultimate in-
terglacial is significant, �8 m, suggesting, if alteration is not a
factor, that much of this erosion occurred between the penul-
timate and last interglacial periods.

7. DISCUSSION

7.1. Significance of Erosion Rates

Subaerial coral erosion rates are relevant to carbonate plat-
form development models and to fossil-coral sea level studies.
Modeling studies of reef accumulation as part of carbonate
platform development during the Quaternary (Paulay and
McEdward, 1990; Galewsky et al., 1996) rely on published
coral erosion rates to estimate the balance between the effects
of tectonics, sea level, and erosion on the morphology of reef
terraces. Sea level studies aim to extract the sea level signal out
of this balance. Much of late-Quaternary sea level change has
been reconstructed from uplifted corals in locations such as
Papua New Guinea (Stein et al., 1993; Cutler et al., 2003) and
Barbados (Gallup et al., 1994; Gallup et al., 2002). Sea level
records from tectonically uplifting coastlines are constructed by
1) identifying reef-crest coral species in growth position, 2)
dating them with U-series methods, 3) determining how much
the sample has been raised tectonically by multiplying its age
by the uplift rate, and 4) subtracting the amount of uplift from
the sample’s current elevation to calculate its initial sea level
relative to present. Coral reefs formed during the last intergla-
cial period make an excellent reference point for determining
uplift rates because sea level was �6 m above present sea level

at the time, meaning that last interglacial reefs can be found
exposed on stable coastlines around the world. Coral reef crests
accrete upward during rising sea level and outward during
periods of stable sea level. In Barbados, the dominant reef-crest
coral is Acropora palmata, which grows within 5 m of sea
level. In a fossil coral reef-crest deposit, each sample of Acro-
pora palmata that died on the reef crest grew within 5 m of sea
level and provides a sea level marker. In this way, erosion of
overlying reef crest material removes potential sea level data,
but does not negate the sea level information contained in the
remaining section of the deposit. However, erosion does re-
move stratigraphy that provides important context for the sam-
ples collected. The new constraint on erosion of the last inter-
glacial terrace in Barbados provides a good example. The
youngest coral dated from the last interglacial terrace in Bar-
bados is �124 ka (Gallup et al., 1994; Edwards et al., 1997)
and most of the dates are �130 ka, despite the fact that the last
interglacial lasted until 116 ka (Stirling et al., 1998). This raises
the question whether the effective sample ages have all been
shifted to older ages by diagenesis: either younger material was
eroded off the top or younger material was eroded off the front
of the terrace. Our new constraint from 36Cl data indicates that
less than a meter of material has been eroded off the top of the
terrace, consistent with the early last interglacial ages and an
outwardly accreting reef during a relatively stable last intergla-
cial sea level (or a slowly eroding surface to balance the �0.5
m/ka uplift), suggesting that significant back-cutting erosion
has occurred.

7.2. Comparison with Published Erosion Rates

Subaerial erosion of Pleistocene reef systems has been quan-
tified previously in two main ways: 1) through the amount of
accommodation space made for Holocene reefs in atoll systems
and 2) by direct in situ measurements. The atoll studies have
the advantage of averaging over a glacial-interglacial cycle.
These studies are based on drill core from atolls that penetrate
the upper Holocene reefs and the underlying last interglacial
reefs. The vertical thickness of the Holocene reef accretion is a
result of how much the last interglacial reef subsided and
eroded, leaving room for Holocene growth. After correction for
the last interglacial reef’s initial � 6 m height and for subsi-
dence, erosion rates have been calculated for Muroroa (0–
0.017 mm/yr; Labeyrie et al., 1969), for Enewetak (8.2–20.2 �
10�3 cm/yr; Sackett and Potratz, 1963), and for Tarawa (1.1–
14.6 � 10�3 cm/yr; Marshall and Jacobson, 1985). The same
approach was used to estimate an erosion rate of 7–14 � 10�3

cm/yr from drill core from the Great Barrier Reef (Marshall and
Davies, 1984).

In contrast, several studies have used direct measurements of
surface erosion by micro-erosion meter to measure erosion
rates over a period of 12 to 24 months. Trudgill (1976) mea-
sured deflation of exposed reef surfaces on Aldabra atoll and
found mean rates of 9–51 � 10�3 cm/yr. Spencer (1985) used
similar methods, but with more measurements per site, on
exposed Pleistocene reefs of Grand Cayman, West Indies, and
found erosion rates of 11 to 69 � 10�3 cm/yr.

The difference between the results of these two approaches is
significant and is best exhibited by comparing the amount of
erosion each implies since the last interglacial period. The drill

core studies suggest from 0 to 1 m to �20 m erosion; the
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micro-erosion meter studies suggest from 10 m to 70 m! Our
results agree with the lower range of the drill core studies and
are consistent with observations of exposed last interglacial
reefs on Barbados. Many sites around the island exhibit wave-
cut notches just above the reef-crest deposits (Johnson, 2001),
marking the sea level during the last interglacial period. Twenty
to 70 m of erosion would likely have destroyed these features.
Our results suggest that short-term direct measurements over
estimate erosion rates by an order of magnitude.

7.3. Diagenesis

We have noted above that two of the four corals analyzed;
NU-1494 and WANC-93-1 are diagenetically altered. Although
the total number of samples analyzed in the present study is
small, this gives us an opportunity to comment on the time
when the alteration may have occurred in the samples. We take
advantage of the fact that during diagenesis, the expected
changes in the Be and Cl isotopic composition of the corals are
expected to be quite different, in view of their chemical behav-
iors.

In the case of 10Be, if the coral had recrystallized early on
while still in seawater, recrystallization would not be expected
to impart any significant change in Be isotope concentrations.
However if the coral recrystallized sometime after it emerged
from seawater (� 190 kyr B.P. for NU-1494 and WANC-93-1),
it could have picked up large amounts of 10Be from meteoric
waters (relative to 9Be) resulting in very high 10Be/9Be ratios.
Since this is not the case, one would be inclined to postulate
that the two corals underwent diagenesis early on before
emerging from seawater. However, if both 10Be and 9Be are not
mobilized during diagenesis, the alteration could have occurred
at any time. We do not see any notable differences in the
10Be/9Be ratios or the 10Be or 9Be concentrations in these
corals from the two unaltered corals: PR-3B and NU-1493.

The element Cl is expected to be much more mobile than Be
and consequently it is expected to be affected much more by
diagenesis. If diagenesis occurred after emergence of the coral
from seawater, one may expect that the intrinsic Cl concentra-
tion of Cl would be lower for altered corals. The 36Cl based
erosion rates determined from the two unaltered corals, PR-3B
and NU-1493 are 2.60 � 0.25 � 10�3 and 7.18 � 2.14 � 10�4

cm/yr, respectively, compared to 4.50 � 0.52 � 10�3 and 4.27
� 0.31 � 10�3 cm/yr for the altered corals NU-1494 and
WANC-93-1, respectively. There are two ways to interpret
these data: 1) the similarity in erosion rates determined from
samples PR-3B, NU-1494, and WANC-93-1 suggests that the
two altered corals are in line with regional erosion rates and
have not lost 36Cl as a result of diagenesis, or 2) the low erosion
rate determined from NU-1493 reflects the true local erosion
rate, which may imply that the two altered corals have lost 36Cl
as a result of diagenesis, resulting in artificially high erosion
rates. If the first scenario is correct, this would imply that the
calcite alteration happened early, before or within several thou-
sand years of emergence. Early conversion is in conflict with a
study by Matthews (1968) on Barbados, where he argued that
the transformation of fossil corals from aragonite to calcite
takes several hundred thousand years of subaerial exposure,
and with field observations that the presence of calcite is rare in

samples younger than 100 kyr and common in samples older
than 200 kyr. However, it should be noted that the annual
rainfall of Barbados and Puerto Rico are virtually identical (51”
and 52”, respectively), suggesting that the erosion rates should
be very similar. Testing the two very different interpretations
will require further measurement of last interglacial corals from
the region and of unaltered penultimate interglacial corals from
Barbados and the region, if available.

8. CONCLUSIONS

We have presented results of measurements of cosmogenic
radionuclides 10Be, 26Al and 36Cl and their stable elements in
the coralline matrix of 127–200 kyr old corals from Barbados
and Puerto Rico. Based on multiple determinations of 10Be and
9Be concentrations in four coral samples, and from a compar-
ison with its theoretically expected in situ production by cosmic
radiation, we show that the data are consistent with the incor-
poration of the bulk of the observed 10Be in the coralline matrix
during its formation from the dissolved 10Be and 9Be in ocean
water. A plot of 10Be concentrations against 9Be concentrations
shows a linear correlation suggesting temporal variability in the
dissolved 10Be and 9Be concentrations in the waters where the
corals grew. The principal variability is ascribed to variation in
9Be concentration, since the variability in the 10Be/9Be ratio is
smaller by an order of magnitude than that in 9Be concentra-
tions. Further, the 10Be/9Be ratios are lower but consistent with
those measured in seawater, since detrital fluxes in the waters
surrounding islands are expected to lower the open ocean
ratios.

In distinction with the case of 10Be, we show that the
concentrations of the two radionuclides 36Cl and 26Al in the
coralline matrix owe primarily to their in situ production by
cosmic ray irradiation. The results on in situ produced 36Cl
reported here have sufficient accuracy to obtain erosion rates of
coral surfaces (Table 6). However, in the case of in situ pro-
duced 26Al, the measurements errors are large at present,
whereby erosion rate could be calculated in the case of two
corals only. We have determined the sensitivity of the esti-
mated erosion rates to uncertainties in both the cosmogenic
production rates and exposure duration (Table 6).

Clearly, further research is needed to examine the effects of
diagenetic alteration on the concentrations of Be and Cl iso-
topes in the coral. Future studies should also emphasize mea-
surements of 1) modern corals to assess variability in partition-
ing of 10Be and 9Be present in coralline matrix, as well as 2)
check on the effectiveness of cleaning methods for ancient
corals. Based on the present limited data, it appears that the
concentrations of Be isotopes may not be significantly affected
during alteration! If this be the case, 10Be/9Be ratios may be
useful for dating old corals of up to 10 myr age. Based on the
presently observed scatter in 10Be/9Be ratios (�50%), which
defines the uncertainty in the initial 10Be/9Be ratio, we con-
clude that the absolute error in coral age determination is �1
myr, independent of the coral age. Therefore, with the presently
observed scatter in the limited Be isotope data, it should be
possible to determine ages of corals older than 3 myr within
uncertainties of �30%. However, we believe that with im-
proved chemical procedures for cleaning the coralline matrix, it
may be possible to narrow down the range in the scatter of 10Be

and 9Be concentrations.
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In conclusion, the results of studies of cosmogenic radionu-
clides 10Be, 26Al and 36Cl in corals have proved very valuable
and promise to further extend the value of corals as a geophysi-
cal/ geochemical archive. Measured erosion rates of the corals
studied agree with indirect measurements of subaerial coral
erosion rates, but are an order of magnitude lower than those
based on direct measurements of surface erosion using a micro-
erosion meter over periods of 12 to 24 months. Present radio-
nuclide based erosion rates correspond to appreciable surface
loss, of �3 m in Puerto Rico since the last interglacial and �8
m in Barbados since the penultimate interglacial, assuming no
artifacts from coral diagenesis. Finally, we show that the cos-
mogenic 10Be is potentially useful for dating old corals of ages
exceeding a few million years.
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