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Abstract—We made a systematic examination into the effects of chemical treatments on Mg/Ca, Na/Ca, and
Sr/Ca ratios of coral skeletons. Five skeletal samples were cut from modern and fossil corals of the genus
Porites. Each sample was ground into powder, and replicate subsamples were taken and split into four groups.
One group was left untreated as the control group. The other three groups were treated cumulatively with
distilled/deionized water (DDW), 30% H2O2, and weak HNO3, with one group separated after each treatment
step. The H2O2 and HNO3 treatments incurred partial dissolution of the skeletal powder and thus resulted in
considerable sample loss. All the groups were determined for the elemental ratios. The Mg/Ca and Na/Ca
ratios showed decreases or little changes with the DDW treatment, and then increased with the H2O2 and
HNO3 treatments. The Mg/Ca and Na/Ca variations were closely parallel throughout the treatment sequence.
The Sr/Ca ratio showed slight or little variation throughout the treatment sequence. These results reflect
fine-scale elemental distribution in the skeletons. The Mg/Ca and Na/Ca decreases with the DDW treatment
can be ascribed to removal of adsorptive Mg and Na from the skeletal surface. The Mg/Ca and Na/Ca
increases with the latter treatments reflect enrichments in Mg and Na at the innermost portion of the skeletons
(i.e., around the center of calcification). The Mg/Na ratio of the adsorptive phase is approximately the same
as that of the skeletons. The covariation of Mg and Na in the adsorptive and skeletal phases indicates that Mg
and Na behave similarly both in adsorption onto the skeletal surface and in the skeletogenesis. Sulfate ion
(SO4

22) may participate in the Mg and Na behaviors. The Sr/Ca variation indicates that Sr is distributed almost
homogeneously in the skeletons with little adsorptive fraction. Attention should be paid to the effects of
chemical treatments associated with the fine-scale elemental heterogeneity, especially if coral Mg/Ca and
Na/Ca ratios are used for paleoenvironmental analysis.Copyright © 2001 Elsevier Science Ltd

1. INTRODUCTION

Minor and trace elements in coral skeletons provide various
proxies for paleoceanic environments. On the other hand, most
of the proxies are highly affected by pre-existing contaminants
(e.g., adsorptive, organic, and inorganic phases) that are dis-
seminated throughout the skeletons. To minimize the contam-
ination effects, the skeletons are subject to chemical treatment.
Shen and Boyle (1988) established a procedure of chemical
treatment for determination of trace elements (Pb, Cd, Zn, Mn,
etc.) in coral skeletons, which has been widely accepted as a
standard procedure (Shen and Boyle, 1987; Shen et al., 1987,
1991, 1992a,b; Lea et al., 1989; Linn et al., 1990; Shen and
Sanford, 1990; Delaney et al., 1993). Compared with the trace
elements, the minor elements Mg, Na, Sr, and S ranging in
concentration from 500 ppm to 1% in the skeletons are less
susceptible to contamination. There is no standard procedure of
chemical treatment for determination of the minor elements:
some researchers treat coral skeletons only with distilled water,
whereas others additionally with H2O2 (hydrogen peroxide),
NaClO (bleach), and the like for removal of organically related
contamination.

The original aim of this study was to evaluate, through
chemical treatments, the contamination effects on Mg/Ca, Na/

Ca, and Sr/Ca ratios of coral skeletons. We unexpectedly found
a side effect of chemical treatments that is associated with
fine-scale elemental heterogeneity in the skeletons. Chemical
treatments such as with weak acid and H2O2 incur dissolution
of the skeletal surface. If any difference in the ratio of element
A to Ca (A/Ca ratio) exists between the inner and outer parts of
the skeleton, surface dissolution will causeapparentalteration
of the bulk measurement of A/Ca ratio. We call this effect the
heterogeneity effect. If the inner part has a higher A/Ca ratio
than the outer part, the heterogeneity effect will appear as an
increase in A/Ca ratio, whereas if the opposite happens, it will
appear as a decrease in A/Ca ratio. We call the former and the
latter cases positive and negative heterogeneity effects, respec-
tively. The negative heterogeneity effect might be often mis-
taken for removal of contamination. Generally, the most effec-
tive means to circumvent the heterogeneity effect is to grind the
skeletons into powder. However, if the skeletons have a fine-
grained morphology, it is very difficult to circumvent the het-
erogeneity effect, because fine-scale elemental heterogeneity is
prone to remain persistently in the skeletal powder. Although
we groundPorites coral skeletons that have a fine-grained
morphology (50–300mm in thickness for main structural ele-
ments) into powder with a particle-size range of 1 to 250mm,
the positive heterogeneity effect was observed for the Mg/Ca
and Na/Ca ratios. The positive heterogeneity effect for the
Mg/Ca ratio is consistent with Allison (1996), who applied ion
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microprobe techniques to thin sections ofPoritescoral skele-
tons and revealed that the Mg/Ca, Sr/Ca, and Ba/Ca ratios at the
innermost portion of the skeletons (i.e., around the center of
calcification less than;20 mm in width) are higher than those
in the surrounding crystal area. We further found that the
Mg/Ca and Na/Ca variations for the skeletal powder with
chemical treatments were closely parallel, indicating that fine-
scale distribution of Mg in the skeletons is similar to that of Na.
Here we discuss several topics on Mg, Na, and Sr in coral
skeletons: (1) adsorption onto the skeletal surface, (2) fine-scale
heterogeneity in the skeletons, (3) behavior in the skeletogen-
esis, (4) existence mode in the skeletons, and (5) potential
impact of pretreatment on Mg/Ca and Sr/Ca thermometries.

2. SAMPLES

In September 1993, a 180-cm-long core (9 cm in diameter)
was hydraulically drilled from the top of a living coral colony
of Porites lutea (;2.5 m in height) at Ishigaki Island, the
Ryukyus, Japan (24°339320 N, 124°209080 E). The top of the
colony was;2.0 m in water depth (low tide).

In May 1992, a living coral colony ofPoritessp. (;40 cm in
height) was collected in Myrmidon Reef, central Great Barrier
Reef (GBR), Australia (18°179 S, 147°239 E). The top of the
colony was;2.0 m in water depth (low tide).

In January and February 1993, core drilling was carried out
through the Holocene-emerged coral reefs in the southern Oki-
nawa Island, the Ryukyus, Japan (26°069580 N, 127°459140 E),
and a 20-cm-long core (5 cm in diameter) of fossil coral
(Poritessp.) was collected from the depth of;5 m below mean
sea level. The14C age of the fossil coral is 72106 110 yr BP,
which was determined by accelerate mass spectrometry at the
Groningen University, the Netherlands.

The long core from Ishigaki Island was longitudinally cut
into 7-mm-thick slabs by means of the equipment of the Aus-
tralian Institute of Marine Science. The other specimens were
cut along the growth direction into 5-mm-thick slabs with a
circular rock saw. X-ray radiography for all the slabs revealed
high- and low-density banding pattern. For all these specimens,
high-resolution analyses of Mg/Ca and Sr/Ca ratios andd18O
along the growth direction demonstrated that the high- and
low-density couplet corresponds to annual band (Mitsuguchi et
al., 1996, 1997; Mitsuguchi, unpublished data). More than 100
annual bands are countable in the Ishigaki specimen.

3. EXPERIMENTAL

3.1. Elemental Analysis

Three rectangular fragments were cut from 1923–1924, 1956–1957,
and 1990–1991 annual bands in the Ishigaki specimen and named
ISH1923, ISH1956, and ISH1990, respectively; one was cut from
1990–1991 annual bands in the GBR specimen and named GBR1990.
From the Okinawa fossil specimen, a rectangular fragment containing
2 years of skeletal growth was cut and named OKIFOS. None of the
fragments contained organic layers of soft tissue or symbiotic algae.
The ISH1923 and ISH1990 fragments were rinsed with distilled/deion-
ized water (DDW); the other three fragments were ultrasonically
cleaned with DDW renewed repeatedly. The five fragments were then
dried in a vacuum desiccator at 60°C without a drying agent, and each
was ground in an acid-cleaned agate mortar. To reduce experimental
uncertainty, 40 replicate subsamples weighing 6 mg each were taken
from each powder sample into acid-cleaned 6-mL vials. The 40 were
split into four groups, each consisting of 10 subsamples. One group was

left untreated as the control group. The other three groups were treated
cumulatively with DDW at room temperature, 30% H2O2 at 60°C, and
4 mM HNO3 at room temperature, with one group separated after each
treatment step. The procedure of the cumulative treatment is depicted
in Figure 1.

We designated the four groups as groups I to IV with the progress of
the cumulative treatment. Each treatment was achieved with 4 mL of
treatment solution per subsample and ultrasonic agitation for 15 min.
At the end of each treatment, the vials were centrifuged (15 cm in
radius and 2000 rpm) for 10 min, and supernatant liquid was carefully
removed by siphoning with a micropipette. The treated subsamples
were dried in a vacuum desiccator without a drying agent at 60°C for
12 h, and weighed again for calculation of the rates of sample loss
incurred by the treatments. For ISH1956, 20 (101 10) supernatant
liquids from the H2O2 and HNO3 treatments were transferred sepa-
rately into acid-cleaned 7-mL Teflon (PFA) jars (see Fig. 1) and
evaporated to dryness in a clean-air-flow Teflon (TFE) chamber at 40
to 50°C for 48 h. Evaporating below 50°C prevents the H2O2 super-
natant liquid from foaming and spattering. Thus, prepared additionally
for ISH1956 were two groups of evaporated residues obtained from the
H2O2 and HNO3 supernatant liquids.

The prepared subsamples and evaporated residues were dissolved in
0.5 mol/L HNO3. Calcium concentration of the sample solution was
standardized to 95 ppm6 10%. Mg, Ca, and Sr were measured by
inductively coupled plasma atomic emission spectrophotometry (ICP-
AES) with a Seiko SPS-7000A; Na was by acetylene-air flame atomic
emission spectrophotometry (AAF-AES) with a Seiko SAS/727 atomic
absorption spectrometer by use of a discrete nebulization technique
(Uchida et al., 1980). Both of the instruments are equipped with a
single photomultiplier. The wavelengths employed were as follows:
Mg, 279.553 nm; Ca, 317.933 nm; Sr, 407.771 nm; and Na, 588.995
nm. Each element was determined in triplicate. Three and five standard
solutions were prepared gravimetrically for the ICP-AES and AAF-
AES measurements, respectively. Both of the instruments were cali-
brated with the standard solutions at intervals of six samples. Calibra-
tion curves were calculated by averaging the two calibrations
bracketing the six samples, with a linear fit for ICP-AES and a para-
bolic fit for AAF-AES. These analytical conditions are exactly the same
as those used by Mitsuguchi et al. (1996, 1997).

Fig. 1. Flow diagram of cumulative chemical treatment for coral
powder. Forty replicate subsamples from each powder sample were
split into four groups (I–IV), each consisting of 10 subsamples. For the
powder sample of ISH1956, 20 supernatant liquids from the 30% H2O2

and 4 mM HNO3 treatments were individually collected for measure-
ments (†).

2866 T. Mitsuguchi et al.



3.2. Particle-Size Analysis

Particle-size distributions of the five powder samples (untreated)
were measured by laser diffraction and scattering method with a
Shimadzu SALD-3000J. Typically, 72 mg of each powder sample was
dispersed into 300 mL of DDW with 10-min ultrasonic agitation, then
measured in quintuplicate. Dispersants such as sodium hexametaphos-
phate were not used because most of them incur partial dissolution of
carbonate powder. The optimum refractive index for coral powder was
determined in a preliminary experiment with the instrument itself. The
optimum index was used consistently for all the measurements. For
ISH1956, we investigated the variation in particle-size distribution with
the cumulative treatment. Three groups, each consisting of triplicate
subsamples, were taken from ISH1956 and treated cumulatively with
the same procedure and the same quantitative ratio of subsample to
treatment solution as adopted in the treatment for elemental analysis
(see Fig. 1). Subsample size was adjusted beforehand so that;24 mg
each would be finally obtained after the cumulative treatment. This
adjustment was based on the rates of sample loss observed in the
treatment for elemental analysis. As a result,;72 mg of treated powder
was successfully obtained for each group by putting the treated sub-
samples together (;24 mg3 3 5 ;72 mg), and measured in quintu-
plicate. The rate of sample loss for each group was calculated by means
of the triplicate subsamples.

4. RESULTS

4.1. Elemental Analysis

Because replicate subsamples were measured in the elemen-
tal analysis, all of the results are reported as mean value with

95% confidence interval based on Student’st distribution.
Results of the Mg/Ca, Na/Ca, and Sr/Ca ratios for all the
powder samples are plotted in Figure 2 and summarized in
Table 1. Considerable sample loss (;40%) is incurred by the
H2O2 treatment because 30% H2O2 with a pH of ;4.2 causes
partial dissolution of biogenic carbonate (Gaffey and Bronni-
mann, 1993; Boiseau and Juillet-Leclerc, 1997). Siphoning loss
can be estimated to be,1 to 2% from the loss with the DDW
treatment, which is insignificant compared with the dissolution
losses with the latter treatments. Results of the supernatant
liquids from the treatments for ISH1956 are shown in Figure 2b
and listed in Table 2. By use of Tables 1b and 2 it is confirmed
that mass balances of elements before and after the treatments
are almost equal (,2.5% discrepancies).

For all the powder samples, the Mg/Ca and Na/Ca ratios
showed decreases or little changes with the DDW treatment,
and then increased with the H2O2 and HNO3 treatments. The
Mg/Ca and Na/Ca variations closely mimic each other through-
out the treatment sequence. The Mg/Ca and Na/Ca decrements
with the DDW treatment for ISH1923 and ISH1990 (7–13%;
Figs. 2a,c) are conspicuously larger than those for the other
samples (,1.5%; Figs. 2b,d,e). Before grinding the skeletal
fragments, ISH1923 and ISH1990 were only rinsed with DDW,
whereas the other fragments were ultrasonically cleaned with
DDW renewed repeatedly. Figure 3 presents a plot of Mg/Ca

Fig. 2. Variations in Mg/Ca, Na/Ca, and Sr/Ca ratios with cumulative chemical treatment forPoritescoral powder taken
from (a) 1923–1924, (b) 1956–1957, and (c) 1990–1991 annual bands in a specimen from Ishigaki Island, (d) 1990–1991
annual bands in a specimen from the Great Barrier Reef, and (e) a 2-year increment of annual banding in a fossil specimen
(72106 110 yr BP) from Okinawa Island (solid symbols). The cumulative treatment steps (I–IV) are depicted in Figure
1. For the powder sample (b), supernatant liquids from steps III and IV were also determined for the elemental ratios (open
symbols) (see Fig. 1). Each point is the mean value of 10 replicate subsamples with 95% confidence interval based on
Student’st distribution. The upper axis exhibits the rate of sample loss, reflecting dissolution and siphoning losses with the
cumulative treatment.
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vs. Na/Ca ratios for the results of all the powder samples shown
in Figure 2. In the Mg/Ca-Na/Ca plot, all the samples exhibit
similar slopes for the variation with the cumulative treatment,
which are subparallel to the line:

Mg/Ca (mmol/mol)5 0.23 Na/Ca (mmol/mol).

Furthermore, all the samples are plotted close to the line.
Consequently, Mg/Na ratios of all the samples show little
variation throughout the treatment sequence, converging

around 0.2 mol/mol. Results for the Sr/Ca ratio seem a little
inconsistent. For ISH1923, ISH1956, and ISH1990 that are
from the same specimen, the Sr/Ca ratios appear to decrease
slightly with the H2O2 treatment (Figs. 2a–c); whereas for
GBR1990 and OKIFOS, there is no evidence of change
throughout the treatment sequence (Figs. 2d,e). For ISH1956,
significant Sr/Ca difference can be seen between the H2O2-
treated powder and its supernatant liquid (Fig. 2b).

4.2. Particle-Size Analysis

All the powder samples (untreated) showed similar particle-
size distributions ranging from;1 to ;250mm with a peak at
;100 mm. Variation in the particle-size distribution for
ISH1956 with the cumulative treatment is shown in Figure 4.
Fine particles (,;20 mm) were dissolved with the H2O2

treatment, and thus, the percentage of coarse particles (80–200
mm) was increased. The rates of sample loss were almost the same
as that observed in the treatment for the elemental analysis.

5. DISCUSSION

The Mg/Ca and Na/Ca decreases with the DDW treatment
are consistent with results reported by Amiel et al. (1973) and
Yoshioka et al. (1985). Amiel et al. (1973) immersed coral
skeletons in distilled water for 140 d with renewal of the water
each day and observed rapid and preferential release of Mg, Na,
and K from the skeletons in the initial 20 d. They concluded
that Mg, Na, and K are partly (10–30% of each total) adsorbed
on the skeletal surface. Yoshioka et al. (1985) immersed
Porites coral skeletons in NaCl aqueous solution for.50 d
with renewal of the solution every several days and observed
the same phenomenon for Mg. Adsorptive or exchangeable Mg
was reported also for abiogenic aragonite and biogenic calcite
(Walls et al., 1977; Love and Woronow, 1991). Allison (1996)
demonstrated higher concentrations of Mg and Ba on the sur-

Table 1. Summary of variations in Mg/Ca, Na/Ca, and Sr/Ca ratios
with cumulative chemical treatment forPorites coral powder taken
from (a) 1923–1924, (b) 1956–1957, and (c) 1990–1991 annual bands
in a specimen from Ishigaki Island, (d) 1990–1991 annual bands in a
specimen from the Great Barrier Reef, and (e) 2-year increment of
annual banding in a fossil specimen (72106 110 yr BP) from Okinawa
Island.

Chemical
treatmenta

Sample
lossb (%)

Mg/Cac

(mmol/mol)
Na/Cac

(mmol/mol)
Sr/Cac

(mmol/mol)

(a) ISH1923
Untreated 0 4.036 0.02 21.06 0.2 9.126 0.06
1 DDWd 1.7 3.726 0.03 19.66 0.2 9.116 0.06
1 30% H2O2 42.5 3.916 0.02 20.66 0.2 9.036 0.05
1 4 mM HNO3 59.0 4.026 0.02 20.96 0.1 9.056 0.03

(b) ISH1956
Untreated 0 4.106 0.02 19.86 0.2 9.086 0.05
1 DDW 1.2 4.096 0.03 19.86 0.3 9.076 0.06
1 30% H2O2 41.5 4.256 0.03 20.56 0.2 9.036 0.06
1 4 mM HNO3 56.2 4.386 0.02 20.96 0.2 9.016 0.05

(c) ISH1990
Untreated 0 4.856 0.03 23.56 0.1 9.026 0.03
1 DDW 1.9 4.226 0.02 20.86 0.1 9.016 0.05
1 30% H2O2 43.2 4.386 0.03 21.66 0.1 8.926 0.05
1 4 mM HNO3 57.0 4.506 0.03 21.76 0.1 8.996 0.03

(d) GBR1990
Untreated 0 3.976 0.02 19.96 0.2 8.936 0.04
1 DDW 2.3 3.936 0.03 19.86 0.2 8.956 0.06
1 30% H2O2 44.0 4.046 0.02 20.26 0.2 8.946 0.05
1 4 mM HNO3 57.5 4.106 0.02 20.56 0.2 8.936 0.04

(e) OKIFOS (14C age of 72106 110 yr BP)
Untreated 0 3.556 0.02 18.46 0.2 9.136 0.06
1 DDW 2.5 3.516 0.02 18.66 0.3 9.136 0.06
1 30% H2O2 44.4 3.626 0.02 19.26 0.1 9.166 0.07
1 4 mM HNO3 53.8 3.676 0.01 19.86 0.2 9.166 0.03

a Procedure of the chemical treatment is depicted in Figure 1.
b Results are given as mean value of 10 replicate subsamples.
c Results are given as mean value of 10 replicate subsamples with

95% confidence interval based on Student’st distribution (mean6 t
s/=n; n 5 10, t 5 2.262, s5 standard deviation).

d Distilled/deionized water.

Table 2. Mg/Ca, Na/Ca, and Sr/Ca ratios of supernatant liquids from
the 30% H2O2 and 4 mM HNO3 treatments for ISH1956.

Supernatant
liquida

Mg/Cab

(mmol/mol)
Na/Cab

(mmol/mol)
Sr/Cab

(mmol/mol)

30% H2O2 3.616 0.05 17.66 0.3 9.176 0.06
4 mM HNO3 3.716 0.04 19.46 0.2 9.036 0.06

a Ten supernatant liquids were separately collected from each treat-
ment (see Fig. 1).

b Results are given as mean value of 10 evaporated residues with
95% confidence interval based on Student’st distribution (mean6 t
s/=n; n 5 10, t 5 2.262, s5 standard deviation).

Fig. 3. Plot of Mg/Ca vs. Na/Ca ratios derived from the data
presented in Figure 2 and Table 1. The open circle represents additional
data point obtained from another fossilPorites coral (see “Discus-
sion”). Horizontal and vertical errors (95% confidence intervals) for
each point are as small as the symbol size. Note that all the samples
exhibit similar slopes for the variation with the cumulative treatment,
which are subparallel to the dashed line: Mg/Ca (mmol/mol)5 0.2 3
Na/Ca (mmol/mol). Furthermore, all the points are plotted close to the
line.
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face ofPoritescoral skeletons by ion microprobe analysis and
ascribed the observations to ionic adsorption from seawater.
Taken together, our results indicate that coral skeletal surface is
enriched in adsorptive Mg and Na from seawater. The larger
decreases (7–13%) in the Mg/Ca and Na/Ca ratios for ISH1923
and ISH1990 indicate that the treatment before grinding these
samples was not sufficient to remove adsorptive Mg and Na
(see sections 3.1 and 4.1).

The Mg/Ca and Na/Ca increases with the H2O2 and HNO3

treatments are unexpected because the matrix of coral skeletons
is CaCO3 and because considerable part of contamination (e.g.,

organic materials, inorganic precipitation) is expected to be
removed with the treatments. Considering that the H2O2 and
HNO3 treatments incurred partial dissolution of the skeletal
powder, the Mg/Ca and Na/Ca increases can be ascribed to
positive heterogeneity effect (see “Introduction”). Detailed ex-
planation for the Mg/Ca and Na/Ca increases is as follows (Fig.
5): (1) Mg and Na concentrations at the innermost portion of
the skeletons (i.e., around the center of calcification) are higher
than those in the surrounding area, (2) the elemental heteroge-
neity remains persistently even after the skeletons are ground
into powder, (3) adsorptive Mg and Na are removed from the
skeletal surface with the DDW treatment, and (4) partial dis-
solution of the skeletal powder with the H2O2 and HNO3

treatments causesapparentincreases of the Mg/Ca and Na/Ca
ratios in bulk measurement.

This explanation is given in the light of the findings of
Allison (1996), who found that the Mg/Ca, Sr/Ca, and Ba/Ca
ratios at the innermost portion ofPoritescoral skeletons (i.e.,
around the center of calcification less than;20 mm in width)
are higher than those in the surrounding crystal area. Sinclair et
al. (1998) and Fallon et al. (1999) also observed fine-scale
heterogeneity of Mg inPorites coral skeletons by laser abla-
tion—inductively coupled plasma mass spectrometry (LA-ICP-
MS). BecausePoritescorals have a fine-grained skeletal mor-
phology (50–300 mm in thickness for main structural
elements), the innermost portion of the skeletons is finely
reticulated throughout the morphology. We ground the skele-
tons into powder with a particle-size range of 1 to 250mm
before the cumulative treatment. However, the innermost skel-
etal portion (less than;20mm in width) still remains inside the
coarse particles. The H2O2 treatment causes surface dissolution
of the coarse particles as well as complete dissolution of the
fine particles (less than;20 mm), and the following HNO3
treatment promotes surface dissolution of the coarse particles
(Fig. 4), leaving the innermost skeletal portion selectively.
Thus, we conclude that the Mg/Ca and Na/Ca increases are due
to the fine-scale heterogeneity of Mg and Na, as described in
Figure 5. Because the skeletal dissepiments ofPorites corals
are as thin as;10 mm (Le Tissier et al., 1994), they have little
contribution to our data. The heterogeneity effect probably
varies in degree among coral genera because it should be
dependent on skeletal morphology. For example, because a
massive coral genus,Montastrea, has a relatively coarse skel-
etal morphology, the heterogeneity effect may be more easily
circumvented by grinding the skeletons.

Applying the above discussion to the Sr/Ca results, the
following views can be obtained: the amount of adsorptive Sr
is negligible compared with that of skeletally incorporated Sr,
and fine-scale distribution of Sr in the skeletons is almost
homogeneous. These views are in accord with the suggestion of
Amiel et al. (1973). The slight Sr/Ca decrease (,1%) with the
H2O2 treatment for ISH1923, ISH1956, and ISH1990 may
represent negative heterogeneity effect (see “Introduction”):
the inner part of the skeletons may have slightly lower Sr
concentration than the outer part. Allison (1996), however,
reported that the innermost skeletal portion has a little higher
Sr/Ca ratio (up to 6%) than the surrounding area. We refrain
from discussing the discrepancy because the Sr/Ca decrease we
observed is indistinct. In Allison (1996), the Mg/Ca difference
between the innermost skeletal portion and the surrounding

Fig. 4. Variation in particle-size distribution ofPoritescoral powder
with the cumulative treatment steps: (I) untreated, (II) DDW, (III) 30%
H2O2, and (IV) 4 mM HNO3, which are depicted in Figure 1. The q3

(%) represents volume fraction of the particle. Note that fine particles
(less than;20 mm) disappear and the percentage of coarse particles
(80–200 mm) increases with steps III and IV, which incur partial
dissolution of coral powder.
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area is much larger (up to 40%). Thus, it is likely that such a
strong heterogeneity in the Mg/Ca ratio appears in our bulk
analysis, whereas such a weak heterogeneity in the Sr/Ca ratio
does not. The fossil sample, OKIFOS, showed the same results
as seen in the other modern samples, implying that the elemen-
tal heterogeneity is well preserved.

The strong covariation of Mg and Na in the adsorptive and
skeletal phases indicates that Mg and Na behave similarly both
in adsorption onto the skeletal surface and in the skeletogen-
esis. The Mg/Na ratio of the adsorptive phase can be estimated
to be 0.22 to 0.23 mol/mol from the ISH1923 and ISH1990 data
(Table 1), and that of the skeletal phase is 0.18 to 0.21 mol/mol
(Fig. 3). In Figure 3, we present additional Mg/Ca-Na/Ca data
obtained from another fossilPoritescoral (67506 45 yr BP)
from southern Okinawa Island, the Ryukyus, Japan (T. Mitsu-
guchi, unpublished data), which gives a skeletal Mg/Na ratio of
;0.19 mol/mol. Thus, the Mg/Na ratios in the processes of
adsorption and skeletogenesis are restricted to;0.2 mol/mol.

Our results accord well with those of Bar-Matthews et al.
(1993), who applied electron probe microanalysis to modern
and fossil corals (Montastrea annularisandAcropora palmata)
and found positive correlations of Mg, Na, and S for various
types of aragonite: “main coral matrix,” “fibers in fibrous
micropore,” and “projecting needle.” The latter two types con-
sist of secondary aragonite that is diagenetically precipitated in
the skeletons.

By use of the data shown in Bar-Matthews et al. (1993), we
calculated Mg/Na and Na/S ratios for each type (Table 3).
Mg/Na ratio of the main coral matrix is 0.2006 0.028 mol/
mol, which agrees well with our results. All the types show the
same Na/S ratio of;3.2 mol/mol, indicating that Na and S
behave similarly through various processes (e.g., skeletogen-
esis, recrystallization, diagenesis). Although Bar-Matthews et
al. (1993) gave the Na/S ratio as;0.25 mol/mol, this is a
miscalculation. Enmar et al. (2000) confirmed the Mg-Na-S
correlations forPoritessp. and reported that Ca concentrations

Fig. 5. Schematic illustration of fine-scale distributions of Mg and Na inPorites coral skeletons and the effects of
cumulative chemical treatment on bulk measurements of the Mg/Ca and Na/Ca ratios for the powder sample. The skeletal
surface and the innermost portion of the skeletons (i.e., around the center of calcification less than;20 mm in width) are
enriched in Mg and Na (shaded areas). The innermost skeletal portion is exaggeratedly described. The cumulative treatment
steps (I–IV) are depicted in Figure 1.
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in main coral matrix and secondary aragonite are almost equal
(388,000–389,000 ppm). We compared our Mg/Ca-Na/Ca plot
(Fig. 3) with the plot obtained by combination of Bar-Matthews
et al. (1993) and Enmar et al. (2000) (Fig. 6a). Our Mg/Ca-
Na/Ca data lie just in the area of main coral matrix. The

S/Ca-Na/Ca plot obtained by combination of Bar-Matthews et
al. (1993) and Enmar et al. (2000) is also shown in Figure 6b.

Combined, we propose a general trend that Mg, Na, and S
behave similarly with an approximate molar ratio of Mg:Na:
S 5 16:80:25 in the processes of adsorption, skeletogenesis,
and diagenetic precipitation, although Mg behavior in the di-
agenetic process seems to deviate a little from this trend (see
Fig. 6a and Table 3). Needless to say, the elemental molar ratio
is variable to a certain degree because environmental controls
on these elements are different, which will be discussed later.
The elemental molar ratio is quite different from that in sea-
water of Mg:Na:S5 47:415:25. Although we cannot give
persuasive explanation for the difference, we infer that the
correlative behaviors of Mg, Na, and S are related to the affinity
of SO4

22 for Mg21 and Na1 in seawater. In seawater, S exists
as SO4

22, partly forming ion pairs with Mg, Na, and Ca (40–
50% for SO4

22, 15–25% for MgSO4
0, 20–40% for NaSO4

2, and
;5% for CaSO4

0) (Dyrssen and Wedborg, 1974; Garrels and
Thompson, 1962; Kester and Pytkowicz, 1968, 1969; Pytkowicz
and Hawley, 1974). Thus, it is likely that Mg and Na behave
partly as ion pairs with SO4

22 in the processes of adsorption and
skeletogenesis; consequently, the skeletal surface and the in-
nermost skeletal portion may be enriched also in SO4

22.
Correlative behaviors of Na1 and SO4

22 have also been
observed in carbonate coprecipitation experiments (Kitano et
al., 1975; Busenberg and Plummer, 1985). It comes into ques-
tion whether MgSO4

0 and NaSO4
2 can be incorporated into

aragonite lattice. Various complex species (e.g., UO2CO3
0,

UO2(CO3)2
22, HBO3

2) are believed to exist in coral aragonite
lattice ( Swart and Hubbard, 1982; Vengosh et al., 1991;
Hemming and Hanson, 1992; Gaillardet and Alle`gre, 1995;
Min et al., 1995; Shen and Dunbar, 1995), although consider-
able distortion of the crystal lattice would be involved. There-
fore, no reason exists to deny that MgSO4

0 and NaSO4
2 are

incorporated into the lattice. By X-ray absorption spectroscopy,
Pingitore et al. (1995) indicated that S is present as SO4

22 in
coral aragonite, although it remains uncertain whether SO4

22

replaces CO3
22. Likewise, the locations for Mg and Na in

aragonite lattice remain uncertain in spite of much attention by
many researchers. From a crystallographic viewpoint, Mg21

does not fit into the nine-fold orthorhombic aragonite coordi-
nation (i.e., CaO9 polyhedron) because of its smaller ionic
radius compared with Ca21 (Shannon, 1976). The system
CaCO3-MgCO3 is isostructural with calcite, which has a tighter
rhombohedral structure (CaO6 octahedron). Therefore, it has
been suggested that Mg21 may be loosely bound to aragonite
lattice (Amiel et al., 1973; Mitsuguchi et al., 1996). Although
Na1 is comparable in size to Ca21, there is a question how the
charge balance of aragonite is maintained if it does substitute
for Ca21. Land and Hoops (1973) suggested that Na1 together
with HCO3

2 may be incorporated into marine carbonates. On
the other hand, it has been strongly suggested, for both calcite
and aragonite, that interstitial locations are available for mono-
valent cations such as Na1 and K1 (White, 1977; Ishikawa and
Ichikuni, 1984; Busenberg and Plummer, 1985). Busenberg
and Plummer (1985) synthesized calcite and suggested that a
larger amount of Na1 is incorporated into crystal defects or
distortions (i.e., expanded interstitial spaces). Considering
these crystallographic suggestions, the incorporations of
MgSO4

0 and NaSO4
2 into aragonite lattice would expand the

Table 3. Mg/Na and Na/S ratios for three types of aragonite in coral
skeletons calculated using the data shown in Bar-Matthews et al.
(1993).

Type of aragonite Mg/Na (mol/mol)a Na/S (mol/mol)a

Main coral matrixb 0.2006 0.028 3.196 0.19
Fibers in fibrous microporec 0.1726 0.032 3.196 0.34
Projecting needlec 0.1226 0.084 3.196 0.69

a Calculation represents mean value with standard deviation.
b Samples containing calcite or oolite are excluded.
c Secondary aragonite.

Fig. 6. (a) Comparison between the Mg/Ca-Na/Ca plot obtained in
this study (Fig. 3) and the plot obtained by combination of Bar-
Matthews et al. (1993) and Enmar et al. (2000). (b) The S/Ca-Na/Ca
plot obtained by combination of Bar-Matthews et al. (1993) and Enmar
et al. (2000). Symbols are as follows: filled circle, cross, and open
triangle represent the main coral matrix, fibers in fibrous micropore,
and projecting needle, respectively. The Mg/Na and Na/S ratios for
each material are statistically listed in Table 3. Note that our Mg/Ca-
Na/Ca plot (Fig. 3) lies just in the area of the main coral matrix.
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surrounding interstitial spaces, into which additional Mg21 and
Na1 might be incorporated. The enrichments in Mg and Na at
the innermost skeletal portion may be due to higher density of
crystal defects produced by very rapid crystal growth at the
center of calcification, into which larger amounts of MgSO4

0,
NaSO4

2, Mg21, and Na1 are possibly incorporated. Allison
(1996) and Wainwright (1964) observed lower density of car-
bonate material around the center of calcification, which may
represent higher density of crystal defects. Thus, in coral ara-
gonite, Mg and Na may exist partly as interstitial ions associ-
ated with SO4

22, possibly coinciding with crystal defects or
distortions.

A variety of minor and trace elements in biogenic carbonates
are frequently associated with organic phase in the matrix,
which sometimes becomes a crucial problem in carbonate
geochemistry. The effect of organic phase varies in degree from
element to element. Thus, we discuss this subject for Mg, Na,
and Sr in coral skeletons. Hart et al. (1997) reported typical
organic-carbon content ofPoritescoral skeletons as 0.4 to 0.7
wt% for the skeletal part, containing no organic layers of soft
tissue or symbiotic algae. They also demonstrated that;75%
of the organic carbon can be removed with chemical treat-
ments, whereas the remaining organic carbon is well seques-
tered in the skeletal matrix. A brief outline of their treatment
method is as follows: grinding the skeletons (Poritessp.) into
powder with a particle size of,300 mm; and cumulatively
treating the powder with 3 and 10% H2O2 (unbuffered), weak
HNO3, and 5% NaClO (this proved to be ineffective), which is
very similar to our method. Thus, our treatment method prob-
ably removes a considerable part of the skeletally bound or-
ganic materials, as observed in Hart et al. (1997). If Mg, Na,
and Sr in the skeletons are significantly associated with organic
materials, it is expected that the concentrations of these ele-
ments in the skeletons decrease with the H2O2 and HNO3

treatments.
Unexpectedly, as shown in Figure 2, the Mg/Ca and Na/Ca

ratios increased with these treatments, which can be ascribed to
positive heterogeneity effect (see above discussion), whereas
the Sr/Ca ratio showed little change. Therefore, we suggest that
Mg, Na, and Sr inPoritescoral skeletons are not significantly
associated with organic materials. However, considering that
part of the organic materials probably remain in the skeletons
after the H2O2 and HNO3 treatments, and considering that these
treatments incurred partial dissolution of the skeletal powder
(i.e., heterogeneity effect), our suggestion may need further
examination. On the other hand, Figures 3 and 6a,b seem to
support our suggestion because they demonstrate that the ratio
of Mg:Na:S in the main coral matrix is close to the ratio in the
secondary aragonite or in the adsorptive phase, implying that
the incorporations of these elements into coral skeletons are
controlled only by inorganic processes. Delaney et al. (1996)
showed no changes in the Mg/Ca and Sr/Ca ratios ofHalimeda
algal aragonite with NaOH-buffered H2O2 treatment and also
reported similar results for the Mg/Ca and Sr/Ca ratios of
Poritescoral skeletons, which is compatible with our sugges-
tion. Although Amiel et al. (1973) suggested that Mg, Na, Sr,
and K in coral skeletons are significantly associated with or-
ganic materials, their experimental method for this particular
observation seems very rough.

Cyclical variation of Mg/Ca ratio along the growth axis of

coral skeletons was reported first by Goreau (1977) and Oomori
et al. (1982). Mitsuguchi et al. (1996) showed that the cyclical
Mg/Ca variation represents seasonal variation of seawater tem-
perature. Although coral Na/Ca and S/Ca ratios show similar
variations along the skeletal growth axis, they have no temper-
ature-induced signals (Oomori et al., 1982; Mitsuguchi, unpub-
lished data). Environmental controls for coral Na/Ca and S/Ca
ratios are poorly understood. To sum up, although there is a
general trend that Mg, Na, and S behave similarly in coral
skeletogenesis, only the Mg/Ca ratio is evidently controlled by
temperature. In any case, the positive heterogeneity effect on
the Mg/Ca and Na/Ca ratios should be taken into consideration
if they are used for paleoenvironmental analysis. The Mg/Ca–
temperature relationship given in Mitsuguchi et al. (1996) is
probably affected by the positive heterogeneity effect because
they used the same specimen that we did in this study (the
Ishigaki specimen) and treated the subsamples cumulatively
with DDW, 4 mM HNO3, and 30% H2O2 (at 60°C), in that
order. For ISH1923, ISH1956, and ISH1990, which are from
the Ishigaki specimen, the Mg/Ca increments through the H2O2

and HNO3 treatments are consistently;0.3 mmol/mol (see
Table 1 and Fig. 2). Thus, positive heterogeneity effect on the
Mitsuguchi et al. (1996) relationship is probably;0.3 mmol/
mol. Two Mg/Ca–temperature relationships forPoritescorals
have been calibrated by LA-ICP-MS with skeletal samples
treated only with ultrapure water (Sinclair et al., 1998; Fallon et
al., 1999). Compared with the two relationships, the Mitsugu-
chi et al. (1996) relationship gives higher Mg/Ca ratio in the
calibrated temperature range (Fig. 7). Subtracting the positive
heterogeneity effect of;0.3 mmol/mol makes the Mitsuguchi
et al. (1996) relationship approach and overlap the Sinclair et
al. (1998) relationship.

The dependence of coral Sr/Ca ratio on temperature was
suggested by Weber (1973), confirmed by Smith et al. (1979)
and Schneider and Smith (1982), and developed by Beck et al.
(1992) for practical use as a paleothermometer. Thereafter, the
Sr/Ca thermometry has been widely used for reconstruction of
paleoceanic climate in tropical regions (Guilderson et al., 1994;
McCulloch et al., 1996, 1999; Beck et al., 1997; Gagan et al.,
1998). The slight or little variation (,1%) of coral Sr/Ca ratio
with chemical treatments seems to enhance the usefulness of
the Sr/Ca thermometry. Nonetheless, attention should be paid
to heterogeneity effect on the Sr/Ca thermometry because the
Sr/Ca ratio has low sensitivity to temperature (;0.7%/°C).

6. SUMMARY

We investigated the variations in Mg/Ca, Na/Ca, and Sr/Ca
ratios ofPoritescoral skeletons with the cumulative treatment
with DDW, 30% H2O2, and 4 mM HNO3, and obtained impli-
cations for fine-scale distributions of Mg, Na, and Sr in the
skeletons and for behaviors of Mg and Na both in adsorption
onto the skeletal surface and in the skeletogenesis. Some pub-
lished works (e.g., Bar-Matthews et al., 1993; Allison, 1996)
were very helpful for our extensive discussion.

The Mg/Ca and Na/Ca variations with the cumulative treat-
ment were closely parallel: decrease with the DDW treatment,
which is due to removal of adsorptive Mg and Na from the
skeletal surface; then increase with the following H2O2 and
HNO3 treatments, which reflects enrichments in Mg and Na at
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the innermost portion of the skeletons (i.e., around the center of
calcification less than;20 mm in width). Because the H2O2

and HNO3 treatments dissolve the outer part of the skeletons,
the innermost skeletal portion, enriched in Mg and Na, is prone
to selectively remain after the treatments. Thus, the Mg/Ca and
Na/Ca increases are experimental artifacts associated with the
fine-scale elemental heterogeneity. We call this effect the het-
erogeneity effect. The Sr/Ca ratio showed slight or little vari-
ation throughout the treatment sequence, indicating that Sr is
distributed almost homogeneously in the skeletons with little
adsorptive fraction. Heterogeneity effect should be taken into
consideration, especially if the Mg/Ca and Na/Ca ratios are
used for paleoenvironmental analysis.

The remarkable covariation of Mg and Na in the adsorptive
and skeletal phases indicates that Mg and Na behave similarly
both in adsorption onto the skeletal surface and in the skeleto-
genesis. Furthermore, we found that the adsorptive and skeletal
phases have similar Mg/Na ratios (0.18–0.23 mol/mol). Com-
bined with the positive correlations of Mg, Na, and S observed
for coral aragonite and secondary aragonite (Bar-Matthews et
al., 1993), it can be deduced that Mg, Na, and S behave
similarly in the processes of adsorption, skeletogenesis, and
diagenetic precipitation. The correlative behaviors of Mg, Na,
and S can be related to the fact that SO4

22 forms ion pairs with
Mg21 and Na1 in seawater (MgSO4

0 and NaSO4
2).
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