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Strontianite in Coral Skeletal Aragonite 
Robert B. Greegor, Nicholas E. Pingitore Jr.,* Farrel W. Lytle 

An x-ray spectroscopic study of scleractinian coral skeletons indicated that, although 
some strontium substitutes for calcium in the aragonite structure, at concentrations of 
about 7500 parts per million, as much as 40 percent of the strontium resides in stron- 
tianite (SrCO,). A doublet peak in the Fourier transform of the extended x-ray absorption 
fine structure of the coral corresponded to six metal and 13 oxygen neighbors sur- 
rounding strontium at about 4.05 angstroms in strontium-substituted aragonite and at 
about 4.21 angstroms in strontianite. Thus, the mechanism of the temperature-sensitive 
partitioning of strontium between seawater and coral skeleton used for paleothermom- 
etry is unexpectedly complex. 

Strontiumlcalcium ratios in scleractinian cific absomtion edge of the element of in- 
corals have been used to reconstruct past 
sea surface temperatures (SSTs) on the ba- 
sis of the observed temperature dependence 
of Sr partitioning between seawater and 
coral skeleton (1 ). However, in some cases 
SSTs derived from Sr/Ca ratios differ from 
those derived bv other techniaues (for ex- . . 
ample, oxygen isotopes), and the origins of 
these differences are not clear (2 ) .  Because 
SrCO, is isomorohous ( 3 )  and shows at , , 

least partial solid solution with aragonite 
(4), it generally has been thought (4,  5) 
that Sr substitutes for Ca in biogenic and 
inorganic rnarine aragonites, although there 
is recent evidence to the contrary (6). 

To characterize the site of Sr in arago- 
nite scleractinian corals, we used x-ray ab- 
sorption near-edge structure (XANES) and 
extended x-rav absor~tion fine structure 
(EXAFS) spectroscopy. In these experi- 
ments, an intense, monochromatic beam of 

collected live; all had -7500 ppm of Sr), 
and an aragonitic pelecypod bivalve (with 
-1500 ppm of Sr) (7). We used calcite, 
inorganic aragonite, SrCO,, SrO, and SrOz 
as standards for structural comparison and 
extraction of EXAFS phase shifts and scat- 
tering amplitudes. Measurements were con- 
ducted at the Stanford Synchrotron Radia- 
tion Laboratory (SSRL) using X'4S tech- 
niques (8). 

The aragonite and calcite XANES (Fig. 
1) were taken at the Ca K-edge (4038.5 eV), 
whereas the other spectra were taken at the 
Sr K-edge (16104.6 eV). In calcite, Ca and 
Sr are distinguished from the other structural 
sites by a distinctive doublet at the top of the 
absorption rise for calcite and Sr in calcite. 
Fourier transforms of the 5,-weighted 
EXAFS data (from -3.5 to 12 A-') at the 
K-edges corresponding to the XANES, along 
with the appropriate phase shift (Ca-0  or 
Sr-0),  yielded peaks close to the expected 
crystallographic distances (Table 1). The 
measured metal-metal distances are also 
close to the reference distances established 
by x-ray diffraction (XRD) (9). 

The Sr K-edge XANES of the different 
coral soecies and ages amear identical at - - 

terest, in this case Sr. Excitation and back- the resolution presented in Fig. 2. The ab- 
scattering of Sr K-edge electrons provide sence of the doublet at the top of absorption 
information about the local environment rise indicates that Sr is not in the calcite 
(out to several nearest-neighbor shells) of form of CaCO,. The XANES features re- 
the Sr atoms, at Sr concentrations as low as semble Sr in SrCO,, SrO?, and SrO, and to 
1000 parts per million (ppm). a lesser extent, Ca in aragonite (Fig. 1). 

Table 1. Summary of Fourier transforms, XRD, and least-squares fits to EXAFS data. N,, coordination 
number ( t20%)  from least-squares f~ t ;  R,, bond length (+0.05 A) from least-squares fit; An2, mean- 
squared relative displacement (with respect to SrO standard) from least-squares fit; E,, inner potential 
(treated as arbitrary parameter) from least-squares fit; SD, standard dev~ation of least-squares fit to data; 
R,, bond length from peak of Fourier transform; XRD, x-ray diffraction data for coordination number and 
bond length; Sr, strontium in aragonte sample; MA, M. annularis coral; AP, A, palmata coral; PEL, 
pelecypod bivalve; H, Holocene age; P, Pleistocene age; I, collected live; d, collected dead; b, bleached. 
Calcite (rhombohedral) and aragonite (orthorhombic) are polymorphs of CaCO,; SrCO, is isomorphous 
with aragonite. 

Sample N, R, (A) Au2 (A2) Ec SD R+ (A) XRD (A) 
iev ) 

Calcite 
Aragonite 

x-rays, usually from a synchrotron source, is S~O-  2.58 V-2.58 
tuned gradually across the energy of a spe- Sr02 10.6 2.57 0.0030 1.17 0.187 2.57 X-2.61 

Stront~an~te 9.0 2.59 0.0006 0.44 0.189 2.64 X-2.64 
Sr (MA I) 8.8 2.55 -0.0004 0.00 0.225 2.57 

R B.  Greeaor, The Boe~na Companv. Seattle. WA Sr (MA I ,  b) 8.6 2.56 -0.0006 0.17 0.274 2.57 
98124, USA: Sr (MA d) 9.3 2.56 -0.0002 0.56 0.202 2.57 
N. E. Pngtore Jr , Department of Geooglca Sciences, Sr (MA H) 8.8 2.56 -0.0008 1.01 0.273 2.60 
Un~verslty of Texas at El Paso, El Paso, TX 79968-0555. sr ( ~ p  1-1 4) . -. 8.8 2.56 -0.0007 0.29 0.294 2.57 
UbH. Sr (AP - 1  5) 
F. W, Lyte. The EXAFS Co , Ploche, NV 89043, USA. 

Sr (AP 
8.9 2.55 -0.0003 0.30 0.286 2.57 
8.9 2.55 -0.0004 -0.31 0.284 2.60 

-To whom correspondence should be addressed. E -ma :  Sr (PEL) 9.6 2.55 0.0007 0.14 0.253 2.52 
n1ckt3geo.utep.edu 
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Fourier transforlns of the K3-weighted 
EXAFS coial data (Fig. 3) show a first peak 
at -2.56 A. which corresoonds to the near- 
est ozygen neighbors, and a double peak at 
-4 A, which corres~onds to the coordina- 
tion shells with six metal and 13 oxygen 
atoms. This doublet is not prominent in the 
lowerinost two AP corals. 

Least-square fits of the Fourier back 
transforms of the first peak (10) provide 
estimates of the coordination nutnber, bond 
length, and relative disorder at the Sr site 
(Table I ) .  We made the fits using an ex- 
perimental scattering amplitude froin SrO 
and a single-bond length averaging all the 
bonds actually present. The determined Sr 
coordination of IX is consistent with Sr in 
aragonite or SrCO, but not in calcite (co- 
ordination VI). 

Co~nparison of Sr K-edge Fourier trans- 
forins of EXAFS data for SrCO,, two cor- 
als, and Sr in aragonite with the Ca K- 

u 

edge data for aragonite indicates that Sr is 
present both at the Ca site in the arago- 
nite structure and at a distinct SrC0,-like 
site (Fig. 4). A do;ble peak in the Fourier 
transforms at -4 A, which corres~onds to 
six metal and 13 oxygen neighbors, veri- 
fies the presence of both phases. These 
atoins are closer to :he central atom in 
aragonit: (-4.05 A )  than in SrC03 
(-4.21 A ) ,  thereby producing the doublet 
when the Sr is present in both arrange- 
IFents in a sample. The Ca-Ca shell at -4 
'4 in the low-Sr aragonite pelecypod is 
slightly expanded becau$e the larger Sr 
cation [Sr2- VIII = ld39 '4, Sr2+ X = 1.46 
'4, Ca2+ IX = 1.32 A ( 1  I ) ]  substitutes at 
the Ca site. In SrCO, (bottom Fourier 
transform) the Sr-Sr shell is at an even 
greater distance than the Ca-Ca shell or 
the Sr-Ca shell in the aragonite pelecy- 
pod. Therefore, when a mix of both Sr-Ca 

Energy (eV) 

Fig. 1. The Ca K-edge XANES for aragonite and 
calcite polymorphs of CaCO,, and the Sr K-edge 
XANES for Sr In calcite (1 500 ppm), SrCO,, SrO,, 
and SrO. Note the doublet at the top of the ab- 
sorption rise for calcite and Sr in calcite. 

and Sr-Sr shells is present in the corals, we 
see the characteristic double peak in the 
-4 A metal-metal shell. The peaks in the 
Fourier transforms are not at their exact 
expected positions because of phase-shift 
effects and disorder arising from the ac- 
cotnmodation of atoms having different 
radii. 

Linear combinations of the Fourier 
transforms of the Sr K-edge EXAFS for Sr - 
in aragonite and SrCO, can be used to 
estimate the SrC03 content of our corals 
(Fig. 5). We assumed that the relatively 
small amounts of Sr in the pelecypod sub- 
stitute randomlv for Ca in the aragonite 
structure and do not appreciably cluster 
into domains of a SrC0,-like phase. This 

Fig. 2. The Sr K-edge XANES for a corals 
(-7500 ppm of Sr) investigated in this study. 
None of the corals exhibited the doublet at the top 
of the absorption rise, which is characteristic of 
calcite. MAstands for M. annularis, and AP stands 
for A. oalmata. 

3.8 

0 1 2 3 4 5 6  
Radius (A) 

Fig. 3. Phase-corrected (usng SrO) Fourier trans- 
forms of Sr K-edge W F S  from -3 5 to 12 A-' 
for a corals (-7500 ppm of Sr) Investigated In this 
study. NoteJhe double peak for most of the sam- 
ples at -4 A MA stands for M. annularis and AP 
stands for A, palmata. 

3 0.6- 

0.2- 

supposition is reasonable iecause the pele- 
cVpod Sr-Ca peak at -4 '4 is shorter than 
that for Sr-Sr in SrC0, (Fig. 4) ,  and the 
shoulder, corresponding to Sr-Sr neighbors 
in SrCO,, was barely or not observable to 

AP-Ive (15) j 
AP-Ple~sfocend 

0 1 2 3 4 5 6  
Radius (A) 

-0.2 ' , ' ,  " ,  , '  ' , '  
-40 0 40 80 120 

Energy (eV) 

Fig. 4. Comparison of phase-corrected Fourler 
transforms of K-edge W F S  for aragonite, Sr in 
aragonite (1500 ppm of Sr, pelecypod), corals, 
and SrCO,. A of the data are at the Sr K-edge 
except for the aragonite, which was taken at the 
Ca K-edge (in electron yield). Note (at -4 A) that 
the Ca-Ca shell distance IS shorter than the Sr-Ca 
distance in aragonite, and both of these are shod- 
er than the Sr-Sr distance in SrCO,. The presence 
of both a Sr-Ca shell and a Sr-Sr shell In the corals 
is noted by the arrows. 

2000 lsr in aragonite (4 
A 

- .  

Radius (A) 

Fig. 5. Llnear combinations of phase-corrected 
Fourer transforms of Sr K-edge EXAFS for Sr In 
aragonite (A) (1500 ppm of Sr, pelecypod) and 
SrCO, (S). Note that a mix of 60% A + 40% S is a 
close approximation of the double peak at -4 A In 
the AP-14 coral collected v e  (denoted by dashed 
llne). 
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the right on the  Sr-Ca peak. This sample 
was deter~nineii to be pure aragonite by 
XRD (7). T h e  dashed line in  Fig. 5 is the 
Fourier transfor~n of the Sr K-edge EXAFS 
spectrum for coral AP-14. '4 linear combi- 
mation of -6L1% Sr  substituted in  aragonite 
anii -40% Sr in a SrCO, phase approxi- 
mates (2  15%) the EXAFS of AP-14 and all 
of the  M A  corals. T h e  remaining two ,4P 
corals did not show as large ; SrCO, shoul- 
der o n  the  doublet at -4 A, suggesting a 
more homogeneous distribution of their Sr 
in the aragonite structure. 

Plu~nmer and Busenberg (6)  showed that 
there was a wide miscibility gap in the  
aragonite-SrCO, solid solution from a 
SrCO, mole fraction of 0.0058 ? 0.0003 to 
L1.875 +- 0.L111 at  2 j °C .  Aragonite with 
more than -5000 ppm of Sr substituted for 
C a  is therefore metastable. For the  two- 
phase corals, our estimate of 4500 ppin of Sr 
at the  C a  structural sites in aragonite (60% 
of 7500 ppm) and 3000 ppln in the SrCO, 
(4O0/0 of 7500 ppm) agrees with thermody- 
namic analysis of the laboratory aragonite- 
SrCO, system (6).  blost scleractinian corals 
grow, between 25" and 2g°C, a temperature 
range close to the 25°C of the  synthetic 
system (6) .  T h e  tn70 A P  corals exhibiting 
smaller S rCO,  shoulders apparently formed 
as metastable high-Sr aragonite. 

It seems reasonahle that the SrCO, do- 
mains are primary features that formed dur- 
ing hiomineralization. T h e  domains are 
present in  specimens that were collected 
live, a n ~ i  solid-state diffusion or disso1utio11- 
reprecipitation is difficult or slow in seawa- 
ter at arnhient temperatures. T h e  si?e and 
distribution of the  SrCO, do~nains  is not  
know,n, and neither is the  lnechanism by 
which corals secluester more Sr in  aragonite 
skeletons than expected a t  eiluilihrium with 
seawater, although Plumlner and Busenberg 
(6)  suggest that precipitation kinetics cause 
noneiluilihri~lln incorporation of Sr in  many 
marine carbonates. 

These findings indicate that Sr  does not 
substitute solely for C a  a t  its str~lctural sites 
in M A  and AP,  species that have not heen 
directly calibrated for Sr/Ca SST paleother- 
mornetry. Further investigation of the 
SrCO, in these and other species will ad- 
vance our understanding of the  inechanisms 
of Sr incorporation into scleractinian coral. 
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Pulses of Rapid Ventilation in the North Atlantic 
Surface Ocean During the Past Century 

Ellen R. M. Druffel 

The Suess Effect is a gradual decrease of the 14C/'2C ratio in tree rings from 1870 to 1950 
that is attributed mostly to the burning of 14C-free fossil fuels for energy. In contrast, 
pre-nuclear bomb high-precision measurements of 14C/'2C ratios in banded corals from 
the North Atlantic Ocean do not exhibit the expected Suess Effect. Instead, large 
biennial-to-decadal shifts in the 14C/12C ratios appear throughout the coral records. This 
pattern indicates that rapid pulses of increased mixing between surface and subsurface 
waters occurred in the North Atlantic Ocean during the past century. 

S i n c e  the late 19th century, humans have 
burned s~lbstantial amounts If fossil fuels for 
energy. '4s a result of this cornbustion, the  

u ,  

concentration of CO, in the  atmosphere 
has increased by at least 25% (1) .  This 
increase renresents about half of the  CO, 
that has been emitted into the  atmosphere; 
most of the  other half is in the oceans. T h e  
decline in  A1'C (2)  values of atmospheric 
CO,, due to C 0 2  release from fossil fuels 
and to cosmic ray flux variability, has been 
measured in  tree rings [-2L1 per mil ( 3 ) ]  and 
is known as the Suess Effect 13. 4). Because 
atmospheric C02 exchanges wi th  dissolved 
inorganic carbon (DIC) in  the  surface 
ocean, 1°C measurements in the  upper 
ocean can he used to quantify the main sink 
for fossil-fuel CO-. Coralline aragonite has - 
been show,n to accrete calcium carbonate 

Department of Earh System Science, Unversty of Call- 
fornia. w n e .  wine, CA 92697-31 00, USA. 

with the same 1°C signature as that in  
DIC in  the surrounding seawater (5, 6) .  
T h e  8% (7) values in banded corals have 
been shown to correlate inriersely with sea 
surface temperature (SST) (8-10) and to  
correlate directly with the salinity and 8180 
of seaLvater (1 1,  12).  Here I report high- 
vrecision A1'C 1neasureIllents of banded 
corals from three sites in the  North  Atlan- 
tic Ocean and use the  results to  calculate 
the  water mass renewal (or ventilation) rate 
in  the North  Atlantic over the  past 1L10 
years. 

Cores of Diploria strigosa were collected 
from surface xvaters (at  a depth of 5 m)  near 
North  Rock (32"29'N, 64"411W; 14 km 
north of Bermuda), and hlontnstren nnnu- 
layis corals n7ere cored from Pickles Reef off 
Key Largo, 100 km south of Miami, and 
from T h e  Rocks Reef ( 2 4 " 5 i f N ,  80°33'W), 
1 km south of Plantation Key in Florida. 
Biennial (2-year) bands \t7ere cut from the  
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