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Two depth profiles of the osmium concentration and the '870s/1860s isotopic 
ratio in the Indian Ocean showed that the osmium concentration seems to be 
unaltered by chemical or biological processes occuring in seawater; accordingly, 
osmium is conservative. These data were obtained from an experimental meth- 
od that eliminated the problems related to osmium preconcentration. This 
method led to a new evaluation of the concentration of osmium in seawater; 
the mean concentration of osmium and the '870s/1860s ratio are equal to  
10.86 5 0.07 picograms per kilogram and 8.80 -C 0.07, respectively. The results 
suggest the existence of an organocomplex that dominates the speciation of 
osmium in seawater. 

The 1870s / '860s  ratios in marine sediments 
are considered to indicate the relative varia- 
tions o f  continental; mantle, and meteoritic 
input to seawater and to provide a record o f  
continental weathering. However, to link the 
0 s  isotopic composition o f  seawater to geo- 
logic events, one must know the residence 
time o f  0 s  in the oceans. The residence time 
determines the response o f  the ocean to vari- 
ations in the input o f  0 s  and; consequently, 
the shortest period and smallest amplitude o f  
change that are resolvable by the present 
analytical precision o f  0 s  measurements ( I ) .  
Until recently (2, 3),  no direct measurement 
o f  the present-day composition o f  seawater 
0 s  could be made because o f  analytical dif- 
ficulties. Here we present two depth profiles 
o f  the concentration and isotopic composition 
o f  0 s  that were measured in the Indian Ocean 
with an analytical technique (4 )  that had been 
adapted to water analysis. 

Seawater samples were obtained in Au- 
gust 1997 at two different sites along the 
southwest Indian Ridge; during the EDUL 
cruise o f  the NiO iWarion Dllfresne. Seven 
samples were taken from the CTD4 site 
(27'52's; 63"51fW), and nine samples were 
taken from the CTD12 site (34'111S, 
5j037'W) (5 )  (CTD, conductivity-tempera- 
ture-depth). Our measurements, made on un- 
filtered samples, can be compared with mea- 
surements that were obtained earlier on un- 
filtered samples from the Atlantic and the 
Pacific Oceans (2) .  

The chemical separation method that we 
used was derived from the method described 
by Birck et nl. (4 ,  6). Osmium isotopic ratios 
(7 )  and concentration measurements (Table 

1 )  were constant within analytical uncel-tainty 
along each profile and from one site to an- 
other (the sites are separated by several hun- 
dred kilometers). Duplicate measurements 
were made on some samples to confirm the 
reproducibility o f  the results. The total pro- 
cedural blank amounted to 4% o f  the sample 
total and remained constant within 15% 
throughout the duration o f  this study (8).  The 
best statistical estimate o f  the mean o f  the 
'870s i '860s  ratios (Fig. 1A) over the two 
profiles is 8.80 -C 0.07 (20 error). This ratio 
is in agreement with the ratios measured by 
Sharma et al. (2 )  (8.7 -C 0.2 for the North 
Atlantic Deep Water and 8.7 -C 0.3 for the 
central Pacific Ocean) but is higher than most 
o f  the ratios obtained from bulk or leached 
marine sediments (9);  with the exception o f  
the ratios obtained from some organic-rich 
sediments (10). This discrepancy is under- 
standable because most o f  these sediments 
contain nonradiogenic 0 s  in addition to their 
hydrogenous source. Although our profiles 
were on a ridge, we did not observe any 
decrease in t 1 1 e ' ~ ~ O s i ~ ~ ~ O s  ratio with depth, 
contrary to the measurements from the Juan 
de Fuca ridge (2) .  

The best statistical estimate o f  the mean 
concentration o f  the samples is 10.86 -C 0.07 
pglkg (normalized to 35 per mil salinity) or 
10.77 i- 0.07 pglkg (unnormalized; 2u  error). 
This concentration is three times that previ- 
ously measured in the Atlantic and the Pacific 
Oceans (2,  3).  Because the range o f  the indi- 
vidual uncertainties (2 to 7%, except sample 
CTD12-7) o f  the 0 s  concentration is similar 
to the whole variation over the two profiles, 
we cannot assess whether there is any cone- 

It seems unlikely that the discrepancy be- 
tween 0 s  concentration data from this studv 
and data from previous ones (2, 3)  represents 
a real difference between the major oceans 
because the homogeneity o f  the 1870s/ '860s 
ratio in the oceans [deduced from our data 
and the data in (2)]  indicates that 0 s  is rea- 
sonably well mixed. Thus, the observed dif- 
ference probably results from differences in 
the analytical procedures. 

It has been thought that some 0 s  could be 
adsorbed to the walls o f  the storage vessel. 
With radioactive Ig5Os as a hexachloroos- 
mate ( O S C ~ , ~ - ) ,  Koide et nl. (3 )  estimated a 
loss o f  0 s  tracer in Pyrex bottles that was 
equal to 0.5% per day. Two o f  our samples; 
CTD4-9 and CTD12-11, were duplicated af- 
ter 41 and 36 days, respectively. They should 
have lost 17 and 19% o f  their Os, respectively 
(3);  instead, we observed no 0 s  loss. More- 
over, the same 0 s  concentration was obtained 
for all our samples, even though we complet- 
ed our analyses over a period o f  3 months 
(which should imply a loss o f  36% o f  0 s  
between the first and last analyses). These 
results show that natural 0 s  does not behave 
in the same way as the OsC1,' tracer and that 
the recovery yield o f  0 s  that Koide et nl. 
estimated is not indicative o f  the true yield. 

To design a procedure that would enable 
the separation o f  0 s  from seawater. Sharma 
et al. (2 )  conducted experiments using sea- 
water solutions that were doped with an 0 s  
standard, to which an 0 s  tracer was added 
(both as O S C ~ , ~ - ) .  They obtained nearly 
quantitative recovery yields and tracer sam- 
ple equilibration. The lower 0 s  concentra- 
tions that they measured suggest that their 
recovery o f  natural 0 s  was not quantitative 
(even i f  reproducible) and, again. that 0 s  is 
not in the O S C ~ , ~  state in seawater. 

Homogenizing tracer and sample 0 s  be- 
fore extraction is difficult. The critical period 
for the 0 s  concentration measurement with 
our method occurs during the oxidation step, 
which permits the isotopic equilibration and 
the separation o f  0 s  from seawater into Br,. 
Duration tests were made on sample CTD4-6 
to ensure that the oxidation step was long 
enough to oxidize all the 0 s  contained in the 
sample (Fig. 2).  It appears that 48 hours are 
required for a sample heated to 90°C in an 
oven to reach an 0 s  concentration plateau 
(11). The long duration o f  the oxidation step 
in rather harsh conditions suggests that 0 s  
speciation is not, or is not dominantly, 
H,OsO, or H,OsO,-; in which species 0 s  is 
alreadv in the most oxidized state. 

Hence, none o f  the species that were pre- 
lation with salinity, but the constancy o f  the viouslv pro~osed on the basis o f  thermodv- * .  * A  
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The small mass of particulate matter in 
seawater (13) and the low 0 s  concentration 
of continental material (14) show the contri- 
bution of terrigenous particles to be negligi- 
ble. Meteoritic dust is also inadequate be- 
cause of the discrepancy between the Ig7Os: 
'8G0s ratio of seawater (8.8) and that of 
meteorites (-1) (15). 

However, our analytical procedure is able 
to oxidize scavenged metals and destroy oce- 
anic organic matter (16), nrhich did not occur 
in previous studies (2, 3). The difference in 
concentration between our data and the pre- 
vious data could be interpreted as a result of 
organic trace metal speciation. A notable af- 
finity of the platinum-group elements (to 
which 0 s  belongs) for organic compounds 

( I  ?) strengthens this hypothesis. Particulate 
organic matter (POM) concentration declines 
rapidly through the thermocline and reaches a 
low level in deep seawater (13). This enrich- 
ment of the surface water is due to the bio- 
logical activity that photosynthesizes and per- 
manently recycles organic matter through the 
diverse trophic levels. Only a part of the 
POM escapes being recycled in the surface 
water and is oxidized below; it is unlikely 
that this phenomenon would induce the same 
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Fig. 1. Two depth profiles of (A) the 18'0s/ 
l a60s  ratio and (B) the normalized 0 s  concen- 
trat ion (to 35 per m i l  salinity) in  the Indian 
Ocean. Solid circles represent CTD4 sites, and 
open circles represent CTDl2  sites. The vertical 
lines represent the average values. Error bars 
are 2 SD. 

Fig. 2. (A) Plot of the 1870s/1860s ratio versus 
the duration o f  the oxidation step o f  the chem- 
ical separation procedure. The isotopic ratio is 
constant, and its mean is 8.72 i 0.10, in  agree- 
ment  w i th  the mean of al l  samples. (B) Plot of 
0 s  concentration versus the duration of the 
oxidation step of the chemical separation pro- 
cedure. O n  a heating plate, the duration is 
much longer because the heating conditions 
are much weaker; the vessel is only heated 
from below. Solid circles represent aliquots that  
were heated in  an oven a t  90°C, and open 
circles represent aliquots that  were heated on  a 
plate at 160°C. Error bars are 2 SD. 

Table 1. Concentration and isotopic composition of 0 s  in the Indian Ocean water. Concentrations and 
isotopic compositions are blank corrected. Precisions are expressed in 2u. N, normalized t o  35 per mil; a, 
standard deviation; ( I ) ,  first sample; (2), second sample. 

Salinity 
(per mil) 

34.7044 
34.7048 
34.7050 
34.7057 
34.7063 
34.7075 
34.7075 
34.6831 
34.7032 
34.7040 
34.7083 
34.7196 
34.7084 
34.5943 
34.3678 
34.3678 
34.9418 
35.5846 

concentration of 0 s  in the deep ocean as in 
the surface water. If 0 s  comes from organic 
matter, the matter is certainly dissolved or- 
ganic matter. 

The residence time of 0 s  (T,.) has been 
estimated indirectly with several different 
methods (1, 2, 10, 18, 19), all of which give 
estimates that are between lo4 and lo5 years. 
Knowing the 0 s  concentration of seawater is 
a first step toward a direct calculation; to 
con~plete this calculation, we also need an 
evaluation of the input or output fluxes. Anal- 
yses of the 0 s  concentration of some of the 
world's largest rivers (19) show that their 0 s  
concentration is similar to that in seawater. 
The precision is not yet sufficient to reduce 
the uncertainty by much, because the varia- 
tion of the mean 0 s  concentration of rivers 
could be estimated as being between one-half 
and twice the 0 s  concentration in seawater. 
This results in the same residence time esti- 
mate [between 6.5 X lo4 and 1.6 X lo4 years 
(20)] as previous estimates. 

References and Notes 
1. F. M. Richter and K. K. Turekian, Earth Planet. Sci. Lett. 

119, 121 (1993). 
2. M. Sharma, D. A. Papanastassiou, G. j. Wasserburg, 

Geochim. Cosmochim. Acta 61, 3287 (1997). 
3. M. Koide, E. D. Coldberg, R. Walker, Deep-Sea Res. 

Part I1 43, 53 (1996). 
4. j. L. Birck, M. Roy Barman, F. Capmas, Geostand. 

Newslett. 20, 19 (1997). 
5. All samples were collected wi th a rosette multisam- 

pler wi th polyvinyl chloride bottles. Conductivity, 
temperature, and pressure were monitored wi th a 
CTD probe. The depth and salinity were derived from 
the CTD data. After recovery, all the samples were 
stored in Pyrex bottles. Before being used, these 
bottles were degassed at 600" t o  650°C. The charac- 
teristics of the glass of a degassed bottle are '870s/ 
'860s = 6.06 2 0.08 and [Os] = 0.22 parts per 
trillion. To prevent bacterial growth or planktonic 
evolution, we added HgCI, t o  the seawater samples. 

6. A 50-ml fraction from each 500-ml sample was in- 
troduced into a 120-cm3 Savillex perfluoralkoxy Tef- 
lon pressure vial wi th 2 cm3 of Br,, 2 cm3 of 50% 
H,SO,, 2.5 cm3 of 40% CrO,, and 10 m l  of a lgOOs 
tracer solution. The vessel was then closed and heat- 
ed t o  90°C in an oven for 48 hours, and the 0 s  was 
oxidized t o  0 8 0 ,  and extracted from water into Br,. 
After cooling, the separation method was carried out 
as in step 3 of ( 4 ) ,  but two  extractions (each involving 
1 cm3 of Br,) were made instead of one as in the 
original procedure. No modifications t o  the method 
were made beyond that step. 

7. Osmium isotopic ratios were normalized t o  l g 2 0 s i  
1880s = 3.08271 and corrected wi th measured ' 8 0 /  
1 6 0  and 170i160 ratios of 0.002047 and 0.00037, 
respectively [A. 0. Nier, Phys. Rev. 52, 885 (1937)l. 
The 1870si1860s ratio was calculated from the mea- 
sured 1870si'880s wi th 1860s/1880s = 0.120343. 
[J. M. Luck and K. K. Turekian, Science 222, 613 
(1983)l. We measured eight 0.5-pg standards, which 
had a mean value of 0.1748 z 0.0010 and were 
undistinguishable within error from the measure- 
ments made on faraday cups on the larger standards 
in (4). 

8. The tota l  procedural blank was 22 fg wi th a 1870s/ 
1860s ratio of 3.9, including HgCI,. A variation of 
50% on the concentration or composition of the 
blankwould be necessary t o  induce a variation that is 
equivalent t o  the analytical uncertainty. 

9. B. K. Esser and K. K. Turekian, Geochim. Cosmochim. 
Acta 52,  1383 (1988); W. J. Pegram, B. K. Esser, S. 
Krishnaswami, K. K. Turekian, Earth Planet. Sci. Lett. 
113, 569 (1992); C. Ravizza and G. M. McMurtry, 

www.sciencemag.org SCIENCE VOL 282  9 OCTOBER 1 9 9 8  273 



R E P O R T S  

Geochim. Cosmochim. Acta 57, 4301 (1993); G. 
Ravizza, Earth Planet. Sci. Lett. 118, 335 (1993); B. 
Peucker-Ehrenbrink, G. Ravizza, A. W. Hoffmann, ibid. 
130, 155 (1994). 

10. G. Ravizza and K. K. Turekian, Earth Planet. Sci. Lett. 
110, I (1992), 

11. An increasing concentration over time could be in- 
terpreted as the result of a loss of tracer into the 
inner face of the Teflon vessel. In order to eliminate 
this possibility, 4 m l  of CTD4-6 was analyzed with the 
procedure that was developed in (4),  which is usually 
used for a wide variety of rock samples of small 
weight (without the dissolution step-H,SO, was 
used instead of HNO,). The measured [Os] was 
10.2 z 0.7, and the 1870s/'860s ratio was 8.6 z 0.5 
(the values were corrected from the blank), implying 
that there was no measurable differential loss of 
tracer or sample. 

12. D. G .  Brookins, Eh-pH Diagrams for Geochemistry 

(Springer-Verlag, New York, 1988), pp. 92-93; F. G. 
Cotton and G. Wilkinson, Advanced Inorganic Chem- 
istry (Wiley, Chichester, UK, ed. 5, 1988). 

13. W. M. Sackett, in Chemical Oceanography, j. P. Riley 
and R. Chester, Eds. (Academic Press, London, 1978), 
pp. 127-172. 

14. B. K. Esser and K. K. Turekian, Geochim. Cosmochim. 
Acta 57, 3093 (1993). 

15. C, J. Allegre and J.-M. Luck, Earth Planet. Sci. Lett. 48, 
148 (1980). 

16. A. Krogh and A. Keys, Biol. Bull. 67, 132 (1934); j. H. 
Sharp, Mar. Chem. 56, 265 (1997). 

17. G. S. Jacinto and C. M. C. Van den Berg, Nature 338, 
332 (1989): A. D. Anbar, G .  J. Wasserburg, D. A. 
Papanastassiou, P. S. Andersson, Science 273, 1524 
(1996) and references therein. 

18. B. Peucker-Ehrenbrink and G. Ravizza. Geoloav 24. 
327 (1996); K. W. Burton et al., 1. Conf. ~ b s t r y l ,  92 
(1996). 

Experimental Demonstration of 
Guiding and Bending of 

Electromagnetic Waves in a 
Photonic Crystal 

Shawn-Yu Lin,* Edmund Chow, Vince Hietala, 
Pierre R. Villeneuve, J. D. Joannopoulos 

The routing and interconnection of optical signals through narrow channels and 
around sharp corners are important for large-scale all-optical circuit applica- 
tions. A recent computational result suggests that photonic crystals may offer 
a novel way of achieving this goal by providing a mechanism for guiding light 
that is fundamentally different from traditional index guiding. Waveguiding in 
a photonic crystal and near 100 percent transmission of electromagnetic waves 
around sharp 90 degree corners were observed experimentally. Bending radii 
were made smaller than one wavelength. 

The efficient guiding and interconnection of 
light on a chip are important for telecommuni- 
cation and optical computirlg applications (I, 
2). Conventional dielectric waveguides can 
support guided modes along straight lines 
with high efficiency yet are restricted by 
radiation loss to a moderate bending radius 
(3). A recent theoretical investigation sug- 
gests that photonic crystals hold the key for 
overcoming this problem. It is predicted that 
a photonic crystal waveguide can guide light 
with great efficiency either along a straight 
path (4) or around a sharp corner (5-7). It is 
further suggested that light can be guided in 
air, ~ninimizing guiding loss due to material 
absorption. 

Photonic crystals, also known as photonic 
band gap (PBG) materials, are artificially engi- 
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neered dielectric materials that exhibit a fre- 
quency regime over which propagation of light 
is stsictly forbidden (8). A linear defect in a 
photonic crystal can give rise to a band of 
defect states within the gap and act as a 
waveguide (see Fig. 1A). Light in the photonic 
crystal is confined to and guided alorlg the 
one-dimensional (ID) channel because the gap 
forbids light from escaping into the bulk crystal. 
A waveguide bend (Fig. 1B) can then steer light 
around a sharp 90" comer. A simple scatteling 
theory predicts the existence of reflection nodes 
where 100% transmission efficiency can be 
achieved through the bend (5). We now dern- 
onstsate \vaveguiding of electromagnetic (EM) 
nraves by a PBG line defect and, more imnpor- 
tantly, observe near perfect transmission of EM 
naves around a sharp corner in a photolnc 
crystal 

The h~ o-dimensional (2D) photonic crystal 
we used to conshuct straight waveguides and 
waveguide bends consisted of a square alvay of 
circular Alumina rods having a drelectric con- 
stant, F ,  of 8.9 and a radius, y, of 0.200, where 
n is the lattice constant of the square array. In 
our experiment, the lattice constant was chosen 
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to be 1.27 m n .  For such a 2D photonic crystal, 
a large photonic band gap exists for light po- 
larized parallel to the rods that extends from a 
frequency of 0.32c/0 (76 GHz) to 0.44c/0 (105 
GHz). Here, c is the speed of light. 

A line defect is created inside the crystal by 
removing a row of rods. The line defect intro- - 
duces an optical mode inside the crystal. Its 
localization sbength depends on the specific 
rnodal frequency; at midgap, the guided mode 
extends less than one-half of a nravelength into 
the crystal (9). The translational synunehy 
along the line defect allows the guided mode to 
be desclibed with two q~~ar lh~n l  iluinbers: fre- 
quency (f) and wave vector (k). A f versus k 
dispersion relation uniquely charactelizes the 
propagation of light in the waveguide. Comput- 
ed results of such a dispersion relation along the 
high-symnleny crystal direction < lo>  are 
shown in Fig. 2, along with the extent of the 
PBG. The dispersion is stsongly nonlinear near 
the cutoff at k = 0. It becomes linear at higher 
frequencies and eveilh~ally intercepts the upper 
branch of the photonic band gap at f = 0.44 
c/o. The bandwidth Afof the guided mode is 
very large and extends over the entire width of 
the band gap. Had we chosen a lattice constant, 
n, of 0.59 pm (infrared regime) instead of 1.27 
mm (millimeter-wave regime), the band gap 
\vould have been centered at a nravelength h = 

1.55 km, and the guided-mode bandwidth Ah 
\vould have extended over a range of 430 rim. 

To test the PBG waveguides, we used a 
HP8510C millimeter-wave source unit with a 
h~nable frequency range from 75 to 110 GHz. 
The elechic field of the enlitted EM wave was 
polarized parallel to the dielectric rods and was 
coupled into the PBG waveguide with hvo me- 
tallic millimeter-wave waveguides, a tsansmit- 
ter and a receiver, placed next to the enbar~ce 
and exit respectively, of the PBG nraveguide 
This schenle was used to optimize couplillg into 
the PBG waveguide. It closely mirrors the setup 
used in the con~putational simulations (5). In 
the simnulations, a point dipole, acting as a 
tsansmitter, was placed at the entsance of the 
PBG waveguide, and the field amplitude was 
inonitored at a point located inside the guide 
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