
T h e  results of our nun1erical experillrents 
give values from three to  tell times this 
value. Some of this difference is due to the  
lack of deeper mantle flon., and some of it IS 

due to the  weakness of the  temperature 
dependence (our highest A is still about a 
factor of two too small), w111ch creates a 
strong do~vnwelling curtain leading to large 
negative topography and geoid. This cur- 
tain is the  result of mechanical thinning 
and would be much sinaller at Earth-like 
values of A. 

T h e  range of buo\-ancy fluxes in our 
experi~nents (calculated froin the  rate at 
n.hic1r topography is created) is 0 .8  to  
10.7 x 10% s p l ,  which includes tlre esti- 
nlated value for the  Hawaiian swell. As  
demonstrated in (1  7), the  plume buoyancy 
flux IS sinaller than the  buoyancy flux inea- 
sured from the topography, because of the  
huoyancy flux of tlre dowlnvelling curtain. 
T h e  buoyancy flux does  not obey a simple 
scaling \vitlr either A or TF, because of 
competition b e t ~ e e n  mechanical thinning, 
spreading of plume material within tlre as- 
thenosphere, and t h i n n ~ n g  by small-scale 
instab~lities. Experi~nents to  control these 
factors individually shhuld be designed. 

W e  ha\,e deinonstrated that the  small- 
scale ~nstabilities that promote l~thospheric 
thinning are initiated when the  escess tern- 
perature of the  plume is about twice ATLl,+,,,, 
undependent of A. T h ~ s  finding gives us 
confidence in extrauolat~no to Earth-like 

c2 

values of A, xlrich require only modest 
plume teinperatures ( T p  > 100 K) to pro- 
duce small-scale convective floxs. 
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Photometry and Spectroscopy of the GRB 
970508 Optical Counterpart 

Alberto J. Castro-Tirado, Javier Gorosabel, Narciso Benitez, 
Christian Wolf, Ralf Fockenbrock, Enrique Martinez-Gonzalez, 

Helmuth Kristen, Adrick Broeils, Holger Pedersen, 
Jochen Greiner, Enrico Costa, Marco Feroci, Luigi Piro, 

Filippo Frontera, Luciano Nicastro, Eliana Palazzi, 
Corrado Bartolini, Adriano Guarnieri, Nicola Masetti, 

Adalberto Piccioni, Marco Mignoli, Magrethe Wold, Mark Lacy, 
Kurt Birkle, Tom Broadhurst, Saren Brandt, Niels Lund 

An optical transient within the error box of the gamma ray burst GRB 970508 was imaged 
4 hours after the event. It displayed a strong ultraviolet excess, and reached maximum 
brightness 2 days later. The optical spectra did not show any emission lines, and no 
variations on time scales of minutes were observed for 1 hour during the decline phase. 
According to the fireball and afterglow models, the intensity should rise monotonically 
before the observed optical maximum, but the data indicate that another physical 
mechanism may be responsible for the constant phase seen during the first hours after 
the burst. 

G a m l n a  ray bursts (GRBs),  b r~e f  flashes of 
cosmic h1gl1-energy photons, remain one of 
the  most elusive mysteries for 111glr-energy 
astrophysicists ( I ) ,  mainl\- because we do 
not  know how far axay they are. T h e  find- 
ing of counterparts-transient einissions re- 
leased a t  other xavelengths after the  
bursts-is needed to  help explain their or- 
igin. Since the  advent of the  Italian-Dutch 
x-ray satellite BeppoSAX in April 1996 ( 2 ) ,  
it has been possible to perform deep multi- 
wavelength searches just a few hours after 
a n  event,  allowing the  detection of coun- 
terparts associated x i t h  the  GRBs. 

O n  8 Ma\- 1997, 21:41:45 UT, G R B  
970508 xas  detected by the  gamma ray 
burst  non nit or (3)  and tlre wide-field calnera 
(4)  of BeppoSAX. T h e  single-peaked G R B  
lasted 15 s, and its position (5) was further 
ref~ned to a rad~us of 3 arc nun  (6) .  This 
event was also observed as a rather weak 
GRB by tlre Burst and Transient Source 
Experiment (BATSE) o n  the  Coinpton 
Gamma-Ray Observatory. T11e d u r a t ~ o n  
was about 35 s, with a angle  lnain pulse 

l a s t~ng  3.6 s, reaching a peak flux (50 to 300 
keV) of -2 x 1 0 - ' 9  m-' sp l .  T h e  gamma 
ra\- fluence (flux integrated over nine) was 
-1.6 X 1 0 - 9  inp2 (7). After 5.7 hours, 
BeppoSAX was reoriented toward the  burst 
location, and a n  x-ray source was detected 
within the  region of uncertainty given by 
the  less accurate G R B  localization ( the  er- 
ror box) (8). 

Lyle obtained unfiltered and R-band im- 
ages with the  Calar Al to  Faint Object Spec- 
trograph a t  the  2.2-111 telescope of tlre Ger- 
man-Spanish Calar Al to  Observatory 
( C A H A ) ,  beginning 4 hours and 6 mill 
after the  GRB ( 9  May, 1 :48  U T ) .  T h e  
2048 X 2048 pixel charge-coupled device 
( C C D )  frames x i t h  scale 0.53 arc sec per 
pixel provided a circular field (16 arc lnin in  
diameter), which was centered o n  the  ini- 
tial G R B  locat~on.  Lyle also obtained a mo- 
salc of linages with the  4.22-111 Y ~ ~ l l i a m  Her- 
schel Telescope ( W H T )  o n  La Palma (Ca-  
nary Islands), startlng 4 hours and 24 min 
after the  e\,ent. T h e  pos~t ion of the  x-ra\- 
source was imaged (300-s exposure) by the  

1cemag.org SCIENCE VOL 279 13 FEBRUARY 1998 1011 



Table 1. Joumal of the GRB 970508 observations (photometry). The telescope name is preceded by its 
aperture in meters. 

Date of 
1997 Time (UT) Telescope Filter Integration 

time (s) Magnitude 

09 May 01 :48 2.2 CAHA - 600 21.2 + 0.1 
09 May 02:m 4.2 WHT U 300 20.3 + 0.3 
09 May 03 : 04 2.2 CAHA R 300 21.2 + 0.1 
09 May 21 :35 2.2 CAHA R 600 20.9 + 0.1 
10 May 01 :21 4.2 WHT U 1200 19.9 + 0.3 
10 May 20:24 1.5 Loiano R 1200 19.8 + 0.1 
10 May 20:55 2.2 CAHA R 60 19.8 + 0.2 
1 1  May 02:13 4.2 WHT U 1200 19.6 + 0.3 
1 1  May 03:27 4.2 WHT R 600 20.1 + 0.1 
1 1  May 20:50 2.2 CAHA R 300 20.4 + 0.1 
12 May 01:38 4.2 WHT U 1200 19.9 + 0.3 
12 May 02 : 32 4.2 WHT U 1200 20.0 + 0.3 
12 May 03:20 2.2 CAHA R 180 20.5 + 0.1 
12 May 05:20 4.2 WHT B 40 x 60 21.5 + 0.3 
13 May 20:24 1.5 Loiano R 3600 20.5 + 0.1 
14 May 20:38 1.5 Loiano R 3600 21.5 + 0.2 
15 May 01:55 2.5 NOT U 1200 22.0 + 0.5 
25 August 22:27 4.2 WHT U 2 X 2700 223.0 
26 August 0O:OO 4.2 WHT R 3 X 900 224.0 

primary focus camera through a wide U- 
band filter (9) on 9 May, 02:06 UT. The 
2048 x 2048 pixel CCD frames (0.26 arc 
sec per pixel) covered a 9 arc min by 9 arc 
min field. Images of the standard stars 
PG1657+078A, PG1047+003B, and 
AGK +81° 266 were obtained in order to 
get photometric calibration. Further ob- 
servations were acquired with the Bolonia 
Faint Object Spectrograph and Camera of 
the Bologna Astronomical Observatory at 
Loiano, Italy, with the High Resolution 
Adaptive Camera instrument at the Nor- 
dic Optical Telescope (NOT) at La 
Palma, and again with the WHT on ser- 
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vice time on 25-26 August (Table 1). 
A comparison among frames acquired on 

9 and 10 May allowed us to search for vari- 
able objects within the GRB error box, con- 
firming the variability of the object reported 
by Bond (10). This object was inside the 
x-ray source error box and showed an ultra- 
violet (UV) excess (Fig. I), supporting the 
association of the transient x-ray source with 
the optical variable. Using aperture photom- 
etry software, we determined the magnitudes 
of the optical transient in all images. About 
5 hours after the burst, magnitudes were 
20.3 + 0.3 in the U band and 21.2 + 0.1 in 
the R band (1 1). Our optical observations 
were simultaneous with the BeppoSAX de- 
tection of x-ray emission 5.7 hours after the 
burst, implying a ratio of x-ray (0.5 to 10 
keV) to optical luminosity -10, in contrast 
to -200 for GRB 970228. 

After an initial phase of constant bright- 
ness lasting 1 day [as inferred from the 
R-band light curve (Fig. 2)], a strong flare 
took place. The peak brightness of the op- 
tical light occurred 2 days after the GRB, 
and a maximum was reached in the R and 
U bands at about the same time (Fig. 2). 
The increase in the brighmess of the optical 
counterpart of GRB 970508 was similar to 
that inferred for GRB 970228 (12), the first 
burst for which an optical counterpart was 
identified (1 3). The U- and R-band images 
taken on 11 May revealed that the source 
was declining in brightness (14). Over the 
next 3 months, the brightness in the R band 
declined approximately as a power law ( IS), 
with the flux F t-'.' ' O.'. Our U-band 
data show that the W flux declined faster 
than the flux at longer wavelengths. 

An optical spectrum (4300 to 7100 A) 
was obtained on 10 May, 21:06 UT, with 

Fig. 1. A 3.0 arc min by 3.0 arc min field contain- 
ing a fraction of the BeppoSAX GRB error box (8), 
as imaged on 9 May 1997, 02:m UT, in the U 
band (upper panel) and 9 May, 03:04 UT, in the R 
band (lower panel). It contains the full x-ray error 
box given by the BeppoSAX narrow-field instru- 
ments and the location of Bond's variable, at the 
center of the image. North is at the top, and east is 
to the left. Limiting magnitudes were -22 in the U 
band and -23 in the R band. 

the 2.2-m CAHA telescope. Data were ac- 
quired for only about 300 s, because of the 
bad weather, and the spectrum had a poor 
signal-to-noise ratio (S/N). Two spectra ob- 
tained on 11 ,May showed a better S/N 
ratio. No emission lines were identified in 
any of the CAHA spectra. The u per limit 
to the equivalent width is 20 5; (-5 x 
10-l9 W m-2 s-I). Additional spectra were 
obtained with the Andalucfa Faint Object 
Spectrograph and Camera at the NOT on 
16-17 May (Table 2). Metzger and co- 
workers ( 16) detected an absorption system 
at redshift z - 0.835, and consequently, the 
energy released in GRB 970508 was at least 

J s-l. This redshift would also imply 
that most GRBs, if not all, lie at cosmolog- 
ical distances. 

To search for optical variability on time 
scales of minutes, we obtained 40 images in 
the B band, with -1.5 min of time resolu- 
tion, for -1 hour on 12 May (0447 to 
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1 9 0  , , ~~~~~~ Table 2. Journal of the GRB 970508 observat~ons (spectroscopy) The telescope name IS preceded by 
I 

1 
~ts  aperture In meters 

I + I  

Date of Time (UT) Integration Wavelength 1 1997 
Telescope time (s) range (A) S/N 

24 0'  V 
d , , -8 , , , . . .  

0 1 10 100 1000 
Time from 8 May, 21 :42 UT (days) 

21 .o 

22.0 

Fig. 2. The U- and R-band light curves of the 
optical transient related to GRB 970508. Filed 
circles are data bayd on our observations ob- 
talned at the 4.2-m WHT. 2.5-m NOT, and 2.2-m 
CAHA telescopes between 9 and 15 May. Empty 
crcles are data from diverse IAU Circulars (33). 
Triangles indicate upper limits obtained on 25-26 
August. 

05:50 UT) at the WHT. Variability was 
reported for several kinds of galactic (17) 
and extragalactic (1 8) high-energy tran- 
sients. However, in the case of the optical 

- 

t - 

translent related to GRB 970508. any vari- 

10 May 21 :06 2.2 CAHA -300 4300-71 00 - 1 
11 May 21 :29 2.2 CAHA 3600 3500-8000 -10 
11 May 22:35 2.2 CAHA 5000 3500-8000 -1 0 
16 May 20:48 2.5 NOT 4800 3650-91 00 - 2 

ation must have been smaller than 0.2 mag. 
Regarding the origin of the optical emis- 

sion, several models of GRBs predict that 
the flux density F, is proportional to v1l3 
below a critical synchrotron frequency v, 
(19). The extrapolation of the gamma ray 
spectrum leads to a flux density of -0.02 
rnJy (1 Jy  = LV mp2 Hzp') in the 
optical band (-20.5 mag), as observed near 
the ~ e a k .  However, for GRB 9701 11, which 

16 May 22:03 2.5 NOT 4800 4000-1 0,250 -2 
17 May 00:39 2.5 NOT 4800 4000-1 0.250 -2 23.0 1 v , 

has 'been a burst with a fluence one order of 
magnitude larger, no optical counterpart 
down to -0.002 mJy was detected, indicat- 
ing perhaps some kind of absorption by 
intervening matter close to the source (20). 

If we denote the flare amnlitude as AFI 

19.0 

Fl,,,,la, and the doubling time scale is defined 
as T, = (Flnltla,/AF)At, then T, - 2 days for 
the U-band magnitudes observed between 9 
and 11 May (20.3 and 19.7, respectively). 
On 15 May, the U-band magnitude was 
-22.0, and on 25 August. 223.0: therefore, 

, , " , " :  , ' ,  ' , ' :  , , ' -  

- .  
at quiescence, it is 223.0. This value implies 
that the ontical flux had to increase 22.5 
mag before the first measurement, -4 hours 
after the gamma ray event. 

There are several exnlanations for our 
obaervatlons. In the simplest flreball model 
121 ), a forward blast wave moves ahead of , , ,  

the fireball and sweeps up the interstellar 
matter, producing an afterglow at frequen- 
cies gradually declining from x-rays to visi- 
ble and radio wavelengths. The spectrum is 
then the result of synchrotron radiation 
(22) ,  with a synchrotron break frequency 
v ,  that is normally in the range 50 keV 5 

h v ,  5 2 MeV (h, Planck constant), al- 
though no spectral break n7as observed in 
GRB 970508 in the range 20 to 1000 keV, 
according to BATSE (7). In ally case, the 
optical ~naxirnum -2 days after the high- 
energy event cannot be easily explained by 
the break frequency moving into the optical 
band (23), and only a more complicated 
fireball model (24) in which the GRB emis- 
sion is beamed with an initial Lorentz factor 
of 5 to 10 can account for the observations. 

Another orediction of the fireball and 
afterglonr models is that the intensity 
should rise monotonically before the single 
maximum in brightness (25). In that case, - 
we speculate that another physical mecha- 
nism is responsible for the constant phase 
seen during the first day In fact, one cannot 
exclude the presence of optical emission for 
a few davs before the burst. This emission 
could be, for Instance, a consequence of 
some reservoir of mass belne alowlv accreted 

L2 

onto a central source, which eventually 
triggers the burst as a result of some un- 
known instability, similar to the recurrent 
x-rav outbursts of some galactic black hole 
candidates (26). A combrable mechanism 
call work for massive black holes in active 
galactic nuclei (27). The dramatic flare that 
followed the burst, peaking in -2 days, 
could be related to the travel time of the 
cooling and expanding relativistic fireball 
debris until it hit a more dense environ- 
ment, in which the surrounding matter 
scales as rp', the inverse square of the radial 
distance (28). In this case, the slope of the 
light curve should have changed consider- 
ably 54 hours after the onset of the high- 
energy event. Then, .rD 5 0.4 hours, which 
is even smaller than .rD - 0.7 hours, as seen 
in the fastest flare ever detected at UV 
nravelengths in an extragalactic object (29). 

Another possibility is that optical emission 
accompanying the x-ray afterglow could 
have been initially suppressed as a result of 
synchrotron self-absorption or electron 
cooling, as predicted by some models (30). 

The detection of gamma ray bursts at 
optical wavelengths is improving our under- 
standing of these enigmatic objects. In the 
future, prompt observations of optical tran- 
sients related to GRBs will help to clarify 
the physics during the early optical phase 
and provide some clues on the nature of the 
central engine. 
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Temperature and Surface-Ocean Water Balance independent means, is crucial to establish- 
lng the  role of the  t rop~ca l  oceans in  glob- 

of the Mid-Holocene Tropical Western Pacific climate ,ha,,,. 
In  principle, precise measurements of Sr/ 

Michael K. Gagan, Linda K. Ayliffe, David Hopley, C a  ratios and s1% values in coralline ara- 
Joseph A. Cali, Graham E. Mortimer, John Chappell, gonite should make it possible to determine 

Malcolm T. McCulloch, M. John Head uniquely the  past oxygen isotopic compo- 
sition of seawater, by removal of the  tem- 

Skeletal Sr/Ca and 180/160 ratios in corals from the Great Barrier Reef, Australia, indicate 
that the tropical ocean surface -5350 years ago was 1 "C warmer and enriched in 1 8 0  

by 0.5 per mil relative to modern seawater. The results suggest that the temperature 
increase enhanced the evaporative enrichment of 1 8 0  in seawater. Transport of part of 
the additional atmospheric water vapor to extratropical latitudes may have sustained the 
180/'60 anomaly. The reduced glacial-Holocene shift in seawater 180/1e0 ratio pro- 
duced by the mid-Holocene 1 8 0  enrichment may help to reconcile the different tem- 
perature histories for the last deglaciation given by coral Sr/Ca thermometry and fora- 
miniferal oxygen-isotope records. 

O x y g e n  isotopes in  foraminifera from 
deep-sea cores have been used successf~~lly 
to  reconstruct continental ice volumes, gla- 
cio-eustatic sea level. and deeo-ocean tem- 
peratures throughout the  last glacial-inter- 
glacial cycle (1) .  Yet there is still consider- 
able debate regarding the  relative contribu- 
tions of changes in  the  oxygen isotopic 
composition of seawater and ocean temper- 
ature to the  chanee in  foraminifera1 S1'0 

0 

values (2 )  in  the  tropical surface ocean. T h e  
amplitude of the  glacial-Holocene S1'O 
shift for planktonic fora~ninifera in  the  
trouics is about the  same as that for forami- 
n~fe ra  l ~ v ~ n g  In the  near-constant tempera- 
ture env~ronment  of the  deep ocean ( 3 ) .  
T h e  apparent slmllar~ty bet\veen the  two 
recoids has led to the  lnterpretatlon that 

t h e  tropical surface ocean cooled by n o  
more t h a n  2°C during t h e  last glacial max- 
i m ~ u n  (LGM),  a n  interpretation rein- 
forced by the  c o ~ ~ c l u s i o n s  of t h e  CLIMAP 
project (4) .  Recent measurements of Sr/ 
C a  ratios in  corals from Barbados (5) and 
Vanuatu (6)  indicate tha t  both  the  tropi- 
cal At lant ic  and Pacific oceans cooled by 
up to  5 ° C  during the  LGM. Despite the  
consistency of this cooling wit11 t h e  5Ot0 
8OC cooling estimated for the  tropical at-  
mosphere 17), t h e  coral records have not  
been widely accepted because the  glacial- 
Holocene 6'" shift recorded by plank- 
tonic foraminifera cannot  accommodate 
a n  ocean temperature shift of j ° C ,  partic- 
ularly in  the  tropical Pacific where the  
6'" shift is anomalouslv small (8). If 

perature component of t h e  coral 6'" sig- 
nal. However,  t he  temperature depen- 
dence of coral Sr/Ca ratios has been ques- 
tioned recently (10)  o n  the  basis that  
biological controls o n  Sr  and  C a  uptake 
can induce uncertainties of LIP to  3OC i n  
reconstructed temperatures. Here,  we first 
verify the  reliability of the  coral Sr/Ca 
thermometer for several modern corals 
growing in  subopt i~nal  environlnental set- 
tings like those tha t  may prevail during 
glacial-interglacial transitions when corals 
colonize transient shorelines marked b r  
fluctuations in  temperature, salinity, and 
water turbiditv. Nex t  we demonstrate a 
strong correlaklon between coral Sr/Ca 
and SIQ and ,  by coupllng these measure- 
ments,  de te r ln~ne  the  surface temperature 
and S"0 of weatern Pac l f~c  seawater soon 
after the  end of the  last deglaciation. In- 
terpretations of the  glacial-Holocene shift 
in  foraminifera1 61S0  have been made 
with the  assumution that  the  ' 0  distri- 
b u t ~ o n  In the  aurface ocean a a a  the  same 
a5 today a t  -6000 years before the  
present, by which time ;he discharge into 
t h e  ocean of '"-depleted polar melt\vater 
was essentially complete (1  1 ) .  \Ye test this 
assumption by analyzing a 5350-year B.P. 
coral from the  Great  Barrier Reef. 

\Ye measured skeletal SrICa (12)  for 
t h e  coral Sr/Ca tllermomkter is reliable, colonies of P o ~ i t e s  lt~tea growing in three 

Gagan' Ay'lffe, A. E, Mortlmer' M. t he  relatively small S1'O shift for Pacific different oceanic environments incluiling 
McCulloch, Research School of Earth Scences, Austra- 
l l a n  ~~t~~~~ university, canberra, ACT 0200, A ~ ~ ~ ~ ~ ~ ~ ,  planktonics may be a result of undetected the  Great  Barrier Reef, t he  eastern Indian 
D Hopey. Sir George C~sher Centre. James Cook U n  changes in  the  distribution of ' 0  in the  Ocean,  and  the  Indonesian seaway. These 
versty. Townsv~le, Queensand i81 1 ,  Australia. surface ocean (9) .  Therefore, obtaining test sites encompass seasonal sea surface 
J Chappe and M J Head Research School of Paclflc 
and AsIan AustralIan National Unlverslty, C a n  accurate estimates of the  past 'Q distri- temperature (SST)  ranges (20' t o  31°C)  
berra ACT 0200, Australla. bution in  tropical surface waters, 1-7' some spanning much of the  survival range for 
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