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Rapid lithospheric thinning by mantle plumes has not been achieved in numerical ex- 
periments performed to date. Efficient thinning depends on small-scale instabilities that 
convectively remove lithospheric material. These instabilities are favored by hotter 
plumes or stronger temperature dependence of viscosity, and a simple scaling inde- 
pendent of rhwlogy controls their onset. This scaling allows extrapolation of the results 
of numerical experiments to the Earth's mantle. Mantle plumes between 100 and 150 
kelvins hotter than the background mantle should exhibit small-scale convective rolls 
aligned with the plate motion. The unusual variation in heat flow across the Hawaiian swell 
may be due to such instabilities. It was found that the spreading of the plume creates 
a downwelling curtain of material that isolates it from the rest of the mantle for distances 
of at least 1000 kilometers from the plume origin. This isolation has important conse- 
quences for the geochemical heterogeneity of the lithosphere and upper mantle. 

T h e  Hawaiian Islands are part of a chain of 
massive volcanoes known collectively as 
the Hawaiian-Emperor seamount chain. 
They formed, one by one, as the Pacific 
lithospheric plate moved over a region of 
hot upwelling mantle called a hot spot. 
After passing over the hot spot, the islands 
gradually sank beneath the waves, forming 
atolls and completely submerged sea- 
mounts. The orderly conductive cooling 
and subsidence of the oceanic lithosphere 
as it ages and moves away from the mid- 
ocean ridge are disrupted around the hot 
spot, where the sea floor around the volca- 
noes is abnormally shallow (more than a 
kilometer shallower than normal 80- to 
100-million-year-old sea floor) for hun- 
dreds of kilometers on either side of the 
chain (1 ). This broad uplift is known as the 
Hawaiian swell and, like the volcanism, is 
also a consequence of the passage of the 
lithosphere over the hot spot. It subsides 
slowly, and after about 30 million years, it is 
indistinguishable from normal sea floor. 

The first attempts at explaining the be- 
havior of the lithosphere at the Hawaiian 
swell drew on the analogy between the 
normal subsidence of the ocean floor and 
the gradual sinking of the swell and volca- 
nic islands and hypothesized that the litho- 
sphere's internal clock had been reset, mak- 
ing it behave as if it were 50 million years 
younger (2-4). This idea became known as 
lithospheric "rejuvenation" and has been 

hotly debated ever since. 
The concept has been supported by the 

measured subsidence of the islands and the 
observation from geoid height anomalies 
that the swell was supported (compensated) 
by low-density material only 75 km beneath 
the sea floor (4), which is much shallower 
than the expected 100 to 125 km to the 
base of the oceanic lithosphere. This shal- 
low, low-density material seemed to indi- 
cate that the lithospheric clock had indeed 
been reversed in the vicinity of the swell 
and that the lithosphere was being thinned. 

A criticism of rejuvenation has stemmed 
from the 80-million-year age for the Pacific 
lithosphere at Hawaii, which requires a sim- 
ilar amount of time for conductive reheat- 
ing. Subsequent models of the thermal re- 
sponse of the oceanic lithosphere to a sud- 
den increase in heat flow or asthenospheric 
(shallow mantle) temperature (2,5,6) have 
demonstrated the critical role of upward 
advection of the lithosphere-asthenosphere 
boundary, most likely through small-scale 
convective instabilities (6, 7), in overcom- 
ing this constraint. Such instabilities have 
been demonstrated in laboratory studies of 
thermal plumes (8) and cooling boundary 
layers (9, 10). The latter studies revealed 
that such instabilities obey the scaling laws 
derived from boundary layer theory of con- 
vection in temperature-dependent viscosity 
fluids (I 1 ). This finding will prove useful in 
the analysis of the numerical results pre- 
sented here. 

W. B. Moore and P. J. Tackley, Department of Earth and Thermal models of the swell were at first 
Space Sciences, University of California, LOS Angeles, supported by heat flow measurements along 
3806 Geology Building, Los Angeles, CA 90095-1567, the swell (1 2), which showed a large in- 
USA. 
G. Schubert, Department of Earth and Space Sciences crease as One moved the The 
and Institute of Geophysics and Planetary Physics, Uni- later measurements ( 13) showed only a 
vecsity of California, Loshgeles, CA 90095-1 567, USA. mild heat flow increase across the swell, 
'To whom correspondence should be addressed. with large variations. Although only sparse- 

ly sampled, these results were difficult to 
explain with thermal models of swell forma- 
tion that predicted substantial lithospheric 
thinning and high heat flow downstream of 
the hot spot. Alternatives to rejuvenation 
emerged, which suggested that thermal per- 
turbations to the lithosphere were small and 
that the swell was due to the spreading of a 
buovant bodv of ~ l u m e  material within the 
asthknosphe;e that lies beneath the litho- 
sphere (14). Although at odds with the 
observed compensation depth of the swell, 
these models did not reauire large heat flow " 
downstream of the hot spot and were sup- 
ported by seismic wave observations that 
indicated limited changes to the seismic ve- 
locities within the .lithosphere (1 5) and nu- 
merical calculations of mantle flow that 
failed to produce substantial lithospheric 
thinning (1 6, 17). Because the indications of 
lithospheric thinning seem contradictory, we 
undertook a new series of three-dimensional 
(3D) numerical experiments that investigat- 
ed the interaction of a hot mantle upwelling 
or plume with the lithosphere. 

The equations of mass, momentum, and 
energy conservation in an infinite-Prandtl 
number Boussinesq fluid were solved nu- 
merically in three dimensions by finite vol- 
ume discretization on a staggered grid with 
STAG3D (18). Our model domain is a 
Cartesian box 400 km deep, extending 1600 
km in the direction of date motion and 800 
km in the perpendicular direction (Fig. 1). 
There is a  lane of mirror svmmetrv on one 
side, so that the plume is symmetric about 
the direction of plate motion. The litho- 
sphere (shaded in Fig. 1) was forced across 
the box at the velocity of the Pacific plate 
(100 mm applied at the top, where- 
as material could flow freely in or out of the 
sides. Vertical fluid flow was allowed at the 
bottom of the box, and stress-free boundary 
conditions were applied at the sides. A con- 
ductive thermal profile appropriate for 80- 
million-vear-old lithos~here was advected 
in from the upstream boundary and was 
swept across the hot spot, which was mod- 
eled as a fixed hot patch at the base of the 
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boundary 

Fig. 1. The computational domain for models of a 
plume interacting with a moving plate. The shaded 
portion represents the lithosphere. 
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domain with a Gaussian temperature profile 
with a 67-km half-width and a peak tem- 
perature Tp above that of the background 
mantle. We varied Tp in our experiments 
but left the plume width fixed. These values 
resulted in varying buoyancy flux through 
the hot patch that should be compared with 
the 6 to 8 x lo3 kg s-I flux estimated for 
the Hawaiian swell (19). 

The chief disadvantage of limiting the 
d e ~ t h  of the com~utational domain is that 
deeper flow is no; accounted for and thus 
topography and geoid at the upper surface 
are not reliably determined at scales larger 
than the depth of the domain (400 km). 
This flow can be partially accounted for at 
the risk of introducing some model depen- 
dence on the bottom boundary condition 
(1 7). Instead, only qualitative topography 
and geoid comparisons were made between 
the results of our models and the Hawaiian 
swell. The topography and geoid are not 
particularly strong constraints on the flow 
beneath the lithosphere in any case, be- 
cause they are very sensitive to the poorly 
known viscosity structure of the mantle 
(20). 

A Newtonian viscosity law based on the 
homologous temperature (ratio of the tem- 
perature to the solidus temperature) given 

was used, where qo and A are scaling con- 
stants, T is temperature, and Tm is the 
solidus temperature given by 

where 4 is the depth in kilometers and Tm is 
given in kelvins. This solidus was derived 
from the best fitting quadratic function of 
depth to the solidus of anhydrous peridotite 
(21) for pressures below 15 GPa. The ex- 
treme temperature dependence of this rheo- 
logical law leads to numerical difficulties at 
large values of A. One way to avoid such 
problems is to impose a viscosity cutoff, so 
that the very cold regions of the domain do 
not overwhelm the numerical method. Al- 

ternatively, the very coldest portions of the 
lithosphere can be left out of the domain, 
and the surface temperature can be raised. 
We chose the latter approach, using an 
effective surface temperature of 800 K, so 
that we could use values of A up to 15. The 
top of the box, therefore, can be considered 
as a horizontal 800-K isotherm above which 
the lithosphere is cold enough to behave 
rigidly (22). One experiment was also con- 
ducted with a maximum viscosity cutoff and 
a 300-K surface temperature, yielding very 
similar results. 

The background viscosity in the upper 
mantle qd was 6 x loZ0 Paas, which is the 
value at Td = 1700 K and D = 400 km 
(Table 1). The Rayleigh number based on 
this viscosity was lo5. Viscosities as high as 
3 x loZ4 Paas and as low as 6 x 10" Pa-s 
were achieved when A = 15 for a total 
viscosity contrast of 5 X lo6. 

We explored the sensitivity of the model 
results to variations in Tp and the constant 
A in Eq. 1 that determines the temperature 
sensitivity of the mantle's viscosity. Mea- 
surements of A for the mantle ranged from 
30 to 40 (23). The temperature required for 
a lle change in viscosity defines a rheologi- 
cal temperature scale ATrhMl, given by (1 0) 

This scale. which is about 50 K in the 
Earth's mantle, has multiple roles to play in 
controlling lithospheric thinning. 

Lithospheric thinning is a two-step pro- 
cess. First, the plume spreads when it can no 
longer rise through the viscous lithosphere. 
This spreading is accomplished by displace- 
ment of lithospheric material that is not 
more than a few times more viscous (not 
more than ATrheol cooler) than the normal 
asthenosphere. The volume of this material 
is proportional to ATrheolr and its associated 
buoyancy flux is proportional to ATZrhMl. 
Because of the inverse dependence on A, 
mechanical thinning is not likely to remove 
much material in the Earth's mantle. as 
demonstrated by previous numerical models 

Table 1. Model parameters and values. 

Parameter Symbol Value 

Depth of domain D 400 km 
Gravitational acceleration 9 9.8 m s - ~  
Thermal expansivity a 3.1 x I O - ~ K - I  
Theffllal diffus~ty K m2 S-I 

Reference density Po 3400 kg m-3 
Reference temperature T~ 1700 K 
Surface temperature Tsd 800 K 
Temperature drop AT = T, - T,, 1400 K 
Reference viscosity 'I, 6 x 1 020 Pas 
Rayleigh number R~ = PC@AT~ 9.3 X 104 

in which it was the only available mecha- 
nism for thinning (1 6, 1 7). 

Laboratory results (9, 10) have shown 
that increasing A leads to more vigorous 
small-scale convection. We obtained a sim- 
ilar effect by increasing the plume tempera- 
ture Tp. These small-scale instabilities are 
the second step in lithospheric thinning (6, 
7). 

The onset of small-scale convective 
modes with three different solutions for 
A = 15 (total viscosity contrast lo6) and 
increasing values of Tp is shown in Fig. 2. 
The 3D isotherms shown are one-quarter Tp 
above the background mantle temperature. 

The interaction of the lowermost litho- 
sphere with the spreading plume material is 
different in each snapshot in Fig. 2. When 
small-scale modes are not present, the 
plume is in a steady regime. This regime is 
obtained at low Tp or A (or low values of 
both). Most previous numerical studies (1 6, 

Fig. 2. One-quarter Tp isothermal surfaces from 
models withA = 15 and Tp = (A) 135 K, (8) 360 K, 
and (C) 450 K. The patterns in (A) and (B) are 
steady; the pattern in (C) is highly time-dependent. 
The model domain is reflected about the plume's 
center line. 
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17) fall into this regime. Conduction con- 
trols the heat transfer into the lithosphere, 
which does not warm substantially before 
exiting the computational domain (dotted 
line in Fig. 3). 

Small-scale modes first appear as rolls 
aligned with the plate motion. This shear- 
aligned roll regime is illustrated in Fig. 2B. 
It occurs when Tp is between 200 and 400 K 
for A = 15. The lowermost lithosphere 
descends through the plume material in 
several sheets aligned with the plate mo- 
tion, which appear as notches in the fan of 
plume material in Fig. 2B. This action in- 
creases the heat transfer into the litho- 
sphere as seen in the center line tempera- 
ture profile (dashed line in Fig. 3). A similar 
solution was obtained in a previous study 
with only depth-dependent viscosity (24). 
These rolls are similar in character to Rich- 
ter rolls (25) and occur in an active sublayer 
with a temperature difference of a few times 
A T ~ h ~ l .  

0 500 1000 1500 2000 
Distance along x axis (krn) 

Fig. 3. Temperatures 27 km below the top of the 
domain (60-km depth) along the axis of the plume 
for the cases shown in Fig. 2. The plume origin is 
indicated by the arrow, 500 km from the upstream 
boundary. 

Distance from plume axis (km) 

Fig. 4. Tem~eratures 27 krn below the top of the 
domain (60-'h depth) perpendicular to the axis of 
the swell for the cases shown in Fig. 2. The profiles 
are taken 11 00 kin downstream of the plume or- 
igin. Temperatures extrapolated from' the heat 
flow measurements of (13) are plotted as asterisks 
with I u errors. 

1010 

The third regime is unsteady, and the 
snapshot in Fig. 2C is representative of a 
time-dependent pattern. This regime occurs 
for high Tp or A (or high values of both), 
when the shear-aligned rolls become unsta- 
ble to 3D perturbations (26). The resulting 
pattern is a complex and time-dependent 
combination of downwelling sheets and 
drips (Fig. 2C). The heat transfer into the 
lithosnhere is substantiallv enhanced over 
the steady regime (solid like in Fig. 3). 

Temperature profiles perpendicular to 
the swell 27 km below the top of the do- 
main (60 km deep) are shown in Fig. 4, 
1100 km downstream of the plume origin. 
The profile extends 800 km from the swell 
axis. The steady, low:Tp case (dotted line) 
shows a small and smooth increase in the 
temperatures from the edge of the plume at 
-500 km all the way up to the swell axis. 
The moderate-Tp case in the shear-aligned 
roll regime (dashed line) shows a greater 
temperature increase than the conductive 
regime and is no longer monotonic. The 
downwelling branch of the roll located 
-200 km f;om the plume axis depresses 
temperatures.in the lithosphere above it, 
creating a dip in the temperature profile. 
This pattern is similar in shape, if not 
amplitude, to the temperatures at this 
depth extrapolated from heat flow obser- 
vations (13), plotted as asterisks with la 
error bars. In the unsteady regime at high 
Tp (solid line in Fig. 4), the lithospheric 
temperature increase is greater but more 
variable across the swell. with undulations 
on smaller scales than in the moderate-Tp 
case. Surface heat flow variations of 10 to 
20% result for the moderate-T case, in- 
creasing to 60% for the high-'fp case. If 
the variation in the heat flow measure- 
ments is not the result of near surface 
effects, then they may indicate the pres- 
ence of small-scale modes. 

Mechanical thinning does contribute an 
important feature of the convection. A 
downwelling curtain forms at the edge of 
the spreading plume material (Fig. 5), ulti- 
mately isolating it from the rest of the man- 
tle. This curtain is a feature of the convec- 
tion in every case, arising through the me- 
chanical displacement . of the lowermost 
lithosnhere. Some of the nlume material is 

box at the base, although most of it exits 
the box in the direction of plate motion. 
This curtain does not break up into cylin- 
drical downwellings within the 400-km 
depth of the computational domain, al- 
though it may at greater depths. As long as 
the curtain remains intact, which it does for 
at least 1000 km downstream, the plume 
material cannot mix with the rest of the 
mantle and remains isolated until it be- 
comes part of the lithosphere or is entrained 
into the large-scale downwelling at a sub- 
duction zone. Substantial lateral geochemi- 
cal heterogeneity should result from this 
process. 

Our experiments have shown that for 
a more temperature-dependent viscosity 
(higher A), the transition to quasi-steady 
rolls occurs at lower Tp. The. transition to 
unsteady, 3D convection has not been 
mapped, but it may show similar behavior 
because it is observed when A = 15, but 
not when A = 12, at the same Tp. Using 
the rheological temperature scale to non- 
dimensionalize T-. we found that the 

P' 
shear-aligned roll regime occurs at Tp/ 
AT,,, between 2 and 3, independent of 
A. This finding allows us to extrapolate 
from our low-A experiments to the Earth's 
mantle, where ATrheol is around 50 K. 
Thus, plumes with peak excess tempera- 
tures between 100 and 150 K fall into the 
shear-aligned roll regime. Hotter plumes 
exhibit time-dependent, 3D instabilities, 
although the roll pattern is still evident in 
the near-surface temneratures (solid line 
in Fig. 4) and consequent surface heat 
flow anomaly. 

The fit to the heat flow data made in 
this renort should not be considered auan- 
titative but merely suggestive. We did not 
attempt to optimize the fit in any way. The 
very broad scale of variation is probably not 
achievable without widening our computa- 
tional domain. It should be emphasized that 
only one spqrsely sampled heat flow line 
was surveyed at the Hawaiian swell and that 
near surface effects could be responsible for 
the observed variation. ~~~-~ ~~~~ 

The other data available for comparison 
are the geoid and topography fields, conve- 
niently expressed in terms of the dimen- 
sionless geoid-topography ratio (GTR). The 
GTR for the Hawaiian swell is about 0.01. entraked by this downweiling and exits the 

Fig. 5. Two views of two 
isotherms showing the 
plume (aqua, T = 2060 
K) and the downwelling 
curtain (blue, T = 1655 
K) that surrounds it. T, = 
360KandA = Isforthis 
case, which is also 
shown in Fig. 28. 

SCIENCE VOL. 279 13 FEBRUARY 1998 www.sciencemag.org 



T h e  results of our numerical experiinellts 
give values froln 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), which creates a 
strong do~vnwelling curtain leading to large 
negative topography aild 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 
experillrents (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- 
mated value for the  Hawaiian swell. As  
demonstrated in (1  7), the  plume buoyancy 
flux 1s sinaller than the  buoyancy flux inea- 
sured from the topography, because of the  
huoyancy flux of tlre downxelling curtain. 
T h e  buoyancy flux does lrot 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 thinning by small-scale 
instabilities. Experillrents to  control these 
factors individually shhuld be designed. 

W e  ha\,e dellrollstrated that the  small- 
scale instabilities that promote lithospheric 
thinning are initiated when the  escess tern- 
perature of the  plume is about twice ATLl,+,,,, 
independelnt of A. This finding gives us 
confidence in extranolatino 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),  brief flashes of 
cosmic high-energy photons, remain one of 
the  most elusive mysteries for high-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 
refined to a radius of 3 arc nlin (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. T h e  duration 
was about 35 s, with a single main pulse 

lasting 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 time) 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  location. Lyle also obtained a mo- 
saic of iinages with the  4.2-m Y~il l iam Her- 
schel Telescope ( W H T )  o n  La Palma (Ca-  
nary Islands), starting 4 hours and 24 min 
after the  e\,ent. T h e  position of the  x-ra\- 
source was imaged (300-s exposure) by the  
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