
Double Flood Basal ts and Plume Head formed at 86 i. 2 Ma (16). If this inter- 
pretation is true, the Karoo-Madagascar 

Se~aration at the 660-Kilometer Discon tinuitv pair could constitute yet another double - 
flood basalt event, although the time be- 

David Bercovici* and John Mahoney tween eruptive episodes is considerably 
longer than that separating other likely 

Several of the world's flood basalt provinces display two distinct times of major eruptions double flood basalts. 
separated by between 20 million and 90 million years. These double flood basalts may 
occur because a starting mantle plume head can separate from its trailing conduit upon 
passing the interface between the upper mantle and the lower mantle. This detached 
plume head eventually triggers the first flood basalt event. The remaining conduit forms 
a new plume head, which causes the second eruptive event. The second plume head is 
predicted to arrive at the lithosphere at least 10 million years after the first plume head, 
in general agreement with observations regarding double flood basalts. 

O n e  hundred and twenty million years 
ago, much of the Ontong Java Plateau was 
formed in a cataclysmic event involving the 
ejection of tens of millions of cubic kilome- 
ters of basalt (1, 2). Similar (yet smaller) 
flood basalt events led to the formation of, 
for example, the Deccan Traps, the Karoo 
basalts, the Madagascar province, and the 
Ker~uelen Plateau. Flood basalts have been 
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attributed to the arrival of starting mantle 
~ l u m e  heads at the base of the lithosvhere 
(3-6). After forming at a heated boundary 
(for example, the core-mantle boundary), 
these plume heads ascend through the man- 
tle, possibly followed by a narrow conduit of 
plume material (7). In view of mantle tem- 
peratures and material properties, plume 
heads are likely to have sufficient volume 
such that upon melting at the base of the 
lithosphere, they can supply the magma 
necessary for a flood basalt event (4, 6) .  
Within a given province, most of the erup- 
tive activity is thought to occur within a 
few million vears. 

However, this basic model does not  
exvlain recent evidence in several flood 
basalt provinces of two distinct episodes of 
major eruptions, separated by between 20 
million and 40 million years, which sug- 
gests the existence of double flood basalt 
events. For example, 40Ar-39Ar dating of 
basement lavas from the Ontong Java Pla- 
teau (Fig. 1) has revealed two distinct age 
groupings, one at 120 to 122 Ma (million 
years ago) and another a t  88 to 90 Ma; 
samples and dates are as yet too few to 
uermit estimates of the relative volumes 
involved, but the two groups of basalts are 
nearly identical isotopically and chemical- 
ly (1,  8) .  Recent 40Ar-39Ar measurements 
for drilled and dredged lavas from the earlv 
products of the ~eFguelen  hot  spot in thh 
southeastern Indian Ocean yielded ages of 
110 to 112 Ma for sites on the southern 
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Kerguelen Plateau and 85 to 88 Ma for 
sites on the central Kerguelen Plateau and 
originally contiguous Broken Ridge (9). 
The  emplacement age of the Shatsky Rise 
in the North Pacific has been estimated a t  
138 to 145 Ma (1 0); after a period of much 
reduced magmatic activity, the bulk of the 
Hess Rise to the east was probably formed 
by the same hot spot around 100 to 110 
Ma (1 1, 12). The  Paran& basalts of Brazil, 
formed above the early Tristan hot spot, 
were erupted at 127 to 137 Ma (13); sub- 
sequent activity produced the long Walvis 
Ridge seamount chain on the African 
Plate over an  extended period of time 
down to the present; however, a second 
large plateau, the western Rio Grande 
Rise, was formed by the Tristan hot  spot 
on the South American Plate around 80 
to 90 Ma (14). Morgan (3)  and others 
have suggested that the Marion hot spot 
produced both the Karoo flood basalts 
in southern Africa, which erupted a t  182 
to 185 Ma (15), and the Madagascar 
province (including the submarine North- 
ern Madagascar Ridge, the originally con- 
tiguous Conrad Rise, and the extensive 
lavas and dikes on  Madagascar), which 

Double flood basalts may have several 
possible causes. For example, they may be 
triggered by tectonic events ( that  is, plate 
reorganizations). In fact, it has been hy- 
pothesized that continental flood basalts 
are due not to  starting plume heads but to 
rifting above large plume tops that have 
accumulated eraduallv beneath slowlv 
moving continYenta1 lkhosphere (5, 17)'. 
The  Madagascar basalts, for example, were 
erupted at about the same time that Mada- 
gascar and Greater India rifted apart (1 6) .  
The  oceanic plateaus in the Pacific have 
also been linked to the effects of major 
changes in plate motion (1 1) .  Indeed, the 
dates for the Ontong Java Plateau corre- 
late fairly closely with proposed major re- 
organizations in the motion of the Pacific 
Plate (1 1, 18). Moreover, the roughly sim- 
ilar ages (80 to 90 Ma) of several of the 
secondarv flood basalts ( in  varticular, , & 

those associated with the second Ontong 
lava event, Broken Ridee and the central - 
Kerguelen Plateau, the Madagascar prov- 
ince, and the Rio Grande Rise) suggest a 
global, possibly tectonic, origin. 

Plate motion changes alone, however, 
appear insufficient to cause flood basalt vol- 
canism above a hot spot; for example, the 
large change in Pacific Plate direction 
around 43 Ma was not accompanied by 
flood basalt volcanism above the Hawaiian 
(or any other Pacific) hot spot. Similarly, 
several examples exist wherein rifting above 
a hot spot did not by itself create anoma- 
lously high volumes of magma, as, for in- 
stance, in the passage of the Central Indian 
Ridge above the Reunion hot spot around 

Fig. 1. World map showing the locations of apparent double flood basalt provinces mentioned in the text. 
Modified from (2). 
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40 Ma (6). Other arguments against the 
tectonic origin of flood basalts are summa- 
rized elsewhere (4). 

Alternatively, double flood basalt events 
may be a signature of basic mantle-plume 
dvnamics. Ex~erimental and theoretical 
models suggest that rising diapirs simply 
spread and collapse after arriving at the 
lithosphere (19) and thus predict no more 
than one flood basalt event. Additional 
trailing diapirs from a plume tilt instability 
(20) or plume solitary waves (21) could 
induce extra eruptive events, although 
these mechanisms are more likely to cause 
multiple events, not just two. In this report 
we offer a simple theory for the formation of 
double flood basalts. We propose that be- 
cause the upper mantle is likely to be less 
viscous than the lower mantle (22), a start- 
ing plume head will accelerate and separate 
from its trailing conduit (23) after it passes 
the interface between the upper mantle and 
the lower mantle (Fig. 2). The abandoned 
conduit subsequently forms another plume 
head above this interface. The staggered 
arrival of the two plume heads at the base of 
the lithosphere would then trigger a double 
flood basalt event. 

A mantle plume head can separate from 
its trailing conduit if its rise velocity U 
exceeds the maximum velocity of fluid in 
the conduit V,,. Once the plume head 
passes into the upper mantle, it rises at 
approximately the Stokes velocity 

where Ap is the density contrast between 
plume fluid and surrounding mantle, g is 
gravitational acceleration, pu is the viscos- 
ity of the upper mantle, and R is the radius 

of the spherically shaped plume head upon 
crossing the 660-km discontinuity. If we 
assume Poiseuille flow in the trailing con- 
duit, then 

where pp is the viscosity of plume fluid and 
Q is the volumetric flux of material in the 
conduit. The radius R can be constrained 
from estimates of flood basalt volume and 
melt fractionation, and the volume flux can 
be approximated as 

where p, is the lower mantle viscosity and 
D, is the thickness of the lower mantle (24, 
25). The plume head therefore separates 
from the conduit if 

Because this ratio decreases with increasing 
plume head size R, the most stringent test of 
the separation criterion will be for the 
plume head associated with the largest flood 
basalt province known, the Ontong Java 
Plateau. The Ontong Java Plateau is esti- 
mated to contain approximately 5 X lo7 
km3 of basalt (1, 2) and, given a likely 
average degree of partial melting of 25% to 
make the basalts (1,8), the total amount of 
plume head material involved in this pla- 
teau's formation had a volume of approxi- 
mately 2 x lo8 km3. There are no current 
estimates of the respective volumes of the 
two flood basalts for Ontong Java; thus, we 

&sky 1400 cP &d dyed 
green). The diapiric head that forms at the mouth of the pipe ascends through the lower layer while being 
trailed by a plume conduit (A). Upon passing into the less viscous upper layer, the plume head acceler- 
ates, causing the conduit to stretch and thin (B and C). The plume head eventually detaches from the 
conduit (23), which forms a new smaller plume head @ and E) that anives at the surface some time after 
the first plume head (F). 

use the entire volume of plume-head mate- 
rial to make a conservative estimate of 
U/V-. In this case, R = 363 km (though 
clearlv the first ~ lume  head must have onlv 
a fraction of this radius), and given D, = 
2200 km, separation occurs if pJpu > 
1/5(p,,/pe). Detachment of the plume head 
from its conduit is likely, given that most 
estimates of pJp.,, are between 1/10 and 
11100 (24) and 11100 5 pJpe 5 1130 (22). 
Separation is much less likely to occur if, is 
has been suggested by some workers, pJpe 
<< 1/1000 (26) or if the upper and lower 
mantles have essentially equivalent viscosi- 
ties (27). 

The amount of time necessary for the 
plume head (which stops inflating once it 
begins separating from the conduit) to tra- 
verse the upper mantle is Du/U - 1 million 
years (where Du = 600 km is the thickness 
of the upper mantle to the base of the 
lithosphere, and for U we use Ap = 40 
kg/m3, pu = lo2' Pa-s, and R = 363 km). 
After the starting plume head detaches, a 
second plume head forms at the tip of the 
abandoned conduit and rises to the base of 
the lithosphere in approximately 12 million 
years (28). This time is ~ r o b a b l ~  a lower 
limit (28. 29): thus. we conclude that the 
arrival of the-first a d  second plume heads 
at the base of the lithosphere will be sepa- 
rated by at least 10 million years. 

The volume of the second plume head 
upon reaching the base of the lithosphere is 
approximately lo7 km3 (28). That this is 
considerablv smaller than the volume of the 
first plume 'head was demonstrated in the 
laboratory experiments (Fig. 2) and is to be 
expected, given the smaller thickness and 
lower viscosity of the upper mantle (28). 
Apart from the Hess Rise having a smaller 
area than the older Shatsky Rise (which 
supports our prediction, assuming that the 
crustal thicknesses are similar and that the 
statistics of a single case are meaningful), 
there are as yet no quantitative bounds on 
the volumes of individual flood basalts in 
double flood basalt systems. 

The mechanism proposed here provides 
a simple explanation for the cause of double 
flood basalt events. Obviously, there is con- 
siderable uncertaintv in our analvsis. al- 

8 .  

though we hope we have erred on the side 
of conservativeness (29). One of the most 
important field tests bf our hypothesis is an 
estimate of the volumes of individual flood 
basalts within double flood basalt systems; 
however, this volume determination may 
not be readily acquired for continental 
flood basalts where erosion is advanced 
(such as the Karoo and ParanB). 
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is the radius of the second plume head when it be
gins its ascent and f is the fraction of the upper 

mantle left for the second plume head to traverse. If 
|XU/|JL€ is sufficiently small, then f is of order of magni
tude 1 (that is, separation of the first plume head 
occurs quickly and near the 660-km boundary); how
ever, f can be as low as 1/3 before it has an influence 
on tr The expression for tr is slightly more general than 
that given by Olson (24) but follows from the same 
derivation. The volume of the second plume head 
upon reaching the base of the lithosphere is 
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29. Increasing |x€ (for example, to 1023 Pa-s) or de
creasing R (to reflect only a part of the net Ontong 
Java plume head volume) would enhance the like
lihood that the first plume head separates from the 
conduit {U/Vmax would increase) and would length
en the time delay between eruptive events; these 
same adjustments would also diminish the volume 
of the second plume head. Perhaps more impor
tantly, the addition of the endothermic phase 
change (28) would undoubtedly make separation 
of the first plume head more probable [see in par
ticular Liu et al. in (28)], lengthen the delay time 
between arrival of the plume heads, and increase 
the volume of the second plume head. However, if 
the conduit flux Q is not sufficiently large, the phase 
change may preclude the penetration of the sec
ond plume head into the upper mantle altogether 
[see Liu et al. in (28)]. 
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Activation and Regeneration of Rhodopsin 
in the Insect Visual Cycle 

Alexander Kiselev and Sriram Subramaniam* 

Light absorption by rhodopsin generates metarhodopsin, which activates heterotrimeric 
guanine nucleotide-binding proteins (G proteins) in photoreceptor cells of vertebrates and 
invertebrates. In contrast to vertebrate metarhodopsins, most invertebrate metarhodopsins 
are thermally stable and regenerate rhodopsin by absorption of a second photon. In 
experiments with Rh1 Drosophila rhodopsin, the thermal stability of metarhodopsin was 
found not to be an intrinsic property of the visual pigment but a consequence of its 
interaction with arrestin (49 kilodaltons). The stabilization of metarhodopsin resulted in a 
large decrease in the efficiency of G protein activation. Light absorption by thermally stable 
metarhodopsin initially regenerated an inactive rhodopsin-like intermediate, which was 
subsequently converted in the dark to active rhodopsin. The accumulation of inactive 
rhodopsin at higher light levels may represent a mechanism for gain regulation in the insect 
visual cycle. 

In both vertebrates and invertebrates, light 
absorption by rhodopsin triggers activation 
of G proteins in the photoreceptor cell (I, 
2). In vertebrates, the intermediate (meta
rhodopsin II) that activates G proteins is 
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thermally unstable and decays eventually 
into all-trans retinal and opsin (3). Rhodop
sin is subsequently regenerated by the recom
bination of 11-cis retinal with opsin (4). In 
contrast, in most invertebrates, the interme
diate (metarhodopsin) believed to activate 
photoreceptor G proteins is thermally stable 
(5, 6). In invertebrates, rhodopsin is regen
erated by illuminating metarhodopsin (5,7, 
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