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Timing of Hot Spot-Related Volcanism and the ~l(1-e in the eelleratlon of thl5 f l ~ o a a -  
salt province and the breakup of Madagas- Breakup of Madagascar and India car and India 

The Cretaceous volcanic and intrusive 
Michael Storey," John J. Mahoney, Andrew D. Saunders, 

Robert A. Duncan, Simon P. Kelley, Millard F. Coffin 

Widespread basalts and rhyolites were erupted in Madagascar during the Late Creta- 
ceous. These are considered to be related to the Marion hot spot and the breakup of 
Madagascar and Greater India. Seventeen argon-40/argon-39 age determinations reveal 
that volcanic rocks and dikes from the 1500-kilometer-long rifted eastern margin of 
Madagascar were emplaced rapidly (mean age = 87.6 i 0.6 million years ago) and that 
the entire duration of Cretaceous volcanism on the island was no more than 6 million years. 
The evidence suggests that the thick lava pile at Volcan de I'Androy in the south of the 
island marks the focal point of the Marion hot spot at -88 million years ago and that this 
mantle plume was instrumental in causing continental breakup. 

M a n y  of Earth's flood basalt provinces oc- 
cur at the rifted margins of continents and 
can be linked to the initiation of oceanic 
hot spot tracks (1, 2) .  Flood basalt provinc- 
es have been interpreted as signaling the 
arrival of a new mantle plume (3) or, alter- 
natively, as forming by extension over a 
preexisting shallow region of hot spot man- 
tle ( 2 ) ,  developed by the steady ilpwelling 
and accumulation of plume material be- 
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neath continental lithosphere (4). Debate 
also surrounds the uuestion of the role that 
mantle plumes play in causing continental 
breakup (5). 

The widespread Cretaceous flood ba- 
salts of Madagascar can be related to the 
track of the Marion hot spot (Fig. 1 )  (6) ;  
however, the precise timlng of the volca- 
nism is poorly known. Potassium-argon 
dates range from 3 1 to 97 million years ago 
(Ma) (7), whereas paleontological evi- 
dence (8, 9) suggests a Maastr~chtian [65.4 
to 7 1.3 Ma ( lo ) ]  to Turonian age range 
(58.7 to 93.3 Ma) for the igneous activity. 
Possible correlat~ve rocks are the numer- 
ous Cretaceous mafic dikes that are found 
in southwest India (1 1 ). In this renort, we , ,  - 
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rocks of Madagascar crop out serni-contin- 
LIOLIS~Y along the 1500-km length of the 
east coast, which marks the r~fted margin, 
and in the Majilnga and Morondava basins 
in western Madagascar (Fig. 2 ) .  The rocks 
include basalt flows and dikes and some 
rhyolite flows. Along the rifted margin 
the flows Ilc mainly on Precambr~an base- 
ment, whereas most of the dikes are par- 
allel to the coast. Whether there are any 
seaward-dipping basalt flows offshore is 
unknown; however, the steepness of the 
rifted margin precludes the existence of a 
large volcanic wedge of the type that typ- 
ifies most other volcanic passl.rle margins, 
such as East Greenland (12). The sedi- 
mentarv basins in western Madagascar - 
record episodes of rifting and subsidence 
since the late Paleozoic (9, 13). Basalt 
flows crop out for 700 km in the northwest 
and 200 km In the southwest and are 
interbedded with Upper Cretaceous sedi- 
mentary rocks. In the Majunga Basin the 
flows are reported to occur between post- 
Cenomanian (93.3 to 98.5 Ma) sandstone 
and fossiliferous pre-Upper Turonian 
limestone (8). A dike swarm crops out 
adjacent to the basalt flows in the north- 
ern part of the Morondava Basin. The 
Volcan de llAndroy co~nplex in southern 
Madagascar contains the thickest se- 
quence of Cretaceous volcanic rocks ex- 
posed on the island; this massif is about 50 
km wide by 90 km long and consists of 
more than 1.5 km of interbedded basalt 
and rhyolite, with microgranite outliers 
(14). To the west is the Ejeda-Bekily d ~ k e  
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swarm, which trends toward the Volcan de 
1'Androy massif. 

We dated rocks from along the length 
of the rifted east coast margin, from flows 
in the Majunga and Morondava sedimen- 
tary basins, the Volcan de 1'Androy massif, 
and the associated Ejeda-Bekily dike 
swarm. The 40Ar/39Ar age determinations 
were carried out by both conventional 
whole-rock step heating and the laser fu- 
sion method on single and multiple feld- 
spar grains (15) (Table 1). Seven whole- 
rock samples gave well-defined age pla- 
teaus in the step-heating experiments (1 6) 
(Fig. 3). The proportion of 39Ar released 
in the plateau steps varied from 69 to 
100%. Samples MJ92-10 and SAM92-1 

had anomalously young ages for the lowest 
temperature step, suggesting some alter- 
ation-related loss of radiogenic 40Ar. Sam- 
ples with suspected excess 40Ar, such as 
MAN90-37, are indicated by saddle- 
shaped age-spectra patterns (1 7) and iso- 
tope correlation (inverse isochron) dia- 
grams in which the best fit, least squares 
line has an 40Ar/36Ar intercept greater 
than the atmospheric value of 295.5. De- 
spite the presence of excess 40Ar, however, 
the whole-rock plateau ages for MAN90- 
37 and MAN90-47 are concordant with 
the inverse isochron ages. The other 
whole-rock sample with excess 40Ar, 
TAM92-21A, yielded a well-defined age 
plateau (85.9 + 0.9 Ma) but an imprecise 

/ 
SEIR 

O 60° 

Fig. 1. Madagascar and the principal structures in the southwestern lndian Ocean. Magnetic lineations 
in the Mascarene and Madagascar basins are from Dyment (78). We calculated the Marion hot spot track 
relative to the African plate using the model of Miiller et a/. (23). The hypothetical track (88 to 120 Ma) is 
shown by the dashed line. The longitudinal error in the model for the hot spot track after 84 Ma is on the 
order of several hundred kilometers. The uncertainties increase for the older portion of the track. (Inset) A 
plate reconstruction for 88 Ma showing the relative positions of Africa, India, and Madagascar and the 
paleoridge system: Mascarene Ridge (MR), Southwest lndian Ridge (SWIR), and Southeast lndian Ridge 
(SEIR). The shaded circle illustrates the possible extent of the Marion plume, with M marking the proposed 
center of the hot spot beneath Volcan de I'Androy. 

inverse isochron age, due to the close 
grouping of Ar compositions for individual 
steps in the isotope correlation plot. 

The 40Ar/39Ar age data reveal that the 
Madagascar Cretaceous volcanic province 
formed over no more than -6 million 
years, a much shorter time interval than 
indicated by the published K-Ar dates. 
The volcanic rocks of the rifted margin 
show virtually no statistically significant 
differences in age (Fig. 2); the weighted 
mean of the inverse isochron ages is 87.6 
+ 0.6 Ma. Two tholeiitic basalt flows 
(MJ92-3 and MJ92-10) from the Majunga 
Basin gave ages of 87.6 2 2.9 Ma and 88.5 
+ 1.3 Ma, respectively, which are within 
error of the age determinations for the 
rifted-margin rocks. A rhyolite dike 
(AND90-6) intruded into the base of the 
Volcan de 1'Androy lavas, and a small 
dolerite intrusion (AND90-30) from near 
the top of the massif gave 40Ar/39Ar ages 
of 86.3 + 1.9 Ma and 86.3 + 1.0 Ma, 
respectively, statistically indistinguishable 
from the mean of the rifted-margin and 
the Majunga Basin dates. A slightly 
younger age of 84.4 + 0.4 Ma was given by 
sanidine phenocrysts from a rhyolite flow 
(AND90-27) at the top of Volcan de 
1'Androy. Similar young ages were also 
given by a basaltic member of the Ejeda- 
Bekily dike swarm (GGG9O-1 = 84.8 + 
1.3 Ma) and by a basalt flow from the 
southwestern part of Morondava Basin 
(TUL90-6 = 84.5 ? 0.7 Ma). These data 
suggest that Madagascan volcanism ceased 
first in the north. 

Sea-floor spreading in the Mascarene 
Basin in the Late Cretaceous resulted in 
the separation of Madagascar and Greater 
India. The oldest magnetic lineations rec- 
ognized in the southern Mascarene Basin 
are anomalies 33, 33r, and 34 (18). They 
trend to the northwest and are displaced 
by a series of northeast-southwest-trend- 
ing fracture zones (Fig. 1). Anomaly 34 is 
less than -50 km to as far as -200 km 
from the continental edge of southeastern 
Madagascar, as determined from satellite 
gravity data. The linearity of the rifted 
east coast margin is suggestive of strike- 
slip faulting before the opening of the 
Mascarene Basin (18). This would have 
provided a zone of weakness, as would 
the strong anisotropy in the basement fab- 
ric (9), during the breakup of Madagascar 
and India. Because breakup occurred in 
the Cretaceous quiet zone, the precise age 
of the rift-drift transition cannot be deter- 
mined from magnetic lineations; however, 
sea-floor spreading was clearly well orga- 
nized in the southern Mascarene Basin 
shortly before 84 Ma, the age of anomaly 
34 (19). The establishment of regular sea- 
floor spreading in the Mascarene Basin, 
therefore, appears to have been essentially 
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Age (Ma) 
Fig. 2. (Left) Outcrop of Madagascar Cretaceous volcanic rocks (black) and new 
40ArP9Ar age determinations with analytical uncertainties. Sample symbols: 
squares = rifted eastern margin; circles = Majunga and Morondava basins; 
diamonds = Volcan de I'Androy; triangle = Ejeda-Bekily dike (filled symbol = 

inverse isochron age; open symbol = plateau age). Fig. 3. (Right) (A) 
Whole-rock age spectra showing apparent age as a function of the cumulative 
fraction of 39Ar released. The vertical width of the horizontal boxes indicate 
estimated analytical error (2 1 o) about each step age. Note that the age variation 
between some individual "plateau" steps for MAN90-47 is slightly greater than 
? 1 o. (B) Isotope correlation diagrams (36Ar/40Ar versus 39AW40Ar) for the step 
Ar compositions measured. The inverse isochron age is calculated from the best 
fitting line through selected step gas compositions. 

Table 1. 40Ar/39Ar ages for Madagascar basalts and rhyolites. The standard FCT-3 biotite at 27.8 Ma is equivalent to the standard Mmhb-l at 520.4 Ma (27). 
MSWD, mean square of weighted deviates (28). N.A., not applicable; see text. 

Sample number Sample type Inverse isochron 
age ? 1 u (Ma) n MSWD 40Ar/36Ar Plateau age 

intercept 2 1 u (Ma) 39Ar (%) 

Phenocyst total fusion ages by laser ablation (standard = Mmhb- 1) 
MJ92-3 Plagloclase (basalt) 87.6 ? 2.9 8 0.8 295 ? 5 
SAM92-33B Plagioclase (basalt) 89.3 ? 3.9 5 1.2 404 ? 19 
MAN90-56 Plagioclase (basalt) 86.2 ? 1.8 4 0.4 332 ? 34 
MAN90-72 Plagioclase (basalt) 84.7 ? 2.7 6 1.5 414 2 4 0  
MAN90-80 Plagioclase (basalt) 83.7 ? 5.0 6 0.6 290 2 14 
AND90-6 Plagioclase (rhyolite) 86.3 ? 1.9 7 1.2 304 2 28 
AND90-27 Sanidine (rhyolite) 84.4 ? 0.5 6 0.5 312 " 8  
AND90-30 Plagioclase (dolerite) 86.3 ? 1 .O 5 0.3 280 ? 60 
GGG9O-1 Plagioclase (basalt) 84.8 ? 1.3 9 1 .O 290 ? 21 
TUL90-6 Plagioclase (basalt) 84.5 2 0.7 4 2.5 T~ed to air 

Whole-rock step heating experiments (standard = FCT-3 biotite) 
MJ92-10 Basalt 88.5 k 1.3 4 0.4 286 ? 3 86.0 k1.8 79 
SAM92-1 Basalt 90.1 2 1.2 5 0.02 289 ? 14 88.5 ? 1.6 85 
TAM92-5B Basalt 85.9 ? 1.4 6 2.1 301 ? 7 85.8 ? 1.1 95 
TAM92-21 A Basalt N.A. N.A. N.A. N.A. 85.9 ? 0.9 74 
TAM92-56A Rhyolite 87.2 ? 1.4 6 0.4 293 ? 5 86.8 ? 0.8 100 
MAN90-37 Basalt 88.0 ? 2.0 7 5.9 359 ? 10 89.1 k 0.6 69 
MAN90-47 Basalt 88.6 2 2.3 6 10.3 323 2 14 90.7 ? 0.6 75 
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synchronous with the eruption of the 
Madagascar flood basalt province. 

Extension-driven melting (2)  of the 
Marion plume provides an  explanation for 
the magmatism along the long-rifted east- 
ern margin of Madagascar and the possibly 
equivalent activity on the southwestern 
coast of India. The apparent lack of a 
prominent basalt wedge offshore may be 
due to the fact that the Marion plume was 
offset to the south of the rifted margin 
during early sea-floor spreading in the 
Mascarene Basin. Rare outliers of Creta- 
ceous volcanic rocks in central Madagas- 
car suggest that the basalts in the Majunga 
and Morondava basins may have been 
erupted from vents along the continental 
rift of east Madagascar and flowed 300 to 
400 km westward. Geochemical similari- 
ties between some of the east coast and 
west coast basalts (20) and the fact that 
flood basalt lavas may travel great distanc- 
es (>750 km) (21) also provide some sup- 
port for this idea. This interpretation im- 
plies that the rift structure must have been 
strongly domed in the east. Alternatively, 
the lavas in the basins of western Mada- 
gascar may reflect areas of thin lithosphere 
that made possible local melting of the 
plume (22). 

The occurrence of by far the thickest 
lava sequence (-1.5 km) at Volcan de 
llAndroy appears paradoxical. This massif is 
located more than 100 km west of the con- 
tinental rift in an area that has underpone - 
little crustal extension. The flows appear to 
have been derived locallv. as indicated , , 
by microgranites, which partly encircle 
the massif; the overall structure resembles a 
wide "sag" caldera. The plate motion model 
of Miiller et al. (23) places the Marion hot 
spot about 100 km south of Madagascar at 
88 Ma (Fig. 1). We  propose that Volcan 
de 1'Androy marks the center of the Marion 
hot spot at this time-that is, within the 
errors of the model position-and conclude 
that the plume generated flood basalt mag- 
mas in both intra~late  and continental-rift 
environments beneath Madagascar. 

Between the opening of the Mascarene 
Basin and the time of anomaly 34, the 
Marion plume also seems to have inter- 
acted with the triple junction of the 
Southwest Indian Ridge (SWIR), the 
Southeast Indian Ridge, and the nascent 
Mascarene Ridge, as indicated by the pres- 
ence of large oceanic plateau edifices (24) 
that are flanked by anomaly 34 (Fig. 1) .  
The Conrad Rise and the western and 
southern part of the Northern Madagascar 
Plateau are conjugate with respect to  the 
SWIR; the eastern part of the Northern 
Madagascar Plateau and the bathymetric 
high on the west side of the southern tip of 
India (25) are conjugate with respect to  
the Mascarene Ridge, as suggested by the 

structural trends of these features (18). 
Collectively, the Madagascar flood basalts 
and these oceanic plateaus constitute a 
single large igneous province (26) with a 
probable original area of more than 1 x 
lo6 km2. 

Flood basalt provinces may signal the 
arrival of new mantle plumes beneath the 
continental lithosphere; however, there 
must be a period of thinning and removal 
of material above the mechanical bound- 
ary layer before the plume head can un- 
dergo significant melting (4). Therefore, 
distinguishing between the plume initia- 
tion and ulume incubation models for the 
origin of continental flood basalts is 
~roblematical,  because the two models are 
not entirely mutually exclusive. A more 
pertinent question is whether plumes play 
an active, rather than a passive, role in 
flood basalt volcanism and continental 
breakup. In the passive scenario (2) ,  con- 
tinental breakup allows plume mantle to 
upwell and melt, causing flood basalt vol- 
canism; however, this model does not ac- 
count for the voluminous eruption of lavas 
at Volcan de l'Androy, through Archean 
lithosuhere well to the west of the conti- 
nental rift. In the active scenario, the 
trigger for breakup itself may have been 
the northward propagation of the Mas- 
carene Ridge as a consequence of the cap- 
ture at -88 Ma of the spreading ridge 
system to the south by the Marion hot  
spot, as the trailing edge of the Madagas- 
car lithosphere passed north of the plume 
head's axis. Whether the Marion hot soot 
existed before 88 Ma is unknown; howev- 
er, the postulated track of the hot spot (88 
to 120 Ma) closely parallels the rifted 
eastern margin of Madagascar (Fig. I ) ,  
along which significant strike-slip faulting 
probably occurred before breakup (18). 
Thus, even if the plume existed well be- 
fore -88 Ma, it could have played an 
active role in the breakup of Madagascar 
and India by providing a preferred path for 
propagation of the Mascarene Ridge. 
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