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Abstract
The physics of low Reynolds number plumes is well understood, and this allows a number of testable predictions to be made about mantle plumes. Mantle plumes are predicted to originate from the core–mantle boundary and consist of a large head, ∼ 1000 km in diameter followed by a narrower tail. When the head reaches the top of its ascent it flattens to form a disk with a diameter from 2000 to 2500 km. The prediction that plumes originate from the core–mantle boundary has recently been confirmed by seismic studies, using a new finite frequency technique, which has successfully traced plumes to the core–mantle boundary. The prediction that plume heads should form flattened disks 2000 to 2500 km across is confirmed by the length of thickened oceanic crust that developed during the early stages of the opening of the North Atlantic above the Iceland plume head. This resulted in hot mantle from the plume head being drawn into the spreading centre to produce 2400 km of thickened oceanic crust on both sides of the Atlantic, as predicted. Initial eruption from a plume head should be preceded by ∼ 1000 m of domal uplift. Uplift prior to volcanism has been documented for a number of flood basalt provinces, the best example being Emeishan in China where the shape and magnitude of the observed uplifted dome agrees closely with that predicted from laboratory and numerical modelling. High-temperature picrites are expected to dominate the first eruptive products of a new plume and should be more abundant near the centre of the volcanic province. This distribution of picrites is observed in the Karoo and Emeishan. Picrites are also found in the Iceland–North Atlantic Igneous Province, Reunion–Deccan, Parana–Etendeka–Tristan da Cunha, Siberian Traps (Meymechites), Caribbean–Colombian and Hawaii large igneous provinces (LIPs). The excellent agreement between the predictions of the mantle plume hypothesis and observations provides strong support for the veracity of the hypothesis. Confirmation that plume heads have a diameter of 1000 km in the upper mantle requires that plumes originate near the core–mantle boundary. As a consequence, plume tails sample a thermal boundary layer near the core–mantle boundary and plume heads are a mixture of this material and lower mantle that becomes entrained into the head. The melting products of plume tails and heads can therefore be used to deduce the composition of the material in the thermal boundary layer near the core and the lower mantle respectively. Furthermore, because the high-temperature melting products of plumes can be recognised throughout the geological record they can be used to document the variations in the chemistry of the mantle in the boundary layer near the core with time.
Introduction
It was Wilson (1963) who first suggested that the age progression in the Hawaiian Islands was produced by the oceanic lithosphere moving over a stationary “hot spot” in the mantle but he offered no physical explanation as to why the mantle beneath Hawaii should be anomalously hot. Eight years later Morgan (1971) recognised that Wilson's hotspots were probably plumes of hot mantle that originated from a boundary layer above the core. Over the last thirty-five years a combination of laboratory experiments, numerical models, and geophysical and geochemical observations have resulted in the Wilson–Morgan hypothesis maturing from vague suggestion to a well-established theory.
Mantle plumes can be defined as focused, dominantly vertical flows driven by buoyancy. They are one of two distinct components in mantle convection, each driven by buoyancy anomalies that originate in one of the mantle's boundary layers. The upper boundary layer is relatively cold. Oceanic lithosphere forms at mid-ocean ridges, cools so that it eventually becomes denser than the underlying mantle and sinks back into the mantle at subduction zones. The sinking of outer boundary layer is the force that drives plate tectonics and it is indirectly responsible for the generation of mid-ocean ridge and island-arc basalts. The mantle's lower boundary layer is relatively hot. Heat conducted from the Earth's core warms the overlying mantle and lowers its density until it eventually breaks away to form plumes. Plumes are thought to be responsible for continental flood basalts, giant oceanic plateaus and age-progressive aseismic ridges, which are collectively referred to as large igneous provinces (LIPs; Coffin and Eldholm, 1994).
Fig. 1 is a plan of the Deccan Traps, which is a typical flood basalt province. The Deccan Traps and Seychelles continental fragment, which were part of the Indian sub-continent before they were separated from India by spreading on the Carlsberg–Central Indian Ocean Ridge, covered an equi-dimensional area about 2000 km across (White and McKenzie, 1989). Notice that the Deccan Traps are connected by the 200–300 km wide Chagos–Lacadive Ridge, across the Carlsberg–Central Indian Ridge, through the Mascarene Plateau to an active volcano at Reunion. The plume hypothesis attributes flood basalts, like the Deccan traps (and giant oceanic plateaus), to melting of a plume head, and aseismic ridges, such as the Chagos–Lacadive Ridge–Mascarine Plateau, to melting of a plume tail.
When a plume head rises beneath continental crust the associated buoyancy anomaly lifts the lithosphere, which places it under tension. This can lead to run-away extension and to the formation of a new ocean basin (Hill, 1991, Courtillot et al., 1999). During the initial stages of rifting, the hot mantle in the underlying plume head is drawn into the spreading centre to produce thickened oceanic crust as illustrated in Fig. 2. There is therefore an expectation that there will be two stages of flood volcanism (Campbell, 1998) if flood volcanism is followed by run-away extension. Stage 1 is melting of a plume head before the onset of significant extension (Hooper, 1990). It produces a continental flood basalt or oceanic plateau, the oceanic equivalent of a flood basalt province, if the plume rises below an ocean basin. Stage 2 is melting of the plume head to form thickened oceanic crust as it is drawn into the developing spreading centre. There is a time gap between stages 1 and 2, which varies from case to case, depending on the strength of lithosphere that was rifted during continental break-up but is normally several million years (Hill, 1991). The volume of magma produced during stage 2 can be greater than that produced during stage 1 because extension raises the top of the plume head to lower pressures inducing more extensive melting. Fig. 3 shows the extent of thickened oceanic crust associated with the opening of the North Atlantic by the Iceland plume. A firm prediction of the plume hypothesis is that similar thickened oceanic crust should exist off the west coast of India in association with the Reunion–Deccan plume, and off the east coast of South America and the west cost of Africa in association with the Parana–Etendeka–Tristan da Cunha plume.
Recently the validity of the plume hypothesis has been challenged (Foulger et al., 2005 and references therein). Critics claim that it is not predictive and that the hypothesis changes as new observations become available. This is not correct. Mantle plumes are low Reynolds number plumes and their physics is well understood (Griffiths and Campbell, 1990, and references therein). As a consequence, the mantle plume hypothesis makes numerous testable predictions, many of which are quantitative and exacting. The purpose of this paper is to set out these predictions and to test them against the available observations. The reader is referred to Davies (2005) for a more theoretical defence of the plume theory.
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Theory
High pressure experimental studies of the melting point of iron–nickel alloys show that the core is several hundred degrees hotter than the overlying mantle (Boehler, 1993). A temperature difference of this magnitude must produce an unstable boundary layer above the core which, in turn, must give rise to mantle plumes. This conclusion is supported by dynamo theory, which also requires a large heat flow out of the core in order to produce Earth's magnetic field (Gubbins et al., 2003). Plumes are 
New plumes consist of a large head followed by a small tail
Flood basalts and oceanic plateaus are the first eruptive products of a new mantle plume and they are commonly connected to the current position of the plume by an aseismic ridge. The example of the Deccan Traps–Reunion system has already been mentioned. Other examples where flood basalts or oceanic plateaus are connected to the current position of the hotspot include; the North Atlantic Igneous Province (Iceland), Parana–Etendeka (Tristan da Cunha), and Kerguelen Plateaus (Kerguelen). North
Conclusions
The excellent agreement between the predictions made from plume theory and the observations made from LIPs leaves no doubt that the plume hypothesis is correct. The hypothesis correctly predicts (i) rapid initial volcanism from the plume head followed by reduced volcanism from the plume tail, (ii) the size of the flattened plume head is 2000 to 2500 km across in the upper mantle, (iii) flood volcanism is preceded by domal uplift, (iv) both heads and tails should produce high-temperature…

