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much of California’s surface water supply. Given the widespread
occurrence of sedimentary and metasedimentary rocks on the
Earth’s surface7,23–31 and the large inventory of nitrogen contained
within these rocks8, the role of geological nitrogen as a non-point
source of nitrate contamination in surface waters needs to be re-
evaluated. M
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Figure 4 Mineral nitrogen (NO2
3 þ NHþ

4 ) concentrations for C horizon soils. These

soils have phyllite parent rock in Jack Creek watershed. Top panel, data for in situ

soil solutions extracted from soil samples via centrifugation17, bottom panel, KCl-

extractable nitrogen18 from the same soil samples (n ¼ 3). Data from the 1995–96

and 1996–97 water years show a similar pattern of high total mineral N at the

beginning of the water year, and lower concentrations following progressive

leaching of the soil profile.
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The geology of northern and central Africa is characterized by
broad plateaux, narrower swells and volcanism occurring from
,45 Myr ago to the present. The greatest magma volumes occur
on the .1,000-km-wide Ethiopian and east African plateaux,
which are transected by the Red Sea, Gulf of Aden and east African
rift systems, active since the late Oligocene epoch. Evidence for
one or more mantle plumes having impinged beneath the pla-
teaux comes from the dynamic compensation inferred from
gravity studies, the generally small degrees of extension observed
and the geochemistry of voluminous eruptive products1–4. Here
we present a model of a single large plume impinging beneath the
Ethiopian plateau that takes into account lateral flow and ponding
of plume material in pre-existing zones of lithospheric thinning5.
We show that this single plume can explain the distribution and
timing of magmatism and uplift throughout east Africa. The thin
lithosphere beneath the Mesozoic–Palaeogene rifts and passive
margins of Africa and Arabia guides the lateral flow of plume
material west to the Cameroon volcanic line and south to the
Comoros Islands. Our results demonstrate the strong control that
the lithosphere exerts on the spatial distribution of plume-related
melting and magmatism.

The alkali volcanism without rifting on the ,400-km-wide
topographic swells and ocean island chains of Africa (Fig. 1) have
been attributed to separate plumes1,6,7. Burke1 suggested that the
unusually high elevation and Cenozoic volcanism stems from the
African plate’s standstill relative to mantle circulation since
,35 Myr ago, which allowed ,40 mantle plumes to penetrate the
plate without the creation of hotspot tracks. The Hoggar, Tibesti,
Darfur and Adamawa swells and Cenozoic eruptive centres lie near
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Mesozoic rifts, and a Mesozoic–Palaeogene rift system underlies the
topographic depression between the east African and Ethiopian
plateaux6,8 (Fig. 1). Wilson and Guiraud6 have suggested preferential
melting of mantle metasomatized during the Mesozoic breakup of
Gondwana, in the presence of many plumes.

Seismic velocity and geochemical anomalies suggest that hot
upper mantle underlies the Red Sea, Afar and Eastern rifts9–11.
Tomographic models show .200-km-thick lithosphere beneath
the cratonic core of east Africa and steep gradients along its
margins11, but little is known of upper-mantle structure beneath
the Ethiopian plateau away from the rifts (Fig. 1). Marty et al.2 have
reported high 3He/4He ratios throughout a 2,000-km-wide region
centred on the Ethiopian plateau, indicating a broad mantle thermal
anomaly. The largest geoid anomalies coincide with the Ethiopian
and east African plateaux where more than 8 3 105 km3 of primarily
basaltic material has erupted3,12 since ,45 Myr ago. The earliest
Cenozoic flood basaltic magmatism occurred in the Ethiopian
plateau region, although the Cameroon chain onshore has seen
discontinuous activity since Late Cretaceous time1,13 (Fig. 1).

Incomplete thermal equilibration of thinned lithosphere beneath
Late Cretaceous–Palaeogene rifts and Mesozoic passive margins
would have caused significant variations in the depth to the 1,300 8C
isotherm (base of lithosphere) beneath Africa 45 Myr ago, particu-

larly in basins active during Palaeogene time (Fig. 1). This topo-
graphic relief at the lithosphere–asthenosphere boundary before the
arrival of a plume head may have deflected plume material away
from its centre, as would cratonic roots. In the numerical models of
Sleep5,14, topographic relief at the lithosphere–asthenosphere
boundary disrupts the radial spread of buoyant plume material,
leading to ponding below thinner lithosphere. Melting is enhanced
where plume material cascades over steep relief at the lithosphere–
asthenosphere boundary5.

The question is, could melt generated from the impact of one
strong plume beneath the Ethiopian plateau flow along the elevated
lithosphere–asthenosphere boundary beneath the Mesozoic–
Palaeogene rifts and passive margins, explaining the swells with
small volumes of erupted magma shown in Fig. 1. We use the
methods of Sleep5 to investigate the effects of pre-existing litho-
spheric thickness variations on the lateral flow of plume material.
Our predictions of the spatial distribution of plume material have
implications for the reactivation of pre-plume rifts and the pre-
servation of cratonic roots.

Below and in Figs 1 and 2a we summarize constraints on litho-
spheric structure before and after initial magmatism in the Ethio-
pian plateau region. Mantle xenolith and seismic data indicate that
Archaean–early Proterozoic lithosphere was .150 km thick
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Figure 1 Reconstruction of the African plate at ,45Myr ago, before the

separation of Africa and Arabia. Shown are Cenozoic plateaux, swells, rifts (ER,

Eastern rift; MER, Main Ethiopian rift) and magmatism (maximum ages in each

province indicated), the distribution of Mesozoic–Palaeogene rifts, and marine

strata along passive margins (after ref. 18). Elevations .1,000m are enclosed by

bold lines; uplift (where known) occurred after ,32Myr ago (ref.17). Where known

from borehole data, peak extension in pre-plume basins occurred in Cretaceous

time8,16,18,34. Seismic reflection and borehole data indicate renewed extension

during Eocene–recent time in the west African (WARS), central African (CARS)

and Anza rift systems8,16,17,31,34. Lithospheric extension along the Indian Ocean

passivemarginoccurred in Jurassic time; sea-floor spreadingbetween Africa and

Madagascar occurred between 165 and 80Myr ago (ref. 35). Volcanism and

extension have also affected the passive margins of east Africa since ,35Myr

ago with reactivation of some Mesozoic structures35 (for example, Davie ridge).

Volcanoes of the Comoros chain have developed on oceanic crust since 5Myr

ago, and the Cosmoledo (C), Farquhar (F), St Lazaire (SL) and Paisley (P)

seamounts are of similar age7,35; i indicates intrusives.
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beneath parts of central and northern Africa 45 Myr ago (refs 11,
15). We assume that cratonic lithosphere was ,150 km thick;
thicker lithosphere would only enhance the lateral flow effects we
describe below. We use extension estimates, where available, to
constrain lithospheric thickness beneath the Mesozoic–Palaeogene
rifts and passive margins, assuming uniform crust and upper-
mantle extension (Fig. 2a). Sequences within many of these basins
show a thermal subsidence phase, indicating that the mantle litho-
sphere was thinned8,16–18.

Volcanism in southwestern Ethiopia 40–45 Myr ago occurred
,20 Myr before the earliest known extension in this area12,19 (Fig. 1).
Between ,32 and 25 Myr ago, volcanism was widespread through-
out the Red Sea and Gulf of Aden, northern Main Ethiopian rift
(MER), and central Ethiopian plateau17,19–22 (Fig. 1). The geochem-
ical signature of the plume now extends into the Red Sea and Gulf of
Aden2,23, and seismic data suggest crustal underplating beneath the
2,500-m-high eastern plateau9.

Far-field stresses generated by the Africa–Eurasia collision may
have initiated extension in parts of the Red Sea and Gulf of Aden
rifts ,30 Myr ago17,20. Sea-floor spreading commenced ,20 Myr
ago in the Gulf of Aden, propagating westward into Afar by ,5 Myr
ago (ref. 17). Alkaline volcanism and faulting have propagated
southward along the Eastern and Western rifts since 25 Myr ago
(Fig. 1). Where timing constraints exist, extension within any
province, if present, occurs after initial uplift and volcanism,
except in the pre-plume rift zones and along passive margins17,19–22.
Overall, we see a sub-radial distribution of magmatism about
southwestern Ethiopia since ,45 Myr ago.

Hot, low-density material within starting mantle plumes rises
diapirically through the mantle and interacts with the base of the
lithosphere, forming a broad head that may partially melt to
produce flood basalts and radial dykes24,25. This buoyant material
displaces denser, normal asthenosphere and heats the lithosphere,

leading to regional uplift, lithospheric thinning and pressure-release
magmatism. General models differ in the interactions between
plume and lithosphere and the timing of pressure-release volcan-
ism, with variations in plume temperatures of ,10 K leading to
significant variations in melt volumes26,27. Sleep5,14 shows that pre-
existing zones of lithospheric thinning act as sinks for buoyant
plume material, driving lateral flow hundreds of kilometres from
the plume’s centre.

Using the analytical and numerical methods of Sleep5,14, we
delineate areas of ponded plume material that are prone to pres-
sure-release magmatism. Assuming a linear depth versus melting
parametrization28, we can predict final melt thickness above the
plume. We do not distinguish between plume head and tail material,
given the slow movement of the African plate since 45 Myr ago. We
assume that the plume initially was centred at 388 E, 88 N where the
earliest basalts are found, and that it moves to 368 E, 48 N over
45 Myr. Very similar results are obtained if the head is moved a few
degrees in any direction.

The numerical model predicts the distribution of plume material
and melt beneath central and northern Africa after onset (Fig. 2b, c).
At ,45 Myr ago a circular plume head of 750 km radius impinges
on the base of the lithosphere, producing a thick, low-density layer
beneath the Ethiopian plateau. There is a net upward movement of
laterally flowing plume material, with steep gradients increasing
vertical velocity and pressure-release melting5,26 (Fig. 2c). Consider-
ing the thick lithospheric lid, local factors (for example, pre-existing
weaknesses and volatile content) probably control eruptive centre
locations.

By 40 Myr ago, plume material has moved an additional 500–
800 km southward and eastward to thinned lithosphere along the
Indian Ocean margin and beneath the Arabian peninsula, following
Mesozoic–Palaeogene rifts. Between 35 and 10 Myr ago a narrow
tongue of plume material ‘trickles’ westward beneath the central
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Figure 2 Results of plume model. a, Model of pre-plume lithospheric thickness

(values ,100 km are shaded) at ,45Myr ago constrained by estimates of crustal

stretching, seismic9–11,32 and xenolith15,30 data. Maximum crustal extension in

Mesozoic–Palaeogene rift basins of the west and central African rift systems

varies from ,10% to ,50%, based on subsidence patterns, fault reconstructions,

and models of gravity data8,16–18,34,35. The northern and northeastern margins of

Africa and much of the Arabian peninsula were passive margins into Palaeogene

time; we assume 110–100-km-thick lithosphere here. Africa’s northeastern margin

was affected by folding in Late Cretaceous and Eocene time with the collision of

Africa and Eurasia1; we assume a ,115-km-thick lithosphere here. Oceanic

lithosphere along Africa’s eastern and western margins is assumed to follow a

normal thermal subsidence curve until the onset of the plume at ,45Myr ago,

with formation ages assigned from the model of Coffin and Rabinowitz35. b,

Contours of the maximum horizontal extent of plume material between 45Myr

ago (contour 0) and present (contour 45) predicted by the interactions of plume

with the lithospheric lid shown in a. We note the lobe of plume material which

roughly coincides with the Indian Ocean seamounts and intrusives, and the

tongue of material beneath the centralAfrican rift system (Fig.1).We use the same

model parameters as Sleep14, except that we assume a starting plume head

volume of 0:2 3 1018 m3, a viscosity of 0:3 3 1018 Pas and a constant buoyancy

flux of 4 Mgs−1 similar to that of a strong plume27. Only local buoyancy is

considered. As shown in Sleep14, the depth to the base or viscosity of the ordinary

asthenospheric channel and its replenishment mechanism have little effect on

results. This model reproduces the spreading drop similarity solution36 to 0.5% at

45Myr. c, The equivalent thickness of melt produced from 30Myr ago to the

present. The calculation includes pressure-release melting from lateral flow of

material and lithospheric thinning caused by the interaction of plume material and

the base of the lithosphere. Plume material is assumed to melt by 0.1% per

kilometre of ascent, independent of depth. Melting is enhanced above steep

gradients shown in a.
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African rift zone, reaching the western Adamawa plateau by ,5 Myr
ago. Our predictions for this region are probably minima due to the
earlier history of plume activity and rifting in this area.

This simple model of lithosphere–plume interactions in Africa
correlates well with the distribution and timing of magmatism in
east and central Africa, and along the Indian Ocean margin
(Figs 1, 2). For example, ponding and melting occur beneath the
Darfur swell by 30 Myr ago, and beneath the Davie ridge by 5 Myr
ago, explaining the young seamounts along this Mesozoic structure
(Figs 1, 2). The radial flow of plume material away from the plume’s
centre fits well with the observed southward propagation of volcan-
ism in east Africa since Late Oligocene time (Fig. 1). The Ethiopian
plume model cannot explain the Tibesti or Hoggar swells, unless
undiscovered rifts lie beneath the Sahara. We could increase the
plume volume, lower viscosity, and modify initial lithospheric
thickness to increase the radial flow, but too little information on
present and ancient lithospheric structure exists to justify refine-
ments of our simple model.

Our model includes only thermal thinning of the lithosphere
above the plume material, but we can readily anticipate the model’s
response to lithospheric stretching within the Red Sea and Gulf of
Aden. Newly thinned lithosphere would have channelled melt from
the eastern limbs into the axis of the Red Sea and Aden rifts, as
well as adjacent margins. This extension along the Arabian margins
at <30 Myr ago would have triggered decompression melting of
ponded plume material, causing widespread magmatism along the
Arabian margins. The superposition of Red Sea, Aden and east
African extension in Afar may have caused greater pressure-release
melting there rather than above our plume’s centre.

In active rifting models, lateral density variations within the
upper mantle generate extensional stresses large enough to initiate
rifting29. Adiabatic decompression melting beneath the rift enhances
flow of plume material, and rifts propagate. This mechanism may
explain the extension after magmatism and uplift, and the south-
ward propagation of rifting in east Africa. Although it is an indirect
result, we suggest that episodic extension in the Red Sea and Gulf of
Aden captured ponded melt, and led to pulses of basaltic magma-
tism in east Africa. Reactivation of pre-plume basins and initial
extension in the northern Kenya rift ,25 Myr ago would have
created a conduit for the distribution of plume material southward
beneath the Eastern and Western rift systems (Figs 1, 2a). This
additional extension not included in the model would increase
outward flow, perhaps as far south as Madagascar and the Western
rift where magmatic centres are located near Mesozoic rifts (Fig. 1).

The steep gradients at the lithosphere–asthenosphere boundary
along the Tanzania craton/mobile-belt boundaries11 may focus flow,
explaining ,30-Myr-old carbonatitic and kimberlitic magmas
derived from small melt volumes at depths >150 km (refs 15, 30).
The pre-plume relief at the lithosphere–asthenosphere boundary
beneath the east African cratons diverts plume material and focuses
decompression melting along the craton margins, preserving their
thick, strong cores (Fig. 2c).

These results have implications for the rejuvenation and thermal
subsidence of continental rifts. Ponded plume material contributes
to regional uplift, but sills intruded into sedimentary strata or
magma underplated at the base of previously thinned crust can
locally augment or counter this uplift, depending on density
contrasts. Many Mesozoic–Palaeogene rift basins lying along the
predicted paths of plume material show Late Cenozoic reactivation
and igneous intrusions16,31, but borehole and seismic data are
available from many basins. Coffin et al.32 report anomalous
upper-mantle velocities of 7.8 km s−1 beneath the western Indian
Ocean basin, suggesting that mantle temperatures are elevated
above the southeastern lobe (Fig. 2c).

Melt composition will vary depending on plume interactions
with the heated lithosphere and normal asthenosphere, which will
increase with distance from the source. Temporal variations will

occur due to compositional and temperature differences between
plume head and tail33.

Our studies demonstrate that the location of continental flood
basalts may not coincide with the centre of the starting plume head,
and several discrete magmatic provinces can be produced by a single
plume. This numerical model of the Ethiopian plume also supports
a plume origin for the east African rift system. M
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