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Magmatic underplating associated with mantle plume activity is
an important mechanism for driving regional surface uplift and
denudation of large portions of the continents1,2. Such uplift
occurs rapidly because substantial volumes of basaltic melt are
added to the crust over geologically short periods of time (1–
10 Myr)2, and can lead to large amounts of clastic sediment being
shed into surrounding basins3. An intensively studied example of
this process occurred in the North Sea basin during the Palaeogene period, where discrete pulses of deposition were triggered
when sands were remobilized downslope from the shelf by
turbidity currents and debris flows as a result of episodic changes
of relative sea level3. Here we correlate the timing of these
sediment pulses with the timing of surface uplift inferred to
have been caused by episodic magmatic underplating on the
continental shelf of northwestern Europe. This magmatism was
related to activity of the Iceland plume, suggesting that individual
pulses of sedimentation provide a potentially sensitive measure of
plume activity, and so may be used to resolve time-dependent
fluctuations in mantle plume activity predicted by theoretical
studies of mantle convection.
We have chosen to examine the northwest shelf of Europe for
three reasons. First, the history of vertical motions has been carefully studied3 over the past 20 years. Second, the distribution,
composition, volume and age of onshore and offshore igneous
activity are well documented4–7. Third, the biostratigraphy, chronostratigraphy and seismic stratigraphy of Palaeogene sedimentary
rocks have been systematically studied using both onshore data and
extensive seismic and well data made available by the hydrocarbon
industry3,8.
‡ Present address: Bullard Laboratories, Madingley Rise, Madingley Road, Cambridge CB3 0EZ, UK.
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In the Early Cenozoic era, an area encompassing the British Isles
(,3 3 105 km2 ) underwent rapid exhumation (Fig. 1). Substantial
quantities of Palaeogene muds and sands were deposited in the
North Sea and in other basins including the Faeroe–Shetland basin,
the Porcupine basin west of Ireland and southeastern England9–11.
Marine sedimentation was strongly pulsed, suggesting a pattern of
transgression and regression which was first recognized by Lavoisier
in 1766. A detailed history of highstands and lowstands of
Palaeogene relative sea level in the North Sea basin is now
available12,13. These relative sea-level changes are recognizable
around the British Isles but their magnitude and timing cannot be
correlated throughout northwestern Europe or worldwide13. This
observation indicates that global (that is, eustatic) sea-level
variation did not control the cyclic pattern of deposition. We are
especially concerned with the period between 62 and 54 Myr ago
when a series of submarine fans formed at intervals of ,1 Myr on
either side of the emergent Scottish landmass. These pulses of sand
deposition are well documented in the North Sea and coeval pulses
have been recognized in the Faeroe–Shetland basin14.
Permanent uplift and denudation of a region encompassing the
British Isles were triggered by Palaeogene magmatic
underplating1,15. Geochemical and subsidence modelling show
that this magma was generated by adiabatic decompression of
asthenosphere with a potential temperature of 1,450–1,500 8C,
requiring the existence of a mantle plume4,16. The existence of a
possible 50–250 m of transient dynamic uplift associated with the
proto-Iceland plume2,17 cannot account for permanent uplift and
does not affect our principal conclusions. Assuming Airy isostasy,
the amount of magmatic underplating, X, required to generate an
amount of denudation, D, is given by

 
 

ra 2 rs
ra
ra 2 rw
X¼
Dþ
Tþ
W
ð1Þ
ra 2 rX
ra 2 rX
ra 2 rX
where T is the present-day topography (that is, residual uplift) and
W is the water depth during the Late Cretaceous before uplift. Other
parameters are given in Table 1. In the Irish Sea, ,2.5 km of strata
have been eroded from extant Permian–Triassic basins and there is
little residual uplift. If Late Cretaceous water depths were in the
range 200–600 m, the required underplate is 8 6 2 km. If the same
amount of underplating occurred beneath Scotland where Late
Cretaceous water depths were 0–300 m, an average present-day
topography of ,500 m implies that D is 0.5–2 km. This estimate of
D is consistent with fission track analyses18 and with emplacement
depths for igneous complexes4. If rX is reduced to 2.8 Mg m−1, then
X ¼ 6 6 1 km.
Widespread magmatism is manifested at the surface by numerous
central igneous complexes, lavas, linear dyke swarms, and other,
minor, intrusive bodies (Fig. 1). Although accurate volumetric
estimates of magmatism are difficult to make, studies of petrological
fractionation support the notion that a substantial volume of
magmatic underplating exists (3–5 times the volume inferred
from outcrop1). Large volumes are corroborated by forward and
inverse modelling of concentrations of rare-earth elements for
basaltic rocks. After corrections for fractional crystallization of the
observed melt compositions, these data indicate that ,5 km of melt
was produced at depth4. Wide-angle and deep seismic reflection
data provide a further important constraint for the amount of
underplating2. The lower crust beneath the British Isles is strongly
reflective and has a Poisson’s ratio of ,1.86, consistent with the
existence of mafic sills. Beneath Scotland, the Lithosphere Seismic
Profile in Britain (LISPB) wide-angle data set shows that P-wave
velocity increases sharply at 20 km depth, and that the velocity 5–
8 km above the Moho is 6.6–7 km s−1 with calculated densities of
2.85–3.05 Mg m−3 (ref. 19). Thus geochemical and geophysical
observations are consistent with the underplating hypothesis.
Dating of onshore igneous rocks has proved difficult because of
significant argon mobility and most of the published K–Ar ages are
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uncertain. Reliable 40Ar/39Ar step-heating and Rb–Sr isochron
ages5–7 have an analytical precision of 0.5–1.5 Myr but magnetic
polarity data measurements can be used further to constrain the
ages20. Combined age and polarity data for all of the igneous centres
show that magmatism lasted from 62 to 52 Myr ago, with a peak
between 61 and 58 Myr.
The main pulses of submarine-fan sedimentation correlate with
periods of most intense magmatic activity (Fig. 2). The phase of
greatest fan development (Andrew) coincides with the acme of

magmatism between 61 and 58 Myr, within chron C26r. We
infer that each phase of magmatism caused rapid uplift. Fan
volumes and denudation estimates imply average erosion rates of
200 6 100 mm kyr 2 1 during the period of interest, compatible with
the range of global geomorphic estimates for fluvial systems21. More
importantly, phased uplift gave rise to episodic lowstands of relative
sea level. Each lowstand triggered the transport of sediment already
on the shelf, downslope into deeper waters. The development of
submarine fans in such a setting is particularly sensitive to changes

Figure 1 Satellite free-air gravity map of the British Isles (see Fig. 3 legend). The

Figure 2 Stratigraphic chart based on timescale of Berggren et al.20 and showing

purple area encompassing the British Isles shows the region that underwent 0.5–

temporal relationship between intrusive igneous activity5–7, offshore volcanic ash

1 km of denudation during the Palaeogene (,3 3 105 km2 ); the pink area shown

beds8,11, and submarine fan deposition in North Sea13. At the left-hand side, stage

underwent 2–3 km of denudation; the light grey patches offshore indicate sub-

names, planktonic foraminiferal biostratigraphic zonation and magnetostratigra-

marine fan deposition in the North Sea and in the Faeroe–Shetland basin at time

phy are shown. The histogram of igneous activity (total of 35 ages) includes the

of maximum input (59 Myr ago: labelled ‘Andrew’ in Fig. 2); large white circles,

total error estimate of age (monitor mineral is the Bern biotite 4B:

major intrusive centres; small white circles and lines, minor intrusive centres,

17:19 6 0:12 Myr). Magnetic polarity was used to position dates within the

dykes and sills. A, North Sea; B, Faeroe–Shetland basin; C, Slyne–Erris basin; D,

appropriate chron (black, normal polarity). Wedges with filled circles indicate

Porcupine basin; E, Celtic Sea basin; F, London–Hampshire basin; G, Irish Sea.

aggregated submarine fan deposits. The nomenclature follows Neal13 and

Thick black lines indicate drainage pattern inferred from location of major

volume estimates are based on Reynolds27. Horizontal dashed lines at 62 and

channels offshore, from provenance studies, and from geomorphology. The

54 Myr mark initiation of the Iceland plume and the start of sea-floor spreading

denudation pattern is constrained by modelling subsidence analyses, vitrinite

between Greenland and Europe, respectively. Note land bridges at start and end

reflectance profiles, fission track data and sonic velocity information (refs 15,18,

of 8-Myr period of interest (see Hooker in ref. 8). Danian rocks include submarine

and E. Rowley and K. Gallagher, personal communication). These data show that

fans (wedges with brick shading which are labelled ‘Ekofisk’) which consist of

1–3 km of denudation occurred rapidly during a period when climate was warm

reworked chalk derived from the erosion of Cretaceous strata that covered most

and relatively stable compared with the succeeding Neogene8. Increasing

of the British Isles3,11. The first major influx of clastic sediments (Maureen)

amounts of denudation have occurred in a transect from the Hampshire basin

occurred between 61.1 and 60.3 Myr ago. This fan system comprises ,20% of

towards the Irish Sea where 2–3 km of strata have been removed. A maximum of

the total volume of submarine fan deposits in the Palaeogene. The succeeding

,1 km has been removed from most of Scotland. The submarine fan system

Andrew fan system (59.4–58.9 Myr) represents ,50% of the total volume of

shown in the North Sea consists of a large (,60,000 km2) wedge of sand up to

submarine fan sediment with an implied minimum discharge of 1 m3 s−1,

700 m thick. Coeval fan systems in the northern North Sea and in the Faeroe–

equivalent to 7 3 1010 kg yr 2 1 . Between 58 and 54 Myr, the Balmoral–Forties,

Shetland basin are smaller. Correlatable mineralogical units can be identified

Sele and Balder fan systems were generated with a combined volume of

within Palaeogene submarine fan sequences. Systematic changes in sediment

,20%. Total fan volume in the North Sea from 62 to 54 Myr is ,26,000 km3

provenance reflect variations in source area composition, from Mesozoic and

(,6 3 1016 kg)27. By Early Ypresian times (54 Myr), submarine fan volumes were

Palaeozoic sandstones to Moine and Dalradian metamorphic basement26.

considerably smaller.
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Figure 3 Satellite-derived free-air gravity map of Sandwell and
Smith28 for the North Atlantic Ocean (equal area projection).
Red/yellow colours indicate gravity highs and purple/blue
colours indicate gravity lows. The large white circle on Iceland
indicates the location of the present-day plume centre at
Vatnajökull (64.58 N, 17.38 W). Up to 500 km southwest along
the Reykjanes ridge spreading centre, indicated by the solid
white line, asthenospheric potential temperatures of ,1,450 8C
result in the generation of a 14-km-thick oceanic crust2. Filled
circles delineate prominent V-shaped ridges which transgress
the magnetic anomaly pattern22,23. These ridges are symmetrical about the spreading axis and converge southwards thus
crossing progressively younger crustal isochrons. A less
obvious set of V-shaped ridges occur north of Iceland. Isostatic
calculations, wide-angle seismic data and rare-earth element
modelling show that the crust is thicker beneath the most
prominent ridges23,24. V-shaped ridges are generated when
pulses of anomalously hot asthenosphere flow down the
spreading axis. The variation in crustal thickness indicates
that asthenospheric potential temperatures beneath the
plume fluctuate by 630 8C (ref. 24). Radial flow velocities
required to produce V-shaped ridges can be calculated from
Fig. 4. Features shown within white box are identified in Fig. 1.

Figure 4 Age of V-shaped ridges plotted as a function of distance from the plume
centre (updated from Vogt22). At any given distance, the age of a ridge is
determined from its intersection with the sea-floor spreading isochrons (for
example, Müller et al.29) which were calculated by linear interpolation between
magnetic anomaly picks. Solid circles, ridges southeast of mid-ocean ridge; open
circles, ridges northwest of mid-ocean ridge. Note approximate symmetry of
ridges about spreading axis. Slope gives velocity of any high-temperature pulse
as it travels down the spreading axis from northeast to southwest. These pulses
travel ,800 km at an average velocity of ,10 cm yr−1, with a rapid decrease to
,1 cm yr−1 at ,1,200 km from the plume centre. Dashed lines and open circles
extrapolate back to plume centre using a velocity which is averaged over last 3
points. Solid vertical bars at 0 km give range of starting times if velocity varies from
0 to 20 cm yr−1. Solid horizontal bars (55–65 Myr), sediment pulses shown on Fig. 2;
solid horizontal bars (0–20 Myr), radial plume pulsation from Wright and Millers31
seismic reflection and palaeoceanographic data analysis. Grey vertical bars,
periods of minor upper-crustal shortening observed at continental margin north
of Scotland30; thick grey curves, calculated velocity of asthenospheric pulse
assuming that plume flux is radial, varying according to equation (2) using
parameters given in Table 1. At least six pulses have occurred during the past
30 Myr. V-shaped ridges appear to be absent between 35 and 50 Myr ago,
indicating an hiatus in plume temperature fluctuation. Older diachronous ridges
(40–60 Myr) are evident closer to the continental margins on either side of the
ocean basin. Their velocities agree with those calculated for more prominent,
younger, ridges. We suggest that at least three pulses originated at the plume
centre between 60 and 50 Myr ago, taking ,1 Myr to travel for the plume centre to
the British Isles, 500 km away.

in relative sea level8,9,12. This well established sensitivity allows us to
highlight the significance of a correlation between episodes of
submarine fan deposition and uplift events probably caused by
igneous activity. Modern and Quaternary studies demonstrate that
the time lag between onset of a lowstand event and triggering of
deposition is negligible for our purposes (,105 yr). The Palaeogene
sedimentary record is proposed here as a measure of pulsed
magmatic underplating, and can be regarded as a proxy for plume
activity between 62 and 54 Myr ago. Once sea-floor spreading
between Greenland and Europe began ,54 Myr ago, the continental
margin moved away from the plume centre and submarine fan
volumes in the North Sea decreased markedly3,9.
The extent and magnitude of denudation suggest that the average
890

rate of melt addition beneath the entire British Isles was 0.1 km3 yr−1. If
the proportional change of submarine fan volume through time was
triggered by surface uplift, which in turn was caused by variation in
magmatic underplating, then the rate of melt addition fluctuated
between 0.05 and 0.14 km3 yr−1. This fluctuation could be produced
by variation in asthenospheric potential temperature of 630 8C.
Our inference can be tested using independent but less well resolved
evidence for fluctuations in plume activity over the past 60 Myr.
Vogt22,23 first showed that prominent V-shaped ridges occur on the
sea floor, south of Iceland (Fig. 3). Later work suggested that these
ridges result from pulses of hotter asthenosphere travelling away
from the centre of the plume24. We determined the velocity and
starting age of hot pulses of asthenosphere required to produce
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Table 1 Parameters used in text
Symbol

Definition

Value

ra

Density of asthenosphere

3.2 Mg m−3

rs

Density of sedimentary rock

2.6 Mg m−3

rw

Density of water

rX

Density of magmatic underplating

2.9 Mg m−3

Ṁ

Mass flux of plume

2 3 1014 kg yr 2 1

h

Thickness of plume

R

Radius of plume

.............................................................................................................................................................................
.............................................................................................................................................................................
.............................................................................................................................................................................

1 Mg m−3

.............................................................................................................................................................................
.............................................................................................................................................................................
.............................................................................................................................................................................

100 km

.............................................................................................................................................................................

1,000 km

.............................................................................................................................................................................

these ridges (Fig. 4). Downstream deceleration of each pulse is in
accordance with the variation of residual depth and crustal thickness
away from the plume centre24.
For pulses travelling radially outwards from the plume centre, the
distance of a pulse from the centre of the plume, R, at any time, t, is
given by

s

R¼

Ṁt
phra

ð2Þ

Using the parameter values given in Table 1, the geometry of the Vshaped ridges is consistent with rapid radial asthenospheric flow out
to 1,200 km; there is not a requirement for pulses to be channelled
exclusively along the Reykjanes ridge25. This assertion is consistent
with the geochemistry of ridge axis basalts if the radial flow beneath
the ridge axis did not pass through the melting column beneath
Iceland and if the plume centre is not located exactly on the ridge
axis. Temperature variation within the core of the plume will also
cause fluctuations in the pressure head at a mid-ocean ridge.
Consequent changes in maximum compressive stress at the
surrounding continental margins coincided with three discrete
phases of mild folding and thrust faulting which occurred when
pulsing of the plume was important (Fig. 4). However, these very
modest amounts of crustal shortening cannot be responsible for
Palaeogene uplift and denudation of the British Isles.
Several different data sets support our hypothesis that the
existence of discrete pulses of Palaeogene submarine fan deposition
is linked to mantle plume activity. Sedimentary deposits may therefore
help to resolve otherwise inaccessible details of mantle plume activity
on timescales of 0.5–1 Myr. We suggest that a global analysis of
sedimentological data from hotspot settings would be fruitful. M
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The 3-dimethylsulphoniopropionate (DMSP) produced by
marine algae is the main biogenic precursor of atmospheric
dimethylsulphide (DMS)1–3. This biogenic DMS, formed by bacterial and algal degradation of DMSP4,5, contributes about
1:5 3 1013 g of sulphur to the atmosphere annually3, and plays a
major part in the global sulphur cycle, in cloud formation and
potentially in climate regulation1,3. Although DMSP biosynthesis
has been partially elucidated in a higher plant6,7, nothing is known
about how algae make DMSP except that the whole molecule is
derived from methionine8–12. Here we use in vivo isotope labelling
to demonstrate that DMSP synthesis in the green macroalga
Enteromorpha intestinalis proceeds by a route entirely distinct
from that in higher plants. From methionine, the steps are
transamination, reduction and S-methylation to give the novel
sulphonium compound 4-dimethylsulphonio-2-hydroxybutyrate
(DMSHB), which is oxidatively decarboxylated to DMSP. The key
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