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ABSTRACT

Iceland is the best studied, large-volume, active volcanic region in the world. It
features the largest subaerial exposure of any hotspot at a spreading ridge, and it is
conventionally attributed to a thermal plume in the mantle. However, whereas the
apparently large melt productivity and low-wavespeed mantle seismic anomaly are
consistent with this attribution, at any more detailed level, the observations are poorly
predicted by the plume hypothesis. There is no time-progressive volcanic track, the
melt anomaly having been persistently centered on the Mid-Atlantic Ridge. Spatial
variations in crustal structure are inconsistent with the southeastward migration that
is required of a plume fixed with respect to other Indo-Atlantic hotspots. The mantle
seismic anomaly weakens with depth and does not extend into the lower mantle. Esti-
mates of excess temperature using a broad range of methods are inconsistent with a
mantle potential temperature anomaly greater than a few tens of K. Much of the lava
erupted in Iceland has geochemistry little different from normal mid-ocean ridge
basalt, and the detailed spatial geochemical pattern bears little resemblance to what
is predicted for a plume beneath central Iceland. We propose an alternative model in
an attempt to explain the observations at Iceland with fewer difficulties. Our model
involves only shallow plate tectonic processes and attributes the large melt volume to
the remelting of subducted oceanic crust trapped in the Caledonian suture in the form
of eclogite or mantle peridotite fertilized by resorbed eclogite. Delaminated continen-
tal mantle lithosphere may also be involved. Such a source can produce several times
more melt than pure peridotite without the need for high temperatures. The longevity
of anomalous volcanism at the Mid-Atlantic Ridge at the latitude of Iceland is attrib-
uted to its location on a Caledonian structure that runs transversely across the north
Atlantic. Many aspects of the geochemistry of Icelandic lavas fit this model, which also
provides an explanation for the high maximum helium isotope ratios observed there.
The “depleted plume component” may be derived from abyssal olivine gabbro cumu-
lates and the “enriched plume component” from recycled enriched material that
forms part of the crustal section of subducted slabs. Such a model for the Iceland melt-
ing anomaly raises new questions concerning how much thermal energy can be gen-
erated by isentropic upwelling of eclogite at a ridge, the location of the homogenizing
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reservoirs required, and the mechanism by which fertile material is incorporated into
the asthenosphere beneath new oceans. Most fundamentally, if validated, such a model
can explain the generic observations associated with hotspots as shallow processes as-
sociated with plate tectonics, and thus raises the question of whether thermal plumes
are required in general in the Earth.

Keywords: Iceland, hotspot, plume, tectonics, volcanism
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INTRODUCTION

Iceland is arguably the best-studied large-volume volcanic
anomaly in the world. It features the largest subaerial exposure
of any portion of the global spreading plate boundary and is con-
sidered to be the type example of a ridge-centered hotspot. Its
structure, geology, geophysics, and tectonics have been described
in detail in many papers (e.g., Saemundsson, 1979; Björnsson,
1985; Foulger et al., 2001, 2003). In brief, Iceland comprises a
basaltic plateau some 450 × 350 km in size, centered on the
Mid-Atlantic Ridge (MAR) (Fig. 1). Some 350 km of spreading
ridge are exposed on land, including ~35 en echelon spreading
segments, most containing a central volcano. Large intraplate
volcanoes and volcanic systems also occur. Iceland is flanked by
the Greenland-Iceland and the Iceland-Faeroe aseismic ridges,
and all three regions are underlain by crust with a seismic thick-
ness (i.e., the thickness of the layer in which the seismic wave-
speed is characteristic of crustal rocks) of ~30 km (Bott and
Gunnarsson, 1980; Staples et al., 1997; Holbrook et al., 2001;
Foulger et al., 2003). Much of the north Atlantic is underlain by a
low-wavespeed mantle seismic anomaly similar to that beneath
other parts of the MAR in the upper ~200 km, but with, addition-
ally, a weak extension that continues down into the transition zone
(Montagner and Ritsema, 2001; Lundin and Doré, this volume).

Iceland and its flanking aseismic ridges are most popularly
attributed to a mantle plume that is postulated to have impinged
on the base of the lithosphere beneath central Greenland at
ca. 62 Ma (e.g., Morgan, 1971, 1972; White and McKenzie, 1995).
In this paper, we criticize that model and propose an alternative.
A necessary prerequisite is to define what is meant by a plume,
and this presents the first challenge. The original, classical
plume hypothesis proposed the existence of thermally buoyant
diapirs rising from the deep mantle (Morgan, 1971). A deep
origin was postulated to explain the apparent relative fixity of
hotspots, which would not occur if the melt sources originated
in the shallow convecting mantle and thus moved relative to one
another. It is generally accepted that thermal plumes must rise
from a thermal boundary layer, and the only such layer known
to occur in the deep mantle is near the core-mantle boundary.

Subsequent to the original proposal, however, the hypothe-
sis was adapted in many ways to fit observations that were either
unpredicted by the original model or were apparently contrary
to its predictions. These adaptations led to a loss of clarity re-
garding what characteristics are required by a plume, and to

usage of the term by different authors to mean different, some-
times mutually exclusive, things (see www.mantleplumes.org/
DefinitionOfAPlume.html for diverse definitions). For example,
ocean-island basalt (OIB) geochemistry is empirically associated
with hypothesized plumes (e.g., Schilling, 1973b), and is not re-
quired by a thermal plume. Nevertheless, OIB is now generally
assumed to have a plume origin, even if lateral flow, perhaps for
thousands of km from the nearest presumed plume, must be
invoked. The term plume may be used to refer to features that
are confined to the lithosphere (e.g., Courtillot et al., 2003), or
to correspond simply to convective upwellings of unspecified
origin and genesis (McKenzie et al., 2004). Neither of these
models can explain the apparent relative fixity of hotspots that
was one of the primary observations that the plume hypothesis
was invoked to explain. Nevertheless, the use of the term plume
for these, and many other envisaged advective phenomena in
the mantle, makes testing of the theory difficult, because under
these circumstances it is, in practice, ill defined. We distinguish
here between the original, classical plume hypothesis, which
was precisely defined by Morgan (1971), and the contemporary
plume hypothesis, which is flexible and can, in practice, explain
almost any observation.

We argue that the classical plume hypothesis is not well
supported at Iceland. Evidence popularly considered to be con-
sistent with this model includes the north Atlantic volcanic mar-
gin that formed at the time of breakup (e.g., Boutilier and Keen,
1999); the large seismic crustal thickness, which is interpreted
to result from extensive partial melting requiring high temper-
ature; the unusually great depth extent of the mantle seismic
anomaly; high maximum 3He/4He isotope ratios; and OIB geo-
chemistry (e.g., Schilling, 1973a; Hilton et al., 1999; Darbyshire
et al., 2000; Ritsema and Allen, 2003).

In this paper, we do not address the contemporary plume
hypothesis because its flexibility, in practice, makes it effectively
invulnerable. For example, a time-progressive volcanic track is
predicted for a classical plume, but the lack of one in the Iceland
region is explained by “mantle wind,” “hotspot mobility,” or lat-
eral flow from a plume that does not manifest at its true location
(e.g., Vink, 1984). Depleted components in Icelandic magmas
have been attributed to a “depleted plume,” a concept invented
purely to account for this observation. Both thick and thin crustal
models have been cited in support of the plume hypothesis at
Iceland, the controversial “lower crust” being variously inter-
preted as hot upper mantle or a thick layer of gabbro cumulates



(Bjarnason et al., 1994; Björnsson et al., this volume). Seismic
tomographic images showing the mantle anomaly to be trun-
cated at the base of the upper mantle (Montagner and Ritsema,
2001; Montelli et al., 2004) have been explained either as the
presumed lower-mantle portion being too narrow to be resolved
or as a plume rising from the base of the upper mantle, even
though it is not expected that this horizon is a thermal boundary
layer.

Some of the most remarkable anomalies in the north At-
lantic region that require explanation include the shallow regional
bathymetry, which peaks at Iceland, causing it to be subaerial;
the very thick band of seismic crust that traverses the entire
Atlantic from Greenland to the Faeroe Islands (Foulger et al.,
2003); and the mantle anomaly that extends down into the tran-
sition zone (Ritsema et al., 1999; Foulger et al., 2001). The geo-
chemical anomaly includes some of the highest noncosmogenic

3He/4He ratios on Earth; steep rare-earth-element (REE) pat-
terns; isotope ratios indicative of long-term source enrichment
in some magmas and depletion in others; and diverse petrology,
including picrites and a wide range of both alkaline and tholei-
itic rocks. In this paper, we present a critical review of the tec-
tonics, geophysics, and geochemistry of the region and propose
an alternative model that involves shallow, plate-tectonic pro-
cesses only and does not appeal to a bottom-heated, thermally
buoyant mantle plume. We draw on work published in several
recent papers (Foulger et al., 2000, 2001, 2003, 2005; Foulger,
2002, 2004, unpubl. data; Z. Du, L.P. Vinnik, and G.R. Foulger,
2004, unpubl. data.; Foulger and Anderson, 2005). Our model
can explain the anomalies in the Iceland region while avoiding
much of the special pleading necessary in the plume model.
Nevertheless, it presents its own new challenges and problems
that require further work.
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Figure 1. Map of the Icelandic transverse ridge showing bathymetric contours and tectonic features in Iceland. The neovolcanic zones are out-
lined. Spreading segments (volcanic systems) are shown in dark gray and glaciers in white on land. EVZ—Eastern Volcanic Zone; MVZ—Middle
Volcanic Zone; NVZ—Northern Volcanic Zone; TFZ—Tjörnes Fracture Zone; WVZ—Western Volcanic Zone.



VOLCANIC HISTORY OF THE 
NORTH ATLANTIC REGION

Magmatism in the north Atlantic began at ca. 62 Ma and
produced volcanic rocks distributed over a ~2,000-km-broad
zone encompassing Baffin Island, west Greenland, and northern
Britain (e.g., Lundin and Doré, this volume). It accompanied
continental breakup and the onset of sea-floor spreading in the
Labrador Sea. An important question is that of cause and effect.
Is the magmatism a transient result of breakup of a former super-
continent, or was the rifting caused by active upwelling? At
ca. 54 Ma, spreading in the Labrador Sea ceased and volcanism
and seafloor spreading transferred to what is now the north At-
lantic, where volcanic margins ~25 km thick developed (Keen
and Potter, 1995; Boutilier and Keen, 1999). After a few m.y.,
volcanism dwindled along most of the volcanic margin, but it
persisted until the present day along a 100- to 350-km-long
section of the MAR centered at ~65° N. Thus a band of crust
with a seismic thickness of ~30 km developed that traverses the
entire north Atlantic. The early widespread volcanism is tradi-
tionally attributed to a plume head, which is postulated to have
caused continental breakup, and the later localized volcanism to
a plume “tail.”

The plume model has problems in explaining the detailed
volcanic distribution. First, the volcanism that accompanied
continental breakup, early in the Labrador Sea and later in the

north Atlantic, forms linear arrays along the margins rather than
having a circular region of influence (e.g., Chalmers et al.,
1995). A rifting model thus explains the distribution of early
volcanism better than does radial flow from a localized source.
Second, there is no evidence for the time progression of volcan-
ism predicted for a plume fixed relative to other Indo-Atlantic
hotspots. Since ca. 62 Ma, such a plume beneath the north At-
lantic is predicted to have migrated southeastward from a location
beneath central Greenland at ~2 cm/yr with respect to the North
American plate, to currently underlie central Iceland (Fig. 2)
(Lawver and Muller, 1994). No such track is observed. Volcan-
ism has been focused at the MAR since the opening of the north
Atlantic at ca. 54 Ma, as may be deduced from the symmetric
ridges of thick crust that flank Iceland (Lundin and Doré, 2003,
this volume) (Figs. 1 and 2).

The migration of spreading on land in Iceland, where rocks
up to ca. 15 m.y. old are exposed, is frequently cited as evidence
for a southeasterly migrating plume. Spreading axes in western
Iceland have twice become extinct, and spreading has been trans-
ferred to axes farther east. Spreading currently occurs along the
Northern and Eastern Volcanic zones (NVZ and EVZ) in eastern
Iceland (see Fig. 1). However, the ages of surface lavas (Sae-
mundsson, 1979) show that the present NVZ did not develop
recently in response to extinction of an axis farther west. On the
contrary, its predecessors have been active ever since the present-
day landmass formed, during which time the spatial relationship
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Figure 2. Bathymetry of the north At-
lantic region. The shallow bathymetric
ridge that crosses the Atlantic ocean
from Greenland to the Faeroe Islands
and marks the location of thick crust
can be seen clearly. Other shallow bathy-
metric areas (e.g., the Hatton Bank) are
blocks of stretched, thinned continental
crust. The thin black line indicates the
Mid-Atlantic Ridge. Thin dashed lines
indicate the locations of extinct ridges in
Iceland. Thick lines indicate faults of the
Caledonian suture (Soper et al., 1992).
The thick dashed line indicates the in-
ferred overall trend of the western frontal
thrust where it crosses the Atlantic
Ocean (Bott, 1987). Circles indicate the
hypothesized locations of an Icelandic
mantle plume at the times indicated,
which are in m.y. (Lawver and Muller,
1994). Adapted from Foulger and An-
derson (2005).



of spreading in northeast Iceland with the Kolbeinsey Ridge re-
mained approximately constant (Foulger, 2002, 2003b, unpubl.
data; Foulger and Anderson, 2005).

The Iceland region has been spreading about a parallel pair
of ridges for much of the past 17 m.y. and perhaps the past 26 m.y.
(Fig. 3) (Bott, 1985; Foulger and Anderson, 2005). In addition
to spreading about the dominant axis in northeastern Iceland
(represented by the present-day NVZ), spreading also occurred
along subsidiary ridges in the North American plate in western
Iceland (Figs. 2 and 3). The repeated extinctions of these ridges
may be explained by their continual westerly transport with the
North American plate, which progressively distanced them from
the magma source associated with the Kolbeinesey-Reykjanes
axis. The ridges in western Iceland thus repeatedly succumbed
to transport off axis and were replaced by new ridges farther east
that were more nearly collinear with the marine MAR. Persistent
simultaneous spreading about more than one ridge in Iceland is
also supported by geochemistry. Dated samples with ages of
7–2 Ma show that in eastern Iceland, La/Sm and 87Sr/86Sr ratios
decreased through time but in western Iceland, they increased,
suggesting that the same mantle was not tapped in the two areas
(Schilling et al., 1982). Like the Easter microplate, the Iceland
region is a “diffuse oceanic spreading plate boundary” contain-

ing two triple junctions (Zatman et al., 2001). Why such plate
boundary configurations develop at a few places on Earth is not
understood.

Spreading about a parallel pair of ridges is tectonically
unstable and expected to result in complex “leaky microplate”
tectonics (Foulger and Anderson, 2005). Several enigmatic ob-
servations in Iceland may be interpreted in this framework
(Fig. 4). These include the variable rates and directions of ex-
tension indicated by Global Positioning System (GPS) survey-
ing, the P- and T-axes of earthquake focal mechanisms, the trends
of presently active volcanic zones, and the regionally variable
orientations of Tertiary dikes (Saemundsson, 1979; Einarsson,
1991; Hofton and Foulger, 1996; Foulger and Anderson,
2005). Locally variable directions of motion are expected to
give rise to spatially variable extension across transverse zones
and variations in magma production rates. These variations may
explain the increase in volcanic productivity along an easterly
oriented zone traversing central Iceland from the Snaefellsnes
Volcanic Zone to Vatnajokull (Fig. 4). That zone may represent
a long-lived line of weakness that is a composite of various
plate-boundary elements. A palinspastic reconstruction of the
development of Iceland predicts the existence of a captured
oceanic microplate beneath central Iceland, with crust as old as
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ca. 30 Ma, that has been buried by later eruptives (Fig. 3) (Foul-
ger, unpubl. data; Foulger and Anderson, 2005). Kinematically,
this microplate could have trapped a sliver of continental crust
comprising a southerly extension of the Jan Mayen microconti-
nent, which currently lies offshore to the northeast of Iceland
(Fig. 3; Amundsen et al., 2002).

CRUSTAL STRUCTURE

The seismic structure of the crust beneath Iceland and the
MAR is shown in Figure 5. The thickness deduced from seis-
mology pivots on whether Layer 4 is interpreted as upper man-
tle or lower crust (see Björnsson et al., this volume, for a critical
review). Layer 4 is taken here to correspond to the layer in which
the shear wave speed Vs = 3.7–4.2 km/s and the compressional
wave speed Vp = 6.6–7.5 km/s, assuming Vp/Vs = 1.78, after Foul-
ger et al. (2003). Other authors use slightly different assigna-
tions, but this does not affect the first-order results. If Layer 4
is interpreted as upper mantle, then Figure 5A represents a map
of crustal thickness, which is typically 7–10 km beneath Iceland.
If Layer 4 is interpreted as lower crust, then Figure 5B repre-
sents crustal thickness, which is 20–40 km, and typically ~30 km.
Both models have been cited to support the plume hypothesis.
One model postulates that Layer 4 is mantle peridotite that has
an unusually low seismic wavespeed because it is hot and par-

tially molten (the thin, hot crustal model). The other postulates
that Layer 4 is gabbroic and represents the anomalously large
volume of melt expected to be produced by a plume (the thick,
cold model).

Both interpretations have unresolved disagreements with
other observations and difficulties with the tectonic models
implied. In oceanic regions, the seismic crustal thickness is pre-
sumed to be an approximate proxy for melt thickness, although
analogies with ophiolites and arguments for melt retention in the
mantle suggest that it may be an underestimate (Christensen and
Smewing, 1981; Cannat, 1996).

The thin, hot crustal model requires substantial percentages
of partial melt in Layer 4 that are not detected by seismic atten-
uation or Vp /Vs measurements (Menke and Levin, 1994) but

600 G.R. Foulger, J.H. Natland, and D.L. Anderson

microplate

Hreppar
microplate

approximate trend of Faeroe fracture zone

parallel pair of spreading
ridges 26 - 7 Ma

parallel pair of spreading
ridges 2 - 0 Ma

parallel pair of spreading
ridges 44 - 26 Ma

30
0 

m

? ?

?Snaefellsnes volcanic zone

ö

ö

Figure 4. Schematic diagram showing a simplified tectonic map of Iceland. Parallel pair spreading
has migrated south during the period 44 Ma to present. The Faeroe fracture zone formed when the
north Atlantic opened initially at ca. 54 Ma (upper dashed line). A second transverse zone that may
represent a long-lived composite zone of various plate-boundary elements extends from the Snae-
fellsnes volcanic zone across central Iceland and into Vatnajökull (lower dashed line). Solid black
lines suggest locations of other boundaries of the Tröllaskagi and Hreppar microplates. The evolution
of these microplates may be understood with reference to Figure 3. Arrows show local directions of
motion deduced from Global Positioning System surveying, earthquake focal mechanisms, the trends
of presently active volcanic zones, and the orientations of Tertiary dikes (for details, see Foulger
and Anderson, 2005).

Figure 5. (A) Contour map showing the depth to the base of the upper
crust (defined as the depth to the Vs = 3.7 km/s horizon, and approxi-
mately equivalent to the top of Layer 4), from seismic receiver func-
tion results (from Foulger et al., 2003). Gray circles indicate seismic
stations. (B) Contour map showing the depth to the base of the lower
crust (defined as the depth to the Vs = 4.2 km/s horizon). (C) Crustal
thickness versus latitude, from a compilation of seismic experiments in
Iceland and the north Atlantic. Circles indicate oceanic measurements
and squares indicate measurements made on land (adapted from Foul-
ger et al., 2004).
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which provide an explanation for the extensive low-resistivity
layer detected beneath Iceland by magnetotelluric measurements
(Björnsson et al., this volume). What the relationship would be
with the Greenland-Iceland and Iceland-Faeroe ridges, which
both have thick seismic crust but are not expected to be hot, is
unclear. Unlike Iceland, the Iceland-Faeroe Ridge is underlain
by a clear seismic Moho and is thus less ambiguously associated
with ~30-km-thick crust (Bott and Gunnarsson, 1980; Staples
et al., 1997). The thin, hot crustal model might thus suggest that
Iceland is not simply a broader continuation of the Iceland-
Faeroe Ridge but an entirely different structure. If correct, the
thin, hot crustal model implies that the crust beneath Iceland
is no thicker than that beneath the surrounding ocean basins
(Fig. 5C) and a magmatically productive plume is not supported.

The thick, cold crustal model also poses problems. First,
isostatic calculations require that the density of the ~20-km-
thick “lower crust” (Layer 4) is only ~90 kg/m3 less than the
average uppermost mantle density of ~3300 kg/m3 (Menke,
1999; Gudmundsson, 2003). For a gabbroic lower crust, a den-
sity contrast of 250–300 kg/m3 would be expected. If Layer 4
had normal gabbroic densities, Iceland would have an elevation
of ~4 km, very different from its actual ~1-km elevation. A pos-
sibility that has not been fully explored is that the lower crust
may contain oxide gabbro, which might combine gabbrolike
seismic wavespeeds with a relatively high density. A downward
gradation from a mostly gabbro composition to one that is mostly
peridotite with subsidiary retained crystallized melt could ex-
plain the density observations and would imply that only about
half of Layer 4 represents melt. This structure does not, how-
ever, explain the low seismic wavespeeds, which are typical of
gabbro. Having said this, a mixture of crystallized melt and
mantle residuum that fits the density observations would imply
that approximately twice the amount of melt produced at the
adjacent MAR is produced at Iceland (Foulger et al., 2003). A
second problem raised by the thick, cold crustal model is that it
requires Layer 4 to be below the gabbro solidus and thus rela-
tively cool—cooler than the Earth at similar depths in the man-
tle beneath the East Pacific Rise (Menke and Levin, 1994). It
also offers no explanation for the low-resistivity layer detected
by magnetotelluric measurements. The thick, cold crustal model
is more consistent with the plume hypothesis than is the thin-
crust model, as it implies that up to three times as much melt is
produced at Iceland than along the neighboring MAR.

For the thick, cold crustal model, how well do the apparent
variations in thickness across Iceland fit the predictions of the
plume model? A maximum crustal thickness of ~40 km is sug-
gested beneath central Iceland, thinning to as little as ~20 km
toward the coast in the west and south (Fig. 5B). For a plume
migrating from northwestern to southeastern Iceland, a trail of
thick crust would be expected in its wake. On the contrary, the
crust is thinner beneath western Iceland than beneath eastern
Iceland. Offshore, the crust is equally thick beneath the Iceland-
Faeroe Ridge, ahead of the present location of the postulated
plume, as it is beneath the Greenland-Iceland Ridge (Bott and

Gunnarsson, 1980; Staples et al., 1997; Holbrook et al., 2001),
which lies behind. If a plume were persistently ridge-centered
(and thus not fixed with respect to other Indo-Atlantic hotspots),
a symmetric, 40-km-thick belt of crust traversing Iceland from
east to west would be expected. This is not observed either.

If the thin, hot crustal model is correct, it would imply that
there is no significant volumetric melt anomaly at Iceland. The
geological and geophysical differences between Iceland and the
neighboring spreading ridges to the north and south would then
result solely from the subaerial eruptive environment of Iceland,
which is a local consequence of the regional bathymetric anom-
aly. If the thick, cold crustal model is correct, a nonthermal
model would require a mantle source with enhanced fusibility,
a possibility that we discuss below. Explanations for the varia-
tions in crustal thickness would then be expected in the complex
history of spreading in the region.

MANTLE STRUCTURE

The objective of most experiments studying the structure
of the mantle beneath the Iceland region has been to assess the
dimensions of the presumed mantle plume. The depth of the
anomaly is then critical. The classical plume model predicts that
structures extend throughout both the upper and lower mantles,
a feature that was invoked to explain the relative fixity of some
hotspots (Morgan, 1971).

Whole-mantle tomography shows that the north Atlantic
between the Charlie Gibbs and Jan Mayen fracture zones is
underlain by a low-wavespeed anomaly that all studies with good
resolution agree extends down only to the mantle transition zone
(Fig. 6) (Ritsema et al., 1999; Foulger et al., 2000, 2001; Meg-
nin and Romanowicz, 2000; Montelli et al., 2004; Pilidou et al.,
2004; Ritsema, this volume). At depths greater than ~200 km,
the low-wavespeed anomaly is elongate in a direction parallel
to the MAR, taking on the shape of a vast dike. This morpho-
logical change is discernable in whole-mantle tomography,
teleseismic tomography images, and surface-wave studies. The
truncation of the anomaly at the base of the upper mantle is not
consistent with what is expected for a classical plume. Further-
more, the nonaxisymmetric morphology of the deeper part of the
anomaly and its elongation parallel to the continental margins
and the MAR suggest rather a relationship with the regional
morphology and tectonics of the north Atlantic ocean basin
(Foulger et al., 2000, 2001).

A tomographic cross-section illustrating a continuous, low-
wavespeed body extending from the surface to the core-mantle
boundary beneath Iceland was produced by Bijwaard and Spak-
man (1999) (Fig. 6E). This image of an apparently plumelike
body traversing the whole mantle was achieved by two means:
(1) The color scale was saturated at an anomaly strength of
∆Vp = 0.5%, only ~10% of the maximum anomaly strength in
the upper mantle. Such a procedure imparts the visual impres-
sion of continuity between strong anomalies in the upper mantle
and weak anomalies in the lower mantle. (2) The line of section
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was truncated to remove similar weak downward-continuous
anomalies beneath the Canadian shield and Scandinavia, where
plumes are not expected. The study of Bijwaard and Spakman
(1999) did not have adequate resolution to detect bodies in the
lower mantle beneath Iceland of strength similar to the upper-
mantle anomaly (Foulger et al., 2001; R. van der Hilst, 2001,
personal commun.), and the weak lower-mantle anomalies de-
tected and proposed to represent an Icelandic plume extending
down to the core-mantle boundary are not confirmed by other
studies (e.g., compare Fig. 6C and E).

Topography of the discontinuities bounding the transition
zone also bears on the depth extent of the mantle anomaly be-
neath Iceland. A hot conduit extending from the lower mantle up
into the upper mantle, traversing the transition zone, is predicted
to warp the 410-km discontinuity down and the 660-km dis-
continuity as a result of the different signs of the Clapeyron
slopes associated with these mineralogical phase transitions
(Bina and Helffrich, 1994). The topography of the transition-
zone discontinuities beneath Iceland has been investigated in

very high-quality receiver-function analyses involving large
combined datasets from three separate broadband seismic net-
works (Shen et al., 1996, 1998, 2002; Z. Du, L.P. Vinnik, and
G.R. Foulger, 2004, unpubl. data). Only one of the effects pre-
dicted by the plume hypothesis occurs, namely, downwarping of
the 410-km discontinuity.

All studies of the transition zone agree that it has a normal
thickness of ~250 km beneath the whole island except for the
south-central part, where it is 15–20 km thinner. This thinning
was interpreted by Shen et al. (1996, 1998, 2002) as resulting
from deflections on both the 410- and the 660-km discontinu-
ities of a kind consistent with elevated temperature, and sup-
porting a plume with a temperature anomaly of ~150 K rising
from the lower mantle. The studies of Shen et al. (1996, 1998,
2002) have weaker control on the topographies of the separate
discontinuities than on the total transition zone thickness. For
this reason, the problem was revisited by Z. Du, L.P. Vinnik, and
G.R. Foulger (2005, unpubl. data), who studied the disconti-
nuities separately. They used stacks of up to approximately two
hundred receiver functions from seismic waves rising obliquely
beneath Iceland and penetrating the two discontinuities separately
inside and outside south-central Iceland. The results showed that
the thinning of the transition zone is due to depression of the
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section along the ridge (red dashed line in inset). (E) Whole-mantle
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410-km discontinuity, but that the 660-km discontinuity is flat
within the resolution possible. Receiver function studies of the
transition zone have a lateral spatial resolution of ~200 km and
are able to resolve deflections on the 660-km discontinuity of
~5 km. This magnitude of deflection corresponds to a temper-
ature anomaly of ~50 K if deflections are interpreted solely in
terms of temperature, or zero if reasonable compositional vari-
ations are allowed (Presnall, 1995).

Although topography on the transition-zone discontinuities
is commonly interpreted in terms of temperature alone, compo-
sition (e.g., FeO, H2O contents) and mineralogy (e.g., garnet,
clinopyroxene contents) can also cause them to vary in shape,
depth, and thickness. Normal variations in Mg# of mantle peri-
dotite from ~88 to ~92 could account for up to half the observed
topography on the 410-km discontinuity if the mantle beneath
south-central Iceland were more magnesium-rich (i.e., more
depleted) than the surrounding mantle (Presnall, 1995). Such a
compositional variation might be expected if melt is mined from
such great depths beneath Iceland. The observed depression of
the 410-km discontinuity could thus be interpreted either as a
temperature anomaly of ~150 K or as one of ~75 K combined
with a depleted mantle composition. A temperature anomaly of
a few tens of K cannot be ruled out at a depth of 660 km, but
there is no evidence for one.

The strengths of seismic wavespeed anomalies beneath Ice-
land are commonly interpreted in terms of temperature alone. Es-
timates for the temperature derivatives in the mantle suggest that
an anomaly of ~100 K would depress seismic wave speed by
roughly Vp ~1% and Vs ~2% in the shallow mantle (Goes et al.,
2000). Teleseismic tomography in Iceland suggests that the
anomaly is strongest beneath central Iceland, where its strength
relative to coastal regions is up to ~5% in Vs in the upper ~200
km and 1–2% below this (Wolfe et al., 1997; Foulger et al., 2000,
2001). P and S receiver-function studies show that teleseismic 
tomography underestimates anomaly strengths by about a factor
of two and so the true anomaly strength may be up to Vs ~10%
(Z. Du, L.P. Vinnik, and G.R. Foulger, 2005, unpubl. data; Vin-
nik et al., 2005). This strength would correspond to a temperature
anomaly of up to ~500 K, an unrealistically high value that is not
supported by other work (Table 1). The inescapable conclusion
is that at least some of the anomaly is due to partial melt, which
can depress Vs by up to ~8% per % melt (Goes et al., 2000). The
strongest part of the shallow anomaly could thus be interpreted
as <1% of partial melt, and much less in the deeper parts, which
may not be extractable. The observations are also consistent with
no temperature anomaly at all if the mantle has an unusually low
solidus. The anomaly weakens with depth such that if interpreted
solely in terms of temperature (Karato, 1993), it corresponds to
a body that is cooler toward its base than at its top.

In summary, the structure of the mantle beneath Iceland
supports the plume hypothesis insofar as a low-wavespeed
anomaly exists there. However, anything beyond this first-order
observation involves significant difficulties with the plume in-
terpretation. The low-wavespeed anomaly fills a large region of

the north Atlantic, and is not confined to the mantle immediately
beneath Iceland. Multiple high-quality seismic experiments
using a variety of methods find no evidence that it extends into
the lower mantle, but instead show that it weakens downward
and terminates in the transition zone (Ritsema et al., 1999; Foul-
ger et al., 2000, 2001; Montelli et al., 2004; Ritsema, this volume).
It is not axisymmetric but its morphology mirrors that of the
north Atlantic continental margins and the MAR. Estimates of
temperature anomaly based on the topography of the transition-
zone discontinuities and the magnitudes of seismic wavespeed
anomalies permit no more than ~150 K at transition-zone depths,
require no more than a few tens of K in the presence of reason-
able compositional variations, and require no temperature anom-
aly at all at the bottom of the transition zone. At shallow depths,
wavespeed anomalies are so strong that partial melt is required,
which renders inescapable the fact that, in the extreme, all of the
anomaly could be explained as partial melt.

TEMPERATURE AND HEAT

How Large a Temperature Anomaly Is Required?

One of the few characteristics of thermal plumes that can-
not be negotiated is that of high temperature. To rise through
thermal buoyancy, an anomaly of at least 200–300 K is required,
even for the weakest upper-mantle plume (Courtney and White,
1986; Sleep, 1990, 2004). Deep thermal boundary layers have
temperature contrasts of at least 1000 K and in plume theory,
these thermal anomalies must be transported quickly into the
upper mantle. Absolute mantle temperature and temperature
anomalies in the north Atlantic have been explored using seis-
mology, petrology, heat flow, bathymetry, uplift, and subsidence
of the crust (Table 1 and Fig. 7).

Seismology

Crustal seismology, including both attenuation and Vp/Vs, in-
dicates that the crust is relatively cool, or less than ~900° C
down to its base at 30–40 km (Menke and Levin, 1994; see also
Foulger et al., 2003 for a review). This is cooler than at equiva-
lent depths beneath the East Pacific Rise. In the mantle, seismic
results yield extremal estimates of 0–500 K for the temperature
anomaly in the upper ~200 km, depending on whether partial
melt is invoked (Foulger et al., 2001; Vinnik et al., 2005). The
very high estimates are unreasonable and at odds with all other
results, so partial melt is required to explain those observations
(Vinnik et al., 2005). The data suggest that any temperature anom-
aly beneath Iceland decreases with depth, and that temperature
anomalies are at most a few tens of K at the bottom of the tran-
sition zone.

Petrology and Olivine-Glass MgO-FeO Partitioning

Petrological estimates of the temperature and temperature
anomaly at Iceland have been made using several geothermo-
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metric approaches. Estimates of the average potential temper-
ature of the mantle beneath (the temperature that mantle would
have if it ascended adiabatically from its source to the Earth’s
surface without melting) range from ~1240 to 1600° C, depend-
ing on the methodology used, the location, and estimates of
eruption temperature using olivine-liquidus relationships (e.g.,
Anderson, 2000; Herzberg and O’Hara, 2002; Presnall et al.,
2002). Potential temperatures for mantle beneath the early north
Atlantic Igneous Province based on picrites at Baffin Bay, west-
ern Greenland, are at the high end of this range (Larsen and
Pedersen, 2000). In investigating the temperature anomaly at an
individual location, such as Iceland, it is thus most meaningful
to consider differences in temperature compared with some mea-
sure of the average mantle estimated using the same methodol-
ogy. In the case of petrology, comparisons with estimates for
“normal” mid-ocean ridges (MORs) are possible.

The bulk, or major-oxide, composition of Icelandic basalts

overlaps that of normal mid-ocean ridge basalt (N-MORB), and
temperatures similar to those of most N-MORB are indicated by
petrological geothermometers. This observation extends to esti-
mates of the eruptive temperatures of primitive lavas from cen-
tral Iceland, where the crust is thickest and the center of a plume
is commonly assumed to lie (Breddam, 2002). The maximum
temperature estimated for those glasses, 1240° C, is corroborated
by major-element systematics (Presnall et al., 2002) and applica-
tion of the CaO-MgO-Al2O3-SiO2-Na2O-FeO geothermometer
to high-MgO glasses (Gudfinnsson et al., 2003).

An exception to this general picture may lie in temperature
estimates based on olivine-glass MgO-FeO partitioning. Thus
both Larsen and Pedersen (2000) and Herzberg and O’Hara
(2002) infer melt temperatures >1400° C for calculated parental
picritic liquids estimated to be in equilibrium with olivine of
composition Fo91 found in Paleocene picrites from Baffin Bay,
western Greenland, where the Iceland plume is considered to
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TABLE 1.TEMPERATURE ESTIMATES IN THE ICELAND REGION

Potential temperature (°C) or Depth
Method temperature-anomaly (K) estimate (km) Reference

Seismology
Seismic attentuation and Vp/Vs Less than ~900° C in Layer 4 (if 20–40 Menke and Levin (1994); 

assigned to lower crust) Menke et al. (1995, 1996)
S receiver functions ~50 K (relative to 1350° C adiabat) 80–130 Vinnik et al. (2004)
Global and teleseismic tomography Up to ~200 K or 0 K and ~0.5% partial Less than ~200 See Foulger et al. (2001) 

melt (relative to mid-ocean ridges) for a review
Absolute travel-time delays Up to 500 K or 0 K and ~1% partial melt Less than ~400 Du et al. (unpubl. data)

(relative to average Earth—IASP91)
Global and teleseismic tomography ~100 K or 0 K and ~0.15% partial melt 200–400 See Foulger et al. (2001)

(relative to mid-ocean ridges) for a review
P receiver functions ~150 K or 75 K and a compositional ~410 Shen et al. (2002);

anomaly of ~4 in Mg# (relative to Du et al. (unpubl. data)
average Earth—IASP91)

P receiver functions 0 K (relative to average Earth—IASP91) ~660 Du et al. (unpubl. data)

Petrology
Olivine-glass thermometry 1270° C (~0 K relative to mid-ocean ~50 Breddam (2002)

ridges)
Melt inclusions 1300 ± 26° C (100 K, relative to an ~50 Foulger et al. (this paper)

assumed primitive MORB source of 
1230° C)

CMASNF geothermometer and 1240–1260° C (~0 K relative to ~50 Gudfinnsson et al. (2003)
high-MgO glasses mid-ocean ridges)

Major element systematics of 0 K (relative to mid-ocean ridges) ~50 Gudfinnsson et al. (2003)
Icelandic MORB

Other
Bathymetry of the north Atlantic ~70 K (relative to “background”) Shallow Ribe et al. (1995)

upper mantle
Subsidence of ocean crust 50–100 K (relative to “background”) Shallow Clift (1997, this volume)

upper mantle
Uplift of Hebrides shelf 100 K (relative to “background”) Shallow Clift et al. (1998)

upper mantle
Heat flow <200 K (relative to global average) Shallow upper Stein and Stein (2003);

mantle DeLaughter et al. (this volume)

Notes: CMASNF—CaO-MgO-Al2O3-SiO2-Na2O-FeO system; IASP91—International Association of Seismology and Physics 1991; MORB—
mid-ocean ridge basalt.



have first impacted the lithosphere. This value indicates a po-
tential temperature anomaly of ~180 K relative to MORs. The
procedure of Herzberg and O’Hara (2002) is based on the as-
sumption that the liquids hosting such forsteritic olivine and the
olivine itself lie along a common olivine–controlled liquid line
of descent. If the assumption is valid, then their procedure is
simply to add incremental amounts of successively more mag-
nesian olivine to successively estimated liquid compositions un-
til a liquid in equilibrium with olivine of composition Fo90–
Fo91 is obtained. Thus for picrites from Baffin Bay, Hawaii, and
Gorgona, parental liquids are estimated to contain 16–21% MgO.

However, we question whether a common liquid line of
descent has been, or can be, demonstrated for Baffin picrites, as
those are all rocks that have accumulated olivine, and their host
glasses have only 7.1–8.5% MgO (Larsen and Pedersen, 2000).
Similarly, picritic glass is not found in Iceland, the most mag-
nesian glass thus far discovered having only 10.6% MgO (Bred-
dam, 2002). Careful study of picrite mineralogy often reveals
that picrites are hybrids between some differentiated (i.e., rela-
tively iron-rich) magma and an array of scavenged, porphyritic,
primitive magma types incorporated at depth that crystallized
two, three, or even more populations of olivine and associated
Cr-spinel. This composition has been shown for eastern Pacific
MORB (Natland, 1989), for tholeiites of the Juan Fernandez
Islands (Natland, 2003b), and for Hawaiian tholeiites (Clague
et al., 1995). It is also evident from ranges in olivine phenocryst
compositions in Baffin picrites (i.e., Fo84.5–Fo92.8 in one sam-
ple; Larsen and Pedersen, 2000), olivine in a single Iceland flow
at Borgarhraun (Fo80–Fo92.5; Maclennan et al., 2003b), and
spinel compositions in primitive basalts from the Theistareykir

region of Iceland (Mg# = 0.8–0.5 in phenocryst cores, to 0.3 in
rims, of single samples; Sigurdsson et al., 2000).

Typical Icelandic basalts follow a general iron-enrichment
trend of differentiation (Fig. 8), one similar to MORB in being
controlled by polyphase crystallization of plagioclase, clino-
pyroxene, and olivine in approximately decreasing order of
importance. Picritic liquids are argued to follow a simple olivine-
controlled line of descent in which iron-enrichment is barely
evident or does not occur at all. Using whole-rock compositions,
such trends are overlapped strongly by compositions resulting
from olivine accumulation (e.g., Theistareykir basalts with 10–
25% MgO content in Fig. 8). However, the presence in picrites
of olivine less forsteritic than about Fo85 and spinel with Mg#
less than ~0.6 is a fair indication that they are hybrid lavas, and
that mixing involved at least one relatively iron-rich end-member
that crystallized along a polyphase cotectic with strong iron
enrichment. Given the complexities of conduit and rift systems,
and that liquids plus crystals are combined (i.e., they are mag-
mas), mixing involving only one differentiated magma and one
primitive magma is unlikely. From mineral data, a differentiated
aggregate of magmas usually mixes with another primitive ag-
gregate of magmas, and such mechanical processes as flowage
differentiation and mineral sorting then occur to produce a pi-
crite. To the extent that the differentiated aggregate contributes
to a bulk liquid composition, the resulting hybrid will have
higher FeO at a given MgO content than any uncontaminated
olivine-controlled primitive aggregate with which it is mixed.
Adding olivine incrementally to the hybrid composition using the
procedure of Herzberg and O’Hara (2002) thus almost always
will result in artificially high estimates of MgO content of liquids
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in equilibrium with olivine of Fo90–Fo91 composition (arrow
labeled “add olivine” in Fig. 8), and therefore in estimates of
both crystallization and potential temperatures that are too high.

The primitive magma aggregate adds further complexity.
Most Iceland picrites, in fact, have olivine (Fo86–Fo92), ubiq-
uitous Cr-spinel, at least some plagioclase (to An90), but in
some cases, they also contain clinopyroxene phenocrysts (Han-
steen, 1991; Gurenko and Chaussidon, 1995; Breddam et al.,
2000; Slater et al., 2001; Maclennan et al., 2003a). In some
cases, the minerals are intergrown. However, olivine is so much
more abundant than the other minerals that they are far from be-
ing present in cotectic proportions; thus the general mechanism
of olivine concentration must be mechanical, such as density
sorting during gravitational settling and flowage differentiation.

Hansteen (1991) infers that the mineral assemblage of picrites
from the Reykjanes Peninsula is scavenged from primitive gab-
broic and pyroxenitic assemblages in the lower Icelandic crust.
When full descriptions of Icelandic picrites and the composi-
tions of all the minerals they contain are provided, then it is clear
that many of the phenocrysts in them have no relationship to the
minerals that actually would be in equilibrium with obviously
hybrid host liquids. Indeed, because of the common presence
of plagioclase and clinopyroxene phenocrysts, no Icelandic tho-
leiite, not even a picrite, can yet be said to belong to a strictly
olivine-controlled liquid line of descent. The procedure of Herz-
berg and O’Hara (2002) therefore cannot be applied to these
rocks. These mineralogical attributes are in common with many
MORB (e.g., Natland et al., 1983), as is the restriction of glass
compositions to nonpicritic MgO contents (Breddam et al., 2000;
Gudfinnsson et al., 2003).

What of glass inclusions in minerals in the picrites? The
studies of Hansteen (1991), Gurenko and Chaussidon (1995),
Sigurdsson et al (2000), and Slater et al. (2001) allow distinc-
tion of three different groups of inclusions: (1) those with 7–
11% MgO and 14.5–18.5% Al2O3; (2) those with 10–14% MgO,
13–15% Al2O3, and CaO/Al2O3 = 1.1–1.5; and (3) those with
11–15% MgO, <13% Al2O3, and CaO/Al2O3 = 0.9–1.1. In Fig-
ure 8, Group 1 compositions lie just below the high-MgO end
of the multiphase cotectic trend of iron-enrichment differentia-
tion of Icelandic glasses found in pillows and hyaloclastites.
Groups 2 and 3 plot to the right of a vertical line and below a
horizontal line drawn through the data point for the most mag-
nesian glass from Kistufell. Thus we see that all the inclusions
have lower FeO content than do the glass rims of picritic pillow
lavas, including the most magnesian Kistufell glasses.

Accumulation of olivine in basalts from Theistareykir pro-
duces a trend of increasing MgO content that systematically has
1–2% higher FeO content than that of Group 2 or Group 3 in-
clusions, including those in the same basalts (Slater et al., 2001).
This trend is, as discussed previously, the consequence of mix-
ing between primitive and differentiated magma aggregates
followed by olivine accumulation. The inclusions occur not only
in olivine (Fo87–Fo92), but also in calcic plagioclase (An84.8–
An89.2), clinopyroxene, and a wide range of compositions of
Cr-spinel. The inclusions are not related by olivine controlled
differentiation. Based on the high CaO/Al2O3 ratios yet dif-
ferent Al2O3 contents of Groups 2 and 3 melt inclusions in
Cr-spinel, Sigurdsson et al. (2000) concluded that they are not
partial melts of lherzolite but instead derive from partial melt-
ing of pyroxenite and wehrlite, respectively. We provide a new
interpretation below.

From Figure 8, Group 2 and 3 inclusions with 10–14% MgO
could crystallize olivine ranging in composition from Fo90 to
Fo91 at temperatures <1300° C, using the glass geothermometer
of Beattie (1993). There is no need to add olivine incrementally
to any of them to compute a parental liquid. Glass inclusions
that are more magnesian than this appear in Figure 8 to be in
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equilibrium with olivine more forsteritic than Fo92, which is
rare in Iceland and more forsteritic than most olivine hosting
those inclusions (i.e., Slater et al., 2001). Indeed, Figure 8 in the
main confirms that most inclusions are in equilibrium with Fo89–
Fo92 olivine—that which is found in some picrites (Maclennan
et al., 2003a). Nevertheless, melt inclusions tend readily to
reequilibrate with surrounding olivine, in the process becoming
more magnesian (Gaetani and Watson, 2002), and this may have
happened to some, particularly the Group 3, Icelandic inclusions.
Others may have MgO contents too high because of partial dis-
solution of adjacent minerals during heating-stage reequili-
bration, particularly those in Cr-spinel that contain as much as
1.1% Cr2O3 (Sigurdsson et al., 2000). Therefore, values of
14–16% MgO content for these inclusions (which appear in
Fig. 8 to be in equilibrium with olivine more forsteritic than
Fo92) are probably spurious; no confidence can be placed in
temperatures estimated for them by the raw application of geo-
thermometry. We conclude that the highest likely liquidus
temperature for Icelandic melt inclusions at 1 atmosphere,
using the geothermometer of Beattie (1993), is ~1300° C. This
is in good accord with estimates of crystallization temperatures
(1260–1280° C) of olivine and clinopyroxene phenocrysts and
of these minerals found in portions of cognate xenoliths in
basalts from Theistareykir (Maclennan et al., 2003a). The max-
imum potential temperature anomaly for Iceland relative to
primitive MORB (1230° C) is then ~100 K.

Bathymetry, Vertical Motions, and Heat Flow

Other methods that have been applied to estimate temper-
ature include modeling the bathymetry of the north Atlantic,
assuming it represents lateral flow from a plume upwelling be-
neath Iceland (Ribe et al., 1995), and modeling uplift and sub-
sidence of the ocean margins at the time of continental breakup,
using data from sedimentary sequences and assuming a thermal
source for the vertical motions (Clift, 1997; Clift et al., 1998;
Clift, this volume). These analyses suggest temperature anom-
alies of 50–100 K. Heat flow measurements from the ocean
floor north and south of Iceland show no significant anomaly
compared with global average models (Stein and Stein, 2003;
DeLaughter et al., this volume), although given the large errors
in these data, a temperature anomaly of up to ~200 K in the
Iceland region probably cannot be ruled out (C. Stein, 2004, per-
sonal commun.). The heat flow is lower beneath the north At-
lantic west of the MAR than east of it, however, the opposite of
that expected for a southeastward-migrating plume.

Summary

Most estimates of the temperature anomaly beneath Iceland
fall in the range 0–100 K, with extremal seismic estimates as
high as ~200 K. The highest values are marginally sufficient for
a weak, shallow, thermally buoyant plume, and inconsistent with
the more numerous moderate estimates. The apparent reduction

in the temperature anomaly with increasing depth in the mantle
beneath Iceland is inconsistent with a plume, and the mechanism
by which a shallow, cool, bottom-heated upper-mantle plume
might form in the absence of any known thermal boundary layer
is unclear.

PETROLOGY AND GEOCHEMISTRY

Basalts from the spreading ridges in the north Atlantic
have been extensively sampled along the axis of the MAR and
to a considerable extent across the basin into Greenland, Great
Britain, and the Norwegian margin. Geochemical measurements
show that the north Atlantic is occupied by a broad composi-
tional excursion involving enrichment in incompatible elements
and radiogenic isotope ratios, including the highest noncosmo-
genic maximum 3He/4He ratios observed anywhere on Earth
(Stuart et al., 2003). On the ridge itself, the geochemical anom-
aly culminates in the Iceland region. Plume theory was adapted
early on to account for such geochemical signatures (Schilling,
1973a).

The general assumption that high temperatures exist at Ice-
land in part arises from applying to Icelandic basalts MORB-
based melt-column models that assume a homogeneous peridotite
source, judge that more must be processed to provide the large
volumes of melt observed, and conclude that more heat is re-
quired (Klein and Langmuir, 1987a; McKenzie and Bickle, 1988;
Langmuir et al., 1992; Maclennan et al., 2001b). However, the
index of partial melting extent of Klein and Langmuir (1987b),
Na8, which is Na2O-corrected for fractionation to a near-
parental MgO content of 8%, is higher and has greater variance
in basalt glasses, with 5–10.6% MgO content on Iceland than it
does on the adjacent Reykjanes and Kolbeinsey ridges (Natland,
2003a; Foulger et al., 2005). It thus should represent a lesser
rather than a greater extent of partial melting. Suggestions that
the Icelandic source is not homogeneous, and that it includes
wehrlite or pyroxenite (Gurenko and Chaussidon, 1995; Sigurds-
son et al., 2000) or recycled ocean crust (Chauvel and Hémond,
2000; Breddam, 2002) may explain this variance, although if such
material is volumetrically important, it will likely disqualify
MORB-based melting models. The lower melting temperatures
of such material (Hirschmann and Stolper, 1996; Hirschmann
et al., 2003; Pertermann and Hirschmann, 2003), or of peridotite
reequilibrated with partial melt derived from eclogite (Yaxley,
2000), would clearly mitigate the need for a high-temperature
mantle beneath Iceland and thus render arguments for a hot or
deeply-sourced plume unnecessary.

The plume proposed to explain the geochemistry of the
Iceland region has become progressively more complicated as
isotopic and trace-element studies have proliferated. Increasing
enrichment along the Reykjanes Ridge approaching Iceland
from the south was originally interpreted in terms of mixing be-
tween two simple sources—depleted mantle similar to that
beneath most MORs and enriched mantle in a plume beneath
Iceland (Hart et al., 1973; Schilling, 1973a). With the addition
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of isotope observations from Iceland, the number of components
rose to three (Hanan and Schilling, 1997). Recently, as many as
four components have been invoked to explain the Sr-Nd-Pb-Hf
isotopic variations (Kempton et al., 2000). The location of these
sources in the mantle—whether within the assumed plume or
outside it, and whether shallow or deep—are disputed. Whether
even more “components” are required is still under investiga-
tion (G. Fitton, 2004, personal commun.). Controversy exists
over the source of a distinctive depleted component (Thirlwall
et al., 1994; Hards et al., 1995; Kerr et al., 1995; Thirlwall, 1995).
Is it a variety of peridotite entrained in a plume (a “depleted
plume component”; Fitton et al., 1997, 2003; Kempton et al.,
2000), the gabbroic portion of ancient recycled ocean crust en-
trained in a plume (Breddam et al., 2000; Chauvel and Hémond,
2000), or does it result from unusually extensive partial melting
of common depleted peridotite MORB source (Hanan et al.,
2000; Stracke et al., 2003a)?

Differentiated Icelandic basalts are systematically more
enriched than are the depleted olivine tholeiites and picrites.
Indeed, picrites and komatiites worldwide tend to have depleted
compositions (Anderson, 1994a). That these depleted lavas are
the highest-temperature eruptives on Iceland (Breddam et al.,
2000) is undisputed. Thus the high-temperature core of any as-
sumed plume must paradoxically comprise partly or mainly the
most depleted material sampled from the North Atlantic mantle.
But why then are the differentiated basalts systematically more
enriched? This would not be the case if they were related to the
depleted olivine tholeiites and picrites along a common liquid
line of descent controlled by shallow crystallization differen-
tiation. This difficulty was first highlighed by O’Hara (1973) in
discussion of the work by Schilling (1973a) on Reykjanes Ridge
basalts.

Schilling (1973b) responded that the extent of differentia-
tion was irrelevant because the sources of the basalts are spa-
tially separated beneath the Reykjanes Ridge. However, it was
subsequently shown that in Iceland, relatively enriched differ-
entiates and depleted olivine tholeiites and picrites erupt over
short periods from the same volcanic centers (e.g., Theistareykir;
Stracke et al., 2003a). Enriched and depleted magnesian melt
inclusions are even found in single spinel crystals in picrites
(Sigurdsson et al., 2000). The proposed geochemical explanation
is that the enriched and depleted materials represent sequential
extraction of smaller to greater partial melts from within the
plume during its ascent (Fitton et al., 1997; Maclennan et al.,
2001b; Stracke et al., 2003a). We agree with part of this assess-
ment, but below propose a different explanation involving frac-
tional melting of eclogite that does not require a plume.

It is widely assumed that among geochemical signals, only
high 3He/4He ratios indicate an unambiguous lower-mantle com-
ponent (Farley and Neroda, 1998; Graham, 2000). Thus Cour-
tillot et al. (2003) used 3He/4He as one of five plume indicators,
but concluded that some high-value 3He/4He hotspots are not
underlain by deeply sourced plumes, thus implicitly negating one
of their own assumed plume indicators (Anderson, this volume).

Although many high 3He/4He values are observed in Iceland,
the scatter is large and the values are lower in central Iceland
than on the more distant and indirectly linked Reykjanes Penin-
sula. The early determination that 87Sr/86Sr and 143Nd/144Nd are
uncorrelated with 3He/4He (Condomines et al., 1983) has not
changed with the acquisition of much new data, although sup-
porting data for major oxides; trace elements; REEs; and Sr, Nd,
and Pb isotopes on the same samples are disappointingly in-
adequate for the necessary comparisons. The 3He/4He values for
nine Icelandic picrites (MgO > 12%) range from a MORB-like
8 RA (where RA is the atmospheric 3He/4He ratio of 1.38 × 10–6)
to 37.5 RA (Hilton et al., 1999). For basalts with MgO content
of 5.5–12%, 3He/4He values range from 5 to 28 RA. There is
thus no evidence for a relationship between high 3He/4He ratio,
degree of depletion or enrichment, and therefore source temper-
ature. In summary, He isotopes do not correlate with other indices
that have been ascribed to apparently enriched deep mantle
material, and consequently there is a decoupling between He
isotopes and other geochemical indicators. Either He isotopes
cannot be unambiguously attributed to deep mantle material or
the apparent deep mantle signature (high He isotopes) is imparted
in such a way that other isotopes are not influenced.

The highest noncosmogenic value of 3He/4He on the Earth,
49.5 RA, is found in a Paleocene picrite from Baffin Island, off-
shore of west Greenland (Stuart et al., 2003), where a plume is
argued to have first impacted (Lawver and Muller, 1994). The
lava erupted was associated with the opening of the Labrador
Sea. The high 3He/4He values correlate with the degree of de-
pletion. Stuart et al. (2003) suggest that a depleted upper-mantle
source was infiltrated by a potent high-3He/[U+Th] contaminant
from the lower mantle that significantly altered only the 3He/
4He characteristics of the lavas. This suggestion implies that the
“depleted plume component” arises from the upper mantle, but
again, it does not explain why this component should apparently
be associated with the highest temperatures (Holm et al., 1993;
Graham et al., 1998; Larsen and Pedersen, 2000).

Recent geochemical models for Iceland consider the en-
riched and depleted components to be mixed together in a
high-temperature plume (e.g., Kempton et al., 2000; Maclennan
et al., 2001a) and sequentially sampled during progressive par-
tial melting as the material ascends. The high 3He/4He value is
assumed to come from material long isolated in the lower man-
tle (e.g., Hanan and Graham, 1996). A variant model suggests
that the ascending plume carrying the enriched, depleted, and
vapor components acquired a sheath from a two-component,
shallow-mantle layer (Kempton et al., 2000). Like the original
two-component model suggested by Schilling (1973a), the
sheath model predicts radial geochemical symmetry, which, on
a spreading ridge, will produce a bilaterally symmetric pattern
(Kent et al., 1992; Fitton et al., 1997; Kempton et al., 2000). Such
symmetry would still occur in the presence of lateral astheno-
sphere flow from central Iceland (e.g., Ribe et al., 1995).

The geochemical pattern is not symmetric, however. Pb iso-
tope ratios do not peak at the proposed plume center in southeast
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Iceland. Some basalt with highly unradiogenic Pb values is found
in central Iceland (Chauvel and Hémond, 2000). Immediately
north of the proposed plume center, in the NVZ and along the
Kolbeinsey Ridge, Pb is relatively unradiogenic (206Pb/204Pb,
207Pb/204Pb, and 208Pb/204Pb ratios are low), suggesting depleted
mantle sources for these regions (Mertz et al., 1991; Thirlwall
et al., 2004). In fact, Pb isotope values correlate with rock type
and not location (Chauvel and Hémond, 2000). Rocks enriched
in 238U/204Pb comprise only the more alkaline and generally
off-axis basalts in Iceland that represent a small percentage of
all the lavas, whereas the majority of Icelandic lavas in the cen-
tral rift are tholeiites that are as low as MORB in 206Pb/204Pb
(Chauvel and Hémond, 2000).

The chondrite-normalized ratio [La/Sm] enrichment factor
(e.f.) has both much higher and lower values in Iceland than on
the nearshore portions of the Reykjanes and Kolbeinsey ridges.
It is low in picrites in Iceland and higher in differentiates. Along
with isotope ratios and the ratios of incompatible trace ele-
ments, [La/Sm]e.f. correlates with the extent of differentiation
of the host rock. Changes in these ratios are not expected for
iron-enrichment crystallization differentiation (Schilling, 1973a),
which is generally thought to be the dominant process in Ice-
land. If the interior of a plume is its most enriched part, [La/
Sm]e.f. should increase toward it. However, whereas [La/Sm]e.f.
does increase toward Iceland along the Reykjanes Ridge, it has
a wide spread of values, including both high and low values
within Iceland, and increases once more northward along the
Kolbeinsey Ridge (Mertz et al., 1991). Kolbeinsey Ridge basalts
also have a depleted Pb isotopic signature.

Geochemical discontinuities of different characters thus
occur at the junctures of Iceland and the Reykjanes and Kol-
beinsey ridges. These discontinuities are manifest in both Na8
and the isotopic and trace-element indicators of an enriched
mantle source. These observations cast doubt on whether the
shallow elevations of Reykjanes and Kolbeinsey ridges and their
chevron bathymetric ridges (Vogt et al., 1980; Jones et al., 2002)
are formed by the outward flow of pulses of hot plume material
from a plume beneath southeast Iceland (Mertz et al., 1991) as
suggested, for example, in some geophysical models (Ribe et al.,
1995; Yale and Morgan, 1998). Even if this occurs along the
Reykjanes Ridge, the extent of the proposed lateral flow is un-
clear, as different geochemical “plume tracers” disagree. For
example, [La/Sm]e.f. and Pb isotopes increase toward Iceland,
whereas there is an abrupt step-increase in 87Sr/86Sr (Hart et al.,
1973). Elevated 87Sr/86Sr and Nb extend only as far south as 
61° N (e.g., Fitton et al., 1997), whereas 3He/4He values are el-
evated as far south as the Charlie Gibbs Fracture Zone at 53° N
(Poreda et al., 1986).

Icelandic petrology and geochemistry are complicated by
subaerial and crustal processes, which are minor along MORs.
Rhyolite is a significant component of the Icelandic crust, espe-
cially at central volcanoes (e.g., Walker, 1963; Carmichael, 1964),
and Iceland consequently is a classic locality for the study of

magma mixing between basalt and rhyolite in zoned magma
chambers (Yoder, 1973; Sigurdsson and Sparks, 1981; Blake,
1984; Gunnarsson et al., 1998). The recycling of subsided, 
surface-erupted lavas; residence in shallow magma chambers;
and perhaps long transit distances through a thickened crust in-
crease differentiation and alter isotope ratios (e.g., Oskarsson et
al., 1982). Glacial unloading allows eruption of less differenti-
ated and more depleted lavas, perhaps because they experienced
shorter crustal residence times (Gee et al., 1998). These factors
show that local processes may influence petrological and geo-
chemical attributes that are commonly interpreted in terms of a
plume model. It may be difficult to separate the effects of shal-
low differentiation, assimilation, and mixing from melting pro-
cesses in the mantle.

The issues discussed above illustrate that, if interpreted in
terms of a plume model, the geochemistry of Iceland requires
the addition of considerable complexity, and the resulting mod-
els are inconsistent with geophysical plume models postulated
to explain the surrounding seafloor elevation. Furthermore,
general systematic geochemical relationships have not emerged
from the huge dataset that now exists. Similar results from other
proposed plume locations (e.g., Tristan da Cuhna) have led to
modification of the hypothesis in the proposal that plumes are
geochemically heterogeneous and that their structure cannot
be studied using local geochemical variations. Acomplex plume
showing no systematic geochemical spatial or temporal trends
might also be the only possible fit for Iceland. Nevertheless,
geochemical data still continue to be interpreted in terms of a
plume framework on an opportunistic basis where individual
studies permit (e.g., Breddam et al., 2000).

PLATE TECTONIC MODEL FOR ICELAND

What Needs to Be Explained?

It is helpful to reassess what are basic observations and
what merely assumptions or nonunique deductions. The primary
anomalies in the Iceland region are:

1. Seismic crustal thickness of up to 40 km, compared with
10 km along the Reykjanes and Kolbeinsey ridges. This
thickness implies the possible production of several times
more melt at the MAR between ~63°30′ N and ~66°30′ N
than beneath the neighboring ridges;

2. Temperatures that are probably at most only mildly ele-
vated relative to those on other MORs;

3. A ~2000-km-wide mantle seismic anomaly, centered on Ice-
land, with a weak downward extension into the transition
zone, in contrast to the ~200-km depth of low wavespeeds
beneath neighboring marine parts of the spreading ridge
system; and

4. A geochemical anomaly that extends southward along the
Reykjanes Ridge, occupying a total of ~600 km of the spread-
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ing plate boundary. It abruptly assumes higher variance in
almost all parameters at Iceland, but is absent to the north
(Korenaga and Kelemen, 2000).

Melt Volume

To produce anomalously large volumes of melt requires
high temperature, an unusually fusible source composition, a
process that drives excess mantle through the melting zone, or
a combination of these conditions. Such processes as litho-
spheric delamination or melt ponding might explain ephemeral,
large-volume melt production (e.g., in large igneous provinces;
Tanton and Hager, 2000; Elkins-Tanton, this volume) but in the
Iceland region, if the thick-crust model is correct, anomalous
melt production has been essentially steady-state since the
north Atlantic opened ca. 54 Ma. Induction of volcanism by litho-
spheric delamination or edge-driven gyres and eddies (EDGE)
convection (King and Anderson, 1998) may have contributed to
the formation of the north Atlantic Igneous Province at the time
of continental breakup (Boutilier and Keen, 1999).

Almost all studies of temperature beneath the Iceland re-
gion either require or permit an anomaly of no more than a few
tens of K and maximally, ~100 K. Such a small anomaly can
account for only a little of the excess melt. It thus seems in-
escapable that much of the melt anomaly must be attributed to
an unusually fusible source composition; this explanation is
supported by the ample geochemical evidence for a composi-
tionally anomalous source.

The suggestion that oceanic crust is recycled at Iceland
(e.g., Fitton et al., 1997; Chauvel and Hémond, 2000; Breddam,
2002), and is the source of the “depleted plume component” of
Kempton et al. (2000) has prompted us to consider whether
eclogite might be present in the source in considerable amounts.
Both Chauvel and Hémond (2000) and Breddam (2002) suggest
that oceanic crust is entrained in a plume source along with a
high value of 3He/4He from the lower mantle. Chauvel and
Hémond (2000) further suggest that differentiated Icelandic
tholeiites are derived from partial-to-large-scale melting of the
basaltic portion of the ocean crust (originally extrusives and
sheeted dikes), and that olivine tholeiites and picrites are derived
from the gabbro cumulate portion. They thus suggest that Ice-
land is derived from partial melting of a complete section of
ocean crust. Their model requires melting of a harzburgitic com-
ponent to explain the high Ni content of the picrites.

Iceland and the north Atlantic Igneous Province formed in
the Caledonian suture, which was created at ca. 400 Ma, when
what are now Greenland and Scandinavia collided as the Iape-
tus Ocean closed (Fig. 9) (Soper et al., 1992; Lundin and Doré,
this volume). When the Eurasian supercontinent broke up again
at ca. 54 Ma, the new MAR ran along the suture for much of its
length. At the present location of Iceland, however, it crossed
the western Caledonian frontal thrust, where the latter runs from
present-day Greenland into Britain. The Caledonian suture is the

site of earlier subduction and, if slabs are retained in the shallow
upper mantle, is expected to be abundant there.

Eclogite and eclogite-peridotite mixtures have lower liquidi
and solidi and, in contrast to previous conclusions (e.g., Yoder
and Tilley, 1962; Ito and Kennedy, 1974), have melting intervals
as wide or wider than that for peridotite, displaced overall to
lower temperatures (Fig. 10A) (Yaxley, 2000). The eclogite
liquidus is ~180 K above the lherzolite dry solidus at all pres-
sures and close to the temperature at which N-MORB is gener-
ated by ~13% melting of lherzolite at a potential temperature of
1280° C (McKenzie and Bickle, 1988). Thus eclogite may melt
almost completely at temperatures similar to those required to
produce N-MORB. In the case of eclogite-peridotite mixtures,
at a given temperature, up to several times the amount of melt is
expected than from the same volume of pure peridotite (Fig. 10B).
Thus it may be possible to explain the large volume of melt at
Iceland by passive isentropic upwelling the same as elsewhere
along the MAR, but occurring where the mantle is largely eclog-
ite or fertilized by eclogite from ancient subduction.

The gabbroic portion of oceanic crust spans a wide range
of lithologies, including troctolite, olivine gabbro, oxide ferro-
gabbro, silicic trondhjemite, and tonalite. These lithologies 
are mixed by complex deformational processes in the gabbroic
section of typical ocean crust (Natland and Dick, 2002). At low
pressure, in the ocean crust itself, the melting interval is probably
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Laurentia, Baltica, and Avalonia. Arrows indicate convergence direc-
tions; black lines show faults and orogenic fronts. Black triangles indi-
cate sense of thrust faults. Gray dashed line shows inferred position of
the Caledonian suture. Slabs were subducted beneath Greenland,
Baltica, and Britain (after Soper et al., 1992). Bold dashed line indi-
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Lighter dashed lines indicate postulated extensions of the thrusts
mapped. Adapted from Foulger and Anderson (2005).



~500 K (Natland et al., 1991; Koepke et al., 2004) and the range
cannot be substantially less for the full range of gabbros and
basalts transformed to eclogite facies at pressures above
~1.6 GPa. Near-solidus melts of ocean-crust assemblages span-
ning the gabbro-garnet/granulite-eclogite transition are initially
rhyodacitic to ferro-andesitic at pressures up to ~6 GPa. More
extended melting produces tholeiitic ferrobasalt and finally olivine
tholeiite at ~70% partial melting (Ito and Kennedy, 1974; Ya-

suda et al., 1994; Pertermann and Hirschmann, 2003). The ab-
sence of a nephelinite-series sequence at Iceland and the inference
of a tholeiitic partial melting sequence (e.g., Stracke et al., 2003a)
may thus be explained if eclogite is dominant in the source and
is the major facies undergoing fractional partial melting.

Geochemistry

The presence of remelted crust of Caledonian age in the
basalts of east Greenland, Iceland, and Britain has been pro-
posed on the basis of calculated compositions of parental melts,
trace elements, REEs, and radiogenic isotope ratios (Fitton et al.,
1997; Chauvel and Hémond, 2000; Korenaga and Kelemen,
2000; Breddam, 2002). Chauvel and Hémond (2000) suggest
that the ocean-crust source of Icelandic basalts corresponds to
the bulk compositions of (1) extrusive basalts and dikes and
(2) gabbro cumulates. Although this simple twofold characteri-
zation of ocean crust is generally correct, drilled sections show
that the ocean crust is considerably more complicated in detail
(e.g., Natland and Dick, 2002). At slowly spreading ridges, tec-
tonic processes form core complexes and high transverse ridges
impose complex patterns of shear deformation on gabbros crys-
tallizing beneath rift valleys. These add to the normal processes
of compaction and crystal growth to drive intercumulus melts
into fractures and deformation channels, where their differenti-
ation and further expulsion of intercumulus liquid continues.
The result is a matrix of primitive olivine gabbro that is an
almost ideal adcumulate (i.e., an aggregation of pure cumulus
minerals with virtually no intercumulus liquid), but which is
crosscut by narrow seams of oxide gabbro. Many of these are
cored by veins of silicic differentiates that also supply networks
of silicic veins extending outward into olivine gabbros. In addi-
tion, the rocks are variably altered hydrothermally.

Thus a complex assemblage of rocks experiences partial
melting at elevated pressure rather than any single composition
of eclogite, such as those studied experimentally. Although we
know little in detail about how such a section will look upon
transformation to the eclogite facies and long residence in the
mantle, Alpine eclogites derived from Tethyan Ocean crust of
Jurassic age show that all of the principal ocean-crust gabbroic
assemblages remained essentially intact chemically from initial
transformation to eclogite in subduction zones until subsequent
exhumation in the modern Alps (Mottana and Bocchio, 1975;
Cortesogno et al., 1977; Evans et al., 1981; Ernst et al., 1983;
Chalot-Prat, this volume). Oxide gabbros in the eclogite facies
thus can contain up to 20% rutile (after ilmenite and magnetite),
and most are at least slightly hydrous and contain glaucophane.
In our model, we propose that ocean crust in the upper few hun-
dred km of a subduction zone became trapped in a suture re-
sulting from closure of an ocean basin, thus never descended to
great depths in the mantle, and gradually reheated until conti-
nental rifting opened the north Atlantic in the Paleocene. In this
situation, the chemical integrity of the initial gabbroic protolith
may have been retained.
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Partition coefficients for eclogite have been obtained on
only a subset of their full range in composition and mineralogy
(e.g., Stracke et al., 1999). Most eclogites studied experimen-
tally (e.g., Ito and Kennedy, 1974; Yasuda et al., 1994; Perter-
mann and Hirschmann, 2003) also represent only a fraction of
the known range in eclogite compositions, having generally
been selected for their similarity to both primitive (high MgO
content) and depleted N-MORB, but actually usually resem-
bling an olivine gabbro cumulate. Therefore geochemistry is far
from revealing what a full range in eclogite compositions might
produce during fractional melting, and in defining the stability
relations and effects on partition coefficients of accessory phases,
such as high-pressure amphibole, mica, apatite, and zircon, not
merely rutile. Inferences from trace-element geochemistry sug-
gest that for bimineralic eclogite, inferred partial melt extracts
represented by primitive basalts and melt inclusions behave
such that the original trace-element concentrations and ratios of
the gabbroic protolith are retained. Thus high values of Y/Zr,
Zr/REE (e.g., Chauvel and Hémond, 2000; Breddam, 2002;
Foulger et al., 2005) and Sr/REE (Sobolev et al., 2000) are good
indications of an original cumulus olivine gabbro protolith to the
eclogite (Fig. 11) (Foulger et al., 2005). This protolith provides
the more depleted component, not the enriched component in-
ferred for Hawaiian and Icelandic basalts. What might derive
from partial melting of differentiated eclogite (equivalent to
disseminated-oxide, oxide-rich gabbro, tonalite, and trondhje-
mite) is less certain.

On the assumption of geochemical integrity during the tran-
sition to eclogite, then, the first melts that form in eclogite prob-
ably come mainly from what originally was oxide gabbro (now
rutile eclogite) and granitic seams and veins (now quartz eclog-
ite). These melts will be silicic, yet with high iron content and
enriched in incompatible elements, such as Rb, Nb, and light
REEs (e.g., Natland and Dick, 2002). We propose that these
melts, which would likely comprise early fractional melts ex-
tracted from eclogite, are a major contributor to eruptive fer-
robasalts and probably ferroandesites on Iceland. Others clearly
are derived from shallow crystallization differentiation of prim-
itive basalt in the Icelandic crust, but the spectrum of Icelandic
parental compositions probably includes basalts of strongly dif-
ferentiated composition (with ~8–5% MgO content). It thus
ranges from primitive and depleted picrite at least to ferrobasalt.
In other words, many ferrobasalt liquids derived from differen-
tiated eclogite cross the mantle. This proposal is supported by
experimental petrology to the extent that both andesitic and mod-
erately iron-rich tholeiitic liquids with low-to-moderate MgO
contents have been produced in eclogite melting experiments
from 0.5 to 8 GPa (Ito and Kennedy, 1974; Yasuda et al., 1994;
Pertermann and Hirschmann, 2003). In the range of 1–3 GPa,
solidus temperatures of eclogite are ~200 K lower than those of
dry lherzolite. For the compositions studied, the extent of melting
of eclogite at the dry lherzolite solidus is ~70%, and the liquids
produced at that extreme are basaltic and similar to primitive
Icelandic tholeiite.

The eclogite hypothesis might be criticized because the im-
plied extents of melting are greater than those usually consid-
ered likely for a peridotitic source. Certainly the processes of
radioactive or conductive heating are too slow to keep up with
the melt extraction processes. However, Iceland was first built
on thin lithosphere adjacent to two thick cratons. In the process
of opening the ocean, material from depths of ~100–200 km was
brought up to depths of ~50–60 km. Thus adiabatic ascent and
reduction of pressure is the most likely mechanism for extensive
melting. A few tens of km of ascent may be able to bring eclog-
ite from below its melting point to the 70% melt condition, and
even if fractional melts drain out during ascent, they could be
subsequently joined by later melts. Abyssal peridotite entrained
with the ascending eclogite would also begin to melt, and its
melt aliquots would contribute to the melts from eclogite during
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Figure 11. Spider diagram for trace elements comparing compositions
of average Iceland melt inclusions and primitive basalt from Kistufell,
central Iceland, with abyssal gabbros. Data are normalized to the prim-
itive mantle of Hofmann (1988). Following the argument of Sobolev
et al. (2000) for glass inclusions from Mauna Loa, Hawaii, positive Sr
anomalies in Icelandic glass inclusions and primitive Kistufell basalt
indicate the original presence of cumulus plagioclase in the source pro-
tolith, once abyssal gabbro and now eclogite. Glass inclusion averages
are for Groups 2 and 3 shown in Figure 8, using data from Gurenko and
Chaussidon (1995), Sigurdsson et al. (2000), and Slater et al. (2001).
The “Average Kistufell” line is a pattern from average primitive olivine
tholeiites from Kistufell, central Iceland (Breddam, 2002). The shaded
band extends between averages of troctolite (lower bound) and olivine
gabbro (upper bound) from ODP Hole 735B, Southwest Indian Ridge,
using data compiled from several sources by Natland and Dick (2002),
whose chemical identification of lithologies was used. Analyzed gab-
bro samples containing silicic veinlets were screened from the dataset
by restricting it only to those with chondrite-normalized [La/Sm]N < 1.
The bold dashed line is a pattern for average olivine gabbro from Hess
Deep, eastern equatorial Pacific (Pedersen et al., 1996; J. Natland,
unpublished data). The gray dashed line is a pattern for average high-
Sr melt inclusions in olivine from Mauna Loa, Hawaii, from Sobolev
et al. (2000).



full aggregation and mixing of the magma strains, perhaps con-
tributing to the high Ni concentrations of picritic liquids (Chau-
vel and Hémond, 2000).

In Iceland the degree of isotopic and trace-element enrich-
ment correlates with the extent of iron-enrichment differentia-
tion of tholeiitic basalts. In fact, rhyolites are the most enriched
eruptives on Iceland. Isotopically they resemble the common
mantle component focal zone (“FOZO”) of Hart et al. (1992)
(Fig. 12). The details of this correlation extend even to subsets
of primitive basalts. Maclennan et al. (2003a,b), Slater et al.
(2001) and Stracke et al. (2003a,b) infer that the isotopic and
trace-element variability of primitive basalts from Theistareykir
result from neither crystallization differentiation nor crustal as-
similation, but from the mantle source. The character of the geo-
chemical enrichment, correlating with extent of iron enrichment
and decrease in MgO content, is a portion of the more extended
correlation for the rest of Iceland that reaches to ferrobasalt and
even more differentiated compositions. It is substantially differ-
ent from isotopic/trace-element correlations in rocks of gener-
ally basaltic composition at midplate volcanoes like Hawaii.
There, tholeiites, alkalic basalts, basanites, and olivine nephelin-
ites are inferred to represent successively smaller degrees of par-
tial melting. However, the primitive members of all of these
mafic lavas have similar MgO content, indicating that they are
little evolved from parental liquids produced by partial melting
from peridotite containing magnesian olivine. In Iceland, in
contrast, the most enriched basalts have MgO content too low
to have been in equilibrium with olivine in peridotite, and their
corresponding enriched but primitive, high-MgO liquid compo-
sitions are not present.

Formerly, iron-enrichment in Iceland was inferred to result
from shallow crystallization differentiation (e.g., Walker, 1963;
Carmichael, 1964). More recently it has been attributed to the
mantle and to differences in the extent and depth of partial melt-
ing (Slater et al., 2001; Maclennan et al., 2002, 2003b; Stracke
et al., 2003a,b). However, the source then cannot be peridotite.
A correlation with the extent of iron enrichment differentiation
during partial melting in general means that MgO in the liquid—
and we would include basalts with as little as 5–7% MgO content
—is not buffered by olivine in the melt. Peridotite therefore can-
not be the principal source. We suggest that many ferrobasalts
are direct partial melts derived from a source that is already sub-
stantially iron-rich—namely, oxide gabbro converted to eclogite
—and that such liquids must cross the crust-mantle boundary. If
the source cannot be peridotite, then the best, and really only,
alternative candidate for low-MgO basalts is eclogite.

We thus propose that Icelandic basalts derive from a petro-
logically variable and mainly eclogitic source on which frac-
tional melting acts first to extract the smallest partial melts that
are either silicic, very iron-rich, or both, from abyssal gabbro.
More extended partial melting produces primitive basalt. Oxide
ferrogabbros represent ~20% of the 1508-m section of gabbro
drilled at Hole 735B (Dick et al., 2000), and if such material
underlies Iceland in the eclogite facies, the equivalents of these

would probably be the first tapped at relatively low temperatures
by fractional extraction from the mantle. Blending of these melts
with other potential enriched components in the ocean crust—
namely, magmatic amphibole, felsic veins with minerals (e.g.,
zircon), and enriched MORB (E-MORB) would ensure that
initial fractional melts are on the average more enriched geo-
chemically than later fractional melts generated at higher T,
which would derive mainly from olivine gabbro adcumulates.
This scenario is speculative, because how low-pressure acces-
sory phases transform under eclogite-facies conditions is un-
known. Nevertheless the more extensive fractional melts would
look more like abyssal olivine gabbro cumulates, as we see in
the geochemistry of the primitive tholeiites, picrites, and melt
inclusions in Iceland.

McKenzie et al. (2004) recently proposed that the enriched
component in Iceland derives from an ancient OIB seamount
complex that formed atop the now-eclogitic ocean crust that
is the principal source of the most depleted primitive basalts.
McKenzie et al. (2004) do not speculate on the existence of
accessory phases, their partitioning, or their stability during
partial melting, but only note the geochemical similarities. Re-
cycled seamounts might be involved, but enriched abyssal
tholeiites (E-MORB) with flat-to-enriched REE patterns already
comprise 6% of basalts dredged along the East Pacific Rise, and
may contribute to the enriched component in Iceland (Foulger
et al., 2005). Iceland also has two groups of enriched rhyolites
with different Sr-Nd-Pb isotopes (Fig. 12). Fragments of ancient
continental crust and its associated upper mantle might then
also contribute to the melt source (Amundsen et al., 2002). The
basic picture is, however, as we have described it. It is currently
unclear whether the entire enriched component is derived from
a minor component of E-MORB in “normal” oceanic crust; a
seamount; aged components in abyssal gabbro that experienced
radiogenic ingrowth of, for example, Sr isotopes; altered ocean
crust; or fragments of old subcontinental mantle and crust ma-
rooned in the ocean from continental rifting. All of these sce-
narios could provide melt strains at relatively low temperatures
during early stages of fractional melting. It is clear, however,
that the “eclogite signal” in Icelandic picrites resembles abyssal
gabbro, as previously discussed by Chauvel and Hémond (2000)
and Breddam (2002).

An important attribute of primitive Icelandic melt inclusions
is their crossing REE patterns and diverse yet low oxygen iso-
tope levels, even in single crystals of olivine (Gurenko and
Chaussidon, 1995; Slater et al., 2001; Maclennan et al., 2003a,b).
Crossing REE patterns in lava sequences or melt inclusions are
usually interpreted as indicating fractional melting. However,
among the gabbros of Hole 735B, our suggested model pro-
tolith, olivine gabbro, oxide gabbro, and tonalite-trondhjemite
veins were interleaved and cross-intruded in complicated ways by
deformation beneath a rift valley while the rocks were still par-
tially molten (Natland and Dick, 2001, 2002). Many relatively
primitive gabbros were infiltrated along grain boundaries by
silicic melt resulting in, for example, variable La/Sm ratios in
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Figure 12. Some isotopic systematics of basalts from Iceland,
the Reykjanes Ridge, and Kolbeinsey Ridge. (A) 87Sr/86Sr
versus 143Nd/144Nd. (B) 87Sr/86Sr versus 206Pb/204Pb.
(C) 143Nd/144Nd versus 206Pb/204Pb. Data are from GeoRoc
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tential links by means of differentiation and mixing between
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lite compositions. The sense of the arrows indicates increas-
ing extent of differentiation. On all diagrams, Icelandic
dacites and rhyolites (SiO2 > 62%) plus other lithologies with
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component, FOZO, of Hart et al. (1992).



the host gabbro. Enriched and depleted REE patterns thus were
measured on physically and petrographically similar olivine
gabbro samples separated by only a few tens of cm in the core.
The same variability among primitive Icelandic melt inclusions
that are inferred from other geochemical attributes to resemble
abyssal olivine gabbro thus may indicate not fractional melting
but incomplete mixing of melt strains derived simultaneously
from nearby enriched and depleted eclogitized olivine gabbro.
If other evidence is persuasive that melting was in the eclogite
facies, then the variably enriched melt inclusions suggest that
local source heterogeneity, probably including isotopes, survived
transformation to the high-pressure facies. Wherever host olivine,
pyroxene, and plagioclase phenocrysts crystallized in the Ice-
landic crust or upper mantle, in our model, they reflect the local
diversity of melt strains derived from partial melting of the
abyssal gabbro protolith. This diversity includes strong local
variability of oxygen isotopes, which at Hole 735B is centered
on narrow veins filled with secondary amphibole and associated
hydrothermal minerals (c.f. Stakes et al., 1991; Hart et al., 1999).

In Figure 8, Group 1 melt inclusions most closely resemble
the most primitive Icelandic basalt glasses, except for their
lower FeO content. They are similar in other respects as well,
but range to lower Na2O and TiO2 contents and higher CaO/
Al2O3. Foulger et al. (2005) note the similarity in bulk compo-
sition of primitive Icelandic basalt to average olivine gabbro
from Hole 735B. Group 1 melt inclusions also resemble olivine
gabbro, but are more inclusive of Hole 735B compositions
that have more calcic plagioclase than average, and a lower per-
centage of intercumulus melt resulting from nearly ideal adcu-
mulus development, in the sense of Natland et al. (1991) and
Natland and Dick (2002). Group 2 melt inclusions are similar in
major-element content to pyroxene-rich gabbro cumulates, or
pyroxenites of Hole 735B. Group 3 melt inclusions are similar
to olivine-plagioclase adcumulates, or troctolites. Sigurdsson
et al. (2000) infer pyroxenitic and wehrlitic precursors of the
mantle sources of the latter two groups of inclusions. We sug-
gest instead that varieties of primitive eclogite, transformed from
plagioclase pyroxenite and troctolite, were involved. This is in
accord with the suggestion from crossing REE patterns among
melt inclusions in single phenocrysts that local melt strains are
produced during partial melting of a rock complex that origi-
nally was part of the lower ocean crust.

The influence during partial melting of lithological diver-
sity of the mantle and especially of potential masses of subducted
ocean crust embedded in that mantle cannot be too strongly
stressed. In the gabbroic portion of ocean crust, the diversity
is particularly extreme because of what Bowen (1920) called
“differentiation by deformation.” He pointed to what today would
be described as formation of adcumulates “of extreme purity” in
rock masses that were deformed as they completed their crys-
tallization (Natland and Dick, 2001). Thus in such rocks, late-
stage melt between cumulus minerals is not trapped, as standard
cumulus theory states. Instead, interstitial liquid is so effectively

expelled from the compacting and deforming partly molten rock
mass that virtually none is left. This mechanism has profound
consequences on the highly incompatible trace elements, reduc-
ing for example, the U and Th concentrations in olivine gabbros
and troctolites of ODP Hole 735B by two orders of magnitude
below concentrations in the corresponding basaltic liquids from
which the cumulus minerals crystallized (Natland and Dick,
2002). Compared with the liquids, such cumulates can be de-
scribed as ultradepleted, and it is the ultradepleted signal (low
Ti, Zr, Y, and REE values in general; high Y/Zr, high Zr/REE,
very high Sr/REE values, etc.) that appears in Icelandic picrite.
However, in the abyssal gabbros of Hole 735B, all the incom-
patible elements, including U and Th, are strongly concentrated
by an order of magnitude more than in basaltic liquids, in seams
of oxide gabbro and granitic veinlets that crosscut olivine gab-
bros and troctolites in hundreds of places all along the core.
What was squeezed out of one part of the rock became highly
concentrated in another, but only later, at the much lower tem-
peratures of the later liquid line of descent (Natland et al., 1991).
This process is another example of what Bowen (1920) named
“differentiation by deformation”; namely, juxtaposition of rocks
representing profoundly different stages of differentiation at
abrupt contacts.

Stracke et al. (2003b) argue that partitioning of U and Th
during melting of bimineralic eclogite is insufficient to achieve
the extent of U-Th disequilibrium observed in Icelandic basalts,
including picrites, and thus conclude that eclogite cannot be
abundant in the source. However, in many silicic veinlets in
gabbros of Hole 735B, the concentrations of U and Th are orders
of magnitude higher, and the ratio Th/U is several times higher,
than in ultradepleted olivine gabbro (e.g., Niu et al., 2002). Thus
the partitioning of U and Th into subsequent fractional melts
from the total rock mass—olivine gabbros plus intimately jux-
taposed seams and veins of more differentiated material—will
be dominated by the original distribution of the two elements in
minor granitic veins and seams of oxide gabbros, and very likely
their partitioning into accessory minerals, such as mica, amphi-
bole, apatite, and zircon. These will swamp any signal from
ultradepleted eclogite, including that provided by melt strains
derived only a few tens of cm away. Therefore no limitation on
the total proportion of eclogite involved during partial melting
of Icelandic picrite can be calculated based on the erroneous
assumption that ultradepleted eclogite is the only eclogite-facies
lithology present in the source (e.g., Stracke et al., 2003b). Inti-
mate juxtaposition of enriched and ultradepleted material in the
source on the scale of cm to m may obviate the necessity for
models of extreme fractional melting to produce the strong
contrasts in enriched and depleted lava compositions that erupt
in close proximity and over short periods along the Icelandic rift
systems, and which are even evident in compositions of melt
inclusions within single mineral grains. Geometrical models in-
voking wide separation of low-temperature enriched and high-
temperature depleted components in the melt source (e.g., that
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of Stracke et al., 2003b), are contradicted by the facies distri-
bution that is likely in eclogite derived from an ocean-crust pro-
tolith beneath Iceland.

A persistent problem of Icelandic petrogenesis has been the
fairly high volume of silicic eruptives (i.e., breccias and flows
of rhyolite, dacite, and andesite) at Icelandic central volcanoes,
and the potential that basalt at such localities has been mixed
or contaminated with them (e.g., Walker, 1963; Carmichael,
1964; Yoder, 1973; Sigurdsson and Sparks, 1981; Gunnarsson
et al., 1998). Thus many petrologists and geochemists concerned
with mantle processes beneath Iceland (Hanan and Schilling,
1997; Slater et al., 2001; Maclennan et al., 2003a,b; Stracke et al.,
2003a,b) have excluded silicic compositions from consideration
and focused on magnesian basalts found in rift zones away from
central volcanoes, to screen out possible effects of crustal con-
tamination, such as assimilation and amphibolite melting. Never-
theless all lithologies will be present in any mass of ocean crust
underlying Iceland, however it arrived there. Monolithic bi-
mineralic eclogite is not exclusively present. In fact, silicic and
mafic lithologies are so intimately interspersed in abyssal gab-
bro protoliths that immediate mixing at the source cannot be
avoided. Silicic liquids are also among the initial partial melts
produced in experiments on what we have termed ultradepleted
eclogite—olivine gabbro in the eclogite facies (Yasuda et al.,
1994; Pertermann and Hirschmann, 2003). In our view, then,
both the general petrology and geochemistry of Icelandic basalts
strongly implicate the mixing of one or more enriched silicic
magma components (Fig. 12) into more primitive melt extracts
both near the melt source and in the crust. To establish the
details of mixing at high pressure and to distinguish this from
processes in the crust require further work both experimentally
and geochemically, but melting models involving only one or two
lithologies of eclogite and/or peridotite are not likely to be cor-
rect. Instead, the source rocks are predifferentiated and wildly
variable in composition on a very fine scale. It is specious to
argue that very long residence of such material recycled into the
mantle will rehomogenize the rocks completely when we can
already see the consequences of such heterogeneity in the diver-
sity and crystallization histories of primitive Icelandic tholeiite.
We need to consider partial melting in that framework.

Our model requires melts to move from their sources to
crustal magma chambers with little interaction with the crust
through which they pass, and to retain correlations between
different isotopes, trace elements, and major elements through
to eruption on the surface. This is most readily explained if the
enriched component is small in scale and volume. Oxide gab-
bros transformed to eclogite are the largest potential contributor
to the enriched component and may make up 15–20% of the
lower oceanic crust. Other components (e.g., E-MORB, seamount
basalt, silicic material) are smaller fractions but potentially more
potent geochemically. All these materials have a lower solidus
temperature than the depleted component. In this model, how-
ever, it is unnecessary to postulate different source depths for the

enriched and depleted components (e.g., Stracke et al., 2003a),
or derivation from different portions of a zoned plume (e.g.,
Kempton et al., 2000).

Stuart et al. (2003) concluded that helium comprises essen-
tially a pure constituent in mixing arrays of magmas from iso-
topically different sources in the north Atlantic, and arises from
a helium-rich, lower-mantle source. It apparently influences no
other chemical species. In picrites from Baffin Island, 3He/4He
correlates positively with degree of depletion, although in Ice-
land, it is variable and has no systematic relationship with the
radiogenic isotopes of Sr, Nd, or Pb. The observations from both
Baffin Island and Iceland can be explained if helium is physi-
cally separated from U + Th and old, high-valued 3He/4He is
preserved from 4He ingrowth in a helium-poor host (Anderson,
1998a,b; Anderson et al., 2004; Meibom and Anderson, 2004;
see also Meibom et al., this volume). This separation could be
achieved if helium is isolated in gas bubbles trapped in a low-U
+ Th mineral, such as olivine, and the older the entrapment, the
higher the 3He/4He value will be. Thus extraction of helium
from olivine long ago concentrated by crystallization differen-
tiation into, for example, dunite cumulates, could account for
the high 3He/4He values observed. These rocks thus function as
time capsules for preservation of old, high 3He/4He values.

Volatile exsolution and capture in olivine is necessarily a
shallow process occurring in volcanic conduits and rift systems,
where vapor nucleates as bubbles on mineral surfaces and is
then trapped by skeletal growth of the mineral around the bub-
bles (Natland, 2003b). If erupted magma is derived from a very
degassed source, such as recycled ocean crust transformed to
eclogite, it may then take on the 3He/4He characteristics of even
very small amounts of volatiles that it extracts during ascent to
the surface.

Continental lithosphere might also significantly influence
the geochemistry of Iceland. Palinspastic reconstructions permit
the capture beneath central Iceland of a southerly extension
of the Jan Mayen microcontinent that split off from Greenland
at ca. 44 Ma, and central and southeast Iceland are the most
likely regions where it might lie today (Amundsen et al., 2002;
Foulger, 2003b; Foulger and Anderson, 2005). The picrites of
Baffin Island and Skye erupted through ancient continental lith-
osphere ranging in age from 3.7 to 2.5 Ga (Bernstein et al., 1998).
Upper cratonic lithosphere may also contain high values of
3He/4He olivine-rich cumulates. Subcontinental lithosphere
may also have delaminated and been cycled into the upper man-
tle beneath the new ocean basin when the north Atlantic first
formed. The elevated 3He/4He ratios on the northern Reykjanes
Ridge suggest that this material is not solely confined to Iceland.

It is unnecessary to invoke a helium-rich reservoir in the
lower mantle solely to account for the high 3He/4He values
observed in either Greenland or Iceland. We suggest, instead,
derivation from a helium-poor, shallow upper-mantle source from
which helium was sequestered from U + Th. The best evidence
for this derivation is the occurrence of depleted picrites with
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extraordinarily high 3He/4He values in western Greenland. High
3He/4He values must be found in old material, but such material
does not necessarily come from great depths in the Earth.

Physical Models for Shallow Recycling of Slabs

The opening and closing stages of oceans and the for-
mation of collisional sutures are radically different processes from
steady-state plate tectonics. The final stages of ridge-trench col-
lision introduce sediments; water; back-arc basins; and young,
thin, hot oceanic crust into the shallow mantle. Such lithosphere
is buoyant, and thermal modeling suggests that if younger than
ca. 50 Ma, it cannot sink deeper than a few hundred km (Ox-
burgh and Parmentier, 1977). At a half-spreading rate of ~1 cm/
yr, this would amount to ~500 km of plate. A length of late-
subducting lithosphere equivalent to the thickness of the collid-
ing cratons, or ~200 km, could thus be trapped in the continental
lithosphere. The remainder, perhaps up to several hundred km
in length, might reach neutral buoyancy in the asthenosphere
beneath the sutured cratons.

When continental breakup occurs along old sutures, magma-
tism may be enhanced by mantle made unusually fertile by eclog-
itized subducted oceanic crust trapped in the rifting lithosphere,
which may contribute to the formation of volcanic margins (see
also Lundin and Doré, this volume). Enhanced magmatism may
continue longer than the initial breakup stage if subducted ma-
terial, or continental mantle lithosphere delaminated into the 
asthenosphere, continues to be recycled into the melt extraction
zone beneath the ridge, despite lateral ridge migration (see also
Vogt and Jung, this volume). Lateral ridge migration with respect
to underlying mantle must occur because globally ridges mi-
grate with respect to one another as plates shrink and grow. A
model involving a transverse belt of fertility may also explain
magmatism in the Tristan da Cunha region in the south Atlantic
(Smith and Lewis, 1999; Fairhead and Wilson, this volume; see
also Vogt and Jung, this volume).

The timescale and extent to which subducted crust trapped
at shallow levels in the mantle rehomogenizes with its peridotite
host are not known. The retention of essentially pristine blocks
of crust with dimensions of the order of km and complete ho-
mogenization with mantle peridotite represent end-member
scenarios (Meibom and Anderson, 2004). The solidus for the
full suite of abyssal gabbro transformed to eclogite facies is
much lower than that for dry peridotite. Liquid compositions
from high-pressure melting experiments on garnet granulite and
eclogite (Ito and Kennedy, 1974; Yasuda et al., 1994; Perter-
mann and Hirschmann, 2003) are similar to the compositions of
both natural gabbros and Icelandic tholeiites and suggest that
60–80% melting of the original bulk gabbroic assemblage is
required to reproduce the compositions of Icelandic tholeiites.

Melt extraction from partially molten rock is thought to
begin at degrees of melting <1%. Consequently, progressively
extracted melt increments must pond and rehomogenize in some
reservoir prior to eruption. Such a process is also required be-

neath normal spreading ridges, as MORB is thought to be formed
by up to ~20% partial melting of peridotite integrated over the
melt column.

To consistently produce two to three times as much melt
as on the Reykjanes Ridge (i.e., 20–30 km), more than one “nor-
mal thickness” of subducted oceanic crust is required. This
could be available if subducted slabs are emplaced at a steep
angle in the mantle, or imbricated (Fig. 13). In the case of eclog-
ite dispersed in a host of peridotite, the amount of fusible mate-
rial available would depend on the degree of refertilization that
took place and the depth extent of the source region.

How Well Do Plate Tectonic Processes Fit the Observations?

Plate tectonic processes do not require high, localized man-
tle potential temperatures and, in this respect, the model is con-
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Figure 13. Schematic diagram illustrating how anomalously large
amounts of melt may be obtained from remelting a subducted crustal
slab of normal thickness. (A) The slab is emplaced at a high angle in
the mantle, and in this particular example, two thicknesses of melt
might be derived from remelting eclogite in trapped oceanic crust, and
one thickness is derived from melting mantle peridotite, yielding triple
the amount of melt normally observed at mid-ocean ridges. Red ellipses
schematically signify rising melt (from Foulger et al., 2005). (B) Slab
material may be thickened by imbrication.



sistent with the evidence for moderate temperatures in the Ice-
land region. In general, mantle temperature is expected to vary
spatially in the Earth as a result of processes at spreading ridges
and subduction zones and because of the variable insulating
effects of oceanic and continental lithosphere (e.g., Anderson,
1994b). The entire Atlantic between the Charlie Gibbs and Jan
Mayen fracture zones is topographically elevated and underlain
by oceanic crust ~10 km thick—that is, 40% thicker than the
global average of 7 km (Mutter and Mutter, 1993). This increased
thickness is in keeping with a moderate temperature anomaly of
regional extent.

The model we propose removes the requirement in the
plume hypothesis for an eastward-younging, time-progressive
volcanic track extending from central Greenland to southeast
Iceland, for which there is no evidence (Lundin and Doré, this
volume). The variation in seismic crustal structure, with a 40-km-
thick block beneath central Iceland and thinner crust in the west
than in the east, is predicted by the complex tectonics of this
diffuse spreading plate boundary section and greater magmatic
productivity along the dominant, eastern spreading ridge than
along the subsidiary western one (Foulger and Anderson, 2005).

Eurasia drifted through several tens of degrees of latitude
between 400 and 54 Ma. We expect that the continental litho-
sphere, which tomography suggests is ~200 km thick (Polet and
Anderson, 1995), moved relative to the deeper asthenosphere
during this migration. This motion suggests that the subducted
material currently being remelted at Iceland was mostly trapped
in the lithosphere and may have been recycled into the astheno-
sphere beneath the north Atlantic by lithospheric delamination.
Alternatively, the young, buoyant, last-subducting lithosphere
adjacent to the converging cratons may have been plated onto
the bottom of the lithosphere and transported with it (Meibom
and Anderson, 2004).

The seismic anomaly in the mantle beneath Iceland is
~1000 km in diameter and fills the whole ocean between the
Charlie Gibbs and Jan Mayen fracture zones (see Fig. 6) (Rit-
sema et al., 1999). Whole-mantle tomography only has a reso-
lution of ~1000 km, but the observations indicate that the body
is significantly larger than this resolution limit (Ritsema, this
volume). It extends at least down to the top of the transition zone
at 410 km, but apparently does not penetrate the 660-km dis-
continuity and continue into the lower mantle (Z. Du, L.P. Vin-
nik, and G.R. Foulger, 2004, unpubl. data). The anomaly is thus
much wider than it is tall, a fact that is obscured in published
cross-sections with vertical exaggerations that may exceed 10:1
(e.g., Montagner and Ritsema, 2001). It is elongated north-south
as is the north Atlantic itself (Foulger et al., 2000, 2001). The
observations suggest that the anomaly is strongest beneath cen-
tral Iceland, but the data available from on land in Iceland are of
an entirely different quality and quantity from those available
anywhere else in the north Atlantic region, and so meaningful
comparisons are difficult.

In terms of anomaly strength, the body is bipartite. Anom-
alies are estimated variously to be up to 10% in Vs in some parts

of the upper 200 km (Z. Du, L.P. Vinnik, and G.R. Foulger, 2004,
unpubl. data.; Vinnik et al., 2005), whereas at greater depth, they
are only a fraction of this strength. For the upper 200 km, the
strength of the anomaly is so large that melt is required. End-
member interpretations suggest either excess temperatures of
several hundred K, which are unreasonably high and for which
there is no independent support, or melt fractions of up to ~1%
(Goes et al., 2000). At depths >200 km, a temperature excess of
up to ~100 K or a retained melt fraction of up to ~0.1% would
fit the observations. It is not possible to distinguish between these
two candidate interpretations for the deeper anomaly on the ba-
sis of seismic wavespeed tomography alone, nor is it possible to
rule out a contribution from compositional variation. It is clear,
however, that the seismic anomaly weakens with depth, and even
though the sensitivity of wavespeed to temperature decreases
with depth, the implied temperature anomalies reduce down-
ward. The anomaly peters out in the transition zone.

In whole-mantle tomography images, the strong anomaly in
the upper ~200 km is little different from what is observed else-
where beneath MORs (e.g., Ritsema and Allen, 2003; Pilidou
et al., 2004). The unusual feature of mantle structure in the Ice-
land region is the weaker anomaly that extends from 200 km
into the transition zone. The entire anomaly correlates with the
regional shallow bathymetric anomaly of the north Atlantic. At
the same time, the bathymetry does not correlate well with the
geochemistry, which brings into question the link between the
deeper mantle anomaly and surface volcanism. The deeper
anomaly may represent a region of upper mantle that is a few
tens of degrees warmer than surrounding mantle, or one that
contains a fraction of a percent of partial melt, or a combination
of both. A more fusible composition, perhaps involving eclog-
ite, and/or excess volatiles (e.g., H2O, CO2) could account for
such partial melt, as has been suggested as an explanation for the
asthenospheric low-velocity zone and also low-velocity zones
seen deeper in the upper mantle, extending down into the tran-
sition zone (Presnall, 2003; Presnall and Gudfinnsson, this vol-
ume). Iceland itself comprises merely the subaerial tip of the
regional bathymetric anomaly, and is at most only a minor topo-
graphic anomaly in this context. It is not centered on the north
Atlantic geoid anomaly, which is a feature of global proportions
that also covers much of Greenland and Europe (Lundin and
Doré, this volume). These large-scale features probably influ-
ence processes in the Iceland region, but they do not fit well into
the model whereby they are all caused by a narrow conduit de-
livering melt locally beneath central Iceland.

A source for OIB involving recycled subducted crust was
suggested early and is widely accepted as fitting the observed
geochemistry well at Iceland and other hotspots (Hofmann and
White, 1982). At Iceland, both Caledonian and older ages have
been proposed for the recycled crust (e.g., Korenaga and Kele-
men, 2000; McKenzie et al., 2004). Plate tectonic considera-
tions suggest that such material is distributed throughout the
upper mantle beneath Iceland and the adjacent aseismic ridges.
Its distribution is mapped by the geochemistry of surface lavas.
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There is no need to appeal to lateral flow from a localized source
to explain the spatial distribution of geochemical anomalies, and
the model does not require a radial pattern. If residual structure
has survived in the Caledonian suture, broad-scale north-south
bilateral symmetry would be expected, superimposed on rela-
tively disordered smaller-scale geochemical variations related
to the diverse lithologies of the source. The north-south geo-
chemical asymmetry across Iceland apparent, for example, in
the contrast in 87Sr/86Sr, 3He/4He, and Pb isotope ratios on the
Reykjanes and Kolbeinsey ridges, may be explained if a vestige
of southerly dipping slab structure is retained in the source. A rel-
atively shallow source would also explain well the geochemical
discontinuity across the short Tjörnes Fracture Zone north of
Iceland (see Fig. 1).

SUMMARY

Models based on plate tectonic and shallow processes do
not have many of the problems of the bottom-heated, thermal
plume hypothesis at Iceland but nevertheless pose several ques-
tions and problems of their own, including:

• Can thermal equilibrium and isentropic upwelling of eclog-
ite or a peridotite-eclogite mixture provide enough energy
to supply the latent heat necessary to produce the large melt
volumes observed? At present the required entropy values
for the individual minerals are known to insufficient accu-
racy for reliable calculations of melt productivity at suffi-
ciently high pressures (Presnall et al., 2002; D. Presnall and
P. Asimow, 2003, personal commun.).

• Can large melt fractions, perhaps up to 60–80%, be ponded
and homogenized above the melting column prior to erup-
tion, and at what depth might this occur?

• At what depth do subducted slabs of various ages reside? If
drifting continents are decoupled at the base of the litho-
spheric mantle from deeper parts of the upper mantle and the
source of melt at Iceland is Caledonian-age eclogite, then this
eclogite may comprise slab material retained in the upper
~200 km of the Earth. Access to Caledonian-age eclogite at
greater depth would require that the drifting continents trans-
ported parts of the asthensospheric mantle with them. To de-
rive intra-oceanic melting anomalies from eclogite in the
lithospheric mantle, the latter must be incorporated into the
asthenosphere beneath new oceans. How does this occur?

A scenario such as we describe here, which is radically dif-
ferent from the conventional plume model, may require re-
thinking of wider-ranging assumptions than simply the existence
of a hot plume beneath Iceland. Perhaps the most intriguing
question raised is whether plumes exist at all in the Earth. (Ex-
tensive resources on the subject of the origin of hotspots and the
existence or otherwise of plumes may be accessed at http://
www.mantleplumes.org.) Hotspots are variable in character and
if the plume hypothesis is abandoned, explanations for observa-

tions at other locations are required. Yellowstone, for example,
lacks a seismic anomaly deeper than ~150 km and does not fea-
ture thickened crust. However, it exhibits a time-progressive
track of silicic calderas with an orientation that fits fixed-hotspot
reference frames and 3He/4He isotope ratios are as high as 16 RA,
which would conventionally be considered to be unequivocal
evidence for material from the lower mantle (Christiansen et al.,
2002). Hawaii has many major features that are unexplained by
a plume model; for example, along-chain order-of-magnitude
variations in magmatic rate (Bargar and Jackson, 1974), a south-
ward drift of some 800 km of the hotspot relative to the Earth’s
paleomagnetic pole during the formation of the Emperor chain
(Tarduno and Cottrell, 1997), and the absence of seismic anom-
alies in the mantle beneath (Wolfe et al., 2002; see also Foulger,
2003a; Julian and Foulger, 2003). However, the Hawaiian chain
is not forming along any known suture zone, and igneous geo-
thermometers suggest that the mantle there is the hottest any-
where on the Earth where lavas are currently being erupted (e.g.,
Gudfinnsson and Presnall, 2002), although whether they are hot-
ter than MORs is disputed (Green and Falloon, this volume).

For many years, the classical plume model has been adapted
to fit unexpected results, either by relaxing the original definition
(e.g., the requirement for relative fixity) by ad hoc additions to the
basic model (e.g., multiple geochemical components), or by pro-
posing that predicted features not found are fundamentally unob-
servable (e.g., that plume conduits in the lower mantle are too
narrow to be detected). In this flexible, contemporary form, the
hypothesis cannot be disproved. We therefore do not contend that
the arguments presented here disprove the contemporary plume
hypothesis at Iceland. We do argue, however, that there is little
support for the classical plume model and that other explanations
are possible, reasonable, and in many ways simpler. The contem-
porary plume model has little predictive power or capability to in-
crease our fundamental understanding of the processes working
at Iceland. If other explanations of the observed phenomena are
not pursued, advances in our knowledge about this volcanic
province will be largely limited to accumulating and document-
ing new observations. The challenge of earth science at Iceland is
then reduced to designing plume variations. In the present paper,
we set forth a new model that we hope will be tested and its own
predictive capabilities assessed at Iceland and elsewhere.
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