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Abstract — We review here the contributions that seismology has made toward our understanding of Iceland,
the best-studied of ridge-centered hotspots. Iceland is the subarial part of the Greenland-Iceland-Faeroe Ridge,
a band of thickened basaltic crust, 25-30 km, stretching across the North Atlantic that represents the product of
hotspot volcanism from the early Tertiary to present. Crustal thickness increases from 11 km on the Reykjanes
Ridge section of the Mid Atlantic Ridge south of Iceland, to 35—40 km in central Iceland, and then decreases to
9 km on Kolbeinsey Ridge to the north. The correlation of crustal thickness, topographic elevation and gravity
indicate that the crust is in isostatic equilibrium. Crustal seismic velocities are comparable to those in normal
oceanic crust, except that Oceanic Layer 3, thought to represent gabbroic cumulates, is disproportionately
thick. Judging from the generally low shear wave attenuation observed almost everywhere in Iceland, the
crust is mostly subsolidus, although tomographic imaging of both shear velocity and Vp/Vg ratio indicate that
hotter conditions occur in the lower crust along the neovolcanic zones (the expression of the Mid Atlantic plate
boundary in Iceland). Actual basaltic melt has only been observed in shallow (2-3 km) crustal magma chambers
located beneath central volcanoes, where it causes local zones of intense shear wave attenuation and delayed P
wave arrival times. These magma chambers are often underlain by seismically-fast domes thought to represent
gabbroic cumulates. While the crust must contain plumbing systems that deliver melt from the asthenospheric
mantle to these shallow magma chambers, they have not been observed. Much of the crust, especially outside
the neovolcanic zones, appears to be underlain by a 30-50 km thick mantle ’lid’ of seismically-fast, relatively
cool (subsolidus) mantle lithosphere. The mantle beneath this lid is dominated by a cylindrically-shaped zone
of low seismic velocities (both compressional and shear) that has a diameter of 100-200 km and is centered
beneath the Vatnajokull region of southeastern Iceland. Regional tomography indicates that this feature extends
down to at least 350 km. Measurements of seismic anisotropy, which provides information on mantle-flow
directions, provide some evidence for mantle upwelling in this region, but the pattern of flow does not have
the radial pattern expected of simple upwelling. Instead, mantle flow appears to be channeled in some way by
structures associated with the plate boundary. Whether the low velocity anomaly represents a deeply-rooted
plume beneath Iceland is currently hotly-debated. The key issue of whether the low-velocities extend to depths
deeper than 350 km has been addressed with global tomography, but results appear equivocal: some authors see
little evidence in the global tomography for it extending deeper than the bottom of the transition zone (670 km),
but others see it connecting with larger-scale low-velocity features in the lower mantle.

INTRODUCTION Emperor hotspot, occur within old, otherwise-stable
oceanic lithosphere, and are associated with tracks of
islands and seamounts. Others, such as the Yellow-
stone hotspot, occur within continents, and interact

The world’s many hotspots, regions of unusually in-
tense and persistent volcanism, occur in a wide vari-
ety of tectonic settings. Some, such as the Hawaiian-
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strongly with the continent’s thick, sialic crust to pro-
duce explosive volcanism. Still others, like the Ice-
land hotspot, are part of a young, actively-spreading
mid-ocean ridge system that would be volcanically-
active even were the hotspot absent. J. Tuzo Wil-
son (1963) was the first to postulate a relationship be-
tween these hotspots and heat and melt delivery by
mantle convection. This idea was further developed
by Morgan (1971), whose plume-model envisioned
hotspots sitting above narrow zones of convective up-
welling that originated in the lower mantle, perhaps
even the core-mantle boundary. Subsequently, much
effort has been directed towards understanding the
physical structure and chemical processes occurring
in hotspots, and to linking this information to spe-
cific styles of mantle convection. The case for at least
some hotspots being caused by deeply-rooted plumes
is now very compelling. Yet whether such plumes are
responsible for all, or even most, hotspots is less clear.

Iceland is the best-studied of the ridge-centered
hotspots, and among the best-studied of any kind. It
is long-lived and associated with voluminous basaltic
volcanism, having been present on the northern Mid-
Atlantic Ridge since at least the early Tertiary, judg-
ing from the band of thickened sea floor crossing the
North Atlantic that is called the Greenland-Iceland-
Faroe Ridge (White, 1989). We review here the seis-
mological research that has contributed to defining the
nature of this hotspot and identifying the processes
occurring within it. As will become apparent, seis-
mology has contributed to a host of hotspot issues,
such as the configuration of the magma plumbing that
is responsible for delivering basaltic melt to the sur-
face and to the shallow crust; the structure of the
basaltic crust that is the end-product of hotspot vol-
canism; the way that the Mid-Atlantic Ridge is inter-
acting with the hotspot, and, finally to determining
the style of mantle convection beneath Iceland and
whether it conforms to the plume model. As will
also become apparent, seismology has provided few
definitive answers, so far. Even after nearly fifty years
of research, many fundamental issues remain unre-
solved (or at least are hotly-debated) and will require
further reseach.

18 JOKULL No. 58, 2008

EARLY REFRACTION EXPERIMENTS
AND TELESEISMIC STUDIES IN
ICELAND: THE INITIATION OF THE
CRUSTAL THICKNESS DEBATE

Seismic refraction and wide-angle reflection experi-
ments have played an important role in determining
the crustal structure of Iceland (Figure 1). The first
refraction experiment in Iceland, a 250 km long pro-
file in NW-Iceland, revealed compressional veloci-
ties of 3.69-6.71 km/s in the uppermost 17.8 km, in-
creasing to 7.38 km/s at a depth of 18-28 km (Béth,
1960). Bath divided the crust into three layers, de-
termined its thickness to be 27.8 km and pointed out
that the compressional velocity of 6.71 km/s (layer 2)
agreed well with crustal velocities elsewhere in the
N-Atlantic. However, velocities in his third layer cor-
responded to those of the deeper layer of the Mid-
Atlantic ridge, which Ewing and Ewing (1959) con-
sidered to be made up of a mixture of oceanic crust
and mantle and which are now thought to be gabbroic
cumulates.

Tryggvason (1962) used surface wave dispersion
analysis to divide the Icelandic crust into a 10 km
thick, two-layer stack overlying a half-space with a
compressional velocity of 7.4 km/s and a shear wave
velocity of 4.3 km/s. He concluded that the half-
space represented anomalously low-velocity *mantle’.
Tryggvason’s velocity structure was in fact in good
agreement with Bath’s refraction result, but he gave
a significantly different interpretation of material at
10 km depth and deeper, calling it 'mantle’ rather
than ’Oceanic layer 3B’. These two papers thus set
the stage of a long-running controversy about the seis-
mic structure of Iceland: Is the crust thin or thick?
Is the mantle extremely slow (and therefore partially-
molten)?

Pdlmason (1963, 1971), divided Iceland into 5
layers, numbered 0—4, with Layer 4 (V,,=7.2 km/s; 8—
16 km depth) being anomalous (low-velocity) man-
tle. Zverev et al. (1976) used data from the North-
Atlantic Seismic Project (NASP) to analyse the crustal
thickness below the Iceland-Faroe-Shetland region,
and data from two stations in E-Iceland and one sta-
tion at the eastern margin of the Northern Volcanic
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Figure 1. Refraction profiles longer than 50 km on a tectonic map of Iceland (Einarsson and S&mundsson,
1987). Individual plate boundary segments are indicated: RR Reykjanes Ridge, RP Reykjanes Peninsula, WVZ
Western Volcanic Zone, SISZ South Iceland Seismic Zone, EVZ Eastern Volcanic Zone, NVZ Northern Vol-
canic Zone, TFZ Tjornes Fracture Zone, KR Kolbeinsey Ridge. — Stadsetningar bylgjubrotsmeelilina lengri en
50 km d korti Pdls Einarssonar og Kristjdns Semundssonar (1987) af eldstodovakerfum innan gosbelta Islands.

Zone (NVZ) to infer a crustal thickness of 40-60 km
beneath Iceland. Zverev et al. (1976) claimed that
crustal velocities below 8 km/s belonged to the crust
but did not detect reflections, such as P,,P or S,,S,
from the crust-mantle boundary (Moho). Analysing
the same NASP data, Bott and Gunnarsson (1980) de-
tected Moho reflections with apparent phase velocities

of 7.8 km/s, at about 23 km depth below the eastern
coast deepening to 27 km depth at the eastern margin
of the NVZ. They also observed a crustal thickness
of 35 km beneath the Iceland-Faroe Ridge, an east-
west oriented band of elevated sea floor located to the
east of Iceland. As their data came from only two sta-
tions, 35 km apart, it is understandable that they did
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not attempt to revise Pdlmason’s (1971) and Angen-
heister et al.’s (1979) model of Iceland, with its 10 km
thick crust. They left as unexplained why the crustal
thickness along the Iceland-Faroe ridge, which is trace
of Iceland hotspot, should be three times thicker than
above the Iceland hotspot itself.

The 1977 Reykjanes Ridge Iceland Seismic Ex-
periment (RRISP-77) was historically important, be-
cause it was the first experiment to define the transi-
tion from the oceanic crust of the Reykjanes Ridge
south of Iceland to the anomalously thick, subaerial
crust of Iceland itself. The RRISP-77 dataset, es-
pecially as interpreted by Angenheister et al. (1979;
1980) and Gebrande et al. (1980), played a major role
in the development of the first comprehensive model
of the crust-mantle transition beneath Iceland and its
relation to the Iceland mantle plume. These authors
favored a thin crust / hot mantle interpretation of Ice-
land’s seismic structure.

Around this time, the newly-developed World-
wide Standardized Seismographic Network (WW-
SSN) led to significant improvements in global earth-
quake monitoring (e.g. better locations and origin
times). Mantle structure could be probed using P
and S waves from distant earthquakes (teleseisms). P
wave traveltimes from teleseisms to stations in Ice-
land were shown to be systematically long, compared
to the global average (Tryggvason, 1964), implying a
broad region of anomalously slow mantle beneath Ice-
land. Tryggvason’s (1964) model had slow (7.4 km/s)
compressional velocities extending down to a depth of
234 km beneath Reykjavik. Similarly, Francis (1969),
on the basis of anomalously high V,,/V ratios, found
the low-velocity region to extend down to 250 km
depth. Both authors included Pdlmason’s Layer 4 (V,,
=7.2 km/s; 8—16 km depth) to be the top part of this
much larger region of low-velocity mantle. Thus, the
teleseismic data were seen as consistent with Iceland
having a relatively thin (10—15 km) crust. The very
low (<7.4 km.s) mantle compressional velocities can-
not be explained by the effect of high temperatures,
alone. Thus, one important implication of this veloc-
ity model was that the mantle was partially-molten,
perhaps with melt concentrations as high as 10%,
and that this melt was present at relatively shallow
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(10-15 km) depths beneath Iceland. Gebrande et al.
(1980) interpreted late shear wave arrivals observed
on RRISP profiles as verifying the presence of melt,
arguing that the high compressional to shear (V,,/V)
ratio of 1.96 could not be explained by the effect of
temperature, alone.

This model of a relatively thin, 10 to 15 km
thick and thickening with age, oceanic crust overly-
ing a very hot and partially molten mantle, is not at-
tributable to any single author. Instead, over a pe-
riod of 10-15 years, seismological (Tryggvason, 1962,
Angenheister et al., 1980, Gebrande et al., 1980,
Tryggvason et al., 1983), geological (Semundsson
1979), geothermal (Pdlmason, 1971, 1973, 1986; Pdl-
mason and Semundsson, 1979), and magnetotelluric
(Beblo and Bjornsson, 1980, Eysteinsson and Her-
mance, 1985) data were used to explore how the pro-
cesses of plate-tectonic spreading and hotspot mag-
matism interacted.

Angenheister et al., (1980), noting discontinuous
second arrivals from one of the RRISP shots, men-
tioned an alternative interpretation of the data, i.e.,
that the second P arrival, with an apparent velocity
of 7.8 km/s (Gebrande et al., 1980), may indicate a
crustal thickness of 30 km under Iceland. Pavlenkova
and Zverev’s (1981) reinterpretation of the RRISP and
NASP-data favored a crustal thickness of 30 km be-
neath Iceland. However, the alternative model of Ang-
enheister ef al. (1980), and the "lower crust" interpre-
tation of Pdlmason’s Layer 4 by Zverev et al. (1976),
based on NASP-data, and by Pavlenkova and Zverev
(1981), based on both RRISP and NASP-data, was
largely ignored in the subsequent literature.

The difference in data interpretation, discussed
above, persisted in the literature as later surveys
(Zverev et al., 1976; Angenheister et al., 1980; Ge-
brande ef al., 1980; Bjarnason et al., 1993) as well
as reinterpretations of Pdlmason’s data (Flovenz and
Gunnarsson, 1991) all confirmed earlier velocity mea-
surements (compressional velocities of 7.0-7.4 km/s
at depths of 10-30 km), but were interpreted in contra-
dicting ways. Some researchers interpreted compres-
sional velocities higher than 7.0 km/s as anomalously
low-velocity "mantle" (Pdlmason, 1963, 1971; Ge-
brande et al., 1980; Flovenz and Gunnarsson, 1991),



while others interpreted them as lower crustal veloc-
ities (Zverev et al., 1976; Pavlenkova and Zverev,
1981; Bjarnason et al., 1993; Staples et al., 1997;
Menke et al., 1996; 1998; Darbyshire et al., 1998;
Smallwood et al., 1999; Weir et al., 2001).

THE THIN-CRUST VERSUS
THICK-CRUST DEBATE SUBSIDES
WITH NEW DATA

The question of the depth to mantle is, in princi-
ple, equivalent to the question of the thickness of the
crust. Yet the two questions have had a rather decou-
pled history in Iceland, owing to the somewhat dif-
ferent analytical approaches to the underlying seismic
datasets. The idea of crustal thickness is most sensible
when a sharp increase in velocity, or Moho, marks the
boundary between crust and mantle. Hence, crustal
thickness measurements are to some degree related
to the detection of the Moho-reflected compressional
and shear phases, P,,P and S,,S. The South Iceland
Seismic Tomography (SIST) project, a dense, digital
seismic refraction profile across SW-Iceland revealed
a clear wide-angle P, P reflection from a reflector at
a depth of 20-24 km, which Bjarnason et al. (1993)
interpreted as Moho. Still, the controversy regard-
ing the proper interpretation of Pdlmason’s Layer 4
spawned a related controversy regarding whether or
not the reflected phases really represented reflections
from the Moho, as contrasted to some deeper interface
within the mantle (Bjarnason et al., 1994; Gudmunds-
son, 1994).

Menke er al’s. (1996) reinterpretation of the
RRISP-77 profiles identified clear Moho-reflected
phases (both P,,P and S,,S) analogous to the P,,P
phase Bjarnason et al. (1993) had observed in SW-
Iceland. Furthermore, these authors showed that the
late shear wave arrivals observed on RRISP profiles
were the Moho-reflected S,,,S phase, and not S, thus
eliminating the need to invoke high V,/V, ratios (and
correspondingly low shear velocities) in their expla-
nation. It thus became clear that the RRISP data had
indeed provided evidence of a crustal thickness close
to 30 km in central Iceland as had previously been ar-
gued by some authors. More recent refraction surveys
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have confirmed the existence of prominent P,,,P and
SmS reflections, with Moho ranging in depth from
11 km at 62°40°N on zero age crust at the Reykja-
nes Ridge to 21 km in Southwest Iceland (Weir et al.,
2001). Similar crustal thickness (~20 km) is observed
just north of the Hengill central volcano, within the
Western Volcanic Zone, as below the Krafla central
volcano, in the Northern Volcanic Zone (Bjarnason
et al., 1993; Brandsdéttir et al., 1997; Staples et al.,
1997). A marked crustal thickening has been ob-
served towards the center of the Iceland mantle plume
(Menke et al., 1996; 1998; Darbyshire et al., 1998;
Allen, 2001) where the crust is about twice as thick
(38 km) as beneath the Hengill and Krafla central vol-
canoes (Figure 2). The crust also thickens with age
and is close to 35 km thick beneath the ~15 mil-
lion year old central eastern fjords (Staples et al.,
1997). Gravity modelling shows these crustal models
to be consistent with the observed gravity field (Sta-
ples et al., 1997; Darbyshire et al., 1998; Smallwood
et al., 1999; Weir et al., 2001; Gudmundsson, 2003).
Crustal thickness correlates with topographic eleva-
tion in a way that is consistent with an Airy-type iso-
static model of density compensation (Menke, 1999;
Gudmundsson, 2003).

Iceland sits on the slow spreading Mid-Atlantic
Ridge. The Iceland region falls at the extreme end
of such ridges due to its interaction with the Iceland
mantle plume. Iceland has a crustal thickness which is
3-5 times that of "normal’ oceanic crust; it has perma-
nent magma chambers (discussed below) which have
so far only been found in one region along the Mid-
Atlantic Ridge itself (Sinha et al., 1998). However,
the overall pattern of crustal structure and the pro-
cesses that create it closely follow the oceanic norm.

THE SIGNIFICANCE OF SHEAR-WAVE
DATA

Shear wave measurements are particularly relevant to
the question of the presence of melt. Shear waves
cannot propagate through a completely molten layer
and are attenuated very rapidly in regions of partial
melt. For instance, using Mavko’s (1980) estimate of
the shear wave quality factor, Qg=2, for a 3% partial
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Figure 2. Crustal structure of Iceland. (Top left) Surface compressional velocity (mean velocity, 3.65 km/s).
(Top right) Depth below sea level to 5.0 km/s isovelocity surface is a proxy for depth to bottom of extrusive
volcanics (mean depth, 1.6 km). (Bottom left) Depth below sea level to 6.5 km/s isovelocity surface (mean
depth, 3.6 km). Maps created by regridded data compiled by Pdlmason (1971), supplemented with results of
more recent refraction lines (SIST, KATLA, FIRE, ICEMELT, B96 and RISE, Figure 1). (Bottom right) Depth
to Moho (mean depth, 22 km). Maps created by regridding data were compiled by Menke (1999) and Allen
(2001). — Yfirlitsmynd af uppbyggingu jardskorpu Islands sem synir yfirbordshrada P-bylgna, dypi d 5 km/s og

6,5 km/s jafnhraodafleti og heildarpykkt.

melt, the amplitude of a 10 Hz shear wave would be
reduced by an order of magnitude after traveling only
0.5 km. At hot (>800°C) but subsolidus temperatures,
shear wave attenuation should also be high, with qual-
ity factors as low as Qg=20. The ratio of compres-
sional to shear wave velocity, V,/V,, which is diag-
nostic of both high temperature and the presence of
partial melt, should be considerably higher than the
1.76 expected for a normal solid, reaching values in
excess of 1.9 near the solidus.
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From the earliest refraction experiments, regional
shear waves with turning points in the mid- to lower
crust (5—15 km depth), have been observed in Iceland.
Pdlmason (1963) reported V,/V , ratios of 1.79, 1.85,
and 1.80 for crustal Layers 1, 2 and 3, respectively, in
northern and eastern Iceland. These values are some-
what higher than in western (1.72—-1.75) (Tryggvason,
1962), southwestern (1.74—1.79) (Menke et al., 1994;
1996; Weir et al., 2001), central (1.76-1.78) (Dar-
byshire et al., 1998) and northeastern Iceland (1.78)



(Staples et al., 1997). The earlier measuments by Ge-
brande et al. (1980) (excluding those based on mis-
identified S,,S phases) are similar, with V,,/V,=1.76
out to a range of 120—140 km, corresponding to waves
turning in the mid-crust.

One would expect that the V,,/V ratio would in-
crease with depth in the crust, owing to the high
geothermal gradient. Broadband waveform inversions
of local earthquakes in Iceland, find that the V,/V
ratio, averaged for all of Iceland, increases from 1.78
at the surface to about 1.92 at 35 km depth, with the
overall gradient in V,,/V being about 0.004 per km
(Allen 2001; Allen et al., 2002a). This change is pri-
marily driven by the increase of V,, with depth, since
V, remains arroximately constant (3.7-3.8 km/s) for
depths deeper than about 10 km. Tomographic re-
construction of lateral variations in shear velocity in
the mid-crust (i.e. 10 km depth), using waveforms of
regional earthquakes, strongly correlate with crustal
age, with the neovocanic zones being as much as
0.25 km/s slower and the old areas of north west-
ern Iceland being as much as 0.25 km/s faster than
the average value of 3.6 km/s for that depth (Allen,
2001; Allen et al., 2002a). A similar range of veloc-
ities is also at near-Moho (30 km) depths, with the
slowest values being concentrated in a small region
beneath northwestern Vatnajokull and the fastest re-
gions again being in northwestern Iceland. Analogous
tomographic inversions based on Rayleigh wave dis-
persion (Li and Detrick, 2006) show a similar pattern,
though with a somewhat smaller range in variability.

The observed crustal thickness decrease with in-
creasing distance from the center of the Iceland plume
corresponds to a decrease in potential temperature of
the mantle upwelling, from about 1500°C for ~22
km thick crust to about 1375°C for 12 km thick
crust (Bown and White, 1994). Recent measurements
of seismic thickness agree with measurements of ig-
neous thickness deduced from rare earth element in-
versions of the extrusive volcanics (Nicholson ef al.,
1991; White et al., 1992, 1995). Using the model of
Bown and White (1994), a 15-38 km thick crust be-
neath Iceland implies temperatures in excess of 100—
300°C for the plume head if formed by passive adia-
batic decompression melting of the mantle and includ-
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ing a component of active convection in the plume
core. Such a temperature anomaly in the mantle is
in agreement with hot-narrow’ plume models derived
from teleseismic travel-time studies; i.e. models with
about 4% reduction in S-velocity and 2% in P-velocity
within a 100 km wide, cylindrical plume conduit be-
low a wider plume head above 200 km depth (Wolfe
et al., 1997; Allen et al., 1999; 2002b). The man-
tle temperature and oceanic crustal thickness decrease
to normal (~1350°C and 7-8 km respectively) within
1000-1200 km from the plume centre.

SHALLOW MAGMA CHAMBERS
BENEATH ICELAND

Iceland is transected by a multi-branched, slow
spreading plate boundary which, due to its interaction
with the Iceland mantle plume, contains many tec-
tonic features of a fast spreading ridge. The divergent
plate boundary is made up of volcanic systems (axial
rifting segments) consisting of central volcanoes and
their associated fissure swarms and is characterized by
large variations in upper crustal compressional veloc-
ity. Early refraction experiments were not designed
to image active central volcanoes, partly because of
higher attenuation in these regions which made it
more difficult using the insensitive analog equipment
of that time. Prior to the RRISP-77 survey, most of the
profiles were also less than 60 km long corresponding
to raypaths down to a maximum depth of 6-10 km.
No shallow crustal magma chambers were identified
prior to the Krafla rifting episode which commenced
in December 1975 with a small eruption in the center
of the Krafla caldera followed by several lateral intru-
sion events and eruptions, which activiated a 80 km
long section of the Northern Volcanic Zone (Bjorns-
son et al., 1977). The Krafla magma chamber is
currently one of the best surveyed magma chambers
along a slowly-divergent plate boundary.

Einarsson (1978) was the first to use local earth-
quakes recorded during an inflation period, in order to
delineate two regions of high shear wave attenuation
within the Krafla caldera. He inferred the existence
of a shallow crustal magma reservoir at a depth of ap-
proximately 3 km. This magma chamber is smaller
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than the caldera, about 2 km by 7 km, with the long
axis oriented E-W and divided near its top. Its maxi-
mum depth of roughly 7 km was not well constrained.
Brandsdéttir and Menke (1992) performed waveform
studies on earthquakes which originated within the
Krafla caldera during a brief inflation period in July
1988 in order to study the thickness of the magma
chamber. They identified reflections from beneath
the magma chamber which indicated that it was less
than 1 km thick in the central-northern part of the
caldera, but they could not constrain its lateral dimen-
sions. An undershooting experiment across the Krafla
central volcano revealed a velocity structure charac-
terized by large variations in compressional velocity.
A 40 km wide high-velocity dome extends from the
lower crust (11-14 km depth) beneath the volcano
narrowing upward (Figure 3). The magma chamber
sits at its top near 3 km depth. It is defined by both
0.2-0.3s compressional wave delays and shear wave
shadowing to be 2-3 km N-S, 8—10 km E-W, and 0.7—
1.8 km thick in the central part of the Krafla caldera
(Brandsdoéttir et al., 1997). Another undershooting
experiment revealed the existence of a magma cham-
ber, 5 km across, at 3 km depth beneath the Katla cen-
tral volcano (Figure 4) (Gudmundsson et al., 1994).

Doming of the lower crust is observed beneath the
central volcanoes (Pdlmason, 1971; Flévenz og Gunn-
arsson, 1980; Gudmundsson et al. 1994; Brandsdéttir
et al. 1997). Where detected, 1-2 km thick, localised
magma chambers sit on top of these high-velocity
domes, at around 3 km depth, i.e. approximately at the
level of buoyant equilibrium for basaltic melt within
the crust. The domes likely consist of olivine-rich cu-
mulates, formed at the base of magma chambers and
subsequently advected downward and outward during
the spreading process. The magma chambers in Ice-
land are thus different from those on the Mid-Atlantic
Ridge itself (Sinha ef al., 1998) where a thin axial
melt lens is underlain by a zone of lower velocities, in-
terpreted as crystalline mush containing partial melt.
The height of the high-velocity domes most likely re-
flects their evolutionary stage and their volume is in-
dicative of their lifespan. For instance, the 33 km
wide Krafla dome may be at least 1.8 million years old
based on a 0.9 cm/year half spreading rate (Brands-
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déttir et al., 1997). The high-velocity anomaly is also
observed, but weaker, beneath the neighboring Peista-
reykir and Fremri-Ndmur central volcanoes. Krafla,
being at a higher evolutionary stage than its neigh-
bors, may therefore be a more significant source of
lower crustal rocks (Menke et al., 1998). The crustal
magma chambers are intermittently replenished dur-
ing rifting episodes and act as buffers on the magma
upwelling from the mantle as they regulate the magma
residence time within the plumbing system, the rate
and volume of magma output, and alter the compo-
sition of the magma. Central volcanoes thus play a
mayjor role in crustal genesis along the plate boundary.

THE MODERN IMAGE OF THE CRUST
AND UPPERMOST MANTLE BENEATH
ICELAND

Today, our image of the Icelandic crust is that of a rel-
atively cool (subsolidus), 20-40 km thick crust, dot-
ted by high-velocity upper crustal domes beneath both
extinct and active eruptive centers, and with many of
the active eruptive centers containing small, shallow
magma chambers. Whereas large variations are ob-
served in upper crustal velocities (0-15 km), lower
crustal velocities are more uniform (Pdalmason, 1971;
Allen et al., 2002a) and characterized by large-scale
undulations in the vicinity of the neovolcanic zones
(Figure 5). The upper/lower-crustal interface is de-
fined by an abrupt change in velocity gradients from
0.25-0.57 s~ ! t0 0.024-0.05 s~ ! (Flévenz, 1980; Sta-
ples et al., 1997; Weir et al., 2001). Intermediate
gradients of 0.15 s~! are also observed beneath the
central part of the Reykjanes Peninsula (Weir et al.,
2001).

Local earthquake depths are in accordance with
the lower crust being ductile as they are mostly con-
fined to the uppermost 10 km (Einarsson, 1991; Stef-
ansson et al., 1993). Stefansson et al. (1993) re-
ported hypocenters down to 6—8 km depth beneath the
plate boundary at Hengill deepening to 12 km along
the South Iceland Seismic Zone. Deeper events ob-
served locally beneath active volcanoes, Eyjafjalla-
jokull (Gudmundsson et al., 2001) and in the vicinity
of Askja (Soosalu et al., 2007) have been attributed



to magma upwelling. Assuming that the deepest
hypocenters observed so far mark the brittle-ductile
transition, one can on the basis of all earthquakes
recorded in Iceland during the last 25 years, infer that
the seismogenic crust has a maximum thickness of
12—15 km and is generally thinner within the Neovol-
canic Zones.

Observed shear wave attenuation beneath Iceland
is also much lower than would be expected for a near-
solidus lower crust. Menke and Levin (1994) re-
ported lower crustal shear wave quality factors (Qg)
of 150-225 for paths across central western Iceland
and Qg=300 for paths in southwestern Iceland, val-
ues which indicate that the temperature of the lower
crust is at least 250-325°C below the solidus of gab-
bro. Regions of estremely high shear wave attenua-
tion appear to be very localized. Thus, for example,
S S phases are clearly visible for some paths through
the crustal volume below the Krafla magma cham-
ber, even though the more shallow diving S waves are
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severely attenuated by the magma chamber itself.

As identification of mantle refracted phases (P,
and S,,) requires data from denser arrays than is pro-
vided by the Iceland seismic network, a limited num-
ber of mantle phases have been observed beneath cen-
tral Iceland. A few regional earthquakes recorded on
temporary arrays indicate that most of the energy is re-
flected at the crust/mantle boundary and only a small
fraction is transmitted into the mantle. Bjarnason et
al. (1993) reported an apparent Moho refractor ve-
locity of 7.6-7.7 km/s beneath SW-Iceland whereas
Menke et al. (1998) observed apparent P,, and S,, ve-
locities of 8.004+0.10 km/s and 4.3140.04 km/s, re-
spectively (Vp/Vg=1.851+0.02), beneath central Ice-
land indicating that the uppermost mantle is also sub-
solidus and P,, and S,, velocities of 7.66+0.04 km/s
and 3.96£0.04 km/s along the Kolbeinsey Ridge, off-
shore N-Iceland (V p/Vs=1.93). Allen et al., (2002b)
using 40 S,, paths from six regional earthquakes and
teleseismic surface waves obtained S,, phase veloci-
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7.0 km/s
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75 150
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Figure 3. Crustal structure across the Krafla volcanic system along the FIRE refraction profile, NE-Iceland.
Adapted from Brandsdottir et al. (1997). See Figure 1 for location of FIRE profile. — Uppbygging jardskorp-
unnar d FIRE meelilinunni yfir Kroflu og Nordausturland. Stadsetning linunnar er synd d 1. mynd.
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Figure 4. Crustal structure across the Katla volcanic system, S-Iceland. Adapted from Gudmundsson et al.
(1994). See Figure 1 for location of profile. — Uppbygging jardskorpunnar undir Kotlu og Myrdalsjokli. Stao-

setning meelilinunnar er synd d 1. mynd.

ties ranging from 3.9—4.5 km/s at 50 and 100 km depth
beneath Iceland with an average of 4.1 km/s. Inter-
estingly, observed S,, velocities across western Ice-
land are significantly lower, in spite of similar crustal
age, than across eastern Iceland. As shear S,, ve-
locity of 4.18 km/s has been thought to characterize
peridotite just below solidus (Nishimura and Forsyth,
1989), so S,, velocity values for the mantle offshore
northeastern Iceland and beneath western Iceland in-
dicate hotter and perhaps even partially molten condi-
tions. Hence the top of melting may be at shallower
depths there.

Although the refraction measurements may be biased
by dipping mantle structure and the surface wave in-
versions by upper mantle velocity anisotropy they
nevertheless provide some insight into the thermal
state of the uppermost mantle indicating that a high-
velocity mantle lid may be separating the crust from
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the melting region beneath central and eastern Ice-
land. These results are also in agreement with Menke
and Sparks’s (1995) prediction of a "'mantle-lid” above
the zone of partial melt. Their model places the top
of mantle melting about 25 km below Moho. Fur-
ther support for a mantle lid is presented by Rayleigh-
wave inversions providing higher mantle velocities
(4.0-4.1 km/s) in the uppermost mantle (40-60 km
) beneath Eastern and Western Iceland and lower vel-
ocities under central Iceland (Li and Detrick 2006).
Using more than 3000 Rayleigh waveforms
recorded at stations in Iceland, Greenland and Eu-
rope, Pilidou et al. (2004) imaged a roughly cir-
cular, 1000 km wide plume head at 75 km depth
beneath Iceland spreading out at 100 km depth to
2000 km along axis while narrowing to 600 km across
axis. Their plume has a nearly constant Sy veloc-
ity of 4.1£0.05 km/s. Using a higher resolution
dataset from stations in Iceland Li and Detrick (2006)
observed a low-velocity zone (Sy velocity of 3.9—
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Figure 5. Crustal structure along the B96 refraction profile, N-Iceland, based on both refraction and earthquake
data (Top). A close-up of uppermost crustal structure along the seismic array (Below). Adapted from Menke
et al. (1998). See Figure 1 for location of B96 profile. — Uppbygging jardskorpunnar d B96 meelilinunni eftir
Bdroardal og norour d Tjornes. Stadsetning meelilinunnar er synd d 1. mynd.
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4.1 km/s) at 60—120 km depth beneath the volcanic
zones, interpreted as mantle material being channelled
along the divergent plate boundary. Rayleigh-wave
inversions reveal an average mantle shear velocity
structure beneath Iceland compatible with velocities
at the East Pacific Rise (Nishimura and Forsyth, 1989)
and Reykjanes Ridge (Gaherty, 2001).

Shear wave splitting measurements of teleseis-
mic SKS waves reveal seismic anisotropy caused by
a complex upper mantle flow beneath Iceland. The
pattern of anisotropic fast directions, which are prox-
ies for mantle flow directions, are not consistent with
either a corner-flow model of mantle upwelling that
would be characteristic of a normal mid-ocean ridge
or a radial-divergence pattern that would be character-
istic of a plume. Splitting patterns at the ICEMELT
and HOTSPOT stations exhibit both azimuthal and
vertical variations that are being interpreted as caused
by lithospheric plate shear relative to return mantle
flow (Bjarnason et al., 2002), plume-influenced man-
tle being preferentially channeled along the divergent
plate boundary at depths greater than 50 km and N-S
oriented mantle flow at greater depths (Li and Detrick,
2003) and northwestward flow from the upwelling
axis beneath Iceland (Xue and Allen, 2005). Thus all
three of these studies invoke splitting observations in-
consistent with radial flow of material beneath Iceland
in favour of different versions of ridge channeled flow
to explain the pattern of anisotropy.

THE ENIGMA OF HOW ICELAND’S
STEEP MOHO TOPOGRAPHY IS
SUSTAINED

The Moho descends from a depth of 11-14 km along
the northermost Reykjanes Ridge to about 20 km in
southwest Iceland (Bjarnason et al., 1993) and 39 km
in central Iceland (Darbyshire et al., 1998) over a
total distance of only 250 km, implying an average
dip of about 6°. Similar dips occur offshore north-
ern Iceland where the crust thickens from 9-12 km
along the southernmost Kolbeinsey Ridge to 25 km
on land (Hooft et al., 2006). Locally dips are even
higher, with Menke’s (1999) Moho depth compila-
tion implying dips of 10-12° in a few places (e.g.
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the southern end of the eastern neovolcanic zone, Fig-
ure 2). One might expect that this Moho topography
would tend to collapse over time, especially given the
low crustal viscosities implied by the shallow maxi-
mum depth of earthquakes (Stefansson et al., 1993)
and by the crust’s rapid geodetic response to rifting
events (Pollitz and Sacks 1996), in manner similar to
the now well-documented collapse that is occuring in
Tibet (Royden and Burchfiel, 1987). Such collapse,
if it were occuring, might be expected to be associ-
ated with extensional faulting around the periphery of
Iceland, yet no such pattern is observed.

THE PLUME DEBATE; WHAT WE SEE
AND WHAT WE DON’T

Improved seismic instrumentation and advanced com-
puting have facilitated the development of new data
analysis techniques for the mantle structure beneath
Iceland. These tomographic imaging efforts fall into
two broad classes: whole-mantle tomography using
a global distribution of earthquakes and seismome-
ters, where the Iceland region is just one small part
of the overall image; and regional tomography using
a global distribution of earthquakes but seismometers
confined to the Iceland region. Each technique has
advantages and disadvantages. Whole-mantle tomo-
graphy is better able to correct for the biasing effect
of mantle heterogeneities that are outside of the Ice-
land region, but may have a resolution controlled by
poorly-observed parts of the Earth that are far from
Iceland. Regional tomography is more affected by
unmodeled near-source mantle heterogeneity, and is
limited to the upper mantle (typically <600 km), but
usually has higher resolution at least in the upper 300—
400 km.

All major whole-mantle and regional tomographic
studies indicate that the mantle beneath Iceland con-
tains a low-velocity structure that is roughly cylindri-
cal in shape and with a sub-vertical long axis that
corresponds to the plume. However, the shape of
the plume differs considerably beween these different
studies, often in ways that have major impact on geo-
dynamic interpretations of plume dynamics, and these
difference have engendered substantial debate. Key to



unravelling these issues is understanding which plume
characteristics are tightly-constrained by the tomo-
graphy, and which are merely not-inconsistent with
them.

Whole-mantle tomographic studies differ in their
support for a deep-mantle origin and shape of the
Iceland plume. Bijwaard and Spakman (1999) use
whole-mantle P-wave traveltime tomography to map
the low-velocities below Iceland, and infer an unsta-
ble, bent plume with a diameter ~500 km, rising from
a broad root zone (>1000 km) near the core-mantle
boundary and culminating in a plume top with a diam-
eter of 1200 km. In contrast, Montelli er al. (2004),
using finite-frequence tomography, argued that the
plume extends at most to 1000 km depth. Also us-
ing finite-frequency sensitivity kernels to image the
upper mantle structure Hung et al. (2004) illuminated
the mantle low velocity structure to extend at least to
the base of the transition zone. Additional shear-wave
tomography (Montelli ez al., 2006) revealed a separate
plume within the lower mantle (below 1450 km) sug-
gesting a pulsating plume beneath Iceland in line with
Helmberger et al. (1998) and Zhao (2001), petrol-
ogy (O’Connor et al., 2000) and geodynamical mod-
eling (Ito, 2001). Zhao (2001) imaged an hourglass
shaped upper-mantle plume beneath Iceland, narrow-
est at the transition zone and a lower mantle plume
(1800-3000 km) deflected westwards, towards Green-
land. Both Zhao (2001) and Montelli ez al. (2006),
detect a plume head within the upper-mantle being
channelled along the Reykjanes Ridge and Kolbeinsey
Ridges. Zhao (2004, 2007) argues for some connec-
tion between the Iceland and Jan Mayen plumes, sug-
gesting that they are fed by the same deep-mantle
source. On the other hand, no such connection is evi-
dent in Montelli et al.’s (2006) images.

Regional tomography has been applied to Ice-
land starting with an early study by Tryggvason et al.
(1983), which was based on P wave traveltimes mea-
sured off paper seismographic recordings, but which
clearly detected the low-velocities in the shallow Ice-
landic mantle and demonstrated that they were con-
centrated beneath the center of the island and ex-
tended to several hundred kilometers depth. Two
notable studies using modern, digital seismometers
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are those of the ICEMELT experiment (Wolfe et al.,
1997) and the HOTSPOT experiment (Allen, 2001;
Allen et al. 2002a). These studies show clear com-
pressional and shear low-velocity anomalies within
the uppermost mantle, centered beneath the Vatnajok-
ull region of E-Iceland, with the percent reduction in
shear velocity being about twice that of compressional
velocity. The depth extent of the upper-mantle plume,
thinning of the mantle transition zone beneath Iceland
(Shen et al., 1998) and the tilt of the plume (Shen et
al., 2002) has, however, been questioned (Foulger et
al.,2001; Du et al., 2006).

Determinations of the shape of the plume are
hampered by the limited resolution of regional tomo-
graphy. Menke (2005) examined the generic prob-
lem of imaging plume-like structures with regional
tomography. He argues that, even under ideal cir-
cumstances the depth-distribution of velocities within
a more-or-less cylindrical plume is very poorly con-
strained. Allen and Tromp (2005) examine the spe-
cific case of the Icelandic plume, and especially the
observational geometries used by the HOTSPOT ex-
periment and the ICEMAN velocity model (Allen
2001) that resulted from it. They verified that ICE-
MAN is one of a set of possible solutions, and fur-
thermore show that all acceptable solutions must have
a plume that extends to a depth of at least 350 km
and must have horizontal widths between 100 and
200 km. The velocity contrast of the plume model re-
flects its width, with the 200 km wide plumes requir-
ing compressional and shear wave amonalies of only
-2% and -4%, respectively, but the 100 wide plumes
requiring very much larger anomalies of around -10%.
Thus while the evidence for a plume-like low-velocity
structure in the shallow mantle beneath Iceland is very
strong, its depth extent and whether it is indeed con-
tiguous with deeper mantle structure is as yet unclear.

FUTURE TASKS

The structure of the lower crust and uppermost mantle
beneath Iceland is still poorly resolved. Shear-wave
splitting times of 0.1-0.3 s obtained from local earth-
quakes originating within the uppermost 10 km of
the crust, and caused by near-surface tension cracks
(Menke et al., 1994) are still being used as a proxy
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for whole crustal contribution to observed splitting
of teleseismic events. We need to assess the magni-
tude of anisotropy within the lower crust, as might be
caused by the effect of lower-crustal flow on pyrox-
ene alignment, and upper mantle lid beneath Iceland
as well as effects of a multi-branched plate bound-
ary in order to obtain more detailed constraints on
upper mantle flow. Furthermore, as results from ex-
perimental studies indicate that water induces fabric
transitions within the olivine lattice (Jung and Karato,
2001; Kaminski 2002) and melt percentage as well as
strain influences their orientation as well (Holtzman et
al., 2003) we need to assess the amount of water and
state of stress within the uppermost mantle. A broad-
band ocean bottom seismic survey within the North
Atlantic near Iceland is needed in order to put further
constraints on various physical properties of the man-
tle beneath the North Atlantic, compatible with seis-
mic and geodynamic constraints. Only through these
efforts we will be able to address many fundamental
questions of mantle dynamics.

We have successfully monitored the accumulation
of magma in shallow crustal reservoirs and the move-
ment of this magma along the plate boundary dur-
ing periods of rifting and magmatism. However, we
have not been able to identify magma feeding zones
within the lower crust (although recently recorded
deep earthquakes beneath the Askja central volcano
and Upptyppingar are thought to be caused by melt
movement (Soosalu et al., 2007; Jakobsdottir, 2008)
or deeper seated batches of magma. The mechanism
of melt transport through the lower crust thus remains
a mystery. Is it continuous with time or are we look-
ing at intermittent melt injections in association with
episodic rifting of the plate boundary? The effects of
repeated ridge jumps towards the center of the Ice-
land plume on crustal generation are also difficult
to encompass with the currently available data. Fi-
nally, the geodynamic and geochemical interactions
between the plume and the segregated plate boundary
need to be studied in both space and time. Together
with Iceland, the Reykjanes Ridge and the Kolbeinsey
Ridge provide a promising natural laboratory for de-
veloping a comprehensive model of the dynamics of
hotspot-ridge interactions.
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AGRIP
Uppbygging jardskorpu Islands

Hér eru raktar kenningar um uppruna og préun jard-
skorpunnar undir fslandssvadinu, sem byggdar voru
4 mismunandi tilkun meligagna dr bylgjubrots- og
jardskjalftamelingum. Sagan spannar fimm dratugi.
Fyrstu bylgjubrotsmalingarnar 4 Islandi voru gerd-
ar sumarid 1959 (lina BATH, 1. mynd) med pad ad
markmidi ad skyra hvort undir landinu legju leif-
ar af meginlandi eda hvort Islandsskorpan vari svip-
ud tthafsskorpunni. A pessum tima hofou dyptar-
og endurkastsmelingar, dsamt hitafledismalingum
og kjarnatbku vida um tthofin stadfest tilvist ut-
hafshryggjanna og gjorbylt heimsmynd jardfredinn-
ar. Arid 1959 birtist einnig fyrsta kortid af upptskum
jardskjalfta 4 Mid-Atlantshafshryggnum og grein um
bylgjuhrada i dthafsskorpunni { Nordur-Atlantshafinu,
m.a. sunnan og austan Islands.

Nidurstodur linu BATH, leiddu { 1j6s svipad-
an hljodbylgjuhrada og { tuthafsskorpunni umhverf-
is landid, en bentu til pess ad fslandsskorpan veri
mun pykkari. Endurkost 4 28 km dypi voru talin
marka botn priggja laga jardskorpu en tthafsskorp-
an er ad medaltali um 8 km pykk. I kjolfar frekari
melinga reis dgreiningur um hvort nedsta lagid til-
heyrdi jardskorpunni eda méttlinum, hvort undir Is-
landi veri afbrigdilegur laghradaméttull undir 10-15
km pykkri jardskorpu eda hvort Islandsskorpan, pritt
fyrir ad vera tthafsskorpa, veri dlika pykk og megin-
landsjardskorpa vegna aukins uppstreymis mottulefn-
is. Pessi dgreiningur leystist ekki fyrr en med tilkomu
stafreenna gagna, rimlega premur dratugum seinna.

[ dag rikir almenn sétt um pykkt jardskorpunn-
ar undir Islandi og dgreiningurinn beinist ad mottl-
inum. Bylgjubrotsmalingar sidustu tvo dratugi syna
ad skorpan er pykkust undir midju landsins, allt ad
40 km, en pynnst, um 20 km, undir gosbeltunum
(2. mynd), { g6du samremi vid bergfredileg likon.



Pykknun jardskorpunnar er almennt talin afleiding
aukins uppstreymis mottulefnis (mottulstréks). Rekja
md hrif mottulstréksins frd Islandi eftir Islands-
Grznlands- og Islands-Fzreyjahryggnum, aftur til
opnunar Atlantshafsins fyrir um 60 milljénum dra.
Einnig um 1000 km sudur eftir Reykjaneshrygg, og
meira en 500 km nordur eftir Kolbeinseyjarhrygg.
Takmorkud gogn og adferdir til greininga 4 uppsprettu
stroksins koma p6 enn { veg fyrir ad hegt sé ad greina
nedri hluta hans, p.e. nedan 670 km dypis.

ftarlegri mynd af uppbyggingu Islands gefur til
kynna ad pratt fyrir heerra hitastig 1 nedri hluta skorp-
unnar og efsta hluta moéttulsins undir gosbeltunum er
kvika ekki til stadar { greinanlegu magni utan meg-
ineldst6dvanna. Bylgjubrotsmalingar hafa leitt 1 1jés
grunnsted kvikuhdlf undir Kréflu (3. mynd) og Kotlu
(4. mynd) ofan 4 hdhradastrompum (innskotum) tr
nedri hluta skorpunnar. Grunnsted kvikuholf hafa
ennfremur mikil dhrif 4 hitastigul jardskorpunnar og
kynda hdhitasvadi landsins. Innan strompanna ner
edlispyngri kvika til yfirbords en utan peirra. Breyti-
leika { uppbyggingu efri hluta jardskorpunnar md enn-
fremur rekja til peirra gosbelta sem skorpan mynd-
adist 1, hvort par hafi verid rekbelti og hversu ndlegt
megineldstod skorpan hafi ordid til (5. mynd).

Mikilvegum spurningum vardandi edliseiginleika
jardskorpunnar og méttulsins er pé enn dsvarad. Afla
parf frekari gagna til pess ad hegt s€ ad meta hita-
astand nedri hluta skorpunnar, hversu hdtt hlutfall
kviku situr innan hennar og hvernig hin hnigur med
tfima. Samtilka parf fyrirliggjandi nidurstodur ym-
issa jardefna-, og jardedlisfreedilegra melinga til pess
auka skilning okkar 4 pvi hvernig kvikan rfs frd mottl-
inum, um skorpuna, til yfirbords. Préa parf nyjar ad-
ferdir til greininga 4 kvikustreymi. Ztla verdur ad
pessum spurningum verdi ekki svarad nema med sam-
tilkun gagna af 6likum svidum jardvisinda.
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