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Iceland, one of the most thoroughly investigated hotspots'?, is generally accepted
as the manifestation of an upwelling mantle plume®, yet whether the plume
originates from the lower mantle or from a convective instability at a thermal
boundary layer between the upper and lower mantle near 660 km depth®® remains
unconstrained. Tomographic inversions of body wave delay times show that low
seismic velocities extend to at least 400 km depth beneath central Iceland”®, but
cannot resolve structui'e at greater depth. Here we report lateral variations in the
depths of compressional-to-shear wave conversions at the two seismic
discontinuities marking the top and bottom of the mantle transition zone beneath
Iceland. The transition zone is 20 km thinner than in the average Earth’ beneath
central and southern Iceland but is of normal thickness beneath surroundfng
areas, a result indicative of a hot and narrow plume originating from the lower
mantie.

Observational constraints on the deep structure of plumes are sparse, with only one report of
the detection of a narrow plume conduit at a depth of about 700 km (ref. 10). A new approach to
address the question of the depth of origin of mantle plumes is to map the mantle seismic
discontinuities near 410 and 660 km depth, features that have been identified with the transitions

from the o to the B phase of (Mg,Fe),SiO, and from y-(Mg,Fe),SiO, to perovskite plus



magnesiowustite'', respectively. The depths to the 410- and 660-km discontinuities respectively
increase and decrease with increasing temperature and thus provide information on lateral
temperature variations and associated mantle circulation patterns. As sketched in Figure 1, lateral
variations in the discontinuity depths can be diagnostic of the depth of origin of mantle plumes.

The data used in this study are receiver functions'® derived from body wave records of
teleseismic earthquakes from the broadband ICEMELT seismic network' and the permanent
Global Seismographic Network (GSN) station BORG on Iceland (Fig. 2). The calculation of
receiver functions follows procedures previously described™.

To image lateral variations in seismic discontinuities, we use geographic binning of receiver
functions'. At a given binning depth beneath Iceland and the surrounding area, we divide the
horizontal plane into overlapping square patches (200-by-200 km?, Fig. 2), comparable in
dimension to the Fresnel zone of a P660s phase (Pds denotes a P-to-S conversion at depth d) of
frequency 0.1-0.3 Hz at the conversion depth. Each patch overlaps two thirds of its area with
adjacent patches. For every 10-km increment in binning depth from the surface to 1200 km,
receiver functions having Pds paths that pierce the same patch are gathered (Fig. 2), corrected for
moveout to a reference ray parameter of 0.0573 s/km (ref. 14), and stacked using an n-th root
method'® (n = 2) in the time window corresponding to the given binning depth interval.

The stacked receiver functions clearly reveal arrivals corresponding to the 410- and 660-km
discontinuities (Fig. 3). There is no evidence for a coherent P-to-S conversion from near 520 km
depth'’. North of Iceland, variations in P410s and P660s times are positively correlated and
comparable in magnitude (Fig. 3b). Such a positive correlation reflects velocity heterogeneities
shallower than the 410-km discontinuity because of the nearly identical paths of P660s and P410s
over that depth interval. P660s-P410s differential times, which provide information on the
thickness of the transition zone, are not sensitive to heterogeneities shallower than the 410-km
discontinuity and are similar to that predicted by the iasp9] global model’ (Fig. 3b). The positive
correlation between P40s and P660s times breaks down beneath central and southern Iceland

(Figs. 3c and 3d), where observed P660s-P410s differential times are less than that predicted by



iasp91 by as much as 2.2 s. We applied corrections for velocity heterogeneity in the upper 400 km
using P and S tomographic models® and for Pds shear-wave splitting using the results from SKS
splitting analysis'®. Station terms in the tomographic models® are incorporated, under the
assumption that they reflect a uniform contribution from the upper 100 km. These corrections do
not change the general pattern of differential times and only partially remove the effects of velocity
heterogeneity (Fig. 3b), because the tomographic inversions underestimate the magnitude of the
velocity anomalies®.  Stacks of randomly selected receiver functions (see Suplementary
Information) show significantly less coherence for the converted phases than the correctly binned
stacks, indicating that the observed discontinuity structure is real.

The mantle transition zone thickness beneath central and southern Iceland implied by the
P660s-P410s differential times is less than beneath surrounding areas by about 20 km. The
location and east-west dimension (400 km) of the region of the thinner and therefore hotter than
normal transition zone (Fig. 4) are generally consistent with the location and diameter of the low-
velocity anomalies at 300 km depth imaged in the tomographic models®. The mantle transition
zone thickness beneath the areas surrounding central and southern Iceland is comparable to that of
the iasp91 model’. Obser‘vations of long-period SS precursors'’ indicate that the mantle transition
zone in most oceanic areas is unlikely to be significantly thicker than in iasp9I. This inference
provides a basis for a discussion of the depth of origin of the Iceland plume.

The combination of a thinner transition zone beneath central and southern Iceland and a normal
transition zone beneath surrounding areas is contrary to models in which the plume originates from
an instability in a boundary layer at the base of the upper mantle as a result of regional heating from
below'®? (Fig. 1c). Numerical and experimental studies have shown that the horizontal extent of
the portion of the boundary layer supplying the thermal and mass flux at a plume is much greater
than the diameter of the plume conduit”; in particular, the area of a conductive boundary layer 50-
100 km thick supplying the plume would have to be 1000-2000 km in horizontal extent to match
the excess heat flux at Iceland”. A broad boundary-layer instability (Fig. 1c) having an excess

temperature of 150-200 K (ref. 2) would reduce the depth of the 660-km discontinuity and the
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transition zone thickness by 8-10 km (0.8-1.0 s differential P660s-P410s time) over a broad
region, inconsistent with the normal transition zone thickness observed beneath the areas
surrounding central and southern Iceland.

The thinner transition zone appears to be circular within the mapped area and does not follow
the geometry of the Mid-Atlantic Ridge (Fig. 4). This pattern suggests that a thinner transition
zone is not a general feature of mid-ocean ridges. In support of this observation, receiver
functions from seafloor seismic stations on the southern East Pacific Rise” show that the average
thickness of the underlying mantle transition zone is comparable to iasp91. Precursors to §S
waves reflected beneath the northern East Pacific Rise show no significant difference in the
transition zone discontinuity depths beneath seafloor younger than 10 Ma and those beneath older
seafloor™. Although the transition zone thickness beneath the area southeast of Iceland remains to
be mapped and we cannot fully rule out the possibility of a larger, regional anomaly, the fact that
the thinner transition zone underlies the column of low seismic velocities in the tomographic
models® and does not follow the ridge geometry suggests that the thinner transition zone is
associated with the Iceland mantle plume.

Several lines of evidence, including tomographic images of subducting slabs penetrating the
lower mantle in some areas® and the localized depression of the 660-km discontinuity beneath

26,27

subduction zones™*’, argue against a global thermal boundary layer above the 660-km
discontinuity. Under two-layer mantle convection scenarios, upwelling beneath spreading ridges
would entrain anomalously hot material from such a boundary layer® and result in a deeper than
normal 410-km discontinuity and a thinner than normal transition zone in the upwelling column,
contrary to a normal mantle transition zone thickness beneath most ridges. For strongly-layered
mantle convection models in which the depth of the 660-km discontinuity is nearly constant™’
(Fig. 1b), the low seismic velocities in the upper 400 km (ref. 8) and the thin and anonamously hot
mantle transition zone beneath central and southern Iceland would result in greater delays to P660s

arrivals in those areas, contrary to observations that P660s times beneath central and southern

Iceland are less than beneath adjacent areas, except near the eastern and northern edges of the



mapped region (Fig. 3c and 3d) where relatively faster average upper mantle velocities along the
paths of the converted phases appear to be present. Although the imaged discontinuity topography
is affected by no correction or an undercorrection for velocity heterogeneity, corrections using
seismic models with a narrower mantle plume and a larger velocity anomaly® and including delays
expected from higher than normal temperatures of a plume in the transition zone beneath central
and southern Iceland (about 0.2 s per 100 K excess temperature) would only further enhance the
relief of the shallower apparent depth of the 660-km discontinuity and reduce the transition zone
thickness beneath central and southern Iceland.

Our observations are therefore most consistent with a lower mantle origin for the Iceland plume
(Fig. 1a). The variation in the depth to the 660-km discontinuity beneath Iceland is also consistent
with our premise that the observed discontinuity corresponds to a mineralogical phase boundary,
rather than a chemical boundary, since a chemically stratified boundary between the upper and
lower mantle would be deflected by as much as several hundred kilometers by an upwelling
plume'*? from the lower mantle. For Clapeyron slopes of 2.9 and -2.1 MPa/K for the 410- and
660-km discontinuities”, the 20-km lesser than normal transition zone thickness beneath central
and southern Iceland is eqﬁivalent to an excess temperature of 150 K, a result in good agreement
with estimates of the thermal anomaly at the depth of melt generation (<200 km)®. The inferred
excess temperature (150 K) and radius of the plume (200 km) should be regarded as Jower and
upper bounds, respectively, because the finite sizes of both the Fresnel zones of the converped
phases and the patches used for stacking tend to smooth lateral variations in discontinuity depths
(see Supplementary Information). These values nonetheless provide strong support for models of
a hot and narrow plume penetrating the mantle transition zone beneath Iceland and against models

in which the plume is broader (radius > 300 km) and of lesser excess temperature (AT = 70 K)*.
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Figure 1 Variations in the depths of the 410- and 660-km phase boundaries can distinguish three
genéralized, end-member scenarios for mantle plumes, here depicted schematically. Horizontal
dashed lines denote 410 and 660 km depth. The seismic discontinuities associated with the phase
changes are shown as thick lines. The shaded regions represent hotter-than-normal mantle material
associated with plumes; the stippled regions represent hot lower mantle material. (a) Under the
scenario in which a plume originates from the lower mantle®, the depths to the 410- and 660-km
discontinuities are deeper and shallower than normal, respectively, but only in the immediate
vicinity of the plume conduit. (b) In one type of strongly-layered mantle convection scenario,
plumes arise from instabilities in a global thermal boundary layer at the base of the upper mantle
marked by the 660-km phase boundary, and lateral variations in temperatures at the base of the
boundary layer are generally less than the excess temperature of the plumes™’. The depth to the
660-km discontinuity is thus nearly constant and, by definition, that of the average Earth’. The
410-km discontinuity is deeper than normal in the vicinity of the plume conduit. (¢) In another
type of layered-mantle convection scenario, plumes arise from regions of the boundary layer at the
base of the upper mantle that are heated by the underlying lower mantle”. The horizontal extent of
the portion of the boundary layer supplying the plume is much greater than the diameter of the
plume conduit, reducing the depth of the 660-km discontinuity, and thus the thickness of the

mantle transition zone, over a broad region.

Figure 2 Locations of the piercing points of P660s ray paths at the 660-km discontinuity
(crosses) and the P660s ray paths (lines) from the central patch (gray square) té the ICEMELT
seismic stations and the GSN station BORG (dots). The Icelandic coast and the Reykjanes and
Kolbeinsey ridges are represented by regional bathymetry at 1-km contours. A total of 1560 pairs

of radial and transverse receiver functions sample the discontinuity.



Figure 3 Images of P410s and P660s in stacked receiver functions. P660s-P410s differential
times indicate an anomalously thin transition zone beneath central and southern Iceland. (a)
Locations of the profiles of receivér functions stacks. (b) The left-hand and middle panels display
relative amplitudes of receiver function stacks along an east-west profile north of Iceland. Red and
yellow colors respresent positive and relatively higher amplitude arrivals. Note that the n-th root
stacking'® amplifies weak signals in noisy data, but does not preserve amplitudes and waveforms.
The vertical axis is the time after the compressional wave (P) arrival. Receiver functions are
uncorrected (left panel) or have been corrected (middle panel) for the splitting of the converted
phases and velocity heterogeneity in the upper 400 km. P660s-P410s differential times (right
panel) are similar to that predicted for the iasp9] global model’ (23.9 s, blue horizontal line) for
both corrected (red circles) and uncorrected (black circles) receiver functions. The P410s and
P660s times, the differential times, and their 1-G errors are estimated using a bootstrap method™.
The relative amplitudes of identified P410s and P660s phases are greater than twice the levels of
similarly processed and stacked records of noise immediately prior to the corresponding P arrivals.
A 1-s change in differential time is equivalent to about a 10-km change in the transition zone
thickness. (¢) An east-west profile through central Iceland. (d) A north-south profile through

central Iceland.

Figure 4 Map view of differences between the observed P660s-P410s differential times and the
value predicted for the iasp91 model’ underscores the localized nature of the anomaly. Receiver
functions have not been corrected for shear-wave splitting or velocity heterogeneity in the upper
400 km; such corrections do not change the general pattern of differential times (Figure 3 and see
Supplementary Information). Red and yellow colors indicate significantly smaller differential
times (thinner mantle transition zone) than in iasp91, while blue colors denote normal or somewhat
greater differential times (normal or slightly thicker mantle transition zone). The images have been

smoothed by a two-dimensional, 5-point moving average.
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Supplementary Information

Figure S1 Images of P410s and P660s and P660s-P410s differential times in stacked receiver
functions randomly selected from a pool of 1560 receiver functions. | Each bin has the same
number of receiver functions as in Figure 3. (a) Locations of the profiles of receiver functions
stacks. (b) The left panel displays relative amplitudes of receiver function stacks along an east-
west profile north of Iceland. Red and yellow colors respresent positive and relatively higher
amplitude arrivals. Receiver functions have not been corrected for velocity heterogeneity or
splitting of the converted phases. The P410s and P660s arrivals are indicated. Note that lateral
coherence of the converted phases is significantly less than in the correctly binned stacks (Figure
3), indicating that the observed discontinuity structure in Figures 3 and 4 is real. The P660s-
P410s differential times (right panel) are compared to that predicted for the iasp91 global model’
(23.9 s, blue horizontal line). The P410s andP660s times, the differential times, and their 1-¢
errors are estimated using a bootstrap method™. The amplitudes of identified P410s and P660s
phases are greater than twice the levels of similarly processed and stacked records of noise
immediately prior to the corresponding P arrivals. A 1-s change in differential time is equivalent to
about a 10-km change in the transition zone thickness. (¢) An east-west profile through central

Iceland. (d) A north-south profile through central Iceland.

Figure S2 Synthetic P660s waveforms for a flat 660-km discontinuity and a dome-shaped
elevation of the 660-km discontinuity. (a) P660s ray paths from the 660-km discontinuity to a
two-dimensional array of receivers. The boundary of the dome-shaped elevation of the 660-km
discontinuity, which has a radius of 150 km and a height of 15 km, is outlined as ared circle. The
x-axis is the distance from an earthquake source to the piercing points of P660s ray paths on the
660-km discontinuity along the line connecting the source and the center of the dome. The y-axis

is the distance from that line. (b) The dome-shaped elevation of the 660-km discontinuity (red




12

curve) and the retrieved topography from individual (red crosses) and binned (blue curve) synthetic
P660s waveforms along the line from the source to the center of the dome. The geographic
binning follows the same procedures as for the actual data. We can potentially detect the dome-
shaped elevation of the 660-km discontinuity over about a 400-km-diameter region and retrieve
from synthetic waveforms about 65% of the maximum amplitude of the topography. (c) Synthetic
P660s waveforms at receivers on the line connecting the source to the center of the dome. The
waveforms are calculated using a Kirchhoff-Helmholtz integration over the wave fields at the 660-
km discontinuity interface®’. The dominant frequency of the synthetic P660s is 0.1 Hz, at the low

end of the frequency range in ICEMELT receiver functions (0.1 - 0.3 Hz).

Figure S3 Map view of differences between the observed P660s-P410s differential times and the
value predicted for the iasp91 model’ underscores the localized nature of the anomaly. Receiver
functions have been corrected for shear-wave splitting and velocity heterogeneity in the upper 400
km. Red and yellow colors indicate significantly smaller differential times (thinner mantle
transition zone) than in iasp91, while blue colors denote normal or somewhat greater differential
times (normal or slightly thicker mantle transition zone). The images have been smoothed by a
two-dimensional, 5-point moving average. While the corrections result in some shift in the
magnitude and location of the P660s-P410s anomaly (also see Figures 3 and 4), there remains a

significantly thinner transition zone beneath central and southern Iceland.

S1. van der Lee, S., Paulssen, H. & Nolet, G. Variability of P660s phases as a consequence of
topography of the 660 km discontinuity. Phys. Earth Planet. Inter. 86, 147-164 (1994).
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