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[1] Hafnium, Nd, and Pb isotope data are reported for mid-ocean ridge basalts (MORB) from the
Mid-Atlantic Ridge between 50°N and 78°N. Treating Pb isotopes separately from Sr, Nd, and Hf
isotopes drastically reduces the number of end-members required to account for mixing properties in
the investigated basalt population. Three geochemical end-members account for >99.95% of the
observed Pb isotope variability. The isotopic compositions of Pb are somewhat decoupled from those
of other isotopic systems due to nonlinear mixing relationships between isotopic compositions of
different elements and elemental fractionation by magmatic processes. The first principal component
reflects a mixture of two geochemical end-members, DM and the common component C. The third
end-member (EM) is enriched and its Th/U ratio substantially higher than that of the first two end-
members. The HIMU end-member apparently is missing. Iceland and Jan Mayen divide the northern
Mid-Atlantic Ridge into three isotopically distinct segments. The strong first Pb principal component
present in Icelandic basalts expands southward into the Reykjanes Ridge, but not northward into the
Kolbeinsey Ridge. Similar features are observed for Hf and Nd isotope compositions. By contrast,
the second Pb principal component shows a smooth transition between Kolbeinsey MORB and
subaerial Iceland data. The distribution of the two Pb principal components present in the basalts
around Jan Mayen likewise is contrasted: the first Pb principal component and its Nd and Hf
counterparts flow northward into the Mohns Ridge but are arrested southward by the Jan Mayen
fracture zone. Basalts north of Jan Mayen display the most radiogenic Hf reported so far for any
MORB worldwide. For ~1000 km along the Mohns and Knipovich Ridges, Hf isotope compositions
fail to correlate linearly with eyg, but instead define a hyperbolic array between the C component
and an end-member unusually depleted in Hf. The latter carries a strong garnet signature and may
appear by disequilibrium melting of streaks of subcontinental lithosphere left by continental rifting.
The presence of continental crust beneath Jan Mayen is not supported by either Ce/Pb, Nb/U, or Hf/Sm. If
Jan Mayen is a hot spot, its material is injected along a major mantle discontinuity separating distinct
convective domains.
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1. Introduction

[2] A conspicuous indication that some parts of
the mantle are geochemically distinct laterally
was demonstrated by Dupré and Allegre’s
[1983] observation that volcanic ocean islands
from the South Atlantic and Indian Oceans have
anomalous Pb isotope compositions and form a
coherent geochemical province, which Hart
[1984] dubbed the Dupal anomaly. Assuming
that volcanism from ocean islands is controlled
by melting of deep mantle material, such a
broad-scale geochemical provinciality may be
interpreted as the surface expression of lower
mantle heterogeneities, a concept that Castillo
[1988] related to domains of low seismic veloc-
ities. Major geochemical discontinuities were
later identified along the Antarctic Ridge, where
the Australian-Antarctic Discontinuity seems to
separate two distinct domains of the upper man-
tle that convect separately [Klein et al., 1988;
Kempton et al., 2002; Hanan et al., 2004], and
the East Pacific Rise, where the Easter Micro-
plate appears to divide two discrete types of
Pacific upper mantle [Viastélic et al., 1999].
Documenting the existence of such heterogeneities
is important because they provide prime evidence
that long-term geochemical structures may survive
mantle convection and thereby lend themselves as a
means for placing constraints on the efficiency of
convective stirring. This in turn is critical because
time and length scales inherent to most current
models of tracer dispersion in mantle convection
[e.g., Gurnis and Davies, 1986; Christensen and
Hofmann, 1994; Ferrachat and Ricard, 1998; van
Keken and Ballentine, 1998; Davies, 2002; Tackley
and Xie, 2002] are still poorly constrained and thus
remain in need of proper scaling by measurement
and observation.

[3] Because the local upper mantle beneath the
Arctic Mid-Atlantic Ridge (MAR) is still under
the influence of recent continental breakup and
also is affected by the Iceland hot spot activity, it

is a favorable location for studying the different
scales of geochemical mantle heterogeneity.
Among factors that contribute to these hetero-
geneities in the North Atlantic upper mantle, the
following are of particular importance:

[4] 1. The North Atlantic oceanic passage opened
up only ~54 Myr ago.

[5] 2. Continental breakup coincided with the
emplacement of the vast Brito-Arctic province
of flood basalts, which covers the north of the
British Isles, East Greenland and the submarine
flows of the Seaward-Dipping Reflector Sequen-
ces of the Vering Bank [Eldholm et al., 1989],
and the East Greenland margin [Larsen and
Saunders, 1998].

[¢] 3. Relatively slow spreading rates keep the
oceanic gap between Greenland and Europe rather
narrow.

[7] 4. The absolute displacement of the litho-
sphere, in particular that of Europe, over the fixed
hot spot frame is fairly slow [Gripp and Gordon,
2002].

[s] The general bathymetry of the North Atlan-
tic seafloor from the southern tip of the Rey-
kjanes Ridge at 50°N to the North Pole is
shown in Figure 1, while ridge depths and
cumulative lengths are listed in Table 1. The
topography of the Reykjanes Ridge south of
Iceland drops from subaeriel at Reykjanes Pen-
insula to a depth of about 1 km below sea level
over about the first one third of the extent of
the ridge and deepens further to almost 4 km
over the remaining 1000 km of ridge. By
contrast, the Kolbeinsey Ridge north of Iceland
up to the Jan Mayen Island is quite shallow.
North of Jan Mayen, the overall direction of the
equally rather shallow Mohns Ridge is at a
small angle to spreading, while further north
yet, the Knipovich Ridge returns to more nor-
mal depths and an overall north-south trending
direction.
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Figure 1. Map of the North Atlantic region showing locations of the dredged MORB glasses (red circles) analyzed

in this study, as well as individual ridge segments, fracture zones, bathymetry contours (thin black lines), and other
relevant tectonic features. The two arrows pointing in the directions of Greenland and Iceland from Jan Mayen show
the trace of the European lithospheric movement over the hot spot reference frame during the past 25 Myr using the
poles and velocities of Gripp and Gordon [2002] and the direction of the Jan Mayen Ridge.

[v] The nagging issue of the nature of the Jan
Mayen Island continues to confuse the debate over
the geodynamic evolution of the North Atlantic
region. Neumann and Schilling [1984] and Schilling
et al. [1999], among others, suggested that Jan
Mayen is a hot spot volcano. In contrast, the seismic
velocity structure under the Jan Mayen Ridge, a
shallow promontory prolonging the island to the
south, and under the Jan Mayen Basin, between the
Kolbeinsey and the Jan Mayen Ridges, has been
interpreted as indicating the presence of continental

rocks [Johnson and Heezen, 1967; Kodaira et al.,
1998]. Haase et al. [1996] argued that the enrich-
ment of the mantle beneath Jan Mayen in incom-
patible elements is best explained by it being wet
and cold, characteristics these authors ascribed to
the influence of the Greenland continental litho-
sphere on the Kolbeinsey Ridge.

[10] The nature of mantle components and ridge
segmentation around Iceland, as well as entrain-
ment of the mid-ocean ridge basalt (MORB) source
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by the Icelandic plume, represent additional insuf-
ficiently understood problems in this region. Thirl-
wall [1995] argued that Pb isotopes in Iceland
basalts and MORB south of Iceland form parallel
trends in a 2**Pb/2**Pb versus 2°’Pb/***Pb diagram
and ascribed this to recent addition of U to the
Iceland mantle source. Hanan and Schilling [1997]
also argued for dual sources for the Reykjanes
Ridge and Peninsula on the one hand and for the
rest of Iceland on the other hand. In contrast, Mertz
and coauthors [Mertz et al., 1991; Mertz and
Haase, 1997] could not confirm this dichotomy
and contended that Iceland Pb overlaps with that of
the neighboring ridges.

[11] Although a wealth of radiogenic isotope data
is already available for the Reykjanes, Kolbein-
sey, Mohns, and Knipovich Ridges and the Jan
Mayen Platform [Schilling et al., 1983; Neumann
and Schilling, 1984; Waggoner, 1990; Mertz et
al., 1991; Mertz and Haase, 1997; Schilling et
al., 1999; Tronnes et al., 1999], Hf isotope data
and Pb isotope measurements of modern state-of-
the-art precision were so far largely missing
despite the significant potential of both of these
sort of data. For example, decoupling of Hf from
Nd isotope compositions is both uncommon and
informative of the mantle source mineralogy, in
particular the respective roles of garnet and
clinopyroxene during MORB mantle melting
[e.g., Salters and Hart, 1989; Salters, 1996;
Salters and White, 1998; Chauvel and Blichert-
Toft, 2001]. This stems from the fact that Lu is
far more compatible in the presence of garnet
than Sm. In addition, the dynamic range of
"7Hf/'7"Hf in MORB is substantially greater
than that of 143Nd/144Nd, which arises because
Lu/Hf is fractionated by melting much more so
than Sm/Nd, such that a given degree of espe-
cially ancient melting will result in a more
pronounced signal in Hf than Nd isotopic com-
position. This effect is accentuated by the half-
life of '"°Lu being about three times shorter than
that of '*’Sm, resulting in more rapid ingrowth
of radiogenic '"°Hf than '*Nd. As for the
potential worth of high-precision Pb isotopes,
the recent application of both triple-spike thermal
ionization mass spectrometry (TIMS) [Abouchami
et al., 2000; Eisele et al., 2003] and multicol-
lector inductively coupled plasma mass spectrom-
etry (MC-ICP-MS) [Blichert-Toft et al., 2003] to
Pb isotope analysis of basalts has revealed that
much of the scatter previously observed in Pb
isotopic data can be ascribed to analytical uncer-
tainties in conventional TIMS measurements and

have unveiled unexpectedly simple relationships
between mantle geochemical components.

[12] To fill in the gap in the database for the North
Atlantic province and to attempt to answer still
pending questions from previous studies, the pres-
ent work reports new Hf (and, where lacking from
the literature, also Nd) and high-precision Pb
isotope data, as well as Lu/Hf ratios, of MORB
samples previously analyzed for major and trace
elements and multiple other isotopes from the
~1700 km long segment of the MAR in the Arctic
region that stretches northward from the Kolbein-
sey Ridge at 66°N just north of Iceland over the
Mohns Ridge to the Knipovich Ridge at 78°N.
Although the main focus of this study is on these
Arctic ridges, we also report Hf, Nd, and Pb
isotope data and Lu/Hf ratios for MORB from
the entire latitudinal extent of the ~1700 km long
Reykjanes Ridge from 50°N to 64°N in order to re-
assess the interaction of the Iceland hot spot with
both its northern and southern neighboring ridges.
Some of the more detailed questions left unan-
swered by earlier investigations and to be re-
addressed here are (1) whether the Iceland
plume-ridge interaction is symmetric or asymmet-
ric about Iceland, (2) whether two or three compo-
nents are involved in the plume-ridge mixing
process, (3) whether the northern MAR is affected
by one or two mantle plumes, Iceland and Jan
Mayen, and, if the latter, whether they are isotopi-
cally distinguishable, (4) whether Jan Mayen is in
fact a mantle plume or rather a piece of leftover
continent, and if the former, what are the character-
istics of the Jan Mayen plume-ridge interaction (5)
whether the young, thermally immature Knipovich
Ridge, and possibly also the Mohns Ridge, are
affected by continental-derived material from the
nearby Greenland craton. Furthermore, the Hf
isotope data raise new questions regarding the
nature of the upper mantle north of Jan Mayen
and the role of continental crust versus garnet
fractionation in producing MORB with ultra-de-
pleted Hf isotopes that are unmatched by a similar
depletion in Nd isotopes. Meanwhile, the high-
precision Pb isotope data highlight the existence of
major geochemical and convective mantle discon-
tinuities along the Arctic MAR and thereby revive
an old controversy about the contrasting behavior
of Pb isotopes with respect to the other long-lived
radiogenic isotope systems. The ensuing discus-
sion focuses on the large-scale implications of
these data for mantle components and overall
structure beneath the North Atlantic and the
possible, much disputed geodynamic significance
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of the Jan Mayen Island and Ridge. A summary
of the abundant previous work done on the Arctic
MAR is provided for background information in
Appendix A.

2. Tectonic Setting of the Arctic MAR

[13] A general notion of the broad tectonic setting
of the study area can be gained from Figure 1.
Ridge elevation along the Arctic MAR north of
Iceland decreases gradually from sub-aerial over
Iceland and the Tjornes Transform Zone to a
maximum depth of about 3.5 km over the Knipo-
vich Ridge (Table 1). Simultaneously, the half
spreading rate and the mean degree of melting
along this part of the Arctic MAR decrease from,
respectively, 1 to 0.6 cm/yr and by a factor of 2 to 3
[Schilling et al., 1999]. While the spreading rate
gradually winds down over the Arctic MAR to a
near halt under the polar ice cap, tectonic and
thermal conditions become increasingly extreme.

[14] The mature Kolbeinsey Ridge north of Iceland
up to the Jan Mayen Island is quite shallow (Table 1),
probably due to its proximity to the Iceland
mantle plume. It is bound by the Jan Mayen
Fracture Zone to the north and the Tjornes Trans-
form Zone to the south and is intersected about
halfway through by the Spar Fracture Zone sepa-
rating southern Kolbeinsey from northern Kolbein-
sey Ridge. The southern Kolbeinsey Ridge axis has
a crest-like morphology up to the Spar Fracture
Zone, after which a small rift develops further
north. North of Jan Mayen, the overall direction
of the also fairly shallow Mohns Ridge (Table 1),
which is confined between the Jan Mayen Fracture
Zone and the now extinct Greenland Fracture
Zone, is at a small angle to spreading, which
explains the en-echelon morphology of this accret-
ing boundary [Géli et al., 1994]. It has a well-
developed rift except over the Jan Mayen Platform,
where its exact location is poorly known. Further
north still, the immature and slow-spreading Kni-
povich Ridge, which is located on the fringe of the
Barents Sea-Svalbard continental platform, is ori-
ented essentially parallel to the Baltic continental
shelf break, and extends from the Greenland Frac-
ture Zone to the complex Molloy Transform Zone.
Relative to the preceding ridge segments, this
section of the MAR is characterized by more
normal ridge depths on the order of about 3 km
below sea level (Table 1). The Knipovich Ridge
makes a sharp change of course to the northwest
relative to the Mohns Ridge, thus returning to a
direction near-perpendicular to latitude. Its ridge

axis is discontinuous, often graben-like, heavily
sedimented by turbidites, and dominated by a punc-
tiform nature of volcanism. Spreading is highly
oblique, nearly shear-like and either the present
position of the Knipovich axis resulted from a
relatively recent rift jump within this only 35 Ma
old basin or the spreading is highly asymmetrical.
In contrast, the Mohns Ridge has spread symmet-
rically and remained in its present position for the
last 40—60 Ma, which is essentially since this part
of the Atlantic formed. The Kolbeinsey Ridge has
been in its present position for at least 10 Ma, its
ancestor being the Aegir Ridge [Jung and Vogt,
1997]. The Mohns and Kolbeinsey Ridges are
separated by the Jan Mayen Ridge or Platform,
which may be either a splinter of continental
lithosphere left over from the complex opening of
the Atlantic basin [e.g., Nunns, 1983; Myhre et al.,
1984; Skogseid and Eldholm, 1987] or the possible
locus of another hot spot separate from that under
Iceland [e.g., Schilling et al., 1999].

3. Samples

3.1. Arctic MAR North of Iceland

[15] Hafnium and Pb isotope data for the Arctic
ridges were acquired on a subset of about 60 Arctic
MAR basalt glasses from 66—78°N, covering the
Kolbeinsey (66—71°N), Mohns (71.5-73.5°N),
and Knipovich (73.5-78°N) Ridges, the Tjornes
Transform Zone (66—67°N), the Spar Fracture
Zone (69°N), and the Jan Mayen Platform (71—
72°N) (Figure 1). The sampling of the Tjornes
Transform Zone includes basalts from the Kolbein-
sey Rock, Grimsey Island, and the two Manareyjar
islets of Lagey and Hauy. All the samples are the
same fresh MORB glasses (and interiors in the case
of subaerial basalts) that were previously analyzed
for major and trace elements, and Sr, Nd, conven-
tional Pb, and He isotopes [Schilling et al., 1983,
1999; Neumann and Schilling, 1984; Waggoner,
1990] and are part of the University of Rhode
Island (URI) dredge rock collection. The new
isotope data presented here can therefore, and will
be, directly integrated with the existing chemical
and isotopic data sets of previous URI investiga-
tions (which consist of both published and unpub-
lished data). To complement our Hf isotope data,
we also measured the Nd isotope compositions for
five samples from Jan Mayen, which had not been
previously analyzed by Schilling et al. [1999], but
that we had included in this study to better define
Jan Mayen isotopically with respect to Iceland.
Finally, we measured the Lu and Hf concentrations
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for the samples analyzed for Hf isotopes, since
these data were lacking from the existing URI trace
element database and bear directly on the Hf
isotope data.

3.2. Reykjanes Ridge South of Iceland

[16] Hafnium, Nd, and Pb isotope data and Lu and
Hf concentrations were also acquired for about 60
MORB glasses from the Reykjanes Ridge and
Peninsula (50—-64°N), including the Gibbs Fracture
Zone (52.5°N). All samples were retrieved from
the URI dredge rock collection.

4. Analytical Techniques

[17] Hafnium for isotope analysis was separated
from clean, handpicked glass chips at either the
Ecole Normale Supérieure in Lyon (ENSL) or URI
following the procedure described in Blichert-Toft
et al. [1997]. The isotopic compositions of the Hf
separates were measured by MC-ICP-MS at ENSL
using its VG Plasma 54 and the technique of
Blichert-Toft et al. [1997]. In order to monitor
machine performance, the JMC-475 Hf standard
was run systematically after every two samples and
gave, throughout this study, 0.282160 = 0.000010
(2 sigma) for '"°Hf/'"’Hf, corresponding to an
external reproducibility of 35 ppm (0.35¢). Five
samples were analyzed in duplicate and one sample
in triplicate. One of these (TR139 20D-1g) was
chosen for repeat measurement because of an in-
run error significantly greater than the external
reproducibility during its first run (Table 1), where-
as the other five samples were selected for repli-
cation in order to verify their unexpectedly
radiogenic Hf isotope compositions. The excellent
reproducibility within external error of all replicate
analyses (Table 1) and the consistency of Hf
isotope compositions between geographically
neighboring samples (analyzed in random se-
quence) indicate that our error assignment is con-
servative. Hafnium total procedural blanks were
less than 25 pg for all sample batches.

[18] For the five samples that were also measured
for their Nd isotope compositions, the analyses
were done at ENSL on the same sample dissolu-
tions as those used for the Hf (and Pb) isotope
work. An aliquot of the redissolved fluoride
precipitate left over from the first step of the Hf
separation chemistry was passed through a cation
exchange column to separate the rare earth ele-
ment (REE) fraction, which in turn was run
through an HDEHP column to isolate the Nd.

The Nd isotope compositions were measured on
the Plasma 54 using the same routine as for Hf
isotope measurement, signifying that machine
performance was monitored by analyzing the La
Jolla Nd standard after every second sample. It
gave 0.511858 + 0.000018 (2 sigma) for
SNd/'**Nd, corresponding to an external repro-
ducibility of 35 ppm (0.35¢). Neodymium total
procedural blanks were less than 200 pg.

[19] Lead for isotope analysis was separated at
ENSL. The handpicked glass chips were first
leached for a total of 50 min in distilled 6 M
HCI, including both heating steps on a hot plate
and ultrasonication. Lead was subsequently sepa-
rated on 50 pl anion-exchange microcolumns using
0.5 M HBEr to elute the sample matrix and 6 M HCl
to recover the Pb. In order to ensure efficient and
clean Pb separation for optimization of mass spec-
trometer operation, the Pb fraction was run twice
through the anion-exchange column. Lead yields
were checked to be ~100%, thus eliminating the
effect of Pb fractionation on the column [Blichert-
Toft et al., 2003]. Lead isotope compositions were
measured on the Plasma 54 as described by White
et al. [2000] using added normal TI to correct for
instrumental mass fractionation. Machine perfor-
mance was monitored by analyzing the NBS-981
Pb standard every two samples, to which the
samples were subsequently normalized by interpo-
lation using the values by Todt et al. [1996]. The
interpolation was done such that the standard
closest to a given sample was weighted by two
thirds, while the standard farthest from the sample
was weighted by one third. Measurement accuracy
was verified by repeatedly measuring an in-house
Pb standard mixture (ENSL-98B, which is a mix-
ture of the NBS Pb standards 981 and 982). The Pb
isotope ratios obtained for this standard mixture
during the period of acquisition of the present
Arctic MAR Pb isotope data are compiled in
Figure 2 and demonstrate an external reproducibil-
itoy of 300, 350, and 430 ppm, resgectively, for
>%Pb/2**Pb, *°’Pb/***Pb, and ***Pb/***Pb on about
50 analyses of ENSL-98B. By contrast, the Pb
isotope ratios not involving the less abundant **Pb
isotope, 207pp296pp and 2%8Pb/2°°Ph, both have an
external reproducibility better than 50 ppm. Four
duplicate and two triplicate Pb analyses of our
Arctic samples (Table 12 fall well within these
error bars except for *°’Pb/?°*Pb of sample
TR139 9D-2A, which shows a 550 ppm difference
between the two analyses. We ascribe this deviancy
to the fact that only very little sample was left for
this particular replicate measurement, resulting in a
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Figure 2. Values of 2°Pb/2%*Pb, 2°’Pb/***Pb, and ***Pb/***Pb of about 50 analyses of the ENSL Pb in-house
standard 98B (a mixture of NBS 981 and 982) as run on the ENSL Plasma 54 during the period from September 2001
to February 2004 and showing an external reproducibility of about 300—400 ppm. The external reproducibilities of

207pb/2%Pb and 2°*Pb/*°°Pb are better than 50 ppm.

marginally sized Pb ion beam and thus relatively
poorer precision. Lead total procedural blanks
consistently were less than 40 pg for all sample
batches.

[20] Most of the Hf, Nd, and Pb isotope work for
the samples from the Reykjanes Ridge were
undertaken after completion of the Arctic sam-
ples. The same procedures as described above for
the Arctic samples were followed except that
now all three elements were systematically sep-
arated in cascade from the same sample dissolu-
tion. Exceptions are three samples in Table 1,
one of which is lacking Nd (TR101 19D-1) and
the other two Hf (TR101 3D-l1g and GLJ 7g)
isotope compositions, but not Pb. For these
samples, the Hf or Nd had already been analyzed
separately before commencement of the present
project, which originally was focused on Pb, and
we unfortunately failed to systematically catch
and produce all the missing Hf and Nd isotope

compositions simultaneously with the Pb isotope
analyses before sample material had been
exhausted by the latter. The one sample from
Reykjanes Ridge that has Nd and Hf, but no Pb
isotope data (TR138 11D-1g), had been analyzed
for the former two and expended from the rock
collection prior to initiation of the Pb work.

[21] It has been argued that MC-ICP-MS may
produce Pb isotope results erroneous by up to
400 ppm per atomic mass unit [7hirlwall, 2002],
which Albaréde et al. [2004] showed to be a
probable outcome of the large residual back-
ground of some instruments. Recently, Baker et
al. [2004] claimed that the *°’Pb/***Pb of the
Theistareykir (Iceland) subaerial basalts measured
by Stracke et al. [2003] on the ENSL Plasma 54
is too low by up to 3 per mil compared to the
double-spike results acquired on the same lava
flows by this group. We have shown [Albarede
et al., 2005], however, that Pb isotopic analyses
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submarine samples analyzed in the present work. The two methods display an agreement of 0.03 at the 95%

confidence level.

are very sensitive to leaching procedures, espe-
cially, as previously identified for Hawaiian
basalts by Fisele et al. [2003], when subaerial
volcanics contaminated by meteoric water and
aerosols are measured. Using TIMS and triple-
spike, these authors showed that different disso-
lutions of subaerial samples leached to variable
extents produce *°’Pb/2**Pb ratios different by up
to 500 ppm, whereas the results are reproducible
within external error bars for submarine samples.
Stracke [2001] made a similar observation and
found that the 2°’Pb/***Pb of unleached samples
in the Theistareykir lava flows obtained by MC-
ICP-MS and TIMS were consistent, but substan-
tially more radiogenic than the leached samples,
the values of which were those to be ultimately
published by Stracke et al. [2003]. Figure 3
confirms that, in the present case, our submarine
samples are free from this problem: a comparison
of 2"Pb/***Pb shows an agreement of 0.03 at the
95% confidence level between TIMS [Schilling
et al., 1999] and MC-ICP-MS data. The histo-
gram of the deviations for each sample is sym-
metrical, which clears the suspicion of a
systematic bias of one method over the other.
We assert that most of the variance between the
two data sets is a result of the mass bias
fluctuations inherent to TIMS analysis and is
fully consistent with the errors quoted in the
original publication [Schilling et al., 1999]. With
the exception of one sample, EN026 16D-1g,
which is identified as an outlier in the TIMS, but

not in the MC-ICP-MS data set when viewed as
a function of latitudinal variation (not shown),
the new high-precision Pb isotope data measured
here by MC-ICP-MS thus correlate remarkably
well with the TIMS Pb isotope data published
for the same samples by Schilling et al. [1999].
This is further illustrated in Figure 4, where MC-
ICP-MS Pb plots on a well-defined 1:1 correla-
tion line with respect to TIMS Pb for all three
Pb isotope ratios. This relationship mutually
endorses both Pb isotope data sets.

[22] Lu and Hf concentrations were analyzed by
internal and external standardization using a high-
resolution, inductively coupled plasma mass spec-
trometer (HR-ICP-MS) at URI. Precision for Lu
and Hf are estimated at 1.7% and 2.5% relative
standard deviation, respectively, on the basis of
multiple runs (n = 42) of an in-house standard
MORB from the Mohns Ridge (EN026 10D-3).
Accuracy of the method is estimated by comparing
the average value of seven runs of separate USGS
basalt standards (BHVO-1, BIR-1, and BCR-1),
analyzed concurrently with the samples from this
study, with accepted values [Govindaraju, 1994;
W. F. McDonough, personal communication,
1994], as listed in Table 2.

5. Results

[23] The Hf, Nd, and Pb isotope data and Lu and
Hf concentrations (also given as '"°Lu/'"’Hf using
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sured by MC-ICP-MS (this study). With the exception
of one sample, which is a TIMS outlier, all three Pb
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two methods.

0.1419 as conversion factor) are listed in Table 1.
The Nd isotope data reported in this table as eng
only are those previously published by Schilling et
al. [1999] and have been included here for conve-
nience. In all consecutive plots for which geo-
graphical location (i.e., latitude) is a key
parameter, we chose for simplicity and better
readability, as well as to preserve a more direct
perception of the data on plots, to present them as a

function of latitude rather than radial distance from
the Euler pole or cumulative distance (which is
nevertheless listed in Table 1 for reference). When
plotting the latitude with respect to the rotation
pole versus the geographical latitude (not shown),
the relationship is nearly linear. Thus using either
one of these parameters as plotting variable makes
little difference to the fundamental data display.
The slight overlap in latitude of northern Kolbein-
sey Ridge with the Jan Mayen Platform and the
southern tip of Mohns Ridge (Figure 1, Table 1)
and the fact that Mohns Ridge does not run
perpendicular to latitude, but is more east-west
trending (Figure 1), simply has the effect of some-
what compressing this subset of data on the latitu-
dinal variation plots, but does not alter its relative
position or pattern with respect to the data subsets
from the other ridge segments.

5.1. Hf-Nd Isotope Systematics

[24] The Hf and Nd isotopic variations along the
ridges are presented in Figure 5, while Figure 6
shows a plot of eyp versus eyng, which includes
literature data on Iceland for reference [Kempton et
al., 2000; Stracke et al., 2003; Malfere, 2004].

[25] On the southern Kolbeinsey Ridge (Figure 5),
enr and enq increase steeply in a northerly direction
until reaching a plateau which extends over several
degrees of latitude and where typical N-MORB
erupt. This gradient is usually interpreted to reflect
mixing of the Iceland plume with depleted upper
mantle. A similar pattern, but in mirror image and
much less steep, is observed in a southerly direc-
tion along the Reykjanes Ridge south of Iceland,
where ey and eynq gradually increase with distance
away from Iceland. This gradient likewise is be-
lieved to reflect simple plume-ridge interaction.
The unradiogenic Hf-Nd component, which prob-
ably originates within the Iceland plume itself, is
present both north and south of Iceland and the

Table 2. Average Lu and Hf Concentration Values of
USGS Basalt Standards Analyzed Simultaneously With
the Samples From This Study, Compared With Certified
Values

USGS Standards Lu Hf
BIR-1 (n =7) 0.248 0.59
Certified 0.253 0.58
BHVO-1 (n=7) 0.284 4.57
Certified 0.278 4.30
BCR-1 (n=7) 0.501 5.07
Certified 0.499 4.97
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Figure 5. Values of eyyand enq versus latitude for North Atlantic MORB. Note the regional decoupling between Hf
and Nd isotopes, which is most easily seen from the relative magnitudes of the maxima where N-MORB erupt. The

€nr maximum of +24 over Mohns Ridge is significantly higher than that of +19 over Kolbeinsey Ridge, whereas the
opposite is observed for eng. The anomaly clearly is over Mohns Ridge, not the Kolbeinsey Ridge, and the anomalous
isotopes are those of Hf, not Nd. Note the good agreement between the Nd isotope data of this study and data from
the literature. Literature Nd isotope data are from Mertz et al. [1991], Mertz and Haase [1997], Schilling et al. [1999],

and Thirlwall et al. [2004].

halo polluted by Hf and Nd is strongly asymmet-
rical extending over only one degree of latitude
along the Kolbeinsey Ridge, but over five degrees
of latitude along the Reykjanes Ridge.

[26] On the northern Kolbeinsey Ridge (Figure 5),
enr and eng decrease, again very steeply, toward
Jan Mayen, presumably showing mixing between
depleted upper mantle and the Jan Mayen plume
(assuming Jan Mayen is a hot spot). The Spar
Fracture Zone seems to separate MORB affected
by the Iceland plume on the southern Kolbeinsey
Ridge from those affected by the Jan Mayen plume
on the northern Kolbeinsey Ridge. The samples
from the Jan Mayen Platform (north of the island)
display by far the most unradiogenic Hf and Nd
isotope compositions on this section of the Arctic
MAR, including Iceland, thus suggesting that the
Arctic MAR is indeed affected by two isotopically
distinct mantle plumes, i.e., those beneath Iceland
and Jan Mayen. Along Reykjanes, Kolbeinsey, and
Jan Mayen, Hf and Nd isotopes vary in concert.

[27] In contrast, on the Mohns Ridge (Figure 5),
eyr increases abruptly and continuously, from +10
at the Jan Mayen Platform to more than +24 at the
intersection of the northern tip of this ridge with

the Knipovich Ridge, where N-MORB (normal
MORB) erupt with eyg of +10, which is rather
unradiogenic in comparison with the high compan-
ion values of ey The steep gradient in Hf isotope
composition, which over Mohns Ridge never lev-
els out such as over Kolbeinsey Ridge, extends at
its highest value to more than five ey units above
the level of the Kolbeinsey Ridge and is thought to
reflect mixing of the Jan Mayen plume with ultra-
depleted upper mantle, the nature of which will be
discussed in more detail below.

[28] Finally, along the Knipovich Ridge (Figure 5),
enr scatters between +20 and +23, which, as for the
Mohns Ridge, is highly radiogenic, especially when
compared to a range of between only +7 and +10 for
eng- With the exception of a few isolated samples
from the Australian-Antarctic Discordance [Hanan
et al., 2004] and the Azores (J. Blichert-Toft, un-
published data, 2004), the Mohns and Knipovich
Ridge basalts display, for any given Nd isotope
composition, the most consistently radiogenic Hf
reported so far for any MORB worldwide [e.g.,
Patchett and Tatsumoto, 1980; Salters and White,
1998; Chauvel and Blichert-Toft, 2001]. In addition,
this conspicuous, unusually radiogenic Hf signal is
not confined to only a few samples, but is present
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Figure 6. Values of gy versus enq for North Atlantic MORB with literature data for Iceland [Kempton et al., 2000;
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array based on ~2200 MORB and OIB of global distribution (J. Blichert-Toft, unpublished data, 2004, and literature
data from references too numerous to all be cited here). The Kolbeinsey and Reykjanes samples, including the
samples from the Tjornes Fracture Zone, plot together with samples from Iceland in a well-correlated group that fall
in the center of the mantle array and has significantly less radiogenic Hf than the Mohns and Knipovich basalts,
which form a separate group characterized by far more radiogenic Hf for any given Nd isotope composition. The Jan
Mayen samples fall at the most unradiogenic values for this region at the convergence between the two groups
defined by the Reykjanes-Iceland-Kolbeinsey and the Mohns-Knipovich samples, respectively. The Mohns Ridge
samples delineate a strongly curved hyperbolic array with the samples from Jan Mayen, and possibly also those from
the Knipovich Ridge. The unradiogenic end-member, labeled A and potentially compatible with the so-called “C”
(or FOZO or PHEM) component, is consistent with the isotopic composition of Jan Mayen, whereas the highly
radiogenic end-member, labeled B, resembles nothing normally sampled by the MORB melting process. The
downward concavity of the mixing hyperbola indicates that the radiogenic end-member has a higher Hf/Nd ratio than
the unradiogenic end-member, thus excluding the involvement of pelagic sediment. Note that C is actually a region
on this diagram rather than a single point as indicated here for simplicity with the gray solid circle which merely
represents the mean of the ranges of €y (+7.2 to +14.3) and enq (+4.1 to +6.1) values for C. The unradiogenic end-
member A thus falls well within the C region and close to its mean value.

persistently along almost 1000 kilometers of con-
tinuous ridge (Table 1) and thus represents a distinct
mantle source.

[29] In contrast to the samples from Reykjanes,
Kolbeinsey, and Jan Mayen, a distinct regional
decoupling between Hf and Nd isotopes is ob-
served for the samples from the Mohns and
Knipovich Ridges and is evident from both
Figures 5 and 6. In addition, scatter in the Hf
and Nd isotope data is particularly strong over
these two ridge segments, as has also been
observed previously for other geochemical
parameters [Schilling et al., 1999]. The regional
decoupling is most easily perceived from the
relative levels of the magnitudes of the two
latitudinal maxima where N-MORB erupt. The
eys maximum of +24 over Mohns Ridge is
significantly higher than that of +19 over the

Kolbeinsey Ridge, whereas the exact opposite is
observed for eng. The anomaly clearly is over the
Mohns Ridge, not the Kolbeinsey Ridge, and is
displayed by Hf isotopes, not Nd.

[30] The decoupling between Hf and Nd isotope
systematics over the Mohns and Knipovich Ridge
segments is also reflected in the corresponding
parent/daughter ratios in that the '"*Lu/'”’Hf lati-
tudinal profile (not shown) resembles that of
'SNd/M*Nd (and '"Sm/'**Nd) rather than that
of '"SHf/'7"Hf. This decoupling between parent/
dau§hter-l76Hf/177Hf (but not parent/daugh-
ter-'**Nd/'**Nd) is readily discerned from Table
1, which shows overall sub-chondritic !7°Lu/!""Hf
for the Mohns and Knipovich basalts, whereas
most of the Kolbeinsey basalts, which are far less
radiogenic in Hf than the Mohns-Knipovich sam-
ples, have overall super-chondritic '"°Lu/!""Hf,
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[31] In eypreng space (Figure 6), the Kolbeinsey
Ridge MORB, including those of the Tjornes
Fracture Zone, plot in or near the field of Icelandic
basalts, as does the MORB from Reykjanes Ridge.
Together these samples define a well-correlated
group that fall within the mantle array and is
characterized by significantly less radiogenic Hf
for a given Nd isotope composition than the
MORB from the Mohns and Knipovich Ridges,
which form a completely separate group with much
more radiogenic Hf for any given Nd isotope
composition. The samples from Jan Mayen plot
with the most unradiogenic values at the conver-
gence of the Reykjanes-Iceland-Kolbeinsey and
Mohns-Knipovich groups.

[32] The Mohns Ridge MORB define a strongly
curved hyperbolic mixing array with the samples
from the Jan Mayen Platform, and possibly also the
samples from the Knipovich Ridge. The unradio-
genic end-member of this mixing hyperbola is
consistent with the average isotopic composition
of the samples from Jan Mayen, while the radio-
genic end-member is unusually radiogenic, with
eyr values of up to more than +24 and resembling
nothing normally sampled by the processes ac-
countable for the mantle array. In the only other
MORB samples with such radiogenic Hf (from the
Australian-Antarctic Discordance; Hanan et al.,
2004), the radiogenic Hf is accompanied by virtu-
ally equally radiogenic Nd, whereas the Arctic
samples of this study differ by exhibiting the
ultra-depleted isotopic signature particularly
strongly for Hf.

5.2. Pb Isotope Systematics

[33] The Pb isotope variations with latitude are
shown in Figure 7, while the isotopic Pb-Pb plots
are shown in Figures 8 and 9. In plots involving the
small 2**Pb isotope, most literature TIMS data, in
particular those from subaerial Icelandic volcanoes,
scatter too much to be useful and therefore have
not been included here. In contrast, the present data
form consistent relationships with previously pub-
lished high-precision Pb isotope data from the
Reykjanes Ridge [Thirlwall et al., 2004] and the
ridges north of Iceland [Mertz et al., 1991; Mertz
and Haase, 1997; Thirlwall et al., 2004] (Figure
7). In a 2°’Pb/2**Pb versus 2°°Pb/***Pb plot (Figure
8), most ridge samples define a single linear array
with a few samples, notably from the Knipovich
Ridge, plotting toward higher 2°’Pb/***Pb. In con-
trast, the Theistareykir data of Stracke et al. [2003]
have significantly lower 2°’Pb/***Pb than North

Atlantic MORB (Figure 8). In the 2°*Pb/2**Pb
versus 2°°Pb/?**Pb plot (Figure 8), and, even more
visibly, in the 2°*Pb/2°°Pb versus 2°"Pb/*’Pb plot
(Figure 9), which is much less prone to analgtical
mass bias and contamination effects than the “**Pb
plots of Figure 8, the contrast between MORB
north and south of Iceland is very pronounced. The
two trends connect through the most unradiogenic
samples from Iceland, the Tjornes Fracture Zone,
and the Kolbeinsey Ridge. In the 2°*Pb/2°°Pb
versus 2"’Pb/*%°Pb plot (Figure 9), in which all
conventional TIMS data can be plotted with min-
imum scatter, the trend of decreasing *°’Pb/*°°Pb
northward along the Reykjanes Ridge reverts along
the Reykjanes Peninsula [Thirlwall et al., 2004]
toward the much higher values characteristic of
subaerial samples, including the Theistareykir data
of Stracke et al. [2003] (Figure 9). This layout is
reminiscent of that previously proposed on a much
more local scale by Thirlwall [1995] and Hanan
and Schilling [1997], but the improved quality of
the more recent Pb isotope data now helps
strengthen the case.

6. Discussion

[34] The present data do not shed further light on
the issue of the origin of the Icelandic source
material, which has been, and continues to be,
debated at length in the literature [Chauvel and
Hémond, 2000; Hanan et al., 2000; Kempton et al.,
2000; Stracke et al., 2003; Thirlwall et al., 2004].
As stressed by Mertz and Haase [1997], however,
the Sr, Nd, and Pb isotope geochemistry of MORB
north of Iceland seems to overlap with that of
Iceland itself and this, we here observe, is also
the case for Hf (Figure 6). For Hf and Nd, the
overlap of data for Iceland with data for the Tjornes
Fracture Zone and the Kolbeinsey Ridge is nearly
complete. In contrast, although the Pb isotope data
from the Tjornes Fracture Zone and the southern
Kolbeinsey Ridge overlap with the least radiogenic
Iceland data (Figures 8 and 9), the Pb isotope
compositions of subaerial Iceland lavas are clearly
distinct from the MORB data north and south of
the hot spot. At the same time, the present data
highlight the contrast between the isotope compo-
sitions of Pb from MORB north (Kolbeinsey
Ridge) and south (Reykjanes Ridge) of Iceland
[Mertz et al., 1991], which stands out particularly
well in 2%*Pb/2*Pb-2""Pb/**°Pb space (Figure 9)
with Pb data from subaerial Iceland extending as a
linear array across the gap. The Iceland plume
therefore mixes with material from both north
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Figure 7. Values of **°Pb/**Pb and *°*Pb/***Pb versus latitude for North Atlantic MORB. Note the distinct
segmentation of the ridge by Iceland and Jan Mayen into three isotopically identifiable units. Note also the good
agreement of the Pb isotope data of this study with data from the literature. Literature Pb isotope data are from Mertz
et al. [1991], Mertz and Haase [1997], and Thirlwall et al. [2004].

and south of the hot spot. This reconciles Thirl-
wall’s [1995] and Hanan and Schilling’s [1997]
claims that two separate trends exist around and
within Iceland with Mertz and Haase’s [1997]
assertion that the gap between these two trends
simply reflects undersampling [see also Malfére,
2004].

6.1. Lead Principal Component Analysis

[35] As seen from Figures 5, 7, 8, and 9, the
MORB mantle south of Iceland is extremely dif-
ferent from the MORB mantle north of Iceland,
which in turn is very different from the MORB
mantle north of the Jan Mayen Island. In order to
substantiate this point, we processed through Prin-
cipal Component Analysis (PCA) [e.g., Albaréde,

1995] a set of some 180 high-precision Pb isotopic
compositions consisting of the present data com-
plemented by those of Thirlwall et al. [2004].
Mixing using ratios with a different denominator
does not produce linear arrays and therefore the full
isotopic data set is not amenable to PCA without a
cost. In addition, partial melting fractionates ele-
mental ratios and, as a result of different melt
histories, a binary mixture in the source does not
translate into a single hyperbola in the melts. The
resulting deviations from linearity greatly increase
dispersion in the multiclemental space of isotopic
compositions, often to the extent that spurious end-
members will appear. We are therefore not present-
ing PCA results on the bulk of the existing isotopic
data, that is inclusive of Sr, Nd, and Hf isotope
compositions, but only on the Pb isotope compo-
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Figure 8. Values of 2°’Pb/***Pb and 2**Pb/***Pb versus

206pp2%4ph for North Atlantic MORB and Theistareykir

(Iceland). In **7Pb/***Pb-*"°Pb/***Pb space, most of the North Atlantic ridge samples define a single linear array with
the exception of a few samples, notably from the Knipovich Ridge, that exhibit higher *°’Pb/°*Pb. In
208pp204ph-20°Ph/2%Ph space, a pronounced difference between MORB north and south of Iceland stands out. The
Theistareykir data of Stracke et al. [2003] have significantly lower 2°’Pb/2**Pb than North Atlantic MORB. The
conventional Pb isotope data of Mertz et al. [1991] and Mertz and Haase [1997] for North Atlantic MORB have not

been included in these plots as they show too much scatter
[2003] and Thirlwall et al. [2004] have been plotted.

sitions. We ascribe the particularly good distribu-
tion of our Pb isotopic data among a small number
of principal components (see below) to this simple
restriction. We note that PCA on Pb isotopes alone
is capable of discriminating three components from
more than three. If there is an extra, that is a fourth
component, it is just a mixture of the other three
and contributes to less than 0.05% of the variability
in the Pb mixture. In order to minimize the effect of
errors and to avoid the uninformative correlations
forced by a common small isotope (*°*Pb), the
gor“incig)%l c021(1)17p0n2%r61ts were 2(<):8alcg%)%ted using
Pb/~""Pb, =" 'Pb/""Pb, and “"°Pb/“""Pb as raw

to be useful. Only the high-precision data of Stracke et al.

variables, but we checked that the outcome is not
substantially different from that in which the ratios
are normalized to 2**Pb. The three Pb principal
components account for 99, 1, and <0.05%, re-
spectively, of the variance (Figure 10). Including in
the analysis the subaerial Iceland samples affects
neither the direction of the principal components
nor the allocation of the variance among them
significantly.

[36] The first Pb principal component is essentially
proportional to the 2’°Pb/***Pb ratio (Figures 7
and 11). The second Pb principal component clearly

15 of 27



r 'Geochemistry 3
"% Geophysics ( |~ BLICHERT-TOFT ET AL.: RIDGE—HOT SPOT INTERACTION

|Geosystems  {{ Jr

10.1029/2004GC000788

211

B Knipovich Ridge principal component 1
>
@ Mohns Ridge * * et
210 A Jan Mayen Platform N \U\\QO [ g
@ Northern Kolbeinsey Ridge % W0 9 g
2.09] < Southem Kolbeinsey Ridge X q O OQA%;Q o °
e Kolbeinsey Ridge (Thirlwall et al., 2004) 2 emse .
@ Tjomes Leaky Transform Zone \(\o\\] & o ©
2.08] © Reykjanes Ridge e *ﬂ‘ °
: © Reykjanes Ridge (Thiriwall et al., 2004) \ }ﬁ CEN
A Theistareykir (Stracke et al., 2003) R
g 5,07 + Subaerial lceland (Thirlwall et al., 2004) .(%j » " . -
i\
8 ++ o & el
L 206} ° +0
Q A T
o e °
8 205t A% M
15 4, o
A, +©
204 o ot
. e
+
+
2.03 | +
2.02 + +
2.01 L L L L L L
0.80 0.81 0.82 0.83 0.84 0.85 0.86 0.87

207Pp/206Pp

Figure 9. Values of **Pb/*°°Pb versus *°’Pb/**°Pb for North Atlantic MORB and Iceland. The contrast between
MORB north and south of Iceland stands out even more conspicuously than in Figure 8. The two trends link through
the most unradiogenic samgles from Iceland, the Tjornes Fracture Zone, and the Kolbeinsey Ridge. The northward

trend of decreasing 2°"Pb/?

°Pb along the Reykjanes Ridge reverts along the Reykjanes Peninsula [Thiriwall et al.,

2004] toward the much higher values characteristic of subaerial samples, including Theistareykir [Stracke et al.,
2003]. The vectors representing the Pb principal components 1 and 2 have been drawn for reference (see section 6 for

details).

separates the ridges north and south of Iceland
from each other (Figure 10). The third component
is pure noise, which demonstrates that all the
data under consideration define a plane in
204pp/206pp-207p/20Pp-208pp/29Ph space. To
minimize the possible confusion between the stan-
dard denomination of the statistical ““principal
components,” which refers to the coordinates of
the data along the principal axes of their correlation
ellipsoid, and the “geochemical components™ of
Zindler and Hart [1986], we refer in the following
to the latter as “end-members.” Two significant
principal components define a plane and therefore
identify a mixing between three end-members.
When Nd and Hf isotopic data are processed along
with the Pb data, a third significant principal
component appears and the first three components
then account for 82.5, 9.7, and 7.5%, respectively,
of the variance. As discussed above, we believe
that this fourth end-member is an artifact of apply-
ing principal component analysis to a non-Euclid-
ian mixing space. Such a smearing of the
variability over a larger number of axes contradicts
the essentially perfect spread of the Pb isotopic
data over a plane in the space of the three Pb
isotope plots. It likely reflects both the nonlinear
(hyperbolic) mixing relationships when isotopes of
different elements are involved and the Nd/Hf/Pb
fractionation by fusion and magmatic differentia-

tion. These com(Plex relationships show up in plots
such as 2°°Pb/***Pb (a proxy for the first compo-
nent) versus eng or eyp (Figure 12): with the
exception of a few of the ridge segments, notably
Mohns and Knipovich, these variables form either
horizontal or vertical arrays, or just scatter, which
is prime evidence that they are uncorrelated.

6.2. Nature of the Pb Principal
Components

[37] The vectors corresponding to the first two
principal components have been drawn in
Figure 13 (and also traced in Figure 9) from the
mean value of the Pb isotope compositions of our
samples and those of Thirlwall et al. [2004] and are
shown together with the Pb isotope compositions
of our samples singled out. The first component is
indistinguishable from the Northern Hemisphere
Reference Line of Hart [1984] and is therefore
essentially controlled by the °°Pb/***Pb ratio. This
component clearly reflects a mixture of a low-U/Pb
depleted mantle end-member (DM) and a second
end-member with high time-integrated U/Pb. We
therefore also plotted typical basalts from Polyne-
sia considered by Hofmann [1997] as type locali-
ties for the HIMU end-member together with the C
component of Hanan and Graham [1996]. As
shown by Hanan and Graham [1996], the Pb
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Figure 10. Graphical display of Principal Component
Analysis of the Pb isotope data of this study and those of
Thirlwall et al. [2004]. The first principal component
accounts for more than 99% of the total variability of the
data set and represents the mixing between DM and C.
The second principal component, which represents the
addition of EM to the DM-C mixture, accounts for
almost all the rest of the variance and clearly separates
the ridges north and south of Iceland, as also observed
from the raw Pb data in Figures 8 and 9.

isotopic trends of the North Atlantic basalts seem
to bundle around a unique point, which led them to
postulate the existence of a discrete, but ubiquitous
component, which they dubbed “C” for “com-
mon” component, in the source of ocean island
basalts (OIB). C is in many respects similar to the
FOZO component of Hart et al. [1992] and the
PHEM component of Farley et al. [1992], for
which the definition also involves He isotope
compositions. Our own estimate of C, which was
calculated as the intersection between the Arctic
and HIMU arrays, falls within errors of the esti-
mate (*°°Pb/2**Pb = 19.8, 2*’Pb/”*Pb = 15.60,
208p/294Ph = 39.45) given by Hanan and Schilling
[1997]. Figure 13 shows that the HIMU samples
plot distinctly above the first principal component
in the 2°’Pb/***Pb versus 2°°Pb/***Pb diagram, and
below the first principal component in the
208pp/2%*Ph versus *°°Pb/2**Pb diagram, whereas
the C end-member falls precisely on it. We there-
fore assume that the first Pb principal component is
a mixture between the DM and C end-members.
Hanan and Graham [1996] argued that mantle
containing subducted oceanic crust adequately
accounts for the C geochemical end-member.

[38] The second Pb principal component is a sub-
dued “whiff” in Arctic MORB and Iceland basalts
(1% of the total variance) and points toward higher
208pb2%PY ratios (i.e., high Th/U) (Figure 13).
Straightforward manipulation of the chronometric
equations shows that

dZOSPb/206Pb B (>\232Th/>\238U)(232Th/238U) _ 208Pb/206Pb
d207pb/206pb - (>\235U/>\238U)(235U/238U) — 207Pb/206Pb ?

in which the X\’s stand for the decay constants of
the respective isotopes. This equation demonstrates
that the abundance of the second Pb principal
component essentially records the Th/U evolution
in the mantle source of the basaltic samples. All
these characteristics are consistent with the influ-
ence of ancient continental detritus. Whether this
component betrays subtle contamination by streaks
of Archean lithosphere trailing in the upper mantle
after the breakup of Pangaea or rather reflects the
presence of a genuine recycled component intrinsic
to the mantle (Enriched Mantle 2 = EM2) cannot
be resolved by the present data.

6.3. Ridge Segmentation

[39] When the Pb principal components are plotted
against latitude (Figure 11), the isotopic segmen-
tation of the ridge by Iceland and Jan Mayen into
three isotopically identifiable units, (1) the Rey-
kjanes Ridge, (2) the Kolbeinsey Ridge, and (3) the
Mohns and Knipovich Ridges, becomes extremely
clear. The Hf and Nd isotope data also identify the
ridges north and south of Jan Mayen (Figures 5
and 6). The distribution of the Pb principal compo-
nent 1 on either side of Iceland is strikingly asym-
metrical, while it is constant along the Kolbeinsey
Ridge, even in the immediate vicinity of Iceland
(Figure 11). With the exception of four Reykjanes
samples from Thirlwall et al. [2004] (Figure 11), the
various data sets are remarkably consistent. The
Tjornes Fracture Zone is the southern boundary of
the Kolbeinsey MORB mantle and the transition
from the Kolbeinsey Ridge to Iceland is marked by
an inflexion point of the first Pb principal compo-
nent. The strong presence of this component in
Icelandic basalts seems to be spilling over south-
ward into the Reykjanes Ridge, but not to the north
into the Kolbeinsey Ridge.

[40] By contrast, the Pb principal component 2
(EM influence) displays a regular gradient along
the Kolbeinsey Ridge (Figure 11) which smoothly
merges into Thirlwall et al’s [2004] data on
subaerial Iceland. The Kolbeinsey Ridge has a
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Figure 11. Lead principal components and ridge depth versus latitude. The Pb principal components 1 and 2 are

those of Figure 10, while the Pb principal component 3 is pure noise and is not needed for closure of the Pb isotope
variability. The lack of a significant third component indicates that the points form an essentially perfect plane in a
three-dimensional space of Pb isotopic ratios. Figure 10 is simply a view perpendicular to this plane. Note the factor-
of-ten difference in y axis scale for the panel of component 1 relative to those of components 2 and 3. The
segmentation of the Arctic MAR by Iceland and Jan Mayen into three isotopically distinct units, as indicated by the
raw Pb data in Figure 7, stands out quite prominently. The distribution of the Pb principal component 1 on either side
of Iceland is strikingly asymmetrical, and its gradient along Kolbeinsey Ridge, even in the immediate vicinity of
Iceland, is flat. The values of component 1 along Kolbeinsey grade into those of Iceland with an inflexion point at the
Tjornes Fracture Zone. In contrast, the Pb principal component 2 shows a smooth gradient along the Kolbeinsey
Ridge and trends straight into the values for the subaerial Iceland basalts. The break at the Jan Mayen fracture zone
affects both of the Pb components and therefore attests to the presence at this locality of a major mantle discontinuity.
Component 1 spreads southward from Iceland into the Reykjanes Ridge and northward from Jan Mayen into the
Mohns Ridge. The two Pb components therefore seem to be associated with distinct geodynamic carriers. The straight
line segments with light-colored shade going through the data points highlight geochemically coherent ridge
segments.

higher 2°*Pb/?°°Pb for a given °’Pb/*°°Pb than the
Reykjanes Ridge [Mertz et al., 1991], or, equiva-
lently, contains more of the Pb principal compo-
nent 2. A similar ar%ument can be made using the
208pb/2**Pb->"7Pb/***Pb contrast identified be-
tween Iceland and Kolbeinsey by Thirlwall

[1995]. The second Pb principal component, also
clearly visible in Icelandic basalts, appears to
spread northward into the Kolbeinsey Ridge, but
does not seem to affect the Reykjanes Ridge. The
Icelandic plume thus seems to sort out components
in different systems in different directions: the halo
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Figure 12. Values of enq and €5 versus 206pp/294pY for North Atlantic MORB of this study. Except for the Mohns
and Knipovich Ridges, and only to some extent, the other ridge segments display either near-horizontal or -vertical
arrays, or just scatter, which is evidence for overall lack of first-order correlation between Hf and Nd isotopes on the

one hand and Pb isotopes on the other hand.

polluted by Hf and Nd (and Sr and He) of pre-
sumably Icelandic origin extends over ~1 degree
along the Kolbeinsey Ridge in contrast to ~5
degrees along the Reykjanes Ridge. Different geo-
chemical end-members present in the Icelandic
plume therefore appear to be entrained into the
northern and southern ridges in opposite directions.
The striking decoupling between the Pb compo-
nents on the one hand and Hf and Nd (and Sr and
He) isotopes on the other hand may be revealing a
so-far unsuspected structure (zoning) within the
Iceland plume.

[41] The Pb, Nd, and Hf isotopic ratios of MORB
from the Reykjanes ridge at ~55°N are similar to
those of the Kolbeinsey Ridge, thus defining the
isotopic “base level” for the local asthenosphere

when unaffected by plumes. However, although the
Iceland hot spot affects the isotope geochemistry of
its neighboring ridges in a very distinct way, there
is no strong evidence for a geochemical disconti-
nuity in the underlying mantle. By contrast, the Jan
Mayen Fracture Zone clearly seems to be a major
geochemical mantle boundary for both of the Pb
components (Figure 11) and also for Nd and Hf
(Figure 5). Even if transitional samples have been
described [Schilling et al., 1999], the overall dis-
tribution of the Pb components on either side of Jan
Mayen highlights the presence of a geochemical
discontinuity coinciding with a dramatic break in
bathymetry (Figure 11, lowermost panel). This
boundary is likely to separate upwelling astheno-
spheric masses with very different histories in
much the same way as the Australian-Antarctic
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Figure 13. Projection of the first two principal component vectors drawn from the mean value of Pb isotope
compositions of North Atlantic MORB (this study and Thirlwall et al. [2004]) shown together with the Pb isotope
compositions of the samples of this study. The first component is indistinguishable from the Northern Hemisphere
Reference Line of Hart [1984] and reflects a mixture between a low-U/Pb depleted mantle end-member (DM) and a
second end-member (EM) with high time-integrated U/Pb. Hanan and Graham’s [1996] C component is clearly a
better representative of the high-U/Pb end-member than the HIMU (high-U/Pb) basalts compiled by Hofimann [1997].

Discordance separates Indian from Pacific mantle
[Klein et al., 1988] and the Easter Microplate
separates two distinct types of Pacific mantle
[Viastélic et al., 1999].

6.4. Mixing North of Jan Mayen

[42] Mixing relationships along the Mohns Ridge
reinforce Hanan and Graham’s [1996] arguments
for the existence of the C end-member. Demon-
strating that an intermediate convergence point
such as “C” owes its existence to a physically
identifiable component, or end-member, rather than
the necessary focusing around an elusive mean
value, is a difficult challenge. A straightforward
interpretation is that the curved trend in eypreng
space defined by MORB dredged along the Mohns
Ridge, and possibly also MORB dredged along the
Knipovich Ridge, and the Jan Mayen Platform
(Figure 6) may reflect a nearly binary mixing with
the least unradiogenic component lying within the
mantle array. Figure 6 shows the mixing hyperbola
in an x = eng, ¥ = epr plot with the equation

(eHf — Voo ) (ENd — ¥oo) = €.

Using a least squares fit through the eyreng data,
we found that the asymptotes of this hyperbola are
positioned at y,, = 30.1 £ 0.9 and x,, = 4.2 £ 0.8
and that its curvature factor ¢ = —34 + 6 [Albarede,

1995]. Because of the strong curvature of the
hyperbola, the Nd isotope composition of the least
radiogenic end-member is rather well defined
(~+*6, point A in Figure 6). If this component is
common to the Reykjanes-Iceland-Kolbeinsey
trend and this mixing hyperbola, then its eyy¢ value
must be ~+11. Such an end-member clearly
belongs in the OIB clan and, despite *He/*He
values of ~+7 to +8, is distinctly uncharacteristic
of a MORB source. The eng and egr coordinates of
point A (+6 and +11, respectively) fall well within
the average mantle array. Furthermore, the values
for point A are indistinguishable from those (e =
+10 and eng = +5) assigned to the C component
[Hanan et al., 2000; Andres et al., 2002], which
supports the contention that C (and thus FOZO and
PHEM) is a real internal mantle component.

[43] The second end-member of the mixing hyper-
bola is highly depleted and its eypreng isotope
composition (point B in Figure 6) must be as-
sumed. The quotient of the Hf/Nd ratios between
the two end-members A and B can be calculated
using, for example, the equations of section 1.3.3
of Albarede [1995]:

(Hf/Nd);  (XooVoo — XBY4 — €)

(Hf/Nd),  (¥oolVoo —Xa¥p —C)

For an eyg value of ~+10.5 (and therefore ey¢ of
+24.7), we find that the Hf/Nd ratio of the
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Figure 14. Values of Ce/Pb, Nb/U, and Hf/Sm versus latitude for MORB north of Iceland. Ce/Pb and Nb/U north of
Jan Mayen are overall similar to mantle values (green and red stippled lines). Likewise, the Hf/Sm ratio, which is a
particularly sensitive indicator of the involvement of zircon-depleted or -enriched sediment, is around the planetary
value of 0.72 (black stippled line) for all samples. Trace element data are from this study, Schilling et al. [1999],

Hanan et al. [2000], and URI, unpublished data.

radiogenic end-member is 3.5 times that of the
unradiogenic end-member, which we have tenta-
tively identified with C. The exact value assumed
for eng of the radiogenic end-member does not
greatly affect this result since the quotient increases
to only 4.3 for eyg of +12. Moreover, as will be
seen below, the important observation is not the
actual value of the Hf/Nd quotient, but that the Hf/
Nd ratio of the radiogenic end-member is higher,
not lower, than that of the unradiogenic end-
member.

[44] Because the Mohns and Knipovich Ridges are
located not far from the Baltic and Svalbard-
Barents Sea continental shelf breaks, the nature
of this radiogenic end-member raises the issue of
the presence in the MORB source of continental
crust. Seismological data have been interpreted as
signaling crustal remnants beneath the Jan Mayen
plateau [Kodaira et al., 1998]. However, as orig-
inally argued by Tronnes et al. [1999], using trace
elements, there is no strong indication that the
present MORB samples are pervasively polluted
by a corngonent resembling true continental crust.
The low °°Pb/***Pb ratio (<18.0) of the B end-
member (Figure 12) fits only with the granulitic
section of continental crust. In addition, along and
north of the Jan Mayen Platform, the Ce/Pb and
Nb/U ratios [Schilling et al., 1999; Hanan et al.,
2000; URI, unpublished data] show values similar
to those (25 and 48, respectively) of the canonical

mantle values of Hofmann et al. [1986] (Figure
14). Even the *He/*He signal, which reaches an
overall low in the vicinity of Jan Mayen at about
6.8—8.1 times the atmospheric ratio [Schilling et
al., 1999], is still very MORB-like.

[45] An alternative possibility is that the assumed
crustal component is an integral part of the mantle
source of basalts. Radiogenic Hf combined with
relatively unradiogenic, that is normal Nd (as in
end-member B) is the hallmark of pelagic sediment
involvement [Patchett et al., 1984; Albarede et al.,
1998]. Because deep-sea clays are deficient in
zircon with respect to regular continental crust,
H{f/Sm ratios can be used to fingerprint a contribu-
tion from pelagic material [White and Duncan,
1996]. The Hf/Sm ratios of MORB north of Jan
Mayen [Schilling et al., 1999; this study, Table 1]
cluster around the canonical planetary value of
0.72 [Blichert-Toft et al., 2002] (Figure 14). This,
combined with the evidence from Figure 6 that the
Hf/Nd ratio in the radiogenic end-member (B) is
~3.5 times higher than that of the unradiogenic
end-member (A), corroborates the conclusion that
pelagic sediments do not contribute visibly to the
source of the local MORB.

[46] The unusually radiogenic Hf isotope compo-
sitions of Mohns and Knipovich MORB and the
remarkable scatter of the data along these two ridge
segments therefore make them unique and, in
particular, distinct from the components involved
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on both sides of Iceland. Despite their strong
source depletion, as attested to by the Nd and
especially the Hf isotope ratios, the apparent LREE
enrichment of the Mohns and Knipovich MORB
requires smaller-degree melts with respect to Kol-
beinsey MORB [Haase et al., 1996; Schilling et
al., 1999]. Small-degree melts and shallow as-
thenospheric upwelling associated with a slow
spreading rate [Gripp and Gordon, 2002] result
from a combination of the strongly oblique spread-
ing of the Mohns Ridge [Géli et al., 1994] and a
rather high latitude with respect to the Eulerian
pole of the Europe-North America opening
(62'4°N 135'8°E) [Gordon, 1995]. As discussed
previously by a number of authors [e.g., Salters
and Hart, 1989; Salters and Zindler, 1995;
Blichert-Toft and Albarede, 1997, Chauvel and
Blichert-Toft, 2001], Hf-Nd isotope decoupling is
readily accomplished by garnet fractionation. If
melting takes place at equilibrium, the isotopic
composition is dictated by the whole rock. The
presence of garnet in the residual assemblage is
therefore irrelevant and the source itself must be
anomalous. Unusually radiogenic Hf at a specific
value of '"*Nd/'**Nd may signal the presence in
the source of ancient LREE-depleted cumulates,
such as garnet pyroxenite or garnet peridotite. Such
residues from ancient melt extraction events at
great depth, where garnet/clinopyroxene ratios
would have been high, would be likely to have
not only the high Hf/Nd ratios observed for the
Mohns-Knipovich Ridge basalts, but also the high
Lu/Hf and higher-than-usual (Lu/Hf)/(Sm/Nd) re-
quired for these samples to have grown in their
highly radiogenic Hf and produced the distinctive
Hf-Nd isotope decoupling we observe. Melting of
garnet-rich cumulates is unfortunately not consis-
tent with the unradiogenic character of Pb in the
radiogenic-Hf component. Beattie [1993] and
Hauri et al. [1994] found that upon crystal/liquid
fractionation, Pb is much more depleted in garnet
than U and these cumulates should quickly evolve
fairly high 2°°Pb/?**Pb ratios, which is not the case.
An alternative possibility that could account for a
component with radiogenic Hf and Nd and the high
Hf/Nd ratio visible in the Mohns-Knipovich Ridge
basalts would be a source of strongly residual
character, but since the Nd in these samples is
not particularly radiogenic with respect to most
other MORB, such a scenario is less likely.

[47] A disturbing aspect of the high-cy; samples
north of Jan Mayen is that they hint at an additional
depleted end-member (point B in Figure 6) appar-
ently absent from the Pb principal components. We

therefore examine the alternative possibility that
point B is not a real end-member, implying that the
hyperbola between points A and B does not
necessarily reflect a truly binary mixing relation-
ship (which would account for the lack of strong
variation in Hf/Nd along these ridge segments). In
such a scenario, disequilibrium melting is respon-
sible for the very particular scatter of Hf isotopes in
the most depleted rocks. The merits of disequilib-
rium melting were recently reinvestigated by van
Orman et al. [2001], who suggested that Nd
isotope equilibration takes up to 1 Gyr at the
eclogite solidus (1150°C). If the parameters for
Th*" diffusion [van Orman et al., 1998] can be
used as proxies for Hf, Hf*" can be expected to
show even greater disequilibrium effects. Divalent
(Pb*") and trivalent (Nd*") elements are probably
less prone to kinetic effects. Disequilibrium melt-
ing is advantageous in that it relieves the require-
ment of a distinct geochemical end-member in
the MORB source. Hafnium in garnet from peri-
dotite inclusions in kimberlites can be extremely
radiogenic, with eyf0) of up to +1000, such as
observed in Canadian and South African samples
[Schmidberger et al., 2002; Bedini et al., 2004].
Neodymium from the same samples is radiogenic
as well, but to a far lesser extent, which suggests
that the closure temperature in garnet is higher for
the Lu-Hf than the Sm-Nd system. In addition,
observations on peridotites show that interaction
with small melt fractions fails to equilibrate Hf and
Nd isotopes among the minerals of peridotites
[Simon et al., 2003; Bedini et al., 2004; Frey et
al., 2004]. Any isotopic disequilibrium during
garnet breakdown, in particular during incongruent
melting across the garnet-spinel transition, such as
Garnet + Liquid; <= Spinel + Liquid,, would
therefore tend to produce melts with Hf isotope
compositions particularly radiogenic with respect
to those of the accompanying Nd. Radiogenic
Hf released by garnet breakdown is expected to
migrate upward more efficiently than less abundant
radiogenic Nd or common Hf locked up in clino-
pyroxene. This interpretation also holds, although
to a smaller extent, for clinopyroxene, since in
spinel peridotite inclusions from Hawaiian alkali
basalts, clinopyroxene is known to contain Hf
substantially more radiogenic than predicted from
its corresponding Nd isotope compositions [Salters
and Zindler, 1995].

[48] The unusual character of this high-ey; end-
member suggests an unusual source. From the high
levels of labile elements in basalts from the Mohns
Ridge, Haase et al. [1996] argued that the nearby
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subcontinental Greenland lithosphere contributed
to their genesis. A contribution of low-degree melts
from trailing streaks of old Greenlandic or Euro-
pean subcontinental lithospheric mantle caught in
the upwelling asthenosphere beneath the Mohns
and Knipovich Ridges combined with some mea-
sure of disequilibrium during melting is a possibil-
ity. In their Atlantic-wide study of isotopic
gradients, Andres et al. [2004], though without
invoking disequilibrium melting as the source of
isotopic decoupling, also attributed the long-wave-
length Hf-Nd trend in MORB to a gradient in the
amount of subcontinental mantle material affecting
their source. Because the Mohns and Knipovich
Ridges are extremely close to the continents, it
makes intuitive sense that they should also have the
strongest signal of this ancient subcontinental man-
tle, which is tapped most readily where the con-
tinents are rifting apart.

6.5. Is Jan Mayen a Hot Spot?

[49] If the Jan Mayen Platform contains no ap-
preciable contribution from continental crust, what
then is its actual nature? The distribution of Nd
and Hf isotope compositions (Figure 5) and the
first Pb principal component (Figure 11) on both
sides of the Jan Mayen fracture zone is consistent
with a model in which hot spot material is
injected and expands into the Mohns Ridge. The
strong discontinuity observed for the second Pb
principal component (Figure 11), however, indi-
cates that this material is injected along a major
mantle boundary. As for Iceland, the two Pb
components seem to have distinct mantle dynam-
ics. Whether the Jan Mayen Island and its south-
ern extension, the Jan Mayen Ridge, represent the
trace of a hot spot is strongly disagreed upon in
the literature. It has been known for a couple of
decades [Bott, 1985] that some 25 Myr ago, the
MAR north of Iceland jumped from its original
position on the now fossil Aegir Ridge to its
current position on the Kolbeinsey Ridge. The
broad stretch of crust left behind in between these
two ridges, known as the Icelandic Plateau, is
now crowned by the Jan Mayen Ridge. In Figure
1, we have plotted the trace of the European
lithospheric movement over the hot spot reference
frame during the last 25 Myr using the poles and
velocities of Gripp and Gordon [2002]. Although
the estimated vector representing this displace-
ment is affected by substantial uncertainty, it is
clearly distinct from the direction of the Jan
Mayen Ridge. If this ridge is not a hot spot track,
it could be the remnant of an early Icelandic

oceanic plateau formed in the aftermath of
the continental breakup, first separated from the
Faeroe-Vering Bank by the rifting of the Aegir
Ridge, then from the East Greenland volcanic
province by the rifting of the Kolbeinsey Ridge.
This interpretation would account for the unusual
seismic structure of the Jan Mayen Ridge
[Kodaira et al., 1998] and for the lack of a
continental signature in the basalts around Jan
Mayen, but hardly explains why the Jan Mayen
Island is still volcanically active.

7. Conclusions

[s0] On the basis of principal component analysis,
precisely three geochemical end-members account
for >99.95% of the Pb isotope variability in Arctic
and Icelandic basalts. Some decoupling of Pb from
Hf and Nd isotopes is apparent, which is due partly
to the nonlinear mixing relationship between iso-
topic compositions of different elements and partly
to elemental fractionation during melting. The first
Pb principal component reflects a mixture of two
geochemical end-members, the depleted mantle
(asthenosphere or DM) and “C” [Hanan and
Graham, 1996]. The second Pb principal compo-
nent reflects the presence of a third enriched end-
member (EM) with a distinct Th/U ratio.

[s1]] The MAR appears to be divided into three
isotopically distinct segments separated by Iceland
and Jan Mayen. The strong first Pb principal
component present in Icelandic basalts seems to
be spilling over southward into the Reykjanes
Ridge, but not to the north into the Kolbeinsey
Ridge. Hf and Nd isotopes mirror the first Pb
principal component. By contrast, the gradient
between subaerial Iceland and Kolbeinsey basalts
is fairly smooth for the second Pb principal com-
ponent. As for Iceland, the two components present
in basalts around Jan Mayen seem to have different
dynamics, with the first Pb principal component
and its Nd and Hf counterparts spreading exclu-
sively northward into the Mohns Ridge.

[52] Basalts north of Jan Mayen display the most
consistently radiogenic Hf reported up to now for
any MORB worldwide. The curved Hf-Nd isotope
array along the Mohns Ridge represents mixing
between C and a high-ey; end-member, which
could be basalts produced by disequilibrium melt-
ing of garnet- or clinopyroxene-bearing peridotites.
One option is that streaks of subcontinental litho-
sphere left by continental rifting are present in the
North Atlantic mantle.
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[s3] Trace element data argue against the presence
of substantial masses of continental crust beneath
Jan Mayen. The new isotopic data presented here
also provide no evidence against the hypothesis
that Jan Mayen is a hot spot. If this is indeed the
case, material is injected along a major mantle
discontinuity.

Appendix A: Summary of Previous
Work on the Arctic MAR

[s4] The progressive northward decrease to very
low values of spreading rate, ridge axis elevation,
and mean degree of melting along the Arctic MAR
has been noticed to take place in a stepwise fashion
over the Kolbeinsey, Mohns, and Knipovich
Ridges [Schilling et al., 1999]. The isotopic and
geochemical nature of the underlying mantle, as
revealed by the detailed sampling along these ridge
segments, was observed to be highly diverse and of
distinctive length scales [Schilling et al., 1983;
Neumann and Schilling, 1984; Waggoner, 1990;
Mertz et al., 1991; Devey et al., 1994; Haase et al.,
1996; Mertz and Haase, 1997; Schilling et al.,
1999; Tronnes et al., 1999]. The possible reasons
for the extremely heterogeneous nature of the
mantle in the Arctic Atlantic region have been
disputed at length.

[ss] While Schilling et al. [1999] most recently
suggested that chemical and isotopic variations
along the Kolbeinsey and Mohns Ridges could
be attributed to the distinct influence of, respec-
tively, the Iceland and the Jan Mayen mantle
plumes, others [Mertz et al., 1991; Haase et al.,
1996] held that the observed variations more likely
were due to a heterogeneous MORB mantle source
consisting of enriched and depleted components
with distinct melting characteristics, combined
with cold edge effects from fracture zones or
continental fragments. Yet others [Haase et al.,
1996; Tronnes et al., 1999] did not acknowledge
the existence of the Jan Mayen plume, but pro-
posed a hybrid model in which large-scale disper-
sion of the Iceland mantle plume alone accounts
for the observed variability. Finally, involvement of
randomly distributed continental lithosphere mate-
rial entrained in the melting regime beneath the
immature Knipovich Ridge, due to its proximity to
the Barents Sea-Svalbard continental platform, has
been considered to explain the large and scattered
chemical and isotopic variations along this ridge
segment [Schilling et al., 1999]. On the basis of the
available geochemical data (major and trace ele-
ments and Sr, Nd, conventional Pb, and He isotope

compositions) of this series of studies, it was not
possible to discriminate between these different, all
plausible scenarios.

[s6] The apparent lack of a Pb isotope gradient
along the Kolbeinsey Ridge from 67°N to 69°N,
which stood in stark contrast to gradually varying Sr
and Nd isotope ratios, further prompted Mertz et al.
[1991] to suggest that the Tjornes Transform Zone is
blocking any northward flow and mixing of the
Iceland plume with the depleted upper mantle be-
neath the Kolbeinsey Ridge, thus suggesting an
asymmetric plume dispersion along the MAR, as
also apparently indicated by previously reported
REE data [Schilling et al., 1983]. Instead, the com-
panion gradients in Sr and Nd isotope and U/Pb
ratios observed between the Spar and Tjornes
Transform Zones led Mertz and coauthors to suggest
a southward flow toward Iceland composed of an
unusual two-component MORB mantle source type.
Trace element data on this same sample suite were
later used to model the variations by dynamical,
fractional decompression melting of a lherzolitic
upper mantle, with successive pooling of melts at
different depths within the garnet and spinel lherzo-
lite facies from 80 to 30 km [Devey et al., 1994].

[571 Haase et al. [1996] subsequently applied trace
element data from independently collected alkali
basalts from the Jan Mayen Platform and tholeiites
from the Mohns Ridge around 72°N to argue
against the presence of a Jan Mayen hot spot
mantle plume. Instead, these authors evoked pro-
duction of small-degree melts from a metasomat-
ized mantle source, supposedly heterogeneous on a
small scale, caused by cold edge effects due to the
combined presence of the Jan Mayen Fracture
Zone and a continental fragment, presumably pres-
ent beneath the paleo-Jan Mayen Ridge.

[ss] Contrary to the original study by Mertz et al.
[1991], the following more extensive Sr-Nd-Pb-He
isotope study by Schilling et al. [1999], which in
addition included basalts from the Tjornes Trans-
form Zone, revealed a steep Pb isotope gradient
increasing toward Iceland across the Tjornes Trans-
form Zone, thus apparently ruling out any signifi-
cant dampening effect northward of the dispersing
Iceland mantle plume by this transform fault. These
results were interpreted to reflect a northward flow
with melting and mixing of the Iceland mantle
plume with the depleted upper mantle, extending
up to the Spar Fracture Zone. The 200 km longer
(with respect to the Sr-Nd-Pb gradients) *He/*He
gradient further led these authors to suggest that the
“nose” of the mantle plume may actually extend
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beyond the Spar Fracture Zone, without melting
taking place, but partly degassing at greater depth.
The two nearly mirror-image gradients in Sr-Nd-Pb
isotope space observed along the northern Kolbein-
sey and Mohns Ridges, on each side of the Jan
Mayen Platform, were proposed to reflect not only
the influence of the Jan Mayen plume, but also its
radial dispersion and mixing with the surrounding
depleted upper mantle.

[s9] Rather than calling upon the influence of the
two separate mantle plumes of Iceland and Jan
Mayen to interpret the along-MAR isotopic varia-
tions, Tronnes et al. [1999], in their simultaneous
study of Jan Mayen basalts, suggested that the
observed isotopic variability be caused by a very
broad dispersion of the Iceland mantle plume
reaching as far as, and perhaps beyond, Jan Mayen,
and the added effects of lithosphere variations on
the extent of partial melting. They proposed that,
beneath the Jan Mayen Platform, the rising mantle
column is truncated at a depth of ~90 km, resulting
in the final separation of very small-degree melts of
the most fusible component of the Iceland plume,
whereas along the surrounding MAR, greater de-
compression melting and dilution by melting of the
peridotite matrix occurs.
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