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[1] Icelandic basalt ranges in composition from voluminous tholeiite, erupted in the rift zones, to small-

volume, mildly alkaline basalt erupted off-axis. In addition, small-volume flows of primitive basalt,

highly depleted in incompatible elements, are sometimes found in the actively spreading rift axes.

Relative incompatible-element depletion or enrichment in Icelandic basalt is correlated with variation in

radiogenic isotope ratios, implying that the mantle beneath Iceland is heterogeneous and that the relative

contribution of the various mantle components relates to eruption environment (on- or off-axis) and

hence to degree of melting. Thus small-degree off-axis melting preferentially samples an enriched and

more fusible mantle component, whereas more extensive melting beneath the rift axes produces magma

that more closely represents the bulk Iceland plume mantle composition. The small-volume flows of

depleted basalt represent melts that have preferentially sampled a depleted and more refractory mantle

component. A debate has arisen over the nature of the depleted component in the Iceland plume. Some

authors [e.g., Hanan and Schilling, 1997] argue that the depleted component is ambient upper mantle,

the source of normal mid-ocean ridge basalt (NMORB) in this region. Others [e.g., Thirlwall, 1995;

Kerr et al., 1995; Fitton et al., 1997], however, have used various lines of evidence to suggest that the

plume contains an intrinsic depleted component that is distinct from the NMORB source. Hanan et al.

[2000] attempt to refute the existence of a depleted Iceland plume (DIP) component through a critical

evaluation of the Nb-Zr-Y arguments advanced by Fitton et al. [1997] and the Hf-Nd-isotopic evidence

presented by Kempton et al. [1998]. In this paper we examine the case presented by Hanan et al. [2000]

and conclude that their arguments are flawed. Firstly, their trace-element data set excludes data from

depleted Icelandic basalt samples and so it is not surprising that they find no evidence for a DIP

component. Secondly, they present two new Hf-isotope analyses of a single depleted Icelandic basalt

sample and show that the data plot in their NMORB field on an eHf versus eNd diagram. However, new

data allow the resolution of distinct NMORB and depleted Icelandic basalt fields on this diagram. We

conclude that trace-element and radiogenic isotope data from Iceland require the existence of a DIP

component.
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1. Introduction

[2] Icelandic basalt has significantly higher con-

centrations of highly incompatible elements than

does normal mid-ocean ridge basalt (NMORB).

Corresponding differences in radiogenic isotope

ratios show that the elemental characteristics of

Icelandic basalt must be inherited from a mantle

source that is fundamentally different from that

beneath normal segments of mid-ocean ridge.

Interaction of a hot, deep-mantle plume with the

Mid-Atlantic Ridge can satisfactorily account for

the distinctive composition of Icelandic basalt, the

topographic elevation of the ridge axis in Iceland,

and the thickness of the Icelandic crust. Geochem-

ical and isotopic gradients along the Mid-Atlantic

Ridge north and south of Iceland have been inter-

preted to be the result of mixing between plume

mantle and ambient depleted (NMORB-source)

upper mantle [e.g., Schilling, 1973]. A debate has

arisen, however, as to the composition of the Ice-

landic plume mantle. Several authors [e.g.,

Hémond et al., 1993; Thirlwall, 1995; Kerr et al.,

1995; Fitton et al., 1997; Nowell et al., 1998;

Kempton et al., 2000; Skovgaard et al., 2001] have

argued that the plume contains an intrinsic,

depleted component that is distinct from the

NMORB source. This depleted component is

recorded by basalts throughout large areas of the

North Atlantic Igneous Province (NAIP), spanning

60 Ma to the present day [e.g., Saunders et al.,

1997]. The existence of this depleted plume com-

ponent has been questioned by Hanan et al.

[2000], who argue that the observed compositions

of Icelandic basalts can be accounted for by three-

component mixing between the ambient depleted

NMORB-source mantle and two components that

are relatively enriched in incompatible elements.

According to these authors, one of the enriched

components resides in the Iceland plume, while the

other consists of subcontinental lithospheric mantle

entrained in the local NMORB source. Whether or

not depleted material occurs deep within the mantle

(i.e., below the MORB asthenospheric reservoir) is

clearly of importance for geodynamic models of

the Earth.

[3] Incompatible-element-depleted basalts with

low 87Sr/86Sr and high 143Nd/144Nd are sometimes

erupted in the active rift zones of Iceland [Schilling

et al., 1982; Hémond et al., 1993; Hardarson and

Fitton, 1997]. These basalts have been interpreted

as representing the influx of NMORB-source man-

tle into the melt zone beneath Iceland [e.g., Schil-

ling et al., 1982; Hanan and Schilling, 1997;

Hanan et al., 2000]. Thirlwall [1995], however,

has shown that Icelandic basalt and North Atlantic

NMORB define separate, sub-parallel arrays on a

plot of 207Pb/204Pb versus 206Pb/204Pb, suggesting

that NMORB-source mantle does not mix to any

significant extent with Iceland plume mantle at the

present time. Depleted Icelandic basalt must, there-

fore, represent an intrinsic depleted Iceland plume

(DIP) component [e.g., Kerr et al., 1995]. A similar

conclusion was reached by Fitton et al. [1997], who

showed that, on a logarithmic plot of Nb/Y versus

Zr/Y, Icelandic basalt and NMORB form separate

and parallel linear arrays. Icelandic basalt has con-

sistently higher Nb/Yat any value of Zr/Y than does

NMORB, and even the most depleted Icelandic

basalt samples can be distinguished from NMORB

in this way. Further support for the existence of a

DIP component is provided by Hf-Nd-isotope stud-

ies on Icelandic basalt [Kempton et al., 2000].
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Samples from Iceland and adjacent portions of the

Mid-Atlantic Ridge define a field, on a plot of
176Hf/177Hf versus 143Nd/144Nd, that is oblique to

the main ocean-island basalt array and extends

towards a long-term depleted, high-143Nd/144Nd

component with higher 176Hf/177Hf than the

NMORB source.

[4] Hanan et al. [2000] have critically evaluated

the Nb-Zr-Y and Hf-Nd-isotopic evidence in an

attempt to show that the depleted end member in

Icelandic basalt is the NMORB source and not an

intrinsic DIP component, and they offer two prin-

cipal lines of argument. Firstly, they present new

Nb, Zr and Y data that show Icelandic basalt lying

on a mixing curve between North Atlantic NMORB

and incompatible-element-enriched basalts from

the Jan Mayen Platform. Secondly, they present

two new 176Hf/177Hf analyses from a single sample

of Icelandic depleted basalt and show that these lie

within their field for Atlantic MORB on a plot of
176Hf/177Hf versus 143Nd/144Nd. The purpose of the

present paper is to refute the arguments advanced

by Hanan et al. [2000]. We shall start by assessing

the nature and scale of mantle heterogeneity in the

Iceland plume and then discuss its Nb-Zr-Y system-

atics and Hf-Nd-isotopic characteristics.

2. Elemental and Isotopic Heterogeneity
in the Iceland Plume

[5] Figure 1 shows the variation of 143Nd/144Nd

and Nb/Zr in Icelandic basalt. Both parameters are

indices of source depletion. Nb/Zr can vary with

melt fraction since Nb is more incompatible than

Zr, but this alone cannot explain the order-of-

magnitude variation seen in Icelandic basalt (Fig-

ure 1). Furthermore, the negative correlation

between Nb/Zr and 143Nd/144Nd shows that the

most incompatible-element-depleted rocks in Ice-

0.5129

0.5130

0.5131

0.5132

0.01 0.1 1

Nb/Zr

143Nd/144Nd

N Atlantic NMORB
Iceland rift zones
Iceland off-axis
Iceland Tertiary (15-3 Ma)

2%5%20%

Figure 1. 143Nd/144Nd plotted against Nb/Zr for basaltic lavas (MgO >5 wt.%) from different eruptive settings in
Iceland. The composition of plume-free Atlantic NMORB (95 Ma ocean floor from DSDP Site 550, off the SW UK
continental margin W of Goban Spur) is shown for comparison. Error bars (2s) are shown for one sample (±0.00001
in 143Nd/144Nd; 0.47±0.1 ppm Nb, 19.4±0.2 ppm Zr). Nb/Zr error bars will become smaller with increasing Nb/Zr.
The horizontal lines show the calculated variation in Nb/Zr over the range 2%–20% non-modal equilibrium melting
of spinel- (green) and garnet- (red) lherzolite, using partition coefficients from Johnson [1998]. Data sources:
neovolcanic rift-zone data from Zindler et al. [1979], Nicholson [1990], Elliott et al. [1991], Furman et al. [1991],
Hémond et al. [1993], Gee et al. [1998], and Breddam [2002]; off-axis data from Snæfellsnes [Hardarson, 1993],
Snæfell [Hards et al., 1995], and Öræfajökull [Prestvik et al., 2001]; Tertiary data from Hardarson and Fitton [1997];
Goban Spur data from Kempton et al. [2000].
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land (low Nb/Zr) were generated from regions of

the mantle with the greatest time-integrated deple-

tion in incompatible elements (high 143Nd/144Nd).

[6] Another striking feature of the data in Figure 1

is the clear relationship between composition and

eruption environment. Basaltic lava flows erupted

from off-axis volcanic centres (Snæfellsnes, Snæ-

fell, and Öræfajökull; Figure 2) have more

enriched mantle sources (higher Nb/Zr and lower
143Nd/144Nd) than do those erupted at the spread-

ing axes. Since there is no reason to think that the

mantle beneath the axes is fundamentally different

in its bulk composition from the adjacent mantle

beneath the rift flanks, it follows that the mantle

source being tapped varies with melt fraction. This

implies that the mantle is heterogeneous on a scale

that is smaller than the melt zone but large enough

for the effects of heterogeneity to be preserved

during melting. Thus, small-degree melting

beneath off-axis regions generates mildly alkaline

magmas that appear to be preferentially sampling

relatively enriched and more easily fusible parts of

the mantle. Larger-degree melting beneath the

active spreading axes generates tholeiitic magmas

that will more closely reflect the bulk composition

of the mantle beneath Iceland.

[7] Large-volume (>0.5 km3) flows originating in

the active rift zones have a very restricted composi-

tional range (mean Nb/Zr = 0.11 ± 0.02 (1s);
[Hardarson and Fitton, 1997]), and data from them

plot close to the centre of the array in Figure 1.

Their mean composition and range are identical to

those of lava flows forming the exposed part of the

Tertiary lava pile in Iceland (Figure 1; Hardarson

and Fitton [1997]).

[8] Significantly, the most depleted Icelandic sam-

ples in Figure 1 (Nb/Zr< 0.06) were collected from

rare, small-volume (<0.2 km3) flows of undifferen-

tiated picrite and olivine basalt (MgO mostly > 9.5

wt.%) [Hardarson and Fitton, 1997]. These basalts

are thought by some authors [e.g., Schilling et al.,

1982; Hanan et al., 2000] to represent the influx of

NMORB-source mantle into the melt zone beneath

Iceland. The data in Figure 1 seem to support this

idea since plume-free Atlantic NMORB plots at the

depleted end of the array. Other authors [e.g., Thirl-

wall, 1995; Kerr et al., 1995; Fitton et al., 1997;

 

 

Figure 2. Distribution of depleted basalt samples (Nb/Zr < 0.06) in Iceland. Data for all of the samples are given in
Table 1; individual sample localities for the Theistareykir volcanic system are not identified on the map. The northern
(NVZ), mid-Iceland (MVZ), western (WVZ) and eastern (EVZ) volcanic rift zones are shown in yellow; volcanic
systems are outlined [after Einarsson and Sæmundsson, 1987].
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Nowell et al., 1998;Kempton et al., 2000], however,

disagree and regard the existence of these flows as

evidence that a depleted (DIP) component forms an

intrinsic part of the Iceland plume. The origin and

significance of these depleted basalts will be dis-

cussed in the next section.

3. Depleted Icelandic Basalt

[9] Although rare, lava flows of depleted basalt

(defined here as basalt with Nb/Zr < 0.06) are

found throughout the northern, mid-Iceland, and

western rift zones of Iceland. They are invariably

small in volume (<0.2 km3; Hardarson and Fitton

[1997]), and are most abundant in the Theistar-

eykir volcanic system in northern Iceland and on

the Reykjanes Peninsula in the southwest. The

international geochemical reference standard BIR-

1, (from the Reykjanes Peninsula) is the best-

known example of depleted Icelandic basalt. Fig-

ure 2 shows the distribution of depleted basalt in

Iceland, and Table 1 gives the composition of at

least one sample from each locality. Depleted

basalt flows are confined to the actively spreading

volcanic rift zones (NVZ, MVZ and WVZ on

Figure 2), and have not been reported from the

southward-propagating eastern volcanic rift zone

(EVZ), where mantle upwelling is likely to be less

vigorous.

[10] The very low concentrations of incompatible

elements in the depleted basalts (Table 1) can best

be explained by a dynamic melting process [Elliott

et al., 1991]. Upwelling mantle beneath the rift

axes will enter the melt zone, melt will be produced

and extracted, and the depleted residue will con-

tinue to melt as it decompresses further. Thus, the

instantaneous melts will become progressively

depleted in incompatible elements as upwelling

and melting proceed. Because the most depleted

basalt samples have the highest 143Nd/144Nd (Fig-

ure 1) they must represent those parts of the mantle

that were the most depleted before melting started.

This implies that melts produced during the

advanced stages of dynamic melting are preferen-

tially sampling the most depleted parts of a hetero-

geneous mantle source, and these are also likely to

be the least fusible. Greater degrees of decompres-

sion and melting beneath the actively spreading rift

axes will allow melting to include more of the

depleted and refractory components. However,

these instantaneous melts will only rarely be erup-

ted without combining with more voluminous and

less depleted melt in magma reservoirs. Because of

their low concentrations of incompatible elements,

the depleted melts will have little effect on the bulk

incompatible-element content of magma in the

reservoirs. Thus, these depleted melts can only be

detected if they reach the surface as small-volume

flows of relatively undifferentiated magma [Har-

darson and Fitton, 1997].

[11] The complete absence of depleted basalt in the

Tertiary lava pile (Figure 1) was noted by Schilling

et al. [1982], who interpreted it as evidence for a

recent influx of NMORB-source mantle into the

melt zone beneath Iceland. However, Hardarson

and Fitton [1997] showed that this is simply an

artifact of crust-forming processes in Iceland.

According to the Pálmason [1986] crustal accre-

tion model, the parts of the Tertiary lava pile

currently exposed in deep glacial valleys (i.e. the

upper 2 km) consist of the distal ends of lava flows

large enough to have flowed at least 20 km from

the rift axis. Smaller flows (including small-vol-

ume flows of depleted basalt) that are emplaced

closer to the rift axis are rapidly buried and carried

down to the deeper and inaccessible parts of the

lava pile. Depleted basalt has probably always been

erupted at the rift axis but is not exposed in the

accessible parts of the Tertiary lava pile.

[12] In summary, the data in Figure 1 are best

explained by variable degrees of partial melting of

heterogeneous mantle comprising enriched blobs

or streaks set in a more refractory depleted matrix.

Small-degree melting in off-axis locations (e.g.

beneath Snæfellsnes) will preferentially sample

the more fusible parts of the mantle, whereas more

extensive melting beneath the spreading axis will

sample both enriched and depleted components.

Instantaneous melts produced during the advanced

stages of dynamic melting will be biased towards

the depleted refractory matrix. These depleted

melts occasionally reach the surface as small-

volume flows of primitive (high-MgO) basalt

which are confined to the rift axis. The larger

rift-axis flows consist of magma that has been
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stored and homogenized in large magma reser-

voirs, hence their very uniform composition [Har-

darson and Fitton, 1997]. These flows are

frequently large enough to flow out of the rift axis

and onto the flanks where they will form the upper

part of the future lava pile. In our view, both the

enriched and depleted components of the mantle

beneath Iceland form part of the Iceland plume.

Hanan et al. [2000], however, disagree and believe

that the depleted component is the ambient

NMORB source. The data in Figure 1 can be

interpreted either way, but in the next section we

will show how the Nb-Zr-Y systematics of Ice-

landic basalt can be used to resolve this issue.

4. Nb-Zr-Y Systematics

[13] A logarithmic plot of Nb/Yversus Zr/Y (Figure

3a) provides a useful discriminant between Ice-

landic basalt and NMORB (i.e. plume and non-

plume basalt). The discriminant works because data

from the two types of basalt define separate and

parallel linear arrays. Using the lower limit of the

Iceland data array as a reference line, Fitton et al.

[1997] defined a parameter (DNb) that expresses

excess or deficiency in Nb such that Icelandic basalt

has DNb > 0 and NMORB has DNb < 0. Variation

along each array is caused, in part, by variable

degrees of melting such that the smallest degrees

result in the highest values of each ratio. Thus, data

from basalt erupted off-axis in Iceland (e.g. Snæ-

fellsnes) plot at the high-Zr/Y end of the Iceland

array, and those from NMORB on slow-spreading

segments of the Southwest Indian Ridge plot at the

high-Zr/Y end of the NMORB array. Fitton et al.

[1997] showed that simple melting models can

satisfactorily reproduce the slope of these two arrays

and that DNb is insensitive to degree of melting and

must, therefore, be characteristic of the mantle

source. It is not, asHanan et al. [2000] say, ‘‘merely,

in disguise, a complex proxy for the Nb/Zr varia-

tion’’. DNb, by definition, shows no systematic

variation along the Iceland array (Figure 3a) while

Nb/Zr varies by more than an order of magnitude

(0.02–0.3; Figures 1 and 3b).

[14] In addition to degree of melting, mantle

heterogeneity must contribute to the Iceland array

in Figure 3a because radiogenic isotope ratios

change systematically along it. For example, Nb/

Zr increases from left to right along the array

(Figure 3b) and varies inversely with 143Nd/144Nd

(Figure 1). The implication is that the depleted and

the enriched components in the mantle beneath

Iceland must both lie within the Iceland array.

Thus, with advanced dynamic melting and melt

extraction, the melts become progressively biased

towards the depleted component; that is, towards

the low-Zr/Y end of the Iceland array (Figure 3b).

[15] Figure 3b is a simplified version of Figure 3a

and represents the Hanan et al. [2000] data by a

single curve fitted to their data array. It is readily

apparent why these authors reached the conclusion

that variation in their Iceland data can be explained

by mixing between plume and NMORB mantle

without the need for a DIP component. Their data

array passes close to the average composition of

large-volume normal Icelandic basalt (Nb/Zr =

0.11; yellow circle in Figure 3b) but they have

simply not included data from any samples of

depleted Icelandic basalt. Our data for depleted

Icelandic basalt (red circles in Figure 3b; data in

Table 1) plot away from the Hanan et al. [2000]

data array and cannot be accounted for by their

mixing model. Because these depleted basalts plot

within the Iceland array (positive DNb), they are

clearly distinguishable from NMORB (negative

DNb; Figure 3b). They are isotopically distinct

from other Icelandic basalts (Figure 1) and there-

fore require the existence of a depleted component

in the mantle source beneath Iceland. No known

melting process that can generate the two mantle

arrays will also be able generate depleted Icelandic

basalt from the NMORB source. Because the

depleted mantle beneath Iceland is distinct from

NMORB-source mantle, commonly interpreted to

be the ambient upper mantle, it must form an

intrinsic component of the Iceland plume. Our

data, therefore, point clearly to the existence of a

DIP component.

[16] To summarise

1. Depleted Icelandic basalt is clearly distin-

guished from NMORB on a plot of Nb/Y vs. Zr/Y.

Although the former have very low abundances of
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Figure 3. Nb/Y and Zr/Y variation [after Fitton et al., 1997] for basalts (MgO >5 wt.%) from Iceland and the Mid-
Atlantic Ridge showing the limits of the Iceland array (red lines). The NMORB field (blue; from Fitton et al. [1997])
is based on data from the Reykjanes Ridge (S of 61�N), the East Pacific Rise, and the Southwest Indian Ridge. The +
symbol represents an estimate of primitive mantle composition [McDonough and Sun, 1995]. (a) Icelandic basalt data
(white circles) from Fitton et al. [1997], with additional data from Gee [1999] and Slater et al. [2001]. Data from
Hanan et al. [2000] are represented by coloured symbols. (b) The Hanan et al. [2000] data array is represented by the
black curve (fitted by polynomial regression). Average Icelandic basalt composition is based on 78 analyses of large
(>0.5 km3) flows from the neovolcanic rift zones [Hardarson and Fitton, 1997]. The OIB (ocean-island basalt) field
encloses data from 780 samples of basalt (MgO > 5 wt.%) representing all major ocean islands (J.G. Fitton and D.
James, unpublished data, 2000). Note that most OIB plot within the Iceland array, suggesting that the array reflects
the composition of plume mantle in general.
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incompatible elements, they have an excess of Nb

(DNb > 0) compared with NMORB.
2. DNb is a characteristic of the mantle source

and not merely a proxy for Nb/Zr.
3. The Iceland plume mantle probably consists

of streaks or blobs of enriched material set in a

depleted matrix. Both of the plume mantle end

members have positive DNb, in contrast to the

NMORB source, which has negative DNb.
4. The Nb-Zr-Y arguments advanced by Hanan

et al. [2000] are invalid because they are based on a

restricted set of data for Icelandic basalt that

completely excludes samples of depleted (i.e. low

Zr/Y and Nb/Zr) basalt.
5. The clear compositional differences between

depleted Icelandic basalt and NMORB point

unambiguously to the presence of a DIP compo-

nent.

5. Hf-Nd Isotope Systematics

[17] There are two issues here. The first is whether

or not it is possible, using combined Hf and Nd

isotopes, to distinguish between a depleted plume

component and a depleted MORB component. The

second, and related, issue is whether or not the Hf-

isotope data are sufficiently precise to enable such

a distinction to be made. We argue that the answer

to both of these questions is a clear, unequivocal,

‘‘yes.’’

[18] We use the standard Hf-Nd isotope plot to

illustrate our argument (Figure 4). Ever since Hf-

isotope data have been produced, most workers

have recognized a ‘‘depleted’’ high eNd and eHf
mantle component that is identified with an ideal-

ised MORB-source end-member [e.g., Johnson

and Beard, 1993]. However, the precise location

of this depleted component on the eHf-eNd dia-

gram has become contentious, simply because the

pre-1997 MORB Hf-isotope data set produced a

diffuse field spanning more than 15 eHf units (field
A on Figure 4). There were two reasons for this

dispersion. Firstly, the error bars on individual Hf-

isotope measurements were large, due to the ana-

lytical techniques in use before that time. Secondly,

some of the MORB samples were obtained from

ridge segments that were influenced by hotspots.

[19] By careful selection of samples [Kempton et

al., 2000], and by using state-of-the-art analytical

methods (below), the NMORB field shrinks to �6

eHf units (field C on Figure 4), and falls in the

lower part of the original MORB field. Further-

more, eNd and eHf now correlate rather than being

decoupled [Kempton et al., 2000]. Error bars on

individual sample analyses are substantially

reduced. However, several samples from Iceland

and from older parts of the NAIP have significantly

higher eHf and are analytically distinguishable from
the field of NMORB. These basalts are clearly not

derived from the same mantle as NMORB. Rather,

they must come from a distinct, depleted mantle

source which, we argue, is intrinsic to the plume

itself [Kempton et al., 2000]. For reasons discussed

by Kempton et al. [2000], this source has evolved

with long-term high Lu/Hf, and has remained iso-

lated from the NMORB-source mantle.

[20] Hanan et al. [2000] dismiss the Hf-isotope

evidence for the depleted plume component by

implying that the data produced by Kempton et

al. [1998] are in error. Specifically, the measured
176Hf/177Hf ratio may be higher than the true value

because of an interference by 176Yb on 176Hf. This

interference must be adequately accounted for, or

the interfering Yb removed from the sample sol-

utions prior to mass spectrometry.

[21] Kempton et al. [2000] explain in some detail

that two high 176Hf/177Hf values reported in a

conference abstract [Kempton et al., 1998] were

subsequently found to be in error because of inad-

equate correction for rare-earth-element (REE)

interferences during mass spectrometry. Neither of

these data values has been used in any subsequent

paper. The error occurred when analytical protocols

shifted from thermal ionization mass spectrometry

(TIMS) to plasma ionization multi-collector mass

spectrometry (PIMMS) in the NERC Isotope Geo-

sciences Laboratory. At this time, the third column

separation stage required for Hf analysis by TIMS

was omitted for PIMMS work, following the rec-

ommendation of Blichert-Toft et al. [1997].

However, we found that significant interference of
176Yb on 176Hf could occur for some samples,

indicating that our first two column stages did not

separate 176Yb (and 176Lu) from 176Hf sufficiently
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in all cases. For this reason, we now routinely pass

samples through a third stage column to ensure that

the Hf fractions are free of REEs. We reported this

observation [Kempton et al., 1999, 2000] because

the number of laboratories measuring Hf-isotope

ratios is increasing, and we wanted others to be

aware of this potential problem. We did not expect

that it would be used as an unfair means of

dismissing our work.

[22] The PIMMS Hf-isotope data reported by

Kempton et al. [2000] were all carefully monitored

for Yb interference and many were analyzed in

duplicate. We also repeated most of our original

TIMS measurements in order to maintain an

internally consistent data set; this includes most

samples from the NAIP and some Pacific MORBs

reported by Nowell et al. [1998]. Within-run

standard errors for our PIMMS Hf-isotope analy-

ses are normally less than 22 ppm (2s). Minimum

uncertainties are derived from external precision of

standard measurements that average 58 ppm (2s).
Replicate analysis of our internal rock standard,

pk-G-D12, yields 0.283049 ± 16 (2s, n = 22),

RR, KR &
DSDP Site 348

ICELAND &
E Greenland margin

Th29
(Hanan et al.)

OIB
NMORB

NMORB
(error <100

ppm)

all MORB
(literature

data)

Leg 49
transect

0 2-2 4 6 8 10 12 14
eNd

-5

-10

0

5

10

15

20

25

eHf
Goban Spur &
Hatton Bank

A

B

C

Figure 4. eHf vs. eNd for basalts from the North Atlantic Igneous Province compared with global fields for ocean
island basalt (OIB) [Nowell et al., 1998] and MORB. The large grey field with the dotted outline (labelled A) is the
field for all MORB data from the literature (data sources in Nowell et al. [1998]). The light-blue field with the
dashed outline (labelled B) is based on the MORB data in field A, but filtered to exclude analyses having within-
run standard errors greater than 100 ppm (±0.000028 in 176Hf/177Hf ). The blue field with the solid border (labelled
C) is the field for NMORB (non-plume) based on recent high-precision PIMMS data from Chauvel and Blichert-
Toft [2001] and Kempton et al. [2002], plus the high-precision TIMS data in Nowell et al. [1998]. The 2s
uncertainty in these high-precision data is �0.5 eHf units. Large unfilled circles and diamonds represent data for
Goban Spur and Hatton Bank (off the SW and NW UK continental margins, respectively) [Kempton et al., 2000].
Note that basalts from Iceland and the adjacent Reykjanes (RR) and Kolbeinsey (KR) ridges (Figure 2) define an
array that is distinct from that of plume-free NMORB (field C). Data from the depleted Icelandic basalt sample
Th29 [Hanan et al., 2000] plot at the depleted end of the Iceland array, and not in the NMORB field.
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which is indistinguishable from our previously

reported value determined by TIMS [Nowell et

al., 1998] (0.283046 ± 16, 2s, n = 9). This

analytical precision is significantly better than

most of the published data for MORB and pre-

viously published data for Iceland [Kempton et al.,

2000]. As a result, in our analysis of Iceland and

other parts of the NAIP, we have excluded all

published data having a within-run standard error

greater than 100 ppm (equivalent to �±0.000028

in 176Hf/177Hf ). Even this generous cut-off is

approximately twice our external analytical uncer-

tainly and five times our own typical within-run

precision.

[23] The high-precision Hf-isotope data presented

by Kempton et al. [2000] clearly show that

NMORB-source mantle is not the depleted compo-

nent within the Iceland plume (Figure 4). Basalts

from the Iceland neovolcanic zone form a linear

trend, with eHf ranging from +11.2 to +19.4 and

eNd from +6.5 to +9.7. Basalts from the Reykjanes

Ridge overlap the Iceland array, but extend to more

radiogenic compositions (eHf values up to +20.5).

Samples from the Kolbeinsey Ridge, and their

older equivalents (�19 Ma) from the Deep Sea

Drilling Project (DSDP) Site 348, overlap the

Reykjanes trend, but with a restricted range in

eNd values of +10.4 to +10.5. Basalts from the

DSDP Leg 49 transect (on the north-west flank of

the Reykjanes Ridge, south-west of Iceland) and

the East Greenland margin plot within the Iceland

array.

[24] In contrast, North Atlantic NMORB from

Goban Spur and Hatton Bank (Figure 4) form a

tight cluster within the field of MORB data defined

on the basis of data from the literature (field B).

Although basalts from the Reykjanes Ridge and

Kolbeinsey Ridge slightly overlap the field of

MORB based on data from the literature, they plot

with significantly higher eHf values than basalts

from Hatton Bank or Goban Spur, which are more

relevant examples of NMORB for the North Atlan-

tic. These data provide strong evidence that not

only does the Iceland plume contain both a

depleted and an enriched component, but also that

the depleted component is distinct from the

NMORB source available prior to plume initiation.

[25] To summarise

1. There is no justification whatsoever for

dismissing the concept of a depleted Iceland plume

component on the basis of erroneous 176Hf/177Hf

analyses [Nowell et al., 1998].
2. By using state-of-the-art laboratory proce-

dures, and by carefully analyzing MORB, and

basalt from Iceland and other parts of the NAIP

using the same procedures, we have reconfirmed

that the Iceland plume contains an isotopically

depleted component that is distinct from NMORB-

source mantle in eHf-eNd space [Kempton et al.,

2000].
3. Our study also demonstrates that it is vital,

when comparing data from various sources, that

these sources are clearly indicated. This is

particularly important when older, less precise
176Hf/177Hf NMORB data are plotted alongside

more modern data [e.g., Hanan et al., 2000,

Figures 10 and 11].

6. Conclusions

[26] We have shown that depleted basalt from

Iceland differs significantly from NMORB in its

Nb-Zr-Y systematics and Hf-isotope ratios, and

that this observation requires the existence of a

depleted Iceland plume (DIP) component. This

conclusion contradicts an assertion made by Hanan

et al. [2000] that the NMORB source is the

depleted component in Icelandic basalt and that a

DIP component is not required. The difference in

our conclusions is due to differences in our respec-

tive data sets. The Hanan et al. [2000] trace-

element data set contains no data from depleted

Icelandic basalt and so it is not surprising that they

find no evidence for a DIP component. Their Hf-

isotope argument is based on two analyses of a

single depleted Icelandic basalt sample (Th29;

Table 1), a sample not included in their trace-

element set. These two Hf analyses plot within

their field for NMORB on an eHf vs. eNd diagram.

However, data presented by Kempton et al. [2000]

define smaller and distinct fields for NMORB and

depleted Icelandic basalt. We can now show that

the two analyses plot with other depleted Icelandic

basalt samples. We conclude, therefore, that the

answer to the question raised by Hanan et al.

[2000] (‘‘Depleted Iceland mantle plume geochem-
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ical signature: artifact of multicomponent mix-

ing?’’) is an emphatic ‘‘no’’. Our data require the

existence of a DIP component, and we see no

evidence for the involvement of the NMORB

mantle source in the generation of Icelandic mag-

mas. The Iceland plume is heterogeneous and

probably consists of streaks or blobs of enriched

and relatively fusible material in a depleted and

refractory matrix. The most likely source for the

material forming the Iceland plume is ancient

recycled oceanic lithosphere [e.g., Hofmann and

White, 1982; Fitton et al., 1997; Chauvel and

Hémond, 2000], and ancient, depleted oceanic

lithospheric mantle provides a plausible source

for the DIP component [Skovgaard et al., 2001].

Icelandic basalt mostly represents a weighted aver-

age of the enriched and depleted components.

Melts produced during the advanced stages of

dynamic melting, however, will be biased towards

the depleted refractory matrix. These depleted

melts occasionally reach the surface as small-vol-

ume flows of primitive basalt, which are confined

to the rift axes.
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Hémond, C., N. Arndt, U. Lichtenstein, A. W. Hofmann,

N. Oskarsson, and S. Steinthorsson, The heterogeneous

Iceland plume: Nd-Sr-O isotopes and trace element con-

straints, J. Geophys. Res., 98, 15,833–15,850, 1993.

Hofmann, A. W., and W. M. White, Mantle plumes from an-

cient oceanic crust, Earth Planet. Sci. Lett., 57, 421–436,

1982.

Jakobsson, S. P., J. Jónsson, and F. Shido, Petrology of the

western Reykjanes Peninsula, Iceland, J. Petrol., 19, 669–

705, 1978.

Johnson, C. M., and B. L. Beard, Evidence from hafnium

isotopes for ancient sub-oceanic mantle beneath the Rio-

Grande rift, Nature, 362, 441–444, 1993.

Johnson, K. T. M., Experimental determination of partition

coefficients for rare earth and high-field-strength elements

Geochemistry
Geophysics
Geosystems G3G3

fitton et al.: iceland plume 10.1029/2002GC000424

13 of 14



between clinopyroxene, garnet, and basaltic melt at high

pressures, Contrib. Mineral. Petrol., 133, 60–68, 1998.

Kempton, P. D., G. M. Nowell, J. G. Fitton, A. D. Saunders,

and R. N. Taylor, The Iceland plume in space and time: A Sr-

Nd-Hf-Pb study of the North Atlantic rifted margin, Mineral.

Magazine, 62A, 759–760, 1998.

Kempton, P. D., J. G. Fitton, A. D. Saunders, G. M. Nowell,

R. Tayor, and B. S. Hardarson, The depleted components of

mantle plumes: A strontium-neodymium-lead-hafnium

study of the North Atlantic rifted margin, paper presented

at the Ninth Annual V. M. Goldschmidt Conference, Lunar

and Planet. Inst., Cambridge, Mass., 1999.

Kempton, P. D., J. G. Fitton, A. D. Saunders, G. M. Nowell,

R. N. Taylor, B. S. Hardarson, and G. Pearson, The Iceland

plume in space and time: A Sr-Nd-Hf-Pb study of the North

Atlantic rifted margin, Earth Planet. Sci. Lett., 177, 255–

271, 2000.

Kempton, P. D., J. A. Pearce, T. L. Barry, J. G. Fitton,

C. Langmuir, and D. M. Christie, Sr-Nd-Pb-Hf Isotope

Results from ODP Leg 187: Evidence for Mantle Dynamics

of the Australian-Antarctic Discordance and Origin of the

Indian MORB Source, Geochem. Geophys. Geosyst., 3(12),

1074, doi:10.1029/2002GC000320, 2002.

Kerr, A. C., A. D. Saunders, J. Tarney, N. H. Berry, and V. L.

Hards, Depleted mantle-plume geochemical signature: No

paradox for plume theories, Geology, 23, 843–846, 1995.

McDonough, W. F., and S.-S. Sun, The composition of the

Earth, Chem. Geol., 120, 223–253, 1995.

Nicholson, H., The magmatic evolution of Krafla, NE Iceland,

Ph.D. thesis, University of Edinburgh, Edinburgh, 1990.

Nowell, G. M., P. D. Kempton, S. R. Noble, J. G. Fitton, A. D.

Saunders, J. J. Mahoney, and R. N. Taylor, High precision Hf

isotope measurements of MORB and OIB by thermal ionisa-

tion mass spectrometry: insights into the depleted mantle,

Chem. Geol., 149, 211–233, 1998.
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