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New trace element and Hf^Nd isotope data on post-glacial basalts

from Iceland’s main rift zones are used in conjunction with literature

data to evaluate the relative importance of source heterogeneity and

the melting process for the final melt composition. Correlations be-

tween Hf and Nd isotope compositions and trace element ratios indi-

cate that at least two source components are sampled systematically

as a function of the degree and pressure of melting beneath Iceland.

Strong depletion in Rb, Ba, U and Th and enrichment in Nb and

Ta compared with La in the most enriched samples from the

Reykjanes Peninsula and Western Rift Zone suggests that the en-

riched source component is similar to ancient recycled enriched

mid-ocean ridge basalt (E-MORB) crust. Highly incompatible

trace element ratios such as Nb/La and Nb/U and Pb isotope

ratios are variable across Iceland. This observation suggests that

either the enriched component is intrinsically heterogeneous, or that

there is a larger proportion of the enriched source component beneath

the Southwestern Rift Zone compared with the Northern Rift Zone.

The relative effect of source heterogeneity and melting on the final

melt composition was evaluated with a one-dimensional polybaric

melt mixing model in which accumulated melts from a depleted

MORB mantle and a recycled E-MORB crust are mixed in differ-

ent ways. Two styles of melt mixing were simulated: (1) complete

mixing of melts with variable proportions of the depleted mantle

and recycled E-MORB components; (2) incomplete mixing with a

fixed initial proportion of the two source components. Calculated

pressure-dependent compositional changes using these simple

two-component melting models can explain the observed trends in

trace element ratio and isotope ratio diagrams for Icelandic basalts,

even in cases where conventional binary mixing models would require

more than two source components. The example of Iceland demon-

strates that melt mixing during extraction from the mantle is a key

process for controlling the trace element and isotope variability

observed in basaltic lavas and must be evaluated before inferring the

presence of multiple source components.
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I NTRODUCTION
Iceland, as part of the Mid-Atlantic Ridge (MAR), is char-
acterized by a geophysical anomaly (gravity, thermal and
topography) that has been interpreted to result from buoy-
ant upwelling of hot mantle material (Schilling, 1973;
Wolfe, 1997; Shen et al., 1998; Bijwaard & Spakman, 1999;
Montelli et al., 2004). Icelandic basalts are compositionally
more variable than mid-ocean ridge basalts (MORB)
from the adjacent MAR (Jakobsson, 1972; Hart et al., 1973;
Schilling, 1973; Elliott et al., 1991; Sigmarsson et al., 1992b;
Fitton et al., 1997; Blichert-Toft et al., 2005; Kempton et al.,
2000; Stracke et al., 2003c; Thirlwall et al., 2004; Kokfelt
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et al., 2006). Melt inclusions in Icelandic basalts show even
larger variability than their host rocks (Gurenko &
Chaussidon, 1995; Slater et al., 2001; Maclennan et al.,
2003a, 2003b; MacLennan, 2008a).
In principle, the origin of the large compositional vari-

ability observed in Icelandic basalts and melt inclusions is
due to either variations in the fractional melting process
(i.e. the pressure and degree of melting) or variability in
space and/or time of the mantle processed through the
melting region. One school of models attributes the
observed trace element and isotope variability primarily
to source heterogeneity and invokes bulk mixing between
different enriched and depleted mantle source components
(e.g. Hanan & Schilling, 1997; Chauvel & He¤ mond, 2000;
Hanan et al., 2000; Stracke et al., 2003c; Thirlwall et al.,
2004; Kokfelt et al., 2006; Kitagawa et al., 2008; Peate
et al., 2009). On the basis of the Pb isotope variations
observed in Tertiary basalts, Hanan & Schilling (1997)
and Hanan et al. (2000), for example, suggested the pres-
ence of three source components: a depleted N-MORB
component ‘d’, and two enriched components. One en-
riched component ‘e’ is similar to EM-1 (Zindler & Hart,
1986); the other enriched plume component ‘p’ is similar
to the common ‘C’or ‘FOZO’ component (Hart et al., 1992;
Hanan & Graham, 1996; Stracke et al., 2005). Thirlwall
et al. (2004) advocated the presence of four major source
components based on combined Sr^Nd^Pb isotope data.
These major end-members (ID1, ID2, IE1, IE2)
were thought to mix at mantle depths to generate inter-
mediate end-member compositions resulting in the
near-binary mixing relations observed in the erupted
lavas. It has been proposed that isotopic heterogeneity is
caused by sampling different components from a recycled
oceanic slab: the altered upper basaltic crust, recycled
lower gabbroic crust and residual harzburgitic mantle
(Chauvel & He¤ mond, 2000) or recycled oceanic basalts
and gabbros with sediments (Kokfelt et al., 2006).
Recently, Peate et al. (2010) proposed the presence of at
least four mantle components based on two separate
sub-parallel linear trends on a plot of 206Pb/204Pb vs
208Pb/204Pb for post-glacial lavas from the Northern and
EasternVolcanic Zones.
Correlations between trace element and isotope compos-

itions in Icelandic basalts, however, indicate that the melt-
ing process and sampling of source heterogeneity are
intrinsically related. The erupted melts are suggested to
represent incomplete mixtures of partial melts from a het-
erogeneous source, which are extracted from, and inte-
grate over different depths in the melting region (Wood,
1981; Elliott et al., 1991; Maclennan et al., 2003a, 2003b;
Stracke et al., 2003c; Kokfelt et al., 2006). In addition to
bulk mixing of mantle sources, therefore, mixing of melts
from different source components during partial melting
appears to play a fundamental role in determining how

source heterogeneity is transferred from the source to the
melt (Phipps Morgan, 1999; Ito & Mahoney, 2005; Stracke
& Bourdon, 2009).
Mixing of melts during partial melting and melt extrac-

tion from variable depths has the effect that the isotopic
compositions of erupted lavas can differ significantly from
those of their bulk mantle source. This observation is in
stark contrast to mechanical bulk mixing models, which
inherently assume that source heterogeneity is fully con-
veyed from source to melt. Phipps Morgan (1999) and Ito
& Mahoney (2005), for example, demonstrated that pro-
gressive melting and mixing of a heterogeneous source
can account for the elongated arrays in isotope space for
ocean island basalt (OIB) and MORB data. For the specif-
ic case of Iceland, the correlations observed between trace
elements and isotopes suggest that different source compo-
nents are tapped systematically as a function of the degree
and pressure of melting. Stracke et al. (1999, 2003a, 2006)
and Stracke & Bourdon (2009) showed that factors such
as the different solidus temperatures for each of the source
components, and the extent, style and depth range of
melt aggregation and melt extraction all have important
effects on the relationships between trace element and
isotope ratios in Icelandic basalts, and MORB and OIB
in general.
In this study, we evaluate the relative importance of

source heterogeneity, variable degrees of partial melting
and melt mixing processes on the final chemical compos-
ition of the erupted Icelandic basalts. We focus on post-
glacial main-rift lavas, with most samples being younger
than 3000 years, to minimize complications by temporal
changes in both the melting style and the composition
of the mantle entering the melting region (Jull &
McKenzie, 1996; Gee et al., 1998a; Kempton et al., 2000;
Slater et al., 2001; Maclennan et al., 2002; Kitagawa et al.,
2008). Our new trace element and Hf and Nd isotope
data for young Icelandic rift zone basalts are used in con-
junction with existing data on young main-rift lavas to im-
prove sample coverage and spatial resolution. We
demonstrate that polybaric melting and variable mixing
of melts from only two source components during partial
melting and melt extraction can account for the majority
of the combined trace element and Nd^Hf^Sr^Pb isotope
systematics of Icelandic basalts, even in cases where con-
ventional bulk mixing models would require more than
two source components. The example of Iceland thus dem-
onstrates that melt mixing during extraction from the
mantle is a key process for controlling the trace element
and isotope variability in erupted lavas. Therefore, a
better understanding of the partial melting processes and
the mechanisms of melt mixing during extraction and
subsequent melt evolution is crucial for accurately infer-
ring mantle heterogeneity from MORB and OIB
compositions.
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GEOLOGY AND SAMPLE
COLLECT ION
At Iceland, the Mid-Atlantic Ridge emerges in four
40^50 km wide rift zones defined by en-echelon fissure
swarms and large central volcanoes. The submarine
Reykjanes Ridge in the SW progresses into the subaerial
Reykjanes Rift Zone (RRZ) and the Western Rift Zone
(WRZ, Fig. 1). The Eastern Rift Zone (ERZ) is connected
to the Western Rift Zone via the Southwestern Fracture
Zone and continues northwards of the Vatnajo« kull Icecap
as the Northern Rift Zone (NRZ). In the north, the NRZ

connects to the submarine Kolbeinsey Ridge via the
Tjo« rnes Fracture Zone. Off-rift volcanic activity occurs in
several localities; for example, the Sn�fellsnes Peninsula
and the Eastern and Southern flank zones. Crustal thick-
ness varies from about 40 km in the centre of Iceland
(underneath the Vatnajo« kull Icecap) to c. 15 km under the
southwestern part of the Reykjanes Peninsula and 18 km
in the NE underneath the Theistareykir area (Allen et al.,
2002; Kaban et al., 2002).
Fifty-one post-glacial basalts from Iceland’s rift and

off-rift zones, which are generally less than 3000 years
old, have been collected for this study (Fig. 1, Table 1).

Fig. 1. Simplified geological map of Iceland showing the sampling localities of the 51 lavas investigated here (modified after geological map
published at www.�tephrabase.�org). Squares, Reykjanes Peninsula (RP); diamonds, Western Volcanics (WV); circles, Northern Volcanics
(NV); dark shaded triangles, Sn�fellsnes Peninsula (SP); light shaded triangles, EasternVolcanics (EV). All samples are younger than 10 ka.
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Table 1: Major and trace element, and Hf^Nd isotope compositions of Icelandic post-glacial lavas

Sample: RP1 RP2 RP 3 RP5 RP6 RP7 RP8

Flow name: Illahraun Afstapar- Arnarseturs- Stampar- Eldvarpa- Eldvarpa- Arnarseturs-

Hraun hraun hraun hraun hraun hraun

Age:* AD 1211– AD 1325 AD 1211– AD 1211– AD 1211– AD 1211– AD 1211–

1240 1240 1240 1240 1240 1240

Longitude: 21·991 22·173 22·425 22·709 22·600 22·558 22·420

Latitude: 64·054 64·016 63·928 63·830 63·822 63·819 63·909

Distance from plume (km): 226·4 236·1 254·0 268·0 263·5 261·7 251·6

Major elements (wt %)

SiO2 47·84 48·87 48·74 49·22 47·77 48·28 48·57

TiO2 1·72 1·35 1·82 1·52 1·64 1·93 2·01

Al2O3 15·02 13·99 13·50 14·18 14·44 13·89 13·52

Fe2O3 12·74 13·24 14·73 13·30 13·49 14·49 14·64

FeO 10·31 10·72 11·93 10·77 10·92 11·73 11·85

MgO 7·93 7·45 6·80 7·26 8·43 7·52 6·76

MnO 0·19 0·21 0·22 0·21 0·20 0·22 0·22

CaO 12·14 12·21 11·33 11·93 11·70 11·37 11·34

Na2O 2·18 2·24 2·38 2·20 2·18 2·30 2·40

K2O 0·20 0·18 0·22 0·16 0·16 0·19 0·21

P2O5 0·17 0·13 0·20 0·15 0·19 0·20 0·20

Cr2O3 0·05 0·02 0·02 0·03 0·05 0·04 0·03

NiO 0·02 0·01 0·01 0·01 0·02 0·01 0·01

Trace elements (ppm)

V 327 379 451 391 357 409 444

Co 53·6 52·3 55·1 52·8 56·8 55·2 54·9

Ni 119·2 82·8 91·6 92·5 155·7 116·8 88·3

Cu 149 158 172 161 149 161 181

Rb 3·87 3·39 4·11 2·83 2·72 3·34 3·98

Sr 205 156 172 141 188 172 168

Y 25·6 24·1 32·8 26·3 28·0 32·7 31·2

Zr 97·5 71·5 113·8 79·3 103·1 114·7 109·3

Nb 11·3 8·3 12·6 8·3 11·4 12·3 12·3

Cs 0·04 0·04 0·04 0·03 0·03 0·04 0·04

Ba 61·3 53·1 63·7 43·6 48·6 56·1 62·3

La 8·28 6·20 9·01 6·01 7·76 8·59 8·76

Ce 19·3 15·1 21·7 15·1 19·0 21·0 21·5

Pr 2·75 2·15 3·11 2·18 2·75 3·03 3·06

Nd 13·2 10·4 15·1 10·6 13·4 14·8 14·7

Sm 3·53 2·97 4·21 3·08 3·74 4·20 4·07

Eu 1·29 1·12 1·50 1·14 1·35 1·48 1·45

Gd 4·28 3·72 5·19 3·92 4·58 5·25 5·01

Tb 0·70 0·63 0·87 0·66 0·75 0·87 0·84

Dy 4·52 4·24 5·76 4·48 4·89 5·75 5·50

Ho 0·93 0·89 1·20 0·94 1·01 1·19 1·13

Er 2·69 2·61 3·51 2·77 2·91 3·50 3·30

Tm 0·38 0·37 0·50 0·40 0·41 0·49 0·47

Yb 2·53 2·55 3·36 2·74 2·73 3·32 3·18

Lu 0·37 0·38 0·49 0·41 0·41 0·49 0·47

Hf 2·46 1·92 2·92 2·06 2·63 2·98 2·82

Ta 0·72 0·51 0·79 0·51 0·71 0·77 0·75

Pb 0·43 0·31 0·53 0·46 0·48 0·50 0·54

Th 0·57 0·45 0·59 0·41 0·43 0·52 0·56

U 0·16 0·13 0·17 0·12 0·13 0·15 0·17

Hf–Nd isotope composition
176Hf/177Hf 0·283167 0·283199 0·283197 0·283175 0·283186 0·283189
143Nd/144Nd 0·513036 0·513057 0·513051 0·513033 0·513051 0·513050

(continued)
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Table 1: Continued

Sample: RP9 RP10 RP11 RP12 RP 13 RP15 RP17

Flow name: Arnarseturs- Ögmundar- Herd|¤sar- Grindas- Hl|¤�ar- Nesja- Hólms-

hraun hraun vik kör� vatn hraun hraun

Age:* AD 1211– AD 1151– �1800 BP

1240 1188

Longitude: 22·426 22·233 21·786 21·741 21·740 21·445 21·701

Latitude: 63·890 63·854 63·870 63·876 63·875 63·956 64·081

Distance from plume (km): 252·7 245·6 224·9 222·6 226·5 205·8 212·1

Major elements (wt %)

SiO2 48·46 48·84 47·84 47·91 47·88 48·28 47·78

TiO2 1·78 1·46 1·34 1·63 1·67 1·48 1·69

Al2O3 13·52 13·94 15·15 14·81 15·12 14·25 15·04

Fe2O3 14·60 13·31 11·92 12·94 13·21 13·21 12·74

FeO 11·82 10·78 9·65 10·48 10·70 10·70 10·32

MgO 6·77 7·46 8·22 7·87 7·66 7·68 7·67

MnO 0·22 0·21 0·18 0·20 0·20 0·20 0·19

CaO 11·31 12·23 12·43 12·07 11·99 12·20 12·18

Na2O 2·37 2·25 2·06 2·23 2·25 2·30 2·24

K2O 0·21 0·18 0·15 0·20 0·22 0·19 0·18

P2O5 0·20 0·13 0·13 0·17 0·18 0·15 0·16

Cr2O3 0·02 0·02 0·05 0·04 0·04 0·02 0·04

NiO 0·01 0·01 0·02 0·02 0·02 0·01 0·01

Trace elements (ppm)

V 428 385 331 354 364 357 368

Co 52·3 53·1 51·8 53·0 53·1 52·4 50·8

Ni 80·7 85·9 159·1 118·2 121·2 90·1 108·2

Cu 187 176 148 167 153 177 161

Rb 4·09 3·52 2·77 3·90 4·23 3·55 3·31

Sr 173 159 181 208 212 202 193

Y 33·3 26·2 22·2 24·9 25·7 25·0 24·7

Zr 116·6 77·2 72·9 93·7 100·6 85·6 85·9

Nb 12·5 8·5 8·6 11·3 12·7 9·2 10·0

Cs 0·05 0·04 0·03 0·04 0·05 0·04 0·03

Ba 63·5 54·2 47·5 62·3 69·4 55·3 53·6

La 9·00 6·52 6·16 8·09 9·00 7·06 7·07

Ce 21·5 15·6 15·2 19·3 21·2 16·9 16·9

Pr 3·08 2·23 2·15 2·71 2·97 2·42 2·43

Nd 15·0 10·9 10·5 13·0 14·0 11·7 11·8

Sm 4·20 3·13 2·92 3·53 3·74 3·28 3·30

Eu 1·48 1·17 1·11 1·29 1·34 1·19 1·22

Gd 5·27 4·00 3·61 4·27 4·44 4·08 3·97

Tb 0·88 0·68 0·60 0·70 0·72 0·68 0·66

Dy 5·80 4·56 3·95 4·48 4·61 4·42 4·32

Ho 1·21 0·96 0·82 0·92 0·94 0·92 0·88

Er 3·56 2·82 2·39 2·66 2·74 2·67 2·54

Tm 0·51 0·40 0·34 0·37 0·38 0·38 0·36

Yb 3·34 2·72 2·21 2·46 2·53 2·51 2·41

Lu 0·50 0·41 0·33 0·36 0·37 0·37 0·36

Hf 3·01 2·06 1·94 2·42 2·56 2·25 2·20

Ta 0·79 0·53 0·52 0·70 0·79 0·58 0·62

Pb 0·57 0·51 0·41 0·54 0·54 0·48 0·47

Th 0·60 0·48 0·40 0·56 0·62 0·50 0·47

U 0·17 0·14 0·12 0·17 0·18 0·14 0·14

Hf–Nd isotope composition
176Hf/177Hf 0·283195 0·283195 0·283180 0·283169 0·283198 0·283170
143Nd/144Nd 0·513050 0·513032 0·513044 0·513017 0·513043 0·513042

(continued)
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Table 1: Continued

Sample: RP55 RP56 WV16 WV18 WV19 WV20 WV21

Flow name: Straums- Ögmundar- Sv|¤nahrauns- Skjald- Skjald- Skjald- Sköflun-

vik hraun bruni brei�ur I brei�ur II brei�ur II gur

Age:* AD 1151– �AD 1000 5300 BP

1188

Longitude: 22·027 22·155 21·452 20·920 20·866 20·783 20·650

Latitude: 64·043 63·859 64·028 64·437 64·439 64·444 64·447

Distance from plume (km): 229·0 241·9 202·9 165·3 162·7 158·7 152·3

Major elements (wt %)

SiO2 48·83 48·87 47·41 47·68 48·29 48·20 47·54

TiO2 1·39 1·37 1·59 1·21 1·32 1·30 1·67

Al2O3 13·88 14·01 14·42 16·02 14·83 15·64 14·97

Fe2O3 13·50 13·28 12·94 11·37 11·59 11·28 12·73

FeO 10·94 10·75 10·48 9·21 9·39 9·14 10·31

MgO 7·46 7·56 9·25 8·99 8·22 7·36 8·47

MnO 0·21 0·21 0·20 0·17 0·18 0·18 0·19

CaO 12·23 12·23 11·54 12·53 12·99 13·12 12·07

Na2O 2·26 2·21 2·15 1·99 2·01 2·06 2·11

K2O 0·18 0·17 0·21 0·10 0·14 0·17 0·16

P2O5 0·14 0·14 0·17 0·13 0·12 0·13 0·16

Cr2O3 0·02 0·02 0·06 0·06 0·05 0·04 0·05

NiO 0·01 0·01 0·02 0·02 0·01 0·01 0·02

Trace elements (ppm)

V 388 381 338 287 333 323 336

Co 53·0 54·6 56·4 56·7 50·0 48·3 53·7

Ni 84·2 94·7 188·2 191·8 112·4 90·3 143·9

Cu 168·0 192·7 140·3 144·0 157·2 144·8 159·0

Rb 3·45 3·27 3·94 1·33 2·59 3·25 2·62

Sr 167 160 204 169 174 199 195

Y 27·2 24·8 24·6 21·3 21·7 22·4 23·4

Zr 82·4 75·9 95·2 78·0 71·5 79·8 86·0

Nb 9·06 8·61 11·28 7·52 7·32 8·52 9·70

Cs 0·04 0·04 0·04 0·01 0·03 0·04 0·03

Ba 54·1 51·0 62·4 29·6 41·6 51·0 46·0

La 6·77 6·36 8·21 5·41 5·57 6·72 6·79

Ce 16·3 15·5 19·3 13·9 13·6 15·8 16·8

Pr 2·33 2·22 2·72 2·03 1·97 2·23 2·45

Nd 11·4 10·8 13·0 9·9 9·6 10·7 11·9

Sm 3·24 3·08 3·51 2·76 2·77 2·92 3·30

Eu 1·20 1·14 1·26 1·03 1·03 1·07 1·24

Gd 4·15 3·83 4·25 3·43 3·48 3·62 3·98

Tb 0·70 0·65 0·68 0·57 0·58 0·60 0·64

Dy 4·72 4·33 4·44 3·74 3·82 3·93 4·21

Ho 0·99 0·90 0·90 0·77 0·80 0·81 0·86

Er 2·89 2·64 2·61 2·23 2·30 2·38 2·46

Tm 0·41 0·37 0·37 0·31 0·32 0·33 0·34

Yb 2·71 2·59 2·41 2·12 2·21 2·22 2·30

Lu 0·40 0·38 0·35 0·31 0·32 0·33 0·34

Hf 2·16 2·01 2·45 1·87 1·86 2·04 2·18

Ta 0·55 0·53 0·71 0·44 0·46 0·54 0·60

Pb 0·51 0·47 0·38 0·34 0·40 0·48 0·43

Th 0·46 0·45 0·59 0·22 0·38 0·50 0·40

U 0·14 0·13 0·16 0·07 0·11 0·14 0·12

Hf–Nd isotope composition
176Hf/177Hf 0·283218 0·283163 0·283199 0·283204 0·283188 0·283199
143Nd/144Nd 0·513036 0·513033 0·513062 0·513068 0·513037 0·513050

(continued)
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Table 1: Continued

Sample: WV21B WV22 WV25 WV26 WV27 WV30 WV31

Flow name: Sköflun- Skjald- Thjófa- Thingvalla- Nesja- Hallmundar- Hallmundar-

gur brei�ur II hraun hraun hraun hraun hraun

Age:* 5300 BP 3360 BP 10 200 BP �1800 BP AD 1050 AD 1050

Longitude: 20·650 20·694 21·051 21·028 21·247 20·924 20·842

Latitude: 64·447 64·446 64·263 64·145 64·124 64·728 64·745

Distance from plume (km): 159·5 154·4 175·9 179·0 189·8 140·0 158·9

Major elements (wt %)

SiO2 47·78 48·31 47·52 47·51 48·04 48·32 48·21

TiO2 1·91 1·31 1·80 1·36 1·48 1·06 1·00

Al2O3 14·79 15·36 14·23 15·08 14·27 15·80 16·00

Fe2O3 13·39 11·32 13·50 12·27 13·05 11·29 11·11

FeO 10·84 9·16 10·93 9·94 10·57 9·14 8·99

MgO 7·63 7·74 8·36 8·70 7·67 9·03 9·33

MnO 0·20 0·18 0·20 0·19 0·20 0·18 0·18

CaO 12·09 13·11 11·40 12·53 12·17 12·21 12·10

Na2O 2·17 2·05 2·20 2·03 2·30 2·14 2·07

K2O 0·17 0·18 0·21 0·11 0·18 0·11 0·11

P2O5 0·19 0·13 0·19 0·17 0·14 0·11 0·10

Cr2O3 0·04 0·05 0·05 0·05 0·02 0·02 0·02

NiO 0·01 0·01 0·02 0·02 0·01 0·02 0·02

Trace elements (ppm)

V 382 318 355 303 365 275 382

Co 53·6 49·1 56·9 53·9 55·9 55·3 53·6

Ni 117 106 159 154 99 169 117

Cu 183 151 163 143 167 148 183

Rb 3·10 3·43 3·98 1·65 3·41 2·18 3·10

Sr 192 198 200 186 198 139 192

Y 27·7 21·6 26·9 23·1 24·0 22·2 27·7

Zr 102 79 111 83 82 60 102

Nb 11·3 8·7 12·6 10·7 9·0 5·2 11·3

Cs 0·03 0·03 0·04 0·02 0·04 0·02 0·03

Ba 51·3 51·4 60·7 36·0 54·4 30·7 51·3

La 7·9 6·8 9·4 6·7 6·9 4·2 7·9

Ce 19·4 16·2 22·5 16·7 16·8 10·1 19·4

Pr 2·82 2·28 3·16 2·45 2·42 1·52 2·82

Nd 13·8 10·8 14·9 11·8 11·7 7·7 13·8

Sm 3·84 2·92 3·96 3·23 3·23 2·40 3·84

Eu 1·40 1·06 1·41 1·17 1·20 0·91 1·40

Gd 4·63 3·52 4·62 3·83 3·97 3·22 4·63

Tb 0·76 0·58 0·75 0·63 0·66 0·56 0·76

Dy 4·92 3·75 4·81 4·14 4·34 3·81 4·92

Ho 1·01 0·77 0·98 0·85 0·90 0·81 1·01

Er 2·90 2·23 2·79 2·44 2·62 2·43 2·90

Tm 0·41 0·32 0·39 0·34 0·37 0·34 0·41

Yb 2·74 2·16 2·66 2·31 2·45 2·31 2·74

Lu 0·40 0·31 0·39 0·34 0·36 0·34 0·40

Hf 2·61 1·99 2·75 2·03 2·18 1·64 2·61

Ta 0·71 0·53 0·77 0·64 0·58 0·33 0·71

Pb 0·53 0·41 0·62 0·34 0·46 0·29 0·53

Th 0·47 0·49 0·62 0·25 0·48 0·34 0·47

U 0·14 0·15 0·19 0·07 0·14 0·09 0·14

Hf–Nd isotope composition
176Hf/177Hf 0·283173 0·283164 0·283191 0·283184 0·283224
143Nd/144Nd 0·513055 0·513034 0·513051 0·513041 0·513069

(continued)
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Table 1: Continued

Sample: SP 28 SP29 SP 32 A SP 32 B SP 33 SP 34 SP 35

Flow name: Gábrókar- Bifrost, Rau�hálsa- Rau�hálsa- Mi�hraun Porserkja- Porserkja-

hraun Gábró- hraun hraun hraun hraun

karhraun

Age:* historical historical 54000 BP 54000 BP 54000 BP

Longitude: 21·578 21·578 22·291 22·291 22·661 22·931 22·946

Latitude: 64·747 64·747 64·834 64·834 64·860 64·973 64·971

Distance from plume (km): 203·0 193·8 237·0 237·0 259·0 268·0 271·5

Major elements (wt %)

SiO2 47·35 47·14 47·47 47·50 46·67 46·53 47·07

TiO2 1·61 1·50 1·52 1·60 1·47 1·45 1·94

Al2O3 15·20 15·16 14·65 14·63 13·83 12·07 13·64

Fe2O3 12·05 11·90 11·88 11·86 11·13 11·05 10·81

FeO 9·76 9·64 9·62 9·61 9·02 8·95 8·76

MgO 9·32 9·30 9·43 9·60 11·81 14·54 10·88

MnO 0·19 0·19 0·19 0·19 0·18 0·18 0·18

CaO 11·67 11·59 11·65 11·69 12·14 11·36 11·67

Na2O 2·23 2·19 2·23 2·24 2·09 1·78 2·18

K2O 0·49 0·48 0·56 0·56 0·27 0·55 0·84

P2O5 0·19 0·19 0·21 0·21 0·18 0·22 0·31

Cr2O3 0·04 0·04 0·07 0·07 0·13 0·24 0·13

NiO 0·02 0·02 0·02 0·02 0·04 0·05 0·03

Trace elements (ppm)

V 235 229 317 305 291 280 294

Co 40·6 40·1 56·3 55·4 58·9 64·2 51·4

Ni 105 107 190 185 284 417 220

Cu 74·3 73·1 110·2 110·0 72·0 87·7 79·8

Rb 7·75 7·52 13·19 13·44 6·28 12·96 19·61

Sr 205 199 264 272 207 301 408

Y 14·6 15·1 23·7 21·4 23·3 19·3 21·2

Zr 74·7 77·2 125·0 115·8 82·4 114·8 163·9

Nb 13·6 13·1 23·0 22·8 11·6 24·6 38·4

Cs 0·09 0·09 0·14 0·16 0·07 0·13 0·19

Ba 101 96 159 163 86 184 283

La 10·5 10·2 17·0 16·5 9·1 17·5 27·4

Ce 23·2 22·0 36·8 36·4 20·9 35·8 56·5

Pr 3·02 2·87 4·65 4·56 2·88 4·49 6·79

Nd 13·0 12·6 19·9 19·4 13·5 19·3 27·8

Sm 2·89 2·82 4·33 4·21 3·48 4·06 5·46

Eu 0·99 0·93 1·41 1·39 1·22 1·30 1·70

Gd 2·92 2·94 4·55 4·30 4·05 4·08 5·01

Tb 0·44 0·44 0·69 0·65 0·65 0·60 0·71

Dy 2·76 2·76 4·29 4·02 4·21 3·60 4·16

Ho 0·55 0·55 0·86 0·80 0·86 0·71 0·79

Er 1·55 1·56 2·43 2·25 2·46 1·95 2·13

Tm 0·22 0·21 0·34 0·31 0·34 0·27 0·29

Yb 1·42 1·42 2·22 2·10 2·28 1·74 1·92

Lu 0·21 0·21 0·33 0·31 0·34 0·26 0·28

Hf 1·85 1·91 2·99 2·78 2·19 2·79 3·75

Ta 0·84 0·82 1·39 1·36 0·75 1·56 2·35

Pb 0·70 0·65 1·10 1·01 0·57 0·90 0·92

Th 0·99 0·99 1·68 1·62 0·84 1·84 2·97

U 0·29 0·28 0·48 0·49 0·24 0·48 0·84

Hf–Nd isotope composition
176Hf/177Hf 0·283135
143Nd/144Nd 0·512941

(continued)
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Table 1: Continued

Sample: SP36 NV41 NV42 NV43 NV44 NV45 NV47

Flow name: Prestahraun Prengs- Elda Nyarhraun Búrfells- Krafla Krafla

laborgir hraun

Age:* 54000 BP �3000 BP AD 1729 AD 1875 �3000 BP AD 1729 AD 1984

Longitude: 23·959 16·948 16·945 16·390 16·752 16·784 16·791

Latitude: 64·881 65·575 65·656 65·651 65·649 65·718 65·716

Distance from plume (km): 306·7 104·2 129·1 130·0 113·0 121·5 141·5

Major elements (wt %)

SiO2 45·72 48·94 49·37 50·15 48·80 49·78 49·79

TiO2 2·47 1·54 2·02 2·78 1·64 2·02 2·09

Al2O3 14·38 14·16 13·20 12·64 14·23 13·22 13·07

Fe2O3 12·28 12·53 16·08 17·17 13·32 16·21 16·40

FeO 9·94 10·15 13·02 13·90 10·78 13·12 13·28

MgO 9·92 7·75 5·88 4·75 7·66 5·94 5·82

MnO 0·19 0·20 0·24 0·26 0·21 0·24 0·24

CaO 11·65 12·66 10·24 9·11 12·11 10·22 10·27

Na2O 2·32 2·20 2·50 2·95 2·22 2·47 2·51

K2O 0·72 0·16 0·32 0·52 0·20 0·32 0·32

P2O5 0·50 0·14 0·21 0·31 0·16 0·21 0·21

Cr2O3 0·08 0·02 0·02 0·01 0·02 0·02 0·02

NiO 0·02 0·01 0·01 0·01 0·01 0·01 0·01

Trace elements (ppm)

V 336 342 476 528 336 481 493

Co 50·5 53·0 54·9 49·8 50·8 53·3 53·6

Ni 174·0 90·9 74·4 38·5 88·9 66·1 62·5

Cu 59·7 168·8 153·4 125·4 168·6 151·1 160·5

Rb 14·52 3·17 7·12 11·26 3·77 6·90 7·25

Sr 447 162 160 197 186 164 165

Y 24·7 26·3 38·2 41·3 23·8 38·2 36·5

Zr 171·0 89·2 129·7 170·0 85·3 128·1 125·3

Nb 37·1 7·7 11·3 19·8 9·1 11·1 11·9

Cs 0·1 0·0 0·1 0·1 0·0 0·1 0·1

Ba 355·8 36·4 86·6 117·2 51·2 85·2 88·8

La 26·1 6·2 9·7 15·2 6·7 9·5 9·8

Ce 54·9 15·5 23·0 36·5 16·9 22·6 24·2

Pr 7·01 2·26 3·28 5·02 2·45 3·22 3·41

Nd 30·1 11·3 16·0 23·2 11·8 15·7 16·4

Sm 6·02 3·27 4·55 6·10 3·32 4·45 4·60

Eu 2·14 1·19 1·56 2·06 1·24 1·55 1·63

Gd 5·73 4·18 5·81 7·14 4·07 5·79 5·72

Tb 0·81 0·70 0·98 1·17 0·68 0·98 0·97

Dy 4·72 4·66 6·57 7·49 4·36 6·58 6·43

Ho 0·91 0·96 1·38 1·52 0·89 1·39 1·35

Er 2·49 2·76 4·06 4·47 2·60 4·09 3·96

Tm 0·33 0·39 0·59 0·62 0·36 0·59 0·57

Yb 2·16 2·61 3·99 4·20 2·47 3·95 3·87

Lu 0·32 0·38 0·60 0·61 0·36 0·60 0·57

Hf 3·73 2·33 3·32 4·32 2·26 3·33 3·24

Ta 2·26 0·50 0·72 1·23 0·57 0·71 0·73

Pb 0·93 0·46 0·77 1·11 0·41 0·80 0·85

Th 1·79 0·51 0·79 1·37 0·45 0·81 0·80

U 0·48 0·15 0·22 0·39 0·13 0·22 0·24

Hf–Nd isotope composition
176Hf/177Hf 0·283128 0·283204 0·283201 0·283192 0·283198
143Nd/144Nd 0·512960 0·513078 0·513040 0·513048 0·513034

(continued)
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Table 1: Continued

Sample: NV48 NV49 NV50 NV51 NV52 NV53 NV54

Flow name: Daleldar Krafla Askja Askja Askja Frambruni

Age:* 3000 BP AD 1984 AD 1984 AD 1961 �AD 1920 AD 1961 4AD 1362

Longitude: 16·793 16·841 16·841 16·638 16·721 16·770 17·075

Latitude: 65·664 65·795 65·795 65·057 65·044 64·914 65·017

Distance from plume (km): 115·7 129·1 114·6 67·5 55·7 44·2 43·8

Major elements (wt %)

SiO2 49·60 49·04 49·20 50·15 50·03 50·43 49·74

TiO2 2·05 1·60 1·60 2·80 2·77 2·76 1·41

Al2O3 12·91 14·19 14·21 12·64 12·63 12·74 14·49

Fe2O3 16·70 14·01 14·04 16·97 16·90 16·94 12·68

FeO 13·52 11·34 11·37 13·74 13·68 13·72 10·27

MgO 5·62 7·32 7·34 4·71 4·73 4·80 6·77

MnO 0·25 0·21 0·21 0·25 0·25 0·25 0·20

CaO 10·00 11·38 11·40 9·06 9·12 9·25 12·14

Na2O 2·49 2·22 2·22 2·93 2·91 2·88 2·37

K2O 0·32 0·24 0·24 0·53 0·52 0·52 0·21

P2O5 0·20 0·17 0·17 0·31 0·31 0·31 0·15

Cr2O3 0·01 0·04 0·04 0·00 0·01 0·01 0·02

NiO 0·01 0·01 0·01 0·01 0·00 0·01 0·01

Trace elements (ppm)

V 472 381 393 533 541 513 349

Co 53·5 50·4 52·7 50·1 50·7 48·5 50·5

Ni 56·0 109·1 116·5 30·5 33·1 36·1 67·5

Cu 157 146 148 124 128 121 145

Rb 7·09 5·15 5·15 12·15 11·63 12·24 4·60

Sr 158 171 173 198 195 204 163

Y 36·4 29·4 27·6 49·6 47·1 45·7 29·1

Zr 118·1 96·6 92·1 214·0 201·4 191·0 104·4

Nb 11·3 9·4 9·8 21·1 20·5 21·2 8·7

Cs 0·08 0·06 0·06 0·13 0·12 0·13 0·04

Ba 85·2 66·2 68·1 123·2 119·5 126·5 44·8

La 9·3 7·5 7·7 17·0 16·2 16·8 7·1

Ce 22·5 18·3 19·2 39·2 38·0 39·8 17·6

Pr 3·19 2·65 2·74 5·41 5·21 5·47 2·53

Nd 15·4 13·0 13·3 25·6 24·5 25·6 12·4

Sm 4·38 3·72 3·74 6·81 6·46 6·84 3·60

Eu 1·52 1·34 1·38 2·19 2·11 2·26 1·28

Gd 5·59 4·69 4·57 8·22 7·82 8·07 4·54

Tb 0·94 0·79 0·77 1·34 1·27 1·32 0·77

Dy 6·32 5·32 5·11 8·73 8·24 8·63 5·10

Ho 1·33 1·11 1·05 1·80 1·70 1·76 1·06

Er 3·96 3·28 3·14 5·19 4·88 5·16 3·08

Tm 0·57 0·46 0·44 0·74 0·69 0·73 0·43

Yb 3·91 3·09 2·98 4·83 4·61 4·72 2·89

Lu 0·59 0·46 0·43 0·72 0·69 0·69 0·42

Hf 3·19 2·66 2·49 5·37 5·05 5·10 2·67

Ta 0·73 0·61 0·61 1·36 1·29 1·39 0·56

Pb 0·79 0·59 0·62 1·31 1·26 1·22 0·54

Th 0·76 0·57 0·56 1·66 1·57 1·60 0·70

U 0·22 0·17 0·17 0·45 0·43 0·45 0·19

Hf–Nd isotope composition
176Hf/177Hf 0·283194 0·283188 0·283191 0·283185 0·283180 0·283197
143Nd/144Nd 0·513053 0·513044 0·513029 0·513028 0·513047 0·513032

(continued)
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Sampling focused on collecting fresh and relatively undif-
ferentiated samples to minimize the influence of crustal
processes. We distinguish five sample groups: samples
from the Reykjanes Peninsula (RP), the Western, Eastern
and Northern Volcanics (WV, EV and NV, respectively)
and the off-rift basalts from the Sn�fellsnes Peninsula (SP,
Fig. 1). The majority of the samples (n¼ 42) are tholeiitic
basalts but also include alkalic basalts from the off-rift
Sn�fellsnes Peninsula (n¼ 7) and the Eastern Volcanic
Zone (n¼ 2). Tholeiites range from aphyric to porphyritic
rocks containing phenocrysts of plagioclase (2^10mm)
and lesser amounts of olivine (0·5^5mm) and accessory
magnetite (51mm).Total amounts of phenocrysts typically
are below 10%. Only alkali basalts contain a larger
amount of olivine (0·5^5mm), clinopyroxene (0·5^10mm)
and plagioclase (0·5^7mm), with total phenocryst contents
estimated between 5 and 20%.

ANALYT ICAL TECHNIQUES
Hand specimens free of weathered surfaces were cut and
crushed using a diamond saw, a hydraulic press and an
agate mill to produce a homogeneous rock powder. Major
elements were analysed by X-ray fluorescence (XRF) at
ETH Zu« rich on glass beads produced using di-lithium tet-
raborate as a flux agent. Trace elements were analysed by
laser ablation inductively coupled plasma mass spec-
trometry (LA-ICP-MS) at the Max Planck Institute for
Chemistry, Mainz using a solid-state 213 nm Nd:YAG
laser connected to a Thermo Element 2. The LA-ICP-MS
analyses were carried out on glasses produced from 40mg
sample powders using an automated Iridium Strip heater
(Stoll et al., 2008). The fused glass beads were analysed
nine times (100 mm spots) to account for possible heteroge-
neities. 43Ca (calculated from CaO wt % obtained by
XRF) was used as an internal standard and all analyses
were externally calibrated with reference glasses KL-2G
and GSD-G, which were interspersed after every third
sample. Replicate analyses of BHVO-2 (n¼ 3) indicate an
external reproducibility of less than 3% (2 SD) for all mea-
sured elements except Ni, Rb, Ba, Eu, Ta, U and Th,
which reproduced to 3^5%, and Cs, with an external re-
producibility of about 8% (2 SD). Pb concentrations
cannot be measured precisely (2 SD¼ 50%) with this
technique owing to the volatile behaviour of Pb during
the glass fusion process (Stoll et al., 2008). The BHVO-2
concentrations are within 3% of the preferred values
(http://georem.mpch-mainz.gwdg.de) for Co, Rb, Sr, Nb,
Ba, La, Ce, Pr, Nd, Sm, Eu,Ta and U; between 3 and 6%
for V, Ni, Cu, Y, Cs, Gd, Tb, Dy, Ho, Er, Tm and Th; and
better than 9% for Zr, Lu, Hf and Yb. The accuracy of
the technique for low concentration elements is further
confirmed by determinations of U concentrations by iso-
tope dilution. The U concentration data obtained from
both techniques generally agree within 10% (see

Table 1: Continued

Sample: EV57 EV58 USGS BHVO

Flow name: Eldhraun/

skaftafellhraun

Hólmshraun reference

material

Age:* AD 1783 AD 934 Average (n¼ 3)

Longitude: 17·739 18·541

Latitude: 63·891 63·629

Distance from plume (km): 72·5 110·0

Major elements (wt %)

SiO2 49·31 45·89

TiO2 2·71 4·31

Al2O3 13·61 12·68

Fe2O3 14·50 16·90

FeO 11·74 13·68

MgO 5·64 5·50

MnO 0·21 0·21

CaO 10·54 10·60

Na2O 2·78 2·82

K2O 0·40 0·60

P2O5 0·29 0·41

Cr2O3 0·01 0·01

NiO 0·01 0·01

Trace elements (ppm)

V 410 558 329

Co 47·9 56·4 44·9

Ni 46·0 64·2 124

Cu 104 153 132

Rb 7·86 12·26 9·19

Sr 241 404 390

Y 38·6 33·3 27·7

Zr 188 219 188

Nb 17·7 28·8 17·8

Cs 0·07 0·14 0·09

Ba 84·7 151 130

La 13·7 22·2 15·5

Ce 33·4 51·2 37·2

Pr 4·69 6·90 5·24

Nd 22·4 31·6 24·7

Sm 6·07 7·62 6·12

Eu 2·05 2·53 2·03

Gd 7·12 7·84 6·49

Tb 1·13 1·15 0·96

Dy 7·12 6·67 5·57

Ho 1·42 1·23 1·02

Er 3·97 3·22 2·67

Tm 0·55 0·42 0·34

Yb 3·53 2·63 2·13

Lu 0·51 0·36 0·29

Hf 4·64 5·25 4·67

Ta 1·14 1·87 1·15

Pb 0·86 1·47 1·64

Th 1·19 2·11 1·28

U 0·32 0·60 0·40

Hf–Nd isotope composition
176Hf/177Hf
143Nd/144Nd

*Ages are from Peate et al. (2009) and Sinton et al. (2005).
Major element compositions were determined by XRF at ETH Zurich.
FeO is calculated using Fe2þ/Fe3þ of 0·9. Trace element concentrations
were measured by LA-ICP-MS at the Max Planck Institute for
Chemistry, Mainz. Hf and Nd isotope compositions were measured
by MC-ICP-MS and Triton thermal ionization mass spectrometry at
ETH Zurich.
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Supplementary Data I, available for downloading at
http://www.petrology.oxfordjournals.org).
For Hf and Nd isotope analyses c. 100mg of sample

powder was dissolved in a mixture of HF and HNO3.
After dissolution samples were converted to a chloride
form and at this stage boric acid was added to complex
any remaining fluorides. Hf was separated from the
matrix with EichromTM LN-spec resin (100^150 mesh)
using the technique described in detail by Mu« nker et al.
(2001). The fraction from the first Hf column was used for
separation of bulk REE on a 0·5ml TRU-spec column
(50^100 mesh). Nd was purified using a 1·5ml LN spec
column (50^100 mesh) adapted from Pin & Zalduegui
(1997). Hf isotope analyses were performed by multi-
collector (MC)-ICP-MS on a Nu Instruments system at
ETH Zu« rich in static mode using 179Hf/177Hf¼ 0·7325 as a
reference for exponential mass fractionation correction.
172Yb and 175Lu were monitored and used to correct isobar-
ic interferences on 176Hf. The contribution of 176Yb to the
176Hf signal never exceeded 0·012% during analysis and is
therefore within the reported analytical error. Repeated
measurements of JMC-475 during the analysis period
yielded a mean of 176Hf/177Hf¼ 0·282194�16 (2 SD,
n¼15). The measured Hf isotope values were corrected by
sample^standard bracketing using JMC-475 176Hf/177Hf¼
0·282160 (Blichert-Toft & Albare' de, 1997). Accuracy and
precision of the full analytical procedure was monitored
by repeated measurements of USGS rock reference mater-
ial BCR-2 and BHVO-2 over an 8 month period.
176Hf/177Hf ratios of 0·282861�25 (2 SD, n¼ 7) for BCR-2
and 0·283107�16 (2 SD, n¼ 5) for BHVO-2 are in excel-
lent agreement with reported literature values (Table 1;
e.g. Chu et al., 2002; Bizzarro et al., 2003;Weis et al., 2007).
Nd isotopic compositions were determined by thermal

ionization mass spectrometry (TIMS) on aThermoTriton
at ETH Zu« rich. Instrumental mass fractionation was cor-
rected with an exponential law using 146Nd/144Nd¼
0·7219. The La Jolla Nd standard yielded an average
143Nd/144Nd of 0·511855�15 (n¼ 21) over the measurement
period. Blanks are �380 pg for Hf and �225 pg for Nd,
and are insignificant compared with the analysed amount
of sample.

RESULTS
Major elements
Major and trace element concentrations for the 51 samples
are reported inTable 1. The main rift lavas are olivine tho-
leiites with MgO between 4·7 and 9·3wt %. The domin-
ant phases in equilibrium with primitive Icelandic
rift-zone basalts are olivine, clinopyroxene (cpx) and
plagioclase (plag), with chromium spinel and magnetite
as accessory phases (Carmichael, 1964; Jakobsson, 1972;
Maclennan et al., 2003a; Gurenko & Sobolev, 2006).
Fractional crystallization of the primitive magmas results

in consecutive lowering of the MgO (olivine), CaO (cpx,
plag), and Al2O3 (plag) contents. Our samples define
trends of olivine (ol), plagioclase (plag) and clinopyroxene
(cpx) fractionation, with the sample groups (RP,WV, NV,
EV and SP) showing differences in both the mineral pro-
portions of the fractionating assemblage and in the abso-
lute degree of crystal fractionation. These data are
consistent with previously reported data for Icelandic
lavas (Fig. 2).
The Northern and Eastern Volcanics generally have

lower MgO contents compared with theWesternVolcanics
(MgO 4·7^7·8wt % compared with 7·4^9·3wt %) and ex-
hibit a positive correlation on diagrams of MgO vs CaO/
Al2O3 and Al2O3/TiO2 (Fig. 2d and f). This observation
indicates higher degrees of fractional crystallization for
the NVand EV samples compared with theWV samples,
with a greater proportion of plagioclase and clinopyroxene
in the fractionating assemblage (CaO/Al2O3 and Al2O3/
TiO2 decrease with decreasing MgO). The WV samples
define a trend of combined olivine and plagioclase frac-
tionation (CaO/Al2O3 increases but Al2O3/TiO2 decreases
with decreasing MgO) and are not significantly affected
by cpx fractionation. Samples from the Reykjanes
Peninsula have intermediate MgO (6·8^8·4wt %), CaO/
Al2O3 and Al2O3/TiO2 and have similar major element
compositions to the least differentiated NV samples. The
alkali basalts from the Sn�fellsnes Peninsula have the high-
est MgO contents, ranging from 9·3 to 14·5wt % MgO,
and are dominated by cpx and olivine crystallization at
pressures higher than the main rift lavas. Negative correl-
ations on diagrams of MgO vs K2O, Na2O and TiO2,
defined by the NVand EV samples, reflect the incompati-
bility of these elements during the entire fractional crystal-
lization process (Fig. 2a, b and e).

Trace elements
Primitive mantle normalized trace element patterns are
shown in Fig. 3, with the samples grouped by geographical
area. Overall, the Iceland samples display large to moder-
ate enrichments in light rare earth elements (LREE) and
highly incompatible elements (Ba, Rb, U, Th, Nb, Ta;
Fig. 3a) relative to primitive mantle (McDonough & Sun,
1995). Compared with neighbouring elements, all lavas
are enriched in Ba, Nb and Ta and depleted inTh, U and
K. Relative fractionation between Nb, Ta and neighbour-
ing elements such as U, Th and La are largest for samples
from the Reykjanes Peninsula and the Western Volcanic
Zone (Fig. 3b and c).
TheWesternVolcanics are the least LREE enriched.Two

WV lavas from Hallmundarhraun (WV30 and WV31)
have LaN¼ 4·5, and relatively flat REE patterns with
(La/Yb)N¼1·2 and (La/Sm)N¼1·1 (Fig. 3c, Table 1; the
subscript N denotes primitive mantle normalized values).
The majority of theWV samples, however, have LaN vary-
ing from 7·5 to 10·5 and (La/Sm)N¼1·2^1·5. Basalts from
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the Reykjanes Peninsula (RP) and the Northern Volcanic
Zone (NV) have LaN varying between 9 and 14, similar
to those of theWV samples. Samples from Askja volcano,
in the Northern Volcanic Zone (NV51^NV53) are

exceptional among this group because they are more en-
riched (LaN � 26 vs 12) and more fractionated (La/
YbN¼ 2·4 vs 1·9) with pronounced relative depletions in
Sr, indicative of a higher relative amount of plagioclase

Fig. 2. Variation of whole-rock major element concentrations and ratios in Icelandic basalts from each of the rift zones vs MgO (wt %).
Symbols for the data plotted here are as in Fig. 1. Literature data shown are from studies that allow comparison with the trace element and iso-
tope data (see legend for references). Fractional crystallization results in consecutive lowering of the MgO (olivine), CaO (cpx, plag), and
Al2O3 (plag). The arrows in (d) and (f) indicate the effect. Samples from the different areas show both differences in the mineral proportion
of the fractionating assemblage and in the absolute degree of crystal fractionation.WV samples lie on trends of combined olivine and plagioclase
fractionation whereas RP and NV samples lie on trends indicative of simultaneous plagioclase and clinopyroxene fractionation. NV samples
with low MgO (4·7^6wt %) are characterized by significant fractionation of clinopyroxene and plagioclase. These more evolved samples are
highlighted in Figs 4 and 6 by a cross.
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fractionation compared with the other NV samples. Alkali
basalt lavas from the Sn�fellsnes Peninsula (SP) are
highly enriched and fractionated with LaN ranging from
16 to 40 and have fractionated heavy REE (HREE) pat-
terns with (Sm/Yb)N varying from 1·7 to 3·2 (Fig. 3d).
HREE patterns for RP, WV and NV samples, on the
other hand, are flat with (Sm/Yb)N¼1·3^1·6.
Incompatible trace element concentrations (e.g. La, Y,

U) and ratios (e.g. La/Sm, Sm/Yb, Lu/Hf,Y/Nb) are gen-
erally correlated with major element concentrations and
ratios (e.g. FeO, K2O, TiO2, K2O/TiO2, CaO/Na2O,
Al2O3/TiO2; Fig. 4a). Incompatible element contents (e.g.
K2O) or ratios such as La/Yb and La/Sm generally

decrease with increasing degree of melting, whereas
Fe2O3 and Lu/Hf increase and SiO2/FeO decreases with
increasing pressure of melting (Table 1 and Fig. 4a).
Because fractional crystallization has a negligible effect on
the trace element concentrations (see detailed discussion
below), the major and trace element concentrations and
ratios reflect progressive melting with decreasing pressure
(see also Elliott et al., 1991; Stracke et al., 2003c).
Data for the main rift lavas from this study fit into the

general correlations observed for Iceland (Fig. 4a;
Chauvel & He¤ mond, 2000; Stracke et al., 2003c; Kokfelt
et al., 2006; Kitagawa et al., 2008; Peate et al., 2009, 2010).
There is no systematic relation between the observed

Fig. 3. Primitive mantle normalized multi-element patterns for all samples from each geographical area (b^f). Representative samples from
each area (RP16, WV22, SP35, NV50, EV58) are highlighted and are shown in (a) for direct comparison. Primitive mantle values are from
McDonough & Sun (1995).
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variations and the geographical areas (i.e. RP, WV, NV),
and thus distance to the plume centre (Fig. 4b). Overall,
the basalts from Theistareykir in the Northern Volcanic
Zone (Fig. 1) are the highest degree (F) melts, generated
at low mean pressure (P) of melting, whereas the lavas
from the Eastern Volcanic Zone are lower F melts pro-
duced deeper in the melting region (higher mean P of
melting; Fig. 4a). The off-rift SP samples have highly vari-
able trace element contents and ratios at a given major
element concentration. Compared with the main rift
lavas, their higher and much more variable La/Sm and
La/Yb ratios (Fig. 4a) indicate a lower extent of melting,
whereas their overlapping Fe2O3, Lu/Hf and Al2O3/TiO2

imply similar average pressures of melting.

Hf and Nd isotopes
Hf and Nd isotope data are reported in Table 1 and com-
pared with literature Nd^Hf isotope data for Iceland
(Salters & White, 1996; Chauvel & He¤ mond, 2000; Hanan
et al., 2000; Kempton et al., 2000; Stracke et al., 2003c;
Kokfelt et al., 2006; Kitagawa et al., 2008) and the
Mid-Atlantic Ridge (Blichert-Toft et al., 2005) in Fig. 5.
The rift-zone tholeiites have a restricted range of
176Hf/177Hf¼ 0·28313^0·28322 and 143Nd/144Nd¼ 0·51294^
0·51308. Although there are no systematic distinctions in
Hf and Nd isotope compositions between samples from
the three main rift areas (RP,WV, NV), samples from the
Sn�fellsnes Peninsula have the lowest Hf and Nd isotope
ratios, whereas those from Theistareykir have the highest
ratios. MAR samples generally have higher Hf and Nd

isotope ratios compared with the main-rift lavas analysed
here, but are similarly or more depleted compared with
those from Theistareykir. 143Nd/144Nd and 176Hf/177Hf in
the Icelandic lavas do not correlate with MgO or other
fractionation indices (not shown), but are generally corre-
lated with trace element ratios involving a moderately and
a highly incompatible element (e.g. La/Sm, La/Yb, Lu/Hf
and Sm/Nd; Fig. 6). Correlations between Hf and Nd iso-
topes and trace element ratios of two highly incompatible
elements (e.g. Nb/La, Th/La; Fig. 6c and d), however, are
less conspicuous. Whereas the NVand Theistareykir sam-
ples form broad systematic trends on diagrams of
143Nd/144Nd or 176Hf/177Hf versus highly incompatible
element ratios, RP and WV samples in particular show a
large variability in these elements for a narrow range in
143Nd/144Nd and 176Hf/177Hf.

DISCUSS ION
Influence of crustal processes on lava
composition
The extent of crystal fractionation and its potential effect
on the trace element budget of the magmas is estimated
with a least-squares approach using a primitive parent
magma composition (Theistareykir sample 9394; Stracke
et al., 2003b), constant mineral compositions (ol, cpx,
plag), and a specific set of mineral^melt partition coeffi-
cients (plag: Aigner-Torres et al., 2007; ol: Beattie, 1994;
cpx: Hart & Dunn, 1993). The estimated effect on the
trace element composition is significant for elements

Fig. 4. (a) Variation of La/Sm vs Fe2O3 for all Icelandic lavas and (b) La/Yb vs distance to the plume centre associated with the Icelandic main
rift lavas. The correlation between Fe2O3 and La/Sm for Icelandic lavas observed in (a) indicates a relation between the pressure (P) and the
degree (F) of melting. Fe2O3 increases with increasing pressure of melting whereas incompatible element contents and ratios such as La/Sm de-
crease with increasing degree of melting. (b) shows that the variability of La/Yb in the main rift lavas on a local scale is as large as the overall
variability across Iceland, indicating that the melting behaviour along the rift is primarily controlled by the local melting process and not by
a large-scale temperature anomaly across the Iceland plume. Samples from off-rift areas are excluded from (b) as these are probably influenced
by the presence of a thicker lithospheric lid and are therefore not suitable for comparison. Symbols are as in Fig. 2. Samples with MgO
56 wt % are highlighted with a cross.
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compatible in plagioclase (e.g. Cs, Sr, Eu) whenever
plagioclase fractionation exceeds 5%, which affects ap-
proximately 90% of the investigated samples. Hence, for
example, the Sr concentrations are affected by up to

10% and should be interpreted with care. For the other in-
compatible elements (e.g. Rb, U, Th, Nb, Ta, REE), how-
ever, the effect of fractional crystallization is negligible
(i.e. within 1^3% of the concentrations). Trace element
ratios such as La/Sm, La/Yb and Lu/Hf are affected by a
maximum of 4%, 7·5% and 3·5%, respectively, which is
comparable with the analytical reproducibility (2 SD
�3^8%), and insignificant compared with the observed
overall variability (70%, 370% and 220%, respectively).
Using a different parent magma composition to calculate
the proportions of crystallizing minerals does not sig-
nificantly change the outcome of the least-squares
calculations.
Assimilation of the thick, altered Icelandic crust may

also affect the geochemical and isotope composition of the
lavas (e.g. Oskarsson et al., 1985; Nicholson et al., 1991;
Sigmarsson et al., 1992a, 1992b; He¤ mond et al., 1993; Gee
et al., 1998b; Eiler et al., 2000). This process is difficult to re-
solve owing to the small compositional difference between
the recent lavas and the predominantly basaltic Icelandic
crust. Meteoric water at the latitude of Iceland has low
d18O (5·5; Ito et al., 1987; Eiler et al., 1997) compared with
typical mantle values (Nicholson et al., 1991; Eiler et al.,
2000). Hence low d18O in combination with enrichments
in K2O and fluid-mobile trace elements such as Rb or U
in evolved, low-MgO (55wt % MgO) samples from the
Northern (Bindeman et al., 2008) and Eastern Volcanic
Zones (Gautason & Muehlenbachs, 1998; Chauvel &
He¤ mond, 2000; Maclennan et al., 2003a; Kokfelt et al.,
2006) are interpreted to reflect interaction with the altered
Icelandic crust. However, crustal assimilation is not ex-
pected significantly to influence the geochemistry of the
more primitive Icelandic lavas and some studies thus attri-
bute the observed variability in d18O largely to mantle
source heterogeneity (Gautason & Muehlenbachs, 1998;
Chauvel & He¤ mond, 2000; Skovgaard et al., 2001; Kokfelt
et al., 2003, 2006; Maclennan et al., 2003a; Stracke et al.,
2003c). Dredged submarine samples from the Reykjanes
Ridge between 63 and 608N do not pass through thick sub-
aerially altered crust but also have low d18O ratios
(4·5^5·2ø; Thirlwall et al., 2006). This observation con-
firms that the low oxygen isotope compositions of
Icelandic lavas are indeed a mantle source feature. None
of the samples investigated here have anomalous Cs/Rb or
K/Rb, suggesting that interaction with crustal fluids and/
or the hydrothermally altered Icelandic crust is negligible.

Heterogeneity of the Icelandic mantle
Pb isotope data in combination with Hf, Nd and Sr isotope
data from previous studies on young basalts from Iceland’s
axial rift zone (Hanan & Schilling, 1997; Chauvel &
He¤ mond, 2000; Hanan et al., 2000; Kempton et al., 2000;
Thirlwall et al., 2004; Kokfelt et al., 2006; Kitagawa et al.,
2008; Peate et al., 2009, 2010) reveal differences in isotope
composition between the rift areas. For example, samples

Fig. 5. Variation of 143Nd/144Nd vs (a) 176Hf/177Hf and (b)
206Pb/204Pb for Icelandic samples from this study (a) and from the
available literature (b), (see figure legend for references). Samples
from the MAR to the north and the south of Iceland (Blichert-Toft
et al., 2005) are similar to or more depleted than the most depleted
Icelandic samples. Also shown in (b) are previously proposed source
components for the Icelandic mantle. Thirlwall et al. (2004) suggested
two depleted components ID1and ID2, and two enriched components
IE1 and IE2; Kokfelt et al. (2006) proposed two depleted components
DIP1and DIP2, one enriched component EIP, and an additional com-
ponent to explain lava compositions from Or�fajokull Volcano,
labelled ‘Orae’.
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Fig. 6. The relationship between trace element and isotope ratios (a^c) and between various trace element ratios (d^f) in samples from
Iceland’s rift zones. The Hf and Nd isotope ratios correlate well with trace element ratios involving a moderately incompatible element (a, b),
whereas correlations between Hf and Nd isotope compositions and trace element ratios involving two highly incompatible trace elements (c)
are poorly defined. RP and WV samples show significant variability in highly incompatible element ratios at a range of 143Nd/144Nd and
176Hf/177Hf. In (e) and (f) the variability of and Nb/U and Nb/La is shown as a function of Yb/La. The samples from the Southwestern rift
zones (RP andWV) show a large range in Nb/U and Nb/La at a relatively small range of Yb/La, which suggests mixing with increased propor-
tions of a source that has low U^Th/La but high Nb^Ta/La. Samples with MgO56wt % are highlighted with a cross.
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from theWestern Rift Zone and Reykjanes Rift Zone have
more enriched 206Pb/204Pb ratios at slightly lower Hf and
Nd but more radiogenic Sr isotope compositions compared
with samples from the Northern Rift Zone (Fig. 5b). If
attributed to mechanical, bulk mixing of end-members,
multiple source components are required to explain the
full range of isotopic heterogeneity of the Icelandic basalts
(Fig. 5b). Peate et al. (2010) concluded, however, based on
principal component analysis, that499·5% of the variance
in Pb isotope composition in post-glacial Icelandic basalts
can be accounted for by mixing between two end-members
and that the additional end-members only contribute
�0·5%. Hence the observed isotopic variability in
Icelandic lavas can be ascribed to the presence of two
main ‘genetic’ components in the mantle: an enriched com-
ponent probably represented by recycled oceanic crust
and the ambient depleted upper mantle. Assuming the
presence of just two components, the variability in
206Pb/204Pb ratios within the RP and WV sample groups
could arise from mixing with variable proportions of the
enriched component (e.g. Hanan et al., 2000) or, alterna-
tively, originate from mixing with an enriched component
that is isotopically heterogeneous. It should be noted that
we define a component here by its genetic origin rather
than by a specific isotope composition. A component is
thus created at a given time by a given process (e.g.
recycled oceanic crust), and isotopically evolves in isolata-
tion. Any initial intrinsic heterogeneity in the trace elem-
ent composition of such a component is expected to
translate over time into isotopic heterogeneity.

Distinguishing the effect of source
heterogeneity and fractional melting
Qualitatively, the relative importance of source heterogen-
eity and partial melting on final melt compositions can be
assessed using a combination of isotope and trace element
data. Ratios of two trace elements with a large difference
in compatibility, such as La/Sm or La/Yb, are sensitive in-
dicators of the degree of partial melting but are, in prin-
ciple, also controlled by variable source composition. The
La/Yb ratio for Iceland varies between 0·35 and 16·6 (this
work; Chauvel & He¤ mond, 2000; Stracke et al., 2003c;
Kokfelt et al., 2006; Kitagawa et al., 2008) whereas esti-
mates for the La/Yb ratio of the depleted mantle (DM)
range from 0·39 to 0·66 (Salters & Stracke, 2004;
Workman & Hart, 2005) and La/Yb in MORB, reflecting
the compositional range of recycled components, ranges
from 0·3 to 3 (Hofmann, 1988; Sun & McDonough, 1989;
Su, 2002; Sun et al., 2008; Arevalo & McDonough, 2010).
The large variability observed in the Icelandic lavas is
therefore probably dominated by variability in the degree
of partial melting rather than by variations in source com-
position. The melting model presented below (see also
Table 2 and Supplementary DataTables IIA and IIB) can

be used to illustrate this inference. We assume a heteroge-
neous source consisting of peridotite (97% of the source)
with a La/Yb value of 0·52 that starts melting at 90 km
depth and melts to 20%, and a pyroxenite (3% of the
source) with a La/Yb value of 0·79 that starts to melt at
100 km and melts to 40%. Mixed melts of this heteroge-
neous source have La/Yb between 57 at the onset of melt-
ing and 0·7 in the final accumulated melts. Hence the
variability produced by partial melting is much larger
than the difference in composition of the source compo-
nents. This conclusion holds even if a wider (or narrower)
range of possible source components is considered, and
supports the notion that large melting-induced variations
in La/Sm or La/Yb ratios observed in Icelandic lavas
(Figs 4 and 6a, b) are homogenized only to a certain
extent by melt mixing during extraction and evolution at
crustal levels (Wood et al., 1979; Wood, 1981; Elliott et al.,
1991; Slater et al., 2001; Maclennan et al., 2003a; Stracke
et al., 2003c; MacLennan, 2008a, 2008b).
It should be noted that regional variations in trace elem-

ent ratios for the main rift lavas are of similar magnitude
to the variations observed in the lavas of a single eruptive
centre (e.g. Skjaldbrei�ur in theWestern Rift, Table 1, and
Theistareykir in the NorthernVolcanic Zone; e.g. Fig. 4b).
The lack of any systematic geographical variation in trace
element ratios along Iceland’s rift zones suggests that the
compositional variability induced by the local melting
and melt extraction process is larger than or similar to re-
gional changes in the melting behaviour expected from
the temperature anomaly across the Iceland plume (i.e.
higher degree of melting and depth of melt initiation to-
wards the plume centre). As a consequence, the trace elem-
ent composition of Icelandic basalts cannot be used to
detect the inferred progressively lower excess mantle tem-
perature with increasing distance from the plume centre
(�1008C, Ribe et al., 1995; Ito et al., 1999; Putirka, 2005;
Bourdon et al., 2006).
The systematic relationship between trace element ratios

sensitive to the degree of melting, and Hf^Nd isotopic
composition indicative of source composition (Fig. 6a and
b), can be explained by systematic sampling of two source
components as a function of the extent and pressure of
melting (Zindler et al., 1979; Elliott et al., 1991; Stracke
et al., 2003c; Kokfelt et al., 2006; Stracke & Bourdon, 2009).
Lavas produced by high degrees of melting (low La/Sm,
La/Yb, K2O) have more depleted isotope signatures (high
143Nd/144Nd and 176Hf/177Hf), whereas samples resulting
from low degrees of melting (high La/Sm, La/Yb, K2O)
have enriched isotope signatures (low 143Nd/144Nd and
176Hf/177Hf). This observation indicates that with increas-
ing extent of melting the enriched component becomes
progressively diluted. The abundance of the enriched com-
ponent must therefore be relatively small (a few per cent
of the mantle source; Stracke et al., 2003b).
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In contrast to trace element ratios that involve a moder-
ately (e.g. Sm, Hf, Yb, Lu) and a highly incompatible
element, trace element ratios of highly incompatible elem-
ents (i.e. Th, U, Rb, Ba, Nb, Ta, La) approach the source
composition at small extents of partial melting and melt
mixing. Highly incompatible element ratios in erupted
melts from a multi-component source thus represent the
weighted average of the compositions of the respective
source components (Stracke & Bourdon, 2009). In dia-
grams of Nb/La vsTh/La or U/La, two striking orthogonal
trends are observed for samples from the Northern
Volcanic Zone (NV), Theistareykir and the Sn�fellsnes
Peninsula (SP) on the one hand and samples from the

Western Volcanics (WV) and Reykjanes Peninsula (RP)
on the other (Fig. 6d). The trend defined by the WV and
RP zone lavas require mixing with melts from a source
that has high Nb/La and low Th/La. This latter source
seems absent in the NVand SP lavas. If the erupted lavas
were simple binary mixtures of accumulated melts in a
magma chamber, the perpendicular trends in Fig. 6d re-
quire mixing of melts from at least three components, simi-
lar to what has been suggested based on the combined
Pb^Nd^Sr isotope compositions of the WV, RP, and NV
samples (e.g. Hanan et al., 2000; Thirlwall et al., 2004;
Kokfelt et al., 2006; Peate et al., 2010). This interpretation,
however, requires that two of the three components must
have very similar 143Nd/144Nd, 176Hf/177Hf, La/Yb, and
La/Sm ratios to account for the apparent binary mixing
relations in Fig. 6a and b.
In a Yb/La vs Nb/La diagram (e.g. Fig. 6f) the NV,

Theistareykir and SP data form trends of decreasing Nb/
La with increasing Yb/La; that is, increasing extent of
melting (F). In contrast, the RP and WV samples have
variable Nb/La ratios for a relatively narrow range of Yb/
La (0·27^0·55). The variability in highly incompatible
elements for the Western Rift Zone (WRZ) and
Reykjanes Rift Zone (RRZ) of Iceland compared with
the Northern Rift Zone (Table 1) suggests mixing with
melts of an enriched component with low (Rb, U, Th)/La
but high (Nb,Ta)/La and Nb/U ratios. The most enriched
samples (WV26,WV18 and RP6) have Nb/U ranging be-
tween 91and 143 (Fig. 6e), significantly larger than the esti-
mate of 42�1 for Atlantic MORB (Sun et al., 2008).
Similar but less extreme enrichments were reported for
samples from the RRZ and WRZ by Kokfelt et al. (2006)
and were ascribed to mixing with a recycled crust compo-
nent. It should be noted that despite the large variability
in highly incompatible trace element ratios for the WV
and RP samples, their Yb/La value is relatively constant
(Fig. 6e), suggesting a comparatively constant degree of
melting.
For Iceland the relationships between the Hf and Nd

isotopic compositions and La/Yb or La/Sm are consistent
with partial melting and progressive mixing of melts
from two components. In the following discussion we
therefore investigate whether a two-component polybaric
melting and melt mixing model can reproduce the full
range of trace element and Pb^Hf^Nd^Sr isotopic het-
erogeneity in Icelandic basalts, or whether more than
two mantle source components are required. We test two
melt mixing scenarios: (1) complete mixing of all melts
generated in the melting region for variable proportions
of the enriched and depleted source components; (2) in-
complete mixing of melts from a source with a constant
proportion of the enriched and depleted source
components.

Table 2: Compositions of source components

Peridotite Pyroxenite*

Cs 0·001 0·014

Rb 0·050 1·188

Ba 0·563 19·32

Th 0·009 0·135

U 0·003 0·046

Nb 0·149 6·130

Ta 0·010 0·351

La 0·190 2·695

Ce 0·550 8·161

Pb 0·018 0·129

Nd 0·581 8·375

Sr 7·664 98·11

Zr 5·082 65·00

Hf 0·157 1·709

Sm 0·225 2·300

Eu 0·096 1·055

Ti 716·0 7558

Gd 0·358 3·700

Dy 0·505 4·400

Y 3·328 24·72

Er 0·348 2·653

Yb 0·365 3·400

Lu 0·058 0·371

87Sr/86Sr 0·7027 0·7037

143Nd/144Nd 0·5132 0·5127

176Hf/177Hf 0·2834 0·2829

206Pb/204Pb 17·7 21·2

*The composition of the recycled oceanic crust is calcu-
lated by mixing E-MORB 1312-47 (Sun et al., 2008) and
average gabbro 735B (Hart et al., 1999) in a 1:1 ratio and
applying the dehydration model as presented by Stracke
et al. (2003a), Willbold & Stracke (2006) and Beier et al.
(2007).
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Partial melting of a heterogeneous source
and melt mixing
The nature and location of melt mixing

The large variability in trace element ratios in Icelandic
basalts and associated melt inclusions suggests that the
melts are not efficiently mixed before eruption (Gurenko
& Chaussidon, 1995; Slater et al., 2001; Maclennan et al.,
2003b; MacLennan, 2008a, 2008b). However, the trace
element compositions of predicted instantaneous melts
formed near the base of the melting region are much
more extreme than those of the main rift lavas (e.g.
MacLennan, 2008a), indicating that a certain extent of
mixing of these fractional melts with melts formed at
lower pressures is required. In addition, melt extraction
without continuous equilibration with the ambient mantle
(i.e. channelized melt transport) is required to explain
the compositional variability observed in the melt inclu-
sions (Gurenko & Chaussidon, 1995; Slater et al., 2001;
Maclennan et al., 2003a; MacLennan, 2008a, 2008b) and
the preserved U-series disequilibria (Kokfelt et al., 2003;
Stracke et al., 2003b, 2006). Because of the apparent greater
role of melt mixing within the high-porosity melt channels,
compared with mixing during fractional crystallization at
shallow mantle or crustal levels (Maclennan et al., 2003a;
Maclennan, 2008b), we focus here on modelling melt
mixing during melt extraction from the mantle.

Modelling melting and mixing of a heterogeneous source

During fractional melting of a heterogeneous mantle
source, the final trace element and isotopic composition of
the erupted melts depend on: (1) the composition of the
source components involved; (2) the difference in melting
and trace element partitioning behaviour of the source
components; (3) the relative mass fractions of the source
components; (4) the style of melt mixing during partial
melting and melt extraction.
Partial melting of a compositionally heterogeneous

mantle is approximated by polybaric melting and system-
atic sampling and mixing of melts from two source compo-
nents, a depleted peridotite and an enriched pyroxenite
(see Figs 7 and 8, Table 2; and Stracke & Bourdon, 2009).
Fractional melting is simulated by incremental ‘dynamic
melting’; that is, by small steps of batch melting while
keeping a small melt fraction (0·1%) residual [for a de-
tailed description of the model see Stracke et al. (2003b)].
The amount of melt extracted at each step is constant and
depends on the total degree of melting F and the number
of melting increments (1000). The compositions of the in-
stantaneous and accumulated peridotite and pyroxenite
melts along the melting trajectories are calculated separ-
ately and the instantaneous melts are mixed and accumu-
lated in different ways (see Fig. 7). The compositions of the
mixed melts as a function of depth of melt extraction are
illustrated in Figs 9^11. The model input parameters are

Fig. 7. Schematic representation of the melting and melt mixing
models. (a) Two source components, a peridotite (light grey) and a
pyroxenite (dark grey), are melted using two separate polybaric melt
models implementing the different melting behaviour of the sources
(Supplementary Data Tables IIA and IIB). Partially accumulated
melts packages, integrated over 1km depth intervals, from both
sources are mixed according to their relative mass proportions (see
text). (b, c) Two styles of melt accumulation of the pre-mixed melt
batches are considered. Models 1A and 1B simulate complete accumu-
lation of all melt batches but extraction of the melts from variable
depths (i.e. variable lengths of the melt columns; see main text);
model 2 simulates incomplete accumulation, where 20% of the melt
batches (represented by blank melt increments) do not mix. For both
models the compositions of melts for every 1km depth of melt extrac-
tion are calculated (e.g. xz1, xz2 and xz3 represent compositions of
melts extracted from depths z1, z2 and z3). Compositions of mixed
melts for these models are shown in Figs 9^11.
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listed inTable 2, Fig. 8 and Supplementary Data Appendix
Tables IIA and IIB.
The model presented here differs from conventional

mixing models in that it mixes accumulated melts from
two sources with different solidii and melt functions
during the extraction process (see also Phipps Morgan,
1999; Ito & Mahoney, 2005) rather than mixing final
batches of melts integrating over the entire melting
column or mixing bulk source end-member compositions
(e.g. Chauvel & He¤ mond, 2000; Hanan et al., 2000;
Thirlwall et al., 2004; Kokfelt et al., 2006; Kitagawa et al.,
2008; Maclennan, 2008b).

Input composition of source components

The enriched pyroxenite component used in the model cal-
culations is 2 Ga recycled oceanic crust modified during
the subduction process by dehydration (Table 2, Fig. 8;
Stracke et al., 2003a). Such a component has been inferred
to be the enriched component in the Icelandic mantle
source (e.g. Chauvel & He¤ mond, 2000; Stracke et al.,
2003c; Kokfelt et al., 2006) as its composition matches the
observed depletion in Ba, Rb, U, and Th and the enrich-
ment in Nb and Ta compared with La in Icelandic lavas.
The strong enrichment in Nb andTa relative to the neigh-
bouring highly incompatible elements in the most enriched

basalt samples from this study (i.e. RP6 has Nb/La of 1·5;
Fig. 8) suggests that the enriched component could indeed
represent recycled enriched MORB (E-MORB, as sug-
gested by McKenzie et al., 2004). In general, E-MORB
and seamount samples are characterized by strong frac-
tionations between Nb andTa and the neighbouring elem-
ents (La, U, Th; Fig. 8; Zindler et al., 1984; Niu & Batiza,
1997; Regelous et al., 2003; Sun et al., 2008). However, the
absolute fractionation between the highly incompatible
elements in E-MORB and seamount basalts is still less pro-
nounced compared with our most enriched RP and WV
lavas. Applying a dehydration model (for parameters see
Stracke et al., 2003b; Willbold & Stracke, 2006, 2010; Beier
et al., 2007; Willbold et al., 2009) to a crust consisting of
50% E-MORB (sample 1312-47; Sun et al., 2008) and 50%
gabbro (Hart et al., 1999) decreases the Rb, U, Th and La
compared with Nb and Ta and yields a recycled compo-
nent with similar Rb/La, U/La, Nb/La, and U/Nb to our
most enriched samples (Table 2, Fig. 8). Isotope compos-
itions for the 2 Ga recycled E-MORB component are cal-
culated following the approach from Stracke et al. (2003a).
The depleted component in the model represents average
depleted mantle (see Table 2; Stracke et al., 2003a; Salters
& Stracke, 2004;Workman & Hart, 2005).

Fig. 8. Primitive Mantle (PM) normalized trace element patterns of possible enriched source components compared with a representative
Icelandic basalt (sample RP6). E-MORB and RP6 (unlike N-MORB) are similarly enriched in Nb andTa relative to the neighbouring elements
(Th, U and La). Recycled E-MORB crust, consisting of 50% E-MORB and 50% gabbro that has been modified during subduction (Stracke
et al., 2003a) has a similar multi-element pattern to sample RP6. It should be noted that the absolute effect of the subduction modification is
poorly constrained quantitatively (Ayers et al., 1997; Kogiso et al., 1997; Johnson & Plank, 1999; Hermann et al., 2006; Melekhova et al., 2007;
Klimm et al., 2008) and that the composition of E-MORB is highly variable. The E-MORB composition represents sample 1312-47 from Sun
et al. (2008); gabbro in the recycled crust is from Hart et al. (1999); the seamount is sample Nintoku 55-8 from Regelous et al. (2003); N-MORB
is from Hofmann (1988). The recycled N-MORB crust represents the enriched component used in the polybaric melting and mixing model of
Stracke & Bourdon (2009).
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Fig. 9. Presentation of the mixing model results in diagrams of Yb/La vs Nb/U, 143Nd/144Nd vs La/Yb, and 206Pb/204Pb vs 143Nd/144Nd. Left
panels (a, c, e) show calculated trends for model 1A, complete mixing of melts integrated over variable depth intervals for a constant initial,
but variable final pressure of melting, and model 1B, where melts are integrated over variable depth intervals assuming a constant final depth
of melting (0·9GPa) but a variable initial depth of melting (initial peridotite^pyroxenite ratio of 97:3). The different trends plotted for model
1A represent variable proportions of the pyroxenite component relative to the peridotite component (see legend and labels). Small tick marks
represent pressure intervals of 0·03GPa (1km); large tickmarks 0·15GPa (5 km). The panels on the right (b, d, f) show results of model 2. Each
symbol group represents the compositions of melts extracted from the entire depth range calculated for one randomly assigned mixing probabil-
ity. Altogether, results for a series of 20 calculations for random mixing and extraction from variable depths are shown (20 symbol groups).
The total variability predicted from these 20 calculations is represented by the shaded field. (For a detailed description of all model calculations,
see the main text.)
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Fig. 10. Comparison of the model calculations presented in Fig. 9 with trace element and isotope data for Icelandic basalts. In (a), (b), and (c)
we compare the calculated compositions for model 1A and model 1B with the data. In (d), (e), and (f) we compare compositions from model
2 (open symbols and shaded field) with data for Iceland. (For a detailed description of all model calculations and discussion, see the main text
and the caption of Fig. 9.) Literature data sources are listed in the legend.
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Melting behaviour of the source components

Pyroxenite and peridotite have different melting behav-
iours (e.g. Hirschmann et al., 1999; Pertermann &
Hirschmann, 2003). These differences can enhance the
variability in melt composition during melting of a hetero-
geneous source (Stracke & Bourdon, 2009). Pyroxenite sol-
idus temperatures have been determined to range from
being similar to that of peridotite to �2508C lower than
that of peridotite at a given pressure (Hirschmann et al.,
2003; Pertermann & Hirschmann, 2003; Kogiso et al.,
2004). Melting of pyroxenite is therefore expected to start

at similar or higher pressures compared with the perido-
tite. Slightly deeper melt initiation for pyroxenite com-
pared with peridotite (i.e. 100 km vs 90 km) is assumed
here, which is consistent with the solidus temperature
determined for E-MORB-like MIX1G by Hirschmann
et al. (2003). A small difference in solidus temperature be-
tween the two source components is also consistent with
the observed enrichment in La/Yb and La/Sm in the most
enriched Icelandic lavas (see Stracke & Bourdon, 2009).
The maximum degree of melting over the full melting
interval is 20% for the peridotite, whereas it is assumed to

Fig. 11. Comparison of model calculations presented in Fig. 9 with Nd^Pb and Sr^Pb isotope literature data for Icelandic basalts. In (a) and
(b) we compare the calculated compositions for model 1A and model 1B (see legend and labels). In (c) and (d) we compare results for model
2 (open symbols and shaded field) with literature data for Iceland. In (a) and (b) the mantle source components as suggested byThirlwall
et al. (2004) and Kokfelt et al. (2006) are also shown for comparison (see also Fig. 5b). (For a detailed description of all model calculations and
discussion, see the main text and the caption of Fig. 9.) Literature data sources are listed in the figure legend.
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be 40% for the pyroxenite. Melt productivity, defined as
the amount of melt generated for a given decrement of
pressure during adiabatic upwelling (dF/dP), is different
for the peridotite and pyroxenite.The polybaric melt prod-
uctivity function of Pertermann & Hirschmann (2003) is
implemented for the pyroxenite and the melt productivity
function of Asimow et al. (2004) for the peridotite. The
relative contributions of the peridotite and the pyroxenite
melts vary as a function of the degree of melting and the
initial abundance of the two components at the onset of
melting.

Styles of melt aggregation and mixing

Two ‘styles’of mixing and melt accumulation were adopted
to model the full range of highly depleted (Theistareykir)
to highly enriched (off-rift) Icelandic melt compositions:
complete mixing (model 1) and incomplete mixing
(model 2, see Figs 7, 9, 10 and 11). Model 1A simulates com-
plete mixing of all instantaneous melts and integration of
the accumulated melts over various depths in the melting
column, assuming a constant initial pressure of melting
but a variable final depth of melt extraction (following
Stracke & Bourdon, 2009). Different melt column lengths
in this model (Fig.7) thus represent different overall extents
of melting with different absolute and relative proportions
of peridotite- and pyroxenite-derived melts. In this respect,
model 2 is similar to model 1A, but model 2 assumes
incomplete and random mixing of instantaneous melts in
a given melting column (Fig. 7). In addition, we tested a
scenario where complete mixing of melts in a given melt
column occurs, as in model 1A, but with the difference
that melts are extracted from a constant final depth, but
variable initial depth of melting (model 1B in Fig. 7). In
model 1B, variable melt column lengths result from trun-
cating the bottom of the melting column rather than the
top as in model 1A. Such a scenario was suggested by
Elliott et al. (1991) to explain the highly depleted nature of
picrites fromTheistareykir and the Reykjanes Peninsula.
For simplicity, instantaneous melts in models 1A, 1B and

2 are accumulated over 1km (¼ 0·03GPa) intervals to
obtain single peridotite and pyroxenite ‘melt packages’,
which are then subsequently mixed to obtain the compos-
itions of pre-mixed melt batches, taking into account their
relative mass proportions. The mass proportions of the
peridotite and pyroxenite melt packages are a function of
the amount of melt formed in the 1km pressure intervals
(dF/dz) and of the abundance of the two components at
the onset of melting:

MPERðzÞ ¼ dF=dzPERz � 1kmðzÞ � AbPER;

MPYXðzÞ ¼ dF=dzPYXz � 1kmðzÞ � ð1� AbPERÞ

where AbPER is the fraction of peridotite in the source (e.g.
97%). The pre-mixed melt batches are subsequently accu-
mulated in different ways; that is, complete accumulation

in models 1A and 1B, and incomplete accumulation in
model 2 (Fig.7), leaving out 20% of the mixed melt batches
in a random fashion.
To model incomplete mixing, we used a function based

on a random number generator to simulate a certain prob-
ability of mixing (p). This function yields the value of the
‘mixing factor’ (b) for every depth, which is equal to 1 if
the melt batch mixes and equal to 0 if the melt batch does
not mix. For the calculations presented here (Figs 7, 10
and 11), the probability of mixing for each melt batch is
assumed to be 0·8 (i.e. the chance that the pre-mixed melt
batches mix is 80%). The final compositions of the incom-
pletely aggregated melts at any depth (i.e. every 1km of
melt extraction) are calculated using the equation

�XiðzÞ ¼
Xn

j¼1

ðxij � fj � bjÞ

where Xi is the composition of the final accumulated melt
for element i calculated at depth z of melt extraction, j rep-
resents the mixed melt increment and varies from unity at
depth z0¼100 km to n at the final depth in the melt
column, xij is the concentration of element i in the mixed
melt increment j, fj is the relative mass fraction of the melt
batch [f(z)¼ (MPERjþMPYXj)/MTotal] and bj is the
mixing factor that is assigned for each melt batch by the
random number generator (i.e. bj¼1 or 0). The total mass
fraction is determined for each depth of melt extraction
and every random calculation by

MTotal ¼
Xn

j¼1

ðfj � bjÞ:

A possible physical reason for incomplete accumulation of
melts in model 2 may be that melts from different parts of
the drainage system are extracted at different times and
thus feed different eruptions. It should be noted that melts
are extracted from the residue only after a certain thresh-
old porosity is reached. The threshold porosity for any
depth in the melt region may not be reached simultaneous-
ly, which may result in instantaneous melts from certain
depths mixing whereas others do not.
The calculated model trends are presented in Fig. 9 for

three initial proportions of the depleted and enriched com-
ponent, 99:1, 97:3 and 95:5, for model 1A (panels a, c and
e) and for a constant initial peridotite:pyroxenite ratio of
97:3 for models 1B and 2 (panels b, d and f). For model 2 a
series of 20 random calculations, excluding 20% of the
melts in each series, but extracted from all depths, were
performed.

Comparison of observations and model
results
A comparison of the model results with the Iceland data is
shown in Figs 10 and 11. Generally, the results obtained
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from model 2 encompass almost the entire range of
observed compositions for a constant ratio of the enriched
and depleted source component (3:97). In contrast, a vari-
able abundance of the enriched component is required for
complete overlap of the observed data and calculated data
from model 1A.

Main rift lavas

Accumulation and extraction of fully mixed melts with de-
grees of melting up to 10% for the peridotite and 20% for
the pyroxenite (i.e. accumulation over 40 km) is consistent
with the variability in Yb/La for the main rift lavas (i.e.
RP, WV and NV; Fig. 10a). For this scenario (model 1A),
however, the different enrichments in highly incompatible
elements (i.e. high Nb/U and high Nb/La) for samples
from the Reykjanes Rift Zone andWestern Rift Zone and
the NorthernVolcanic Zone, respectively, require that the
enriched source component is more abundant (i.e.
2·5^10%; Fig. 10a) beneath the Reykjanes and Western
Rift Zone compared with the Northern Rift Zone
(0·5^1%). The enrichments in Nb and Ta compared with
La and U in the most enriched RP andWV samples are,
however, more extreme than calculated with model 1A,
even for large (e.g. 50%) initial proportions of the en-
riched component. This observation suggests that the en-
riched component may have even higher Nb,Ta/La,U
ratios than assumed in the calculation (Table 2, Fig. 8) or
that the enriched component is intrinsically heterogeneous
in trace element composition, which is not accounted for
by the model.
In diagrams of 143Nd/144Nd vs La/Yb or 176Hf/177Hf vs

La/Sm (Fig. 10b and c) the samples most enriched in
highly incompatible elements from the RRZ andWRZ do
not have significantly lower Hf and Nd isotope ratios than
the lavas from the NRZ as predicted by model 1A for
larger proportions of the enriched component (5^10%).
This observation suggests either a slight misfit of the Hf
and Nd isotopic compositions of the model end-members
(Table 2) or that the abundance of the enriched component
is in fact constant across Iceland.
Incomplete mixing of melts from a source with a con-

stant initial peridotite:pyroxenite ratio (97:3, model 2) re-
sults in significant variability in highly incompatible trace
elements that adequately accounts for the observed vari-
ability in the main rift data (Fig. 10d^f). A large portion
of the scatter observed in the data results without having
to assume variable abundances of the enriched component
underneath each of the rift zones.
It should be noted that the variability in highly incom-

patible trace element contents of the accumulated melts in
model 2 is highly sensitive to the extent of mixing with
the highly enriched initial pyroxenite melts from the
bottom of the melting column. For example, when the ini-
tial pre-mixed melt batches from between 100 and 98 km
depth are not included in the final mixture, its composition

is significantly more depleted (mixed melt compositions
with low Nb/U in Fig. 10d). Highly enriched compositions
arise from model 2 when all of the enriched deep melt
batches are mixed in but melts formed at shallower depths
in the melting region are excluded. Decreasing the prob-
ability of mixing results in an increase of the variability in
the accumulated melt compositions and vice versa. Less ef-
ficient mixing of melts as assumed in the model (i.e.
p50·8) could therefore explain the larger variability
observed in highly incompatible element ratios in some of
theWVand RP samples.

Theistareykir lavas

The highly depletedTheistareykir samples with low La/Yb
(down to 0·5), and high Nd and Hf isotope ratios require
accumulation of melts over a large depth range
(40^70 km) with degrees of melting 420% for the most
depleted picrites (Fig. 10a and b; Stracke et al., 2003c).
Equally depleted high-degree melts are observed as picrites
from the Reykjanes Peninsula, which are similar to the
Theistareykir lavas erupted in early post-glacial times
(10^8 ka; Jakobsson et al., 1978; Gee et al., 1998a, 1998b;
Maclennan, 2008b). This observation suggests that about
10 kyr ago melting was more extensive, which is attributed
to increased melt productivity during concurrent isostatic
rebound and unloading of ice sheets (Jull & McKenzie,
1996; Gee et al., 1998a; Maclennan et al., 2002). The larger
variability in trace element and isotope ratios for the
Theistareykir lavas (Slater et al., 2001; Maclennan et al.,
2002, 2003a; Stracke et al., 2003c; McKenzie et al., 2004)
compared with the other main rift lavas can therefore be
explained assuming a larger depth interval of melt extrac-
tion relative to other areas along the rift. If the depth
range of melt accumulation for the Theistareykir lavas is
assumed to be similar to that of the main rift lavas, the
peridotite melting rate, or melt productivity (dF/dP), has
to be a factor of two higher. It should be noted, however,
that it is more likely that the amount of melt generated
during early post-glacial times varied as a result of changes
in mantle upwelling velocity, a variable that is not ac-
counted for by our melting model.
Alternatively, Elliott et al. (1991) suggested that the

highly depleted nature of the picritic Theistareykir and
Reykjanes Peninsula magmas could result from a lack of
mixing with the most enriched melts from the deeper part
in the melting column. Higher proportions of melts from
shallow depths as a result of glacial unloading were also
predicted by the model of Jull & McKenzie (1996).
Model trends that lack the most enriched deep instant-

aneous melts (model 1B, Figs 9a, c, e, and 10a, b, c) show
that this process can indeed generate the highly depleted
trace element and Nd and Hf isotopic compositions of the
picritic lavas, assuming that the source contains 3% pyrox-
enite. This scenario requires a mechanism to exclude a
large portion of the initial highly enriched melts from
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mixing with the more depleted melts formed at higher
levels in the melt region. Younger post-glacial lavas would
perhaps be expected to have enriched signatures comple-
mentary to those of the depleted lavas, assuming these
would include the bottom melts previously left out.

Off-rift lavas

The off-rift samples have high but variable incompatible
trace element concentrations and ratios (e.g. La¼ 9^
27 ppm and La/Yb¼ 4·0^14·3) and low Nd and Hf isotope
compositions. These compositions are matched by mixing
small degree melts (peridotite F¼1^3%, pyroxenite
F¼1^10%) from deep in the melting region and accumu-
lation over a limited depth range (�25 km) compared
with samples from the main rifts (�40 km, La¼ 2·8^
17·0 ppm and La/Yb¼1·8^3·6, Fig. 10a). The generally
smaller degree of melting can be explained by the presence
of a lithospheric lid whose thickness increases away from
the ridge and restricts the final depth of melting to greater
depths compared with the main rift lavas (Kokfelt et al.,
2006; Peate et al., 2010). Variability in Nd isotope compos-
ition for the off-rift lavas requires variable proportions of
the enriched component in the source (�3^5%) in model
1A, but is equally well matched by incomplete mixing of
melts and extraction of these partial accumulated melts
from variable depths (model 2, Fig. 11).

Pb^Sr^Nd isotope variability in Iceland

As for the highly incompatible trace element ratios, the
combined Nd^Sr^Pb isotope compositions of Iceland’s
main rift and off-rift lavas (Fig. 11a and b; Hanan &
Schilling, 1997; Chauvel & He¤ mond, 2000; Hanan et al.,
2000; Stracke et al., 2003c; Thirlwall et al., 2004; Kokfelt
et al., 2006; Kitagawa et al., 2008; Peate et al., 2009, 2010)
are reproduced by complete accumulation, as in model
1A, but require variable initial abundances of the enriched
component for different ridge segments. A small propor-
tion (1%) of the enriched component in the source is
required to match the data for Theistareykir and other
samples from the Northern Volcanic Zone (low
206Pb/204Pb and slightly higher 143Nd/144Nd) and can also
explain the off-rift lavas, which result from smaller degrees
of melting and have relatively low 143Nd/144Nd. It should
be noted that the most depleted Theistareykir melts are
also matched by model 1B, which assumes exclusion of the
most enriched melts from the deeper part in the melting
column, with 3% of the enriched component (Fig. 11a and
b). The higher and more variable 206Pb/204Pb data for the
Western Rift Zone and Reykjanes Peninsula lavas
demand a higher proportion of the enriched component
of 3 to �15% (Fig. 11a and b) similar to what has been
observed for the incompatible trace element ratios.
Model 2, incomplete mixing of melts, produces melts

with significant isotopic variability covering a large part
of the Icelandic data range for a constant initial abundance

of the two source components (Fig. 11c and d). Only a few
samples, which have high 143Nd/144Nd compositions at a
given 206Pb/204Pb, reported by Thirlwall et al. (2004), are
not satisfactorily explained by the model. Data points that
lie out of the predicted range can, however, be explained
by the end-members themselves being heterogeneous with
respect to their trace element and isotope composition.
In summary, the observed enrichments in Nb and Ta

compared with U and La, as well as the high 206Pb/204Pb
and 87Sr/86Sr isotope composition forWVand RP samples
compared with NVand Theistareykir samples, can be ex-
plained by both complete and incomplete accumulation of
melts. Model 1A, complete accumulation of mixed melts,
requires a greater abundances of the enriched source com-
ponent beneath the Reykjanes Peninsula and the Western
Rift Zone, whereas model 2, incomplete accumulation of
melts from the two source components, can explain the
variability in highly incompatible trace elements and Hf^
Nd^Sr and Pb isotope compositions with a constant abun-
dance ratio of the source components across Iceland. It
should be noted that the small range in Hf and Nd isotope
compositions for the most enriched WV and RP samples
is difficult to reconcile with a higher abundance of the en-
riched component, which makes model 2 the more likely
scenario.
Compared with the actual process, the mixing model

applied here is highly simplified. Melt extraction from the
mantle is poorly understood, but is likely to be a complex
process in which melts transported in multiple channels
converge at various levels into wider channels (Hart,
1993). The better match of the Icelandic data to the results
of model 2 implies that mixing and extraction of melts
formed from various depths is stochastic and that separate
eruptions therefore integrate melts produced in different
parts of the melting region. Importantly, however, the re-
sults presented above show that the way melts from differ-
ent source components mix during progressive melting
has a large effect on the trace element and isotope compos-
ition of the final erupted melts and may obviate the appar-
ent need for multiple source components inferred from
bulk-source mixing models (e.g. Hanan & Schilling, 1997;
Chauvel & He¤ mond, 2000; Hanan et al., 2000; Stracke
et al., 2003c; Thirlwall et al., 2004; Kokfelt et al., 2006;
Kitagawa et al., 2008; Peate et al., 2009).

Intrinsic heterogeneity of the enriched
component
As an alternative to the scenarios discussed above, intrinsic
heterogeneity of the enriched source component may ac-
count for some of the compositional differences observed
between the WRZ, RRZ and NRZ lavas. Assuming the
enriched component represents recycled oceanic crust, the
intrinsic trace element heterogeneity of its constituents,
basalts and gabbros, perhaps increased or amplified by
non-uniform dehydration during subduction, could
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account for regional differences in the enriched component
across the Icelandic rift zone.
Peate et al. (2010), suggested that mixing with a third

(and/or fourth) component beneath Iceland results in the
subtle shift from the binary array in a 208Pb/204Pb vs
206Pb/204Pb diagram, causing a kinked trend for the
Icelandic data. Instead of having more than two compo-
nents, however, the subtle variability in Pb isotopes could
result from the enriched component being intrinsically het-
erogeneous. The component sampled by lavas in the
Eastern Volcanic Zone is more enriched in 206Pb/204Pb
compared with the component present beneath the
Northern Volcanic Zone. If the radiogenic Pb component
represents recycled oceanic crust, intrinsic heterogeneity
in Pb isotopic composition could be explained by initial
heterogeneity in Th, U and/or Pb concentrations.
Assuming an age for the recycled crust of 2 Ga, an initial
heterogeneity in U content of 4% would be sufficient to
result in an offset in 206Pb/204Pb between the Eastern and
NorthernVolcanic Zone (�206Pb/204Pb � 0·2) as observed
in the 208Pb/204Pb vs 206Pb/204Pb diagram (Peate et al.,
2010, fig. 9b). Variability in Pb concentration of 5% in the
enriched component could equally result in the diversity
observed in Icelandic basalts between the ERZ and NRZ.
Such variability in Pb or U concentration is small com-
pared with the variability in U in present-day MORB
(Sun et al., 2008). Thus, if intrinsic heterogeneity in U and
Pb in the enriched component is considered, two compo-
nents suffice to explain the variability of Pb isotope com-
positions in Iceland.

CONCLUSIONS
The large compositional variability observed in the
post-glacial lavas from Iceland can be explained by melt-
ing of only two components in the Iceland mantle source,
if the effects of melt mixing during extraction from the
mantle are considered.
Two styles of melt mixing and accumulation were con-

sidered: (1) complete accumulation of all melts and extrac-
tion of the mixtures from variable depths; (2) incomplete
accumulation of melts where 20% of the melts are
excluded in a random fashion. Both models adequately re-
produce the compositional variability observed in
Icelandic basalts by melting a two-component source con-
sisting of a depleted mantle source that contains small
amounts (1^10%) of an ancient enriched E-MORB-like
recycled crust. However, to explain the compositional vari-
ability between lavas from the Northern and the
Southwestern Rift Zones by complete accumulation
(model 1A), the abundance of the enriched component be-
neath the latter zone must be larger, or, alternatively, the
enriched component is slightly heterogeneous in compos-
ition. Initial intrinsic heterogeneity of the enriched compo-
nent in highly incompatible trace elements could also

explain the subtle deviations from apparent two-
component mixing lines for Icelandic samples in Pb^Pb
isotope diagrams, which were previously thought to re-
quire more than two source components. In contrast to
complete mixing (model 1A), incomplete mixing of melts
and extraction of these mixtures from variable depths
(model 2) reproduces the observed variability in trace
element and Pb^Hf^Nd^Sr isotope compositions for
Icelandic lavas, even if a constant ratio of the enriched
and depleted source component (3:97) is assumed. Two
components in the mantle source beneath Iceland there-
fore suffice to explain the large range in compositional
variability observed in post-glacial lavas.
The example of Iceland demonstrates that melt mixing

during melting of a heterogeneous mantle source is a key
process for controlling the trace element and isotopic vari-
ability of oceanic basalts in general. For accurately infer-
ring the presence of multiple source components from
global MORB or OIB data, melt mixing during extraction
from the mantle must be evaluated.
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