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Abstract

High-MgO (> 8.5 wt%), aphyric lavas erupted at various locations in the North Atlantic igneous province are
utilized to characterize the nature of mantle melting during the formation of this province. Based on the observation
that the Ni concentration in residual mantle olivine mostly falls in the range of 2000-3500 ppm, these high-MgO
samples are corrected for olivine fractionation until the Ni concentration of equilibrium olivine reaches 3500 ppm, to
estimate the composition of primary mantle-derived melt. Estimated primary melt compositions suggest that this
province is characterized by significant major element source heterogeneity possibly resulting from basalt addition prior
to melting. Primary melts for Southwest Iceland and Theistareykir (North Iceland) are shown to require different
source mantle compositions. Whereas the Theistareykir primary melt may be explained by the melting of pyrolitic
mantle, the source mantle for Southwest Iceland must be enriched in iron, having molar Mg/(Mg+Fe), or Mg#, <0.88.
This compositional dichotomy in Iceland seems to continue to adjacent Mid-Atlantic Ridge segments, i.e. the
Kolbeinsey and Reykjanes Ridges. The primary melts for East and Southeast Greenland also indicate a fertile mantle
source, and the estimate of Mg# is the lowest for the East Greenland source mantle ( < 0.87). The inferred spatial extent
of source heterogeneity suggests the presence of a long-lived compositional anomaly in this igneous province since the
opening of the North Atlantic. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

When Greenland rifted from Europe at about
55 Ma, vigorous magmatism took place along the
~2000-km-long rift, as indicated by the distribu-
tion of seaward-dipping reflectors on the North
Atlantic margins [1,2]. Within 10 Myr or so, this
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spatially extensive voluminous magmatism was re-
duced in area, but persisted in Iceland (Fig. 1).
The impact of an ancestral Iceland plume has
been proposed to explain formation of the North
Atlantic igneous province in a unified fashion
[3,4]. One way to test this hypothesis is to use
the composition of lavas to deduce the process
of mantle melting and mantle flows. The major
element composition of mantle-derived melt is
sensitive to pressure and degree of melting as
well as style of melting (i.e. batch versus fraction-
al) [5-7]. If one can estimate primary melt com-

0012-821X/00/$ — see front matter © 2000 Elsevier Science B.V. All rights reserved.

PII: S0012-821X(00)00308-3



252 J. Korenaga, P.B. Kelemen/ Earth and Planetary Science Letters 184 (2000) 251-268

arey

" \?ﬂ-?’;’ ,

VRS ) 4 v ]
= Ay
200W

Fig. 1. Map of the North Atlantic showing the locations of six regions considered in this study. Bathymetric contours are at

500-m intervals.

position from observed lavas, then useful con-
straints on mantle melting may be obtained. Man-
tle potential temperature can be estimated, and if
the thickness of igneous crust is known, the rate
of active mantle upwelling can also be calculated.
Both types of information are necessary to con-
strain the thermal state of the mantle and its dy-
namics.

Erupted lavas have been modified from their
primary composition during ascent to the surface.
To calculate primary melts, we need to correct for
this modification. Fractional crystallization is
probably the most important of these processes.
At low pressures, fractionating phases from basal-
tic liquids are generally olivine, then plagioclase,
and then clinopyroxene. At higher pressures
(> 0.5 GPa), clinopyroxene tends to appear ear-
lier than plagioclase (e.g. [8]). It is difficult to ac-
curately correct for multi-phase fractionation, and
it is common to apply up-temperature correction
only to MgO-rich samples by incrementally add-

ing equilibrium olivine, assuming that olivine was
the only fractionating phase. Some criterion has
to be adopted to determine how much olivine to
add. For example, Fram and Lesher [9], applied
an olivine fractionation correction until the liquid
Mg# (defined as molar Mg/(Mg+Fe)) reaches
0.70 or 0.76, using an olivine/liquid K ™¢ of
0.31, assuming that all iron is FeO, and assuming
that the forsterite content of residual mantle oli-
vine may vary from 0.88 to 0.91.

Because the Mg# of primary melt depends on
melting processes (e.g. the degree of melting) as
well as source olivine composition, the Mg# cri-
terion does not serve our purpose of using pri-
mary melt composition to infer melting processes.
Also, it is impossible to detect heterogeneity in the
Mg# of the source. Though major element het-
erogeneity in source mantle is still poorly under-
stood compared to isotope and trace element het-
erogeneity, its importance has been suggested for
several hotspots including Iceland [10-13]. The
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Fig. 2. Histograms of Ni and Fo contents of olivine (or whole rock Mg# for (f) and (g)) in continental and oceanic mantle peri-
dotites. Less than 1% of the data fall outside of the ranges shown. (a) and (e): Mantle xenoliths from East Greenland [55], Sibe-
ria [68], and Kaapvaal (F.R. Boyd, personal communication). (b) and (f): Spinel peridotite xenoliths [69], with mineral propor-
tions and Ni contents calculated using from a spinel-lherzolite norm [70]. (c) and (g): Garnet peridotite xenoliths [69], with
mineral proportions and Ni contents from a garnet-lherzolite norm [70]. (d) and (h): Abyssal peridotites (H.J.B. Dick, personal
communication).
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main process responsible for major element het-
erogeneity in the mantle is probably the removal
(via melting) or addition (via subduction) of a
basaltic component [10,14,15]. If this is the case,
source olivine composition can serve as a proxy
for the degree of heterogeneity. Correcting olivine
fractionation based on a fixed composition of re-
sidual olivine can mask the signature of major
element source heterogeneity that may exist in
lava samples.

An alternative criterion that can be used is the
Ni content of residual olivine (e.g. [16]). Because
Ni is compatible in olivine, its concentration is
relatively insensitive to the past history of deple-
tion. The addition of a basaltic component lowers
the Ni concentration. A compilation of Ni con-
tent in mantle olivine in continental peridotite
xenoliths [17] is shown as histograms in Fig. 2.
Despite variability in forsterite content, which
may be the result of variable depletion, Ni con-
centration clusters around 3000 ppm, and most of
the data are between 2500 and 3500 ppm. The Ni
content of olivine in oceanic peridotites shows a
similarly tight distribution, but with a lower mean
(~2500 ppm). Because of the depleted nature of
continental peridotites, a value of 3500 ppm can
be adopted as an upper limit on the likely Ni
content of residual mantle olivine, regardless of
the degree of major element heterogeneity.

Our procedure for olivine fractionation correc-
tion is (1) calculate olivine composition in equi-
librium with l]i\?uid using an Fe-Mg exchange co-
efficient, K]F)e_ ¢ and the Ni partition coefficient,
D;ﬂl/ 4 (2) add 0.1 wt% of the equilibrium olivine
to liquid, and (3) repeat (1) and (2) until the Ni
content of equilibrium olivine reaches 3500 ppm.
K1y ™¢ s nearly constant around 0.30 at low
pressures, for a wide range of liquid composition
and temperature [18,19], but Di}i/hq is strongly
composition-dependent [20,21]. We use the equa-
tion of Kinzler et al. [21], which incorporates all
data from previous experimental studies, to calcu-
late Dgl/ 4 at each correction step. Our results are
virtually unaffected if, instead, we use the equa-
tion of Hart and Davis [20]. We note that the
temperature dependency of Dgl/ g completely
incorporated in our method through the depen-
dency of Dg/l[/;q on temperature.

The purpose of this paper is to estimate pri-
mary, mantle-derived melts, using this olivine
fractionation correction, for the North Atlantic
igneous province. The estimated melt composi-
tions are discussed in light of recent experimental
studies of mantle melting. Our results indicate sig-
nificant major element heterogeneity in the source
of this igneous province. First, we will review the
validity of olivine-only fractionation correction
for high-MgO samples through modeling of crys-
tallization.

2. Behavior of Ni in crustal modification processes

Modeling of crystal fractionation is conducted
at a range of crustal pressures, starting from sev-
eral sample melt compositions. This exercise helps
to identify the type of lavas to which our correc-
tion can be safely applied. We use the method of
Weaver and Langmuir [22] with extension for
high-pressure crystallization by Langmuir et al.
[6]. Readers are referred to Yang et al. [23] for
a comparison with other models; the difference
between predictions of calculated liquid composi-
tions based on the Weaver and Langmuir method
and on the Yang et al. method is generally less
than a few percent relative. Similarly, both meth-
ods agree with experimental data to within 8%
relative in terms of mineral compositions. Initial
liquids are chosen from experimental partial melts
of mantle peridotite compositions, and cover a
reasonably wide range of MgO concentration
(10-18%; Fig. 3). They are assumed to be in equi-
librium with mantle olivine with 3000 ppm Ni.
The Ni concentration of liquid is tracked using
Kinzler et al. [21] for olivine-liquid partitioning,
assuming that 6D®Y"=pJ/M9 and pREMa=(
[17,24]. The modeling results are shown in terms
of liquid Ni, MgO and the phase proportions of
fractionated minerals (Fig. 3). Both fractional and
equilibrium crystallization paths are calculated.
As Langmuir [25] showed, the liquid line of de-
scent resulting from a periodically replenished
magma chamber with constant mass [26] is
bounded by these two fractionation paths. Except
for the initial liquid with the lowest MgO content,
olivine is the first phase to crystallize and, at low
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pressure, it is the only fractionating phase until plication in Ni-MgO covariation. Whereas olivine
the liquid MgO content drops below 10% (Fig. +plagioclase fractionation leads to a continuing
3a). decrease in both Ni and MgO concentration
The appearance of plagioclase or clinopyroxene (e.g. curve B in Fig. 3a), olivine+clinopyroxene
as the second fractionating phase introduces com- fractionation reduces the decline in Ni content
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Fig. 3. Results of fractional and equilibrium crystallization modeling are shown in terms of liquid MgO and Ni contents. Tem-
perature decrement was 1°C for fractional crystallization. Cumulative proportion of fractionating phases are also shown for frac-
tional crystallization cases. Starting liquids are A (12% melting of KLBI at 1 GPa [45]), B (aggregated, near fractional polybaric
melts with melt fraction of 11% and mean melting pressure of 1.8 GPa [46]), and C (24% melting of garnet peridotite at 3 GPa
[28]). Crystallization pressures are (a) 100 MPa and (b) 800 MPa.
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as MgO continues to decrease (e.g. curve C in Fig.
3b). If the olivine-only correction is applied to a
liquid on the olivine+plagioclase fractionation
path, the MgO content of primary melt tends to
be overestimated, and if applied to a liquid on the
olivine+clinopyroxene fractionation path, MgO
content would be underestimated. Since the
MgO content of mantle-derived melt depends on
pressure and degree of melting [6,7,27,28], the na-
ture of mantle melting inferred from estimated
primary melt composition is sensitive to the val-
idity of the assumption of olivine-only fractiona-
tion.

The possibility of plagioclase fractionation may
be avoided by using samples with more than 10
wt% MgO. Clinopyroxene can appear above this
threshold in high-pressure crystallization (Fig.
3b). However, significant clinopyroxene fraction-
ation without plagioclase would result in a clear
change in CaO/Al,O3. Such a signal has not been
found in lavas with > 10 wt% MgO in our study
area (e.g. [9,29,30]). Therefore, we regard the
high-pressure liquid line of descent with early cli-
nopyroxene fractionation (e.g. Fig. 3b, liquid C)
as a rare case in our study area, and will not
consider it further.

Thus, olivine-only fractionation correction for
uncontaminated samples with > 10 wt% MgO is
a robust procedure to estimate primary melt com-
position. However, this criterion for sample
screening is so strict that the number of available
data is too small. By relaxing the MgO threshold
to 8.5 wt%, we attempt to obtain the upper bound
on the amount of olivine used in correction. Pos-
sible plagioclase fractionation would lower the
amount of olivine addition required for a given
Ni criterion. This upper bound approach con-
forms to our use of a ‘maximum’ value of 3500
ppm Ni in olivine as the endpoint of fractionation
correction. The estimated MgO, therefore, can be
regarded as the upper limit on its primary con-
tent.

On the other hand, plagioclase fractionation
can substantially increase liquid FeO. Ignoring
this would lead to an overestimate of FeO content
in primary melt. Care must be taken, therefore, to
verify that FeO in estimated primary melts is not
biased by fractionation correction on low-MgO

samples. To this end, we also apply multiphase
fractionation correction, in which 65% plagioclase
and 35% olivine assemblage is incrementally
added until liquid MgO reaches 10 wt%. The
composition of equilibrium plagioclase is calcu-
lated based on the method of Weaver and Lang-
muir [22]. The phase proportions are chosen on
the basis of our forward modeling. Though up-
temperature correction for multiphase fractiona-
tion is fundamentally underdetermined, and our
method is not expected to be accurate, we believe
that this empirical approach can provide realistic
bounds on primary MgO and FeO contents when
data are dominated by samples with <10 wt%
MgO.

3. Composition of primary mantle melts for the
North Atlantic igneous province

To apply our olivine fractionation correction
with the olivine Ni criterion, samples must be
aphyric, have MgO > 8.5 wt% and have reported
Ni concentration. Though there are numerous
studies on the North Atlantic igneous province
(e.g. references in [9]), the number of data that
satisfy these conditions is limited. The majority
of reported lava samples are polyphyric. When a
modal analysis is given, we classified samples with
less than 5% phenocrysts as ‘nearly-aphyric’, and
both aphyric and ‘nearly-aphyric’ samples are
used. Six regions have sufficient data for estima-
tion of primary melt composition: Southeast
Greenland, East Greenland, Southwest Iceland,
Theistareykir (North Iceland), the Reykjanes
Ridge and the Kolbeinsey Ridge [9,11,31-35]
(Fig. 1).

All data are normalized on an anhydrous
basis, and Fe3*/ZFe of 0.05 is assumed [36]. A
constant Kiy ™ of 0.30 is used to calculate equi-
librium olivine composition; changing this value
by 0.01 has only minor influence on our results.
In addition to the correction for fractional crys-
tallization, we also calculated correction for equi-
librium crystallization of olivine, to explore the
extent of ambiguity introduced by a periodically
replenished magma chamber. The correction
paths for equilibrium crystallization, however,
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generally deviate from trends shown by North
Atlantic lava series [37], and we infer that frac-
tional crystallization is the dominant modification
process.

Data for Southeast Greenland are from flood
basalt sequences drilled in ODP Leg 152 [33,38].
Following Larsen et al. [33], we screen out sam-
ples with Ba/Zr>1.5, which may be contami-
nated by continental crust. Uncontaminated lavas
are mainly in the Upper Series of Hole 917A.
There are clearly two magma series in the Upper
Series, with different levels of enrichment in TiO,
and some trace elements [33], but they are similar
in terms of other major elements. The results of
fractionation correction are shown in Fig. 4a. The
estimated upper bounds on primary MgO con-
tents at 3500 ppm Ni in olivine vary from 12.7
to 17.0 wt%, but most are below 15.0 wt%. Oliv-
ine addition does not significantly modify FeO,
and the mean primary FeO content is 11.0 wt%.
SiO, as well as other minor elements (e.g. TiO;
and Na,O) all decrease as a result of fractionation
correction.

Two high-MgO, aphyric lavas have equilibrium
olivine with >3500 ppm Ni (Fig. 3a) prior to
fractionation correction. These are not considered
in our results. These high-Ni lavas have higher
MgO and lower FeO than the average of esti-
mated primary melt compositions, suggesting
that they may have resulted from dissolution of
cumulative olivine in ‘superheated’ melt. We will
discuss possible olivine dissolution in a subse-
quent section. Interestingly, Thy et al. [30] inter-
preted these lavas (Units 14 and 16 in their Table
7) as candidates for primary melt, mainly because
they are aphyric with high-MgO contents.

Data on East Greenland early Tertiary flood
basalts are from Larsen et al. [32] and Fram
and Lesher [9], and the results of fractionation
correction are shown in Fig. 4b. The data of Lars-
en et al. [32] are from the Plateau Basalts. We
only consider aphyric ‘MORB-type basalts’ and
‘olivine tholeiites’ (L. Larsen, 2000, personal com-
munication). The data of Fram and Lesher [9] are
from the Lower Basalts, underlying the main pla-
teau lavas. The identification of uncontaminated
lavas follows the approach of Fram and Lesher
[9] based on #Nd/'*Nd, La/Zr and/or Zr/Ti.

Though these data sets may include more than
one magma type, their major element composi-
tions are similar, so they are treated collectively
to derive a regional estimate for East Greenland.

Olivine in equilibrium with estimated primary
melts from East Greenland flood basalts and
ODP Leg 152 samples has forsterite from 0.865-
0.883, lower than conventionally assumed residual
olivine compositions (Fogg_g;). Fram and Lesher
[9] made an olivine fractionation correction using
the East Greenland Lower Basalts data by assum-
ing residual olivine of Fogg g, resulting in higher
MgO (15.2-19.7 wt%) and lower SiO, (48.2-47.2
wt%). As emphasized in Section 1, their method
depends on the assumption of a primary liquid
Mg#, which now seems questionable, especially
for lavas near ‘hotspots’. Correction for fractional
crystallization to a liquid in equilibrium with Fogg
olivine yields a Ni-rich liquid, with 4400-5500
ppm Ni in coexisting olivine.

Icelandic data [11,31,34,35] show a distinct dif-
ference in FeO between Theistareykir (North Ice-
land) and the rest of the neovolcanic zones,
among which only the western rift zone (South-
west Iceland) has sufficient data for our study. As
already noted, liquid FeO varies little during oliv-
ine-only fractionation, so that the FeO content of
high-MgO lava is a good proxy for its primary
FeO content [5]. These two segments in Iceland,
therefore, are considered separately in the frac-
tionation correction (Fig. 4c,d).

In general, primary melt from the western rift
zone is similar to that of Southeast Greenland,
and lower in SiO, and higher in FeO and TiO,
compared to that of Theistareykir. Equilibrium
olivine for the western rift zone has lower Fo
(~0.878) than Theistareykir (~0.900). This con-
trast in the Fo content in Icelandic lavas is main-
tained even with a multiphase fractionation cor-
rection, and continues to adjacent segments of the
Mid-Atlantic Ridge. The Kolbeinsey Ridge data
are almost indistinguishable from the Theistarey-
kir data (Fig. 4d), whereas the Reykjanes Ridge
data are akin to the western rift zone, and distinct
from the Kolbeinsey Ridge (Fig. 4c). Due to lim-
ited data, however, this inference is preliminary.

Finally, ‘normal’ mid-ocean ridges far from
hotspots are considered to provide a reference.
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Table 1

Estimated primary melt compositions for the North Atlantic igneous province and normal mid-ocean ridges

Location N SiO, TiO, ALO; Fe;O3 FeO  MnO MgO CaO Na,O K,O Ni

A. Average composition of high-MgO aphyric lavas

E Greenland 8 49.1 196 138 0.6 10.8  0.31 94 121 181 021 204

SE Greenland 11 48.1 142 153 0.6 109 021 105 103 234 020 223

SW Iceland 5 475 171 152 0.7 1.6 0.20 93 114 207 021 149
Theistareykir 69 487 098 153 0.6 96 018 103 125 1.82 0.10 189
Reykjanes Ridge 2 50.1 1.03 144 0.6 103 0.18 92 11.8 219 0.07 167
Kobeinsey Ridge 2 492 0.85 155 05 8.8 0.17 9.6 13.6 174 0.03 157

MAR 22°-46°N 6 49.6 1.19 16.1 0.5 89 0.16 93 1.5 262 0.14 174

EPR 2°-23°N 65 498 123 164 05 8.5 0.16 89 11.8 2,60 0.09 134

Indian 43°-138°E 7 503 127 166 0.5 7.8 0.18 91 11.0 311 0.15 162

Location N Si0, TiO, ALO; Fe;O; FeO MnO MgO CaO Na,O K,0 FoP Vf,
B. Multiphase fractionation correction with maximum Ni content of 3500 ppm

E Greenland 8 48.6 1.68 144 0.6 101 0.18 109 11.5 1.83 0.18 0.865 7.11
SE Greenland 11 474 125 143 0.6 10.7  0.18 13.7 94 215 0.18 0.882 7.14
SW Iceland 5 469 138 147 0.6 109 0.16 129 103 193 0.17 0.875 7.16
Theistareykir 69 478 0.82 143 0.5 93 015 140 11.2 1.68 0.09 0.898 7.22
Reykjanes Ridge 2 493 085 146 0.6 97 0.5 11.8 11.0 2.10 0.06 0.879 7.12
Kobeinsey Ridge 2 482 0.68 150 0.5 82 014 132 123 1.65 0.02 0.905 7.22
MAR 22°-46°N 6 490 099 160 0.5 84 013 11.6 108 246 0.12 0.891 7.09
EPR 2°-23°N 65 488 097 162 0.5 78 012 124 10.8 240 0.07 0.902 7.12
Indian 43°-138°E 7 495 1.06 166 04 73 015 114 104 290 0.13 0.903 7.04
C. Olivine fractionation correction with maximum Ni content of 3500 ppm

E Greenland 8 484 1.81 128 0.6 11.0 0.19 121 11.2 1.68 030 0.867 7.13
SE Greenland 11 474 128 138 0.6 11.0  0.19 14.1 93 211 0.18 0.883 7.15
SW Iceland 5 46.5 148 13.1 0.7 11.8  0.17 144 98 1.79 0.18 0.878 7.19
Theistareykir 69 477 0.86 135 0.6 97 0.16 148 11.0 1.60 0.09 0.900 7.24
Reykjanes Ridge 2 491 092 129 0.6 105 0.16 132 106 196 0.06 0.881 7.15
Kobeinsey Ridge 2 480 0.73 13.6 0.5 90 0.15 146 119 151 0.03 0.907 7.26
MAR 22°-46°N 6 48.8 1.07 146 0.5 91 014 129 105 236 0.13 0.893 7.12
EPR 2°-23°N 65 485 1.07 142 05 87 014 143 102 225 0.08 0.906 7.16
Indian 43°-138°E 7 493 1.15 151 0.5 80 016 12.8 10.0 282 0.14 0.905 7.07
Location N SiO, TiO, AlLO; Fe; O3 FeO  MnO MgO CaO Na,O K,0 Ni(ol) v,
D. Olivine fractionation correction with maximum forsterite content of 0.90

E Greenland 8 474 158 112 0.6 10.9  0.17 16.6 98 147 0.17 5524 7.25
SE Greenland 11 46.8 1.18 128 0.6 11.0 0.17 16.6 8.6 196 0.17 4413 7.21
SW Iceland 5 459 1.33 119 0.7 11.6  0.15 17.7 89 1.62 0.17 4564 7.28
Theistareykir 69 477 0.85 135 0.6 97 016 147 11.1 1.60 0.09 3392 7.24
Reykjanes Ridge 2 484 0.85 119 0.6 10.5  0.15 159 9.7 1.81 0.06 4489 7.22
Kobeinsey Ridge 2 482 0.74 140 0.5 89 015 135 123 155 0.03 2946 7.24
MAR 22°-46°N 6 48.5 1.05 142 0.5 9.1 0.14 13.8 102 231 0.12 3754 7.14
EPR 2°-23°N 65 487 1.09 146 0.5 87 014 132 106 231 0.08 3068 7.13
Indian 43°-138°E 7 495 1.16 154 05 80 017 121 102 2.88 0.14 3083 7.05

Values for oxide concentration are in wt%. The oxides have been normalized to a total of 100, and Fe**/ZFe of 0.05 is assumed.
Ni concentrations are in ppm.

#Number of data.

YFo content of equilibrium olivine based on Kp =0.30.

‘Theoretical compressional-wave velocity of solidified phase at 600 MPa and 400°C. Values are in km/s. (see [37] for the details
of calculation).
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Analyses of glass samples from the East Pacific
Rise (EPR) from 2°N to 23°N, the Indian Ocean
from 43°E to 138°E, and the Mid-Atlantic Ridge
from 22°N to 46°N, were downloaded from the
RIDGE Petrological Database at Lamont Doh-
erty Earth Observatory. The main sources for
these data include [39—43]. The results of fraction-
ation correction are shown in Fig. 4e. These sam-
ples, together with the Kolbeinsey Ridge data,
extend over most of the ‘global trend’ of mid-
ocean ridge basalt composition [5]. The primary
melt for the EPR has higher FeO and lower Na,O
than that for the Indian Ocean, consistent with
the global trend of Nagy and Fegy [5,6]. Fo in
equilibrium olivine is 0.902-0.906 for both re-
gions, while the primary melt for the North At-
lantic has lower Fo (0.891).

Regional averages of estimated primary melt
composition are summarized in Table 1. An esti-
mate based on correction to equilibrium olivine
with Fo of 0.90 is also shown. This Fo-based
correction results in very high Ni concentration
(>4000 ppm) in equilibrium olivine for East
Greenland, Southeast Greenland, Southwest Ice-
land and the Reykjanes Ridge. Thus, either the
entire region is underlain by mantle with anoma-
lously high Ni, or the amount of olivine addition
required by the Fogg criterion is too high for this
area. The liquids derived using a Ni criterion are
very different in MgO and Mg# from those
yielded using an Fog criterion, while the differ-
ences in FeO, TiO, and Na,O are minor. Esti-
mated melts using the Fogy criterion range up to
~ 18 wt% MgO (25 mol%), implying mantle tem-
peratures of ~ 1400°C [18]

The MgO and FeO contents of estimated pri-
mary melts based on the Ni criterion are plotted
in Fig. 5, together with those of mantle melts
from recent experimental studies at a range of

mantle pressures [7,27,28,44-47]. Most of these
studies used mantle peridotites with whole rock
Mg#s of 0.89-0.90. Exceptions are the pyroxenite
HK66 used by Hirose and Kushiro [45] (whole
rock Mg# of 0.854), and two homogeneous mix-
tures of peridotite and basalt, KG1 and KG2,
used by Kogiso et al. [47] (whole rock Mg#s of
0.811 and 0.848, respectively). The composition of
incipient melt is in equilibrium with the forsterite
content of the source olivine, or approximately
with whole rock Mg#. As melting proceeds, the
liquid Mg# increases due to source depletion, re-
gardless of the style of melting (e.g. batch and
fractional), so that the Mg# of primary melt can
be used to determine the Mg# of residual olivine,
and to place an upper bound on the Fo content of
source olivine.

Fig. 5a indicates that, whereas source mantle
for North Iceland (Theistareykir) and the Kol-
beinsey Ridge, as well as the Northern EPR and
the Indian Ocean probably has compositions sim-
ilar to ‘pyrolite’ (i.e. whole rock Mg# of ~ 0.895)
(e.g. [48]), other regions in the North Atlantic
igneous province must have source mantle with
Mg#ts lower than 0.87-0.88. Such a composition
could result from 20-30% addition of basalt to
mantle pyrolite. Table 1 shows that FeO contents
> 10 wt% (~9 mol% FeO in Fig. 5a) are charac-
teristic of primary melts estimated using both the
Ni in olivine and Foyq criteria for SW Iceland, the
Reykjanes Ridge, and the two Greenland sites. In
contrast, all other areas we considered have esti-
mated FeO <10 wt%. Melts with > 10 wt% FeO
have not been produced in experiments on mantle
peridotites with compositions similar to pyrolite
at pressures less than 4 GPa [28]. Alternatively,
melting of more Fe-rich peridotite compositions
can produce melts with Fe >10 wt% at much
lower pressure.

-

Fig. 5. (a) Molar FeO and MgO contents of estimated primary melts based on the 3500 ppm olivine Ni criterion with multiphase
fractionation correction are plotted with those of experimental mantle melts from [7,27,28,44-47]. Fe**/ZFe of 0.05 is assumed.
The Fo content of equilibrium olivine is shown as thin lines, assuming KEE/ Mg = .30. (b) Molar FeO and MgO contents of esti-
mated primary melts based on the 2500-3500 ppm olivine Ni criterion are plotted for both multiphase and olivine-only fractiona-
tion corrections. Liquid temperature based on the olivine-liquid thermometer of Roeder and Emslie [18] is indicated by the
dashed line. The errors in the MgO and FeO contents owing to the prediction error of D;'l/ 4 (one S.D. of *13% [21]) are also

shown. Roughly speaking, the one S.D. range of Dﬁ}l/ tiq

1000 ppm higher.

is equivalent to varying maximum Ni content from 500 ppm lower to
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Fig. 5b illustrates the estimated uncertainty in
our calculated primary melts. We show results
from olivine-only and olivine+plagioclase back-

fractionation, and
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if the maximum values for Mg content are close
to the true values for some areas and are much
higher than the true values elsewhere, then there
could be no heterogeneity in source Mg# in the
North Atlantic igneous province. However, note
that this would require systematic variation in
source Ni content, fractionating phase propor-
tions, and/or Dgi/hq with geographical area. In
the absence of evidence to the contrary, we think
such systematics are unlikely.

Another interesting observation regarding Fig.
5 is that the temperature of the primary melts
does not vary significantly between the North At-
lantic igneous province and normal mid-ocean
ridges. The temperature difference between EPR
and SW Iceland, for example, is about 20°C if
compared at the same olivine Ni content, and is
only about 70°C even if there is a 1000-ppm dif-
ference in the Ni content of equilibrium olivine.
We used the olivine-liquid thermometer of
Roeder and Emslie [18] for Fig. 5b, but the
more recent thermometer of Gaetani and Grove
[49] predicts similarly small temperature variation.

One way to raise the estimated temperature of
Iceland and Greenland primary melts as high as
expected from thermal plume hypotheses seems to
be to assume that the mantle beneath these areas
has a higher oxygen fugacity, which effectively
reduces the amount of olivine addition required
during fractionation correction and increases the
Mg# of estimated primary melt. Fig. 6 shows the
sensitivity of our fractionation correction to the
oxidation state of primary melt. Fe3*/ZFe greater
than 0.20 is required to increase the Fo content of
residual olivine in equilibrium with Iceland and
Greenland primary melts to 0.90. This appears
unrealistic on the basis of our understanding of
the mantle oxidation state (e.g. [36,50]).

Alternatively, as mentioned above, Iceland and
Greenland mantle residues could have a ‘normal’
Mg# combined with anomalously high Ni and
very high temperature. This also appears unlikely
in view of the nearly complete lack of high-Ni
compositions among mantle peridotite samples.
In any case, if the mantle source for SW Iceland
and Greenland primary melts were far more oxi-
dized or Ni-rich than the source for, e.g., Theis-
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Fig. 6. The Ni content of equilibrium olivine for primary
melts estimated on the basis of the criterion of Fo=0.90 is
plotted as a function of Fe*t/ZFe.

tareykir and MORB, this would also constitute a
dramatic major element heterogeneity.

4. Possible open-system effects

The Ni criterion is useful to discriminate high-
MgO samples with an olivine cumulative origin or
which have been modified by olivine dissolution.
The most primitive lavas, i.e., aphyric lavas with
the highest MgO content, can place a lower
bound on the primary MgO content. Ideally,
however, this inference should be supported by
Ni concentration, because petrographic criteria
may be misleading [20,21,51]. Fig. 4a,b show
that misinterpretation of picritic samples can be
avoided in some cases by calculating the Ni con-
tent of equilibrium olivine.

Dissolution of olivine could occur where adia-
batically ascending melt reacts with high temper-
ature olivine in the upper mantle or lower crust. A
rough estimate of the maximum possible amount
of olivine dissolution can be obtained by consid-
ering energy balance. Because the melt adiabat is
~ 10 K/GPa and the pressure dependency of the
olivine saturation temperature is ~50-100 K/
GPa in the lower crust or upper mantle, adiabati-
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cally ascending liquid can be ‘superheated’ by 40—
90 K/GPa. If the temperature of ‘wall rock’ oli-
vine is close to the liquidus temperature, liquid
that is 40 K above its olivine saturation temper-
ature can dissolve as much as 7 wt% olivine rela-
tive to the original liquid mass, given a specific
heat of 1 kJ kg~! K™! and a latent heat of fusion
of 600 kJ kg~! [52]. This substantially modifies
liquid Mg and Ni contents, as shown in Fig. 7.

A
0.93 100 g
H 0.1
0.1 005
0.92 0.05 "‘y Simple
~[ ¢/~ Dissolution
0.91 o1
o 0.90
0.89
o088l AFC(r=0.5)
0.87
0sg—2 B :
"'500 1000 1500 2000 2500 3000 3500 4000 4500

Ni°! [ppm]

Fig. 7. An example of assimilation and fractional crystalliza-
tion modeling with the starting liquid B in Fig. 3 (shown as
open circle). The starting liquid is assumed to be in equilibri-
um with olivine with 3000 ppm Ni. Three olivine composi-
tions are chosen as assimilant: A (Foo3, 3500 ppm Ni),
Foygy, 2480 ppm Ni), and C (Fog;, 1500 ppm Ni). An oliv-
ine-only fractionation model is used to prepare olivine com-
positions B and C with consistent Fo and Ni contents. We
model (1) simple dissolution (AFC with r= oo, thin solid lines
A, B, and C with 5% tick interval for assimilant mass),
(2) zone refining (AFC with r=1.0, dashed lines A’, B’, and
C’), (3) AFC with r=0.5 (dotted lines A”, B”, and C”),
(4) simple fractional crystallization (AFC with r=0, thick
solid line), and (5) periodically replenished magma chamber
with constant mass (gray line). The parameter r is defined as
M,/M,, where M, and M, are the mass assimilated and the
mass crystallized, respectively [56]. Ticks are shown for the
amount of dissolved olivine with respect to the original lig-
uid mass. Only liquids with 8 to 18 wt% MgO are shown in
this diagram. The model results are shown in terms of the
Ni and Fo contents of equilibrium olivine. By comparing
with the liquid line of descent defined by simple fractional
crystallization, one can see how open-system evolution affects
the estimate of the Mg# of residual mantle olivine using our
Ni-based fractionation correction. See text for discussion.

Small amounts of olivine dissolution, if unde-
tected, would lead to an overestimate of primary
melt Mg#.

The most forsteritic olivine phenocrysts are also
commonly used to estimate primary liquid MgO
content [51,53]. Mantle melts are generally consid-
ered to be the aggregate of polybaric partial melts
with different Mg#s. What we attempt to estimate
in this study is the mean Mg# of aggregate pri-
mary melt and thus the mean Fo content of re-
sidual olivine. On the other hand, using the most
forsteritic olivine crystals observed in lavas can be
biased to the most depleted, shallowest end mem-
ber. Regarding continental flood basalts, there is
an additional caveat. Southeast Greenland sam-
ples, for example, include large, euhedral olivine
phenocrysts with Fogps_924 [54]. Thy et al. [30]
inferred that the high-MgO lavas (~18 wt%
MgO) with such high-Fo olivines are a possible
primary melt. Instead, however, such high-Fo oli-
vine may indicate the interaction of magma with
depleted continental mantle at a low melt/rock
ratio. Indeed, mantle xenoliths from the cratonic
lithosphere have highly forsteritic olivines (e.g.
mean of Fogy7 for East Greenland samples) [55]
(Fig. 2e). Interaction with depleted continental
lithosphere can, therefore, introduce significant
ambiguity in determining primary melt composi-
tion, especially for continental flood basalts. We
recommend testing for such interaction by calcu-
lating equilibrium olivine Ni contents, and then
rejecting samples in equilibrium with olivine hav-
ing more than 3500 ppm Ni.

In addition to olivine dissolution, there are a
variety of open-system processes which might pro-
duce apparent heterogeneity in the Mg# of the
North Atlantic mantle source. Because compati-
bility with olivine increases in the order of Fe, Mg
and Ni, reaction with olivine in the upper mantle
or lower crust may significantly decouple liquid
Ni from Mg#, compared to the trend for frac-
tional crystallization. In some cases, the fraction-
ation correction based on the Ni content could
underestimate primary liquid Mg#. To explore
this possibility, we conducted assimilation and
fractional crystallization (AFC) modeling [56,57]
with a range of input parameters. The results
would be similar for continuous replenishment
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of a magma chamber undergoing fractionation.
Representative results, for liquid MgO contents
between 8 and 18 wt%, are shown in Fig. 7. To
lower equilibrium olivine Mg# by 0.01 at high
Ni the olivine reactant has to have a high Fo
content (>0.90), and the amount of reacted oliv-
ine has to be large relative to the original liquid
mass. This kind of open-system evolution might
potentially lead to an underestimate of primary
melt Mg# using our olivine fractionation correc-
tion. However, Fig. 5 shows that the potential
errors introduced by overlooking open-system ef-
fects would have to be systematically related to
location within the North Atlantic igneous prov-
ince. In the absence of evidence to the contrary,
we believe that such a systematic relationship is
unlikely.

5. Discussion and conclusion

Our case study shows that olivine fractionation
correction with the Ni criterion is a promising
approach to estimate the composition of primary
melt. Though the number of data appropriate for
our scheme is small, this method is especially use-
ful to constrain the extent of Mg# source hetero-
geneity. Because the major element composition
of mantle-derived melt is very sensitive to both
source composition and melting process, the in-
terpretation of lava chemistry solely on the basis
of compositional systematics is often equivocal.
The high FeO content of the Southwest Iceland
lavas, for example, has been known for decades
(e.g. [10,58]), but it has been attributed only to the
melting process or previous depletion history,
based on a correlation with La/Sm ratio. Fram
and Lesher [9] estimated primary melts for vari-
ous regions of the North Atlantic igneous prov-
ince using olivine fractionation with a predeter-
mined liquid Mg# and, based on a correlation
with Dy/Yb ratio, concluded that the East Green-
land Tertiary flood basalts resulted from the melt-
ing of Fe-poor mantle, at odds with our result.
On the other hand, Scarrow and Cox [59] pro-
posed Fe-rich source mantle for the Skye Main
Lava Series in Northwest Scotland, but their
work is based on the whole rock composition of

polyphyric lavas, which contain up to 20% olivine
phenocrysts of Fogg_gg.

Up to this point, we have concentrated on evi-
dence for possible heterogeneity in mantle Mg#
and/or oxygen fugacity in the North Atlantic.
However, the processes that might produce such
heterogeneity, for example, via addition of sub-
ducted metabasalt to the convecting mantle, are
likely to give rise to substantial trace element var-
iation as well. Thus, the inferred variation in
source Mg# is expected to be correlated with
trace element variation. Unfortunately, it is diffi-
cult to separate the effects of melting processes
from those of source composition using trace ele-
ment contents of lavas. It is potentially easier to
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Fig. 8. The covariation of eNd and estimated maximum Fo
content of residual mantle olivine for the six regions in the
North Atlantic igneous province. Nd isotope data are com-
piled from the literature. Whereas error bars for eNd denote
one S.D. of sample statistics, those for the Fo content denote
the ambiguity of mean estimated value corresponding to
maximum olivine Ni contents ranging from 2500-3500ppm.
The effect of continental crustal contamination on East
Greenland samples is significant, so we take the highest eNd
value from available data. To illustrate the effect of basalt
addition, mixing curves between depleted pyrolite mantle and
0.5 Ga (solid) or 0.7 Ga (dashed), normal MORB are also
shown. See text for the details of the mixing calculation. The
mixing calculation provides the Mg# of source mantle, which
is = the Mg# of residual mantle. Correction for the effect of
melting on Mg# would shift all data points to the left, possi-
bly by variable amounts, but probably would not change the
overall systematics.
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detect ‘long-lived’ trace element heterogeneity us-
ing radiogenic isotope ratios. Sr isotopes are po-
tentially affected by alteration, particularly in the
older samples of East Greenland, while Pb- and
Hf-isotope data are rare for the Tertiary lavas.
Thus, we have compiled Nd-isotope data for the
North Atlantic localities where Mg# heterogene-
ity is proposed to be present.

In Fig. 8, we show predicted Mg# in olivine
equilibrated with primary melt versus average
eNd for each area. These data, while not conclu-
sive, are permissive of long-lived mantle heteroge-
neity in which source Mg# is correlated with Sm/
Nd. As mentioned above, we think that the sim-
plest explanation for substantial variation of Mg#
in the convecting mantle is mixing between sub-
ducted basalt and an otherwise homogeneous
MORB source. For illustrative purposes, we
show the effect of mixing basalt with depleted
mantle. The '"®Nd/'*Nd and 'YSm/'*Nd of de-
pleted mantle are estimated to be 0.5132 and
0.239, respectively, using *Nd/'*Nd of Atlantic
MORB and the Bulk Earth 2-Ga geochron to
derive 'YSm/'*Nd [60]. Major element and Nd
concentrations are from [44] and [61]. The iso-
topic ratios of recycled, normal MORB are esti-
mated by assuming that it was derived from de-
pleted mantle sometime in the past with the same
Sm/Nd fractionation as inferred for present-day
Atlantic MORB. The major element and Nd con-
centrations of normal MORB are taken from
Hofmann [62]. Note that this method assumes
that pyrolite and MORB isotopic reservoirs re-
mained isolated and did not mix until shortly pri-
or to melting.

Fig. 8 suggests that the covariation of the Nd
isotope data and the estimated Fo contents of
residual mantle olivine could be explained by mix-
ing depleted pyrolite mantle and recycled, normal
MORB generated at about 0.6 Ga. Mixing pyro-
lite with older MORB cannot explain the small
eNd variation observed in the North Atlantic
igneous province. We were initially tempted to
correlate the ‘age’ of the basaltic component in
Fig. 8 with the time of subduction along the Ca-
ledonian suture zone, which lies close to the East
Greenland margin. However, this could be mis-
leading. Our example of a mixing calculation is

insufficient to capture all details of North Atlantic
mantle heterogeneity (e.g. [63,64]). Recent work
on mantle geochemistry suggests mixing of de-
pleted continental mantle, subducted sediment, al-
tered upper oceanic crust, lower oceanic crust and
delaminated lower continental crust, as well as
ingrowth of ¥Nd in mixed compositions. An ad-
ditional, intriguing possibility is that interaction
at the core—mantle boundary formed a high-Ni
mantle source. However, such complicated models
for the North Atlantic province seem premature
due to the abundance of variables combined with
the paucity of data.

Crustal thickness and seismic velocity have
been used to infer the potential temperature and
dynamics of mantle upwelling during continental
rifting (e.g. [65,66]). Bulk or lower crustal velocity
can be used as a proxy for primary melt compo-
sition, which in turn can be used to constrain the
average pressure and fraction of mantle melting,
and thus the mantle potential temperature. Such
an estimate can be compared to the observed vol-
ume of igneous crust. Where crustal thickness is
too large to be explained by passive mantle up-
welling at the potential temperature inferred from
seismic velocity, then one may call upon ‘active’
mantle convection during rifting. Obviously, this
procedure is critically dependent on the method
used to infer primary melt composition from seis-
mic data. Korenaga et al. [67] used partial melts
of mantle compositions similar to pyrolite to gen-
erate a function relating the two. Our study was
initiated to check this procedure. In fact, the as-
sumption of a pyrolite source composition for
thick igneous crust along rifted margins is open
to question.

In Table 1, theoretical compressional-wave ve-
locity at 600 MPa and 400°C is reported for each
primary melt composition. The bulk crustal veloc-
ity of 30-km-thick igneous crust at the Southeast
Greenland margin is observed to be lower than
~7.0 km/s [66]. The Southeast Greenland pri-
mary melt based on the 3500 ppm Ni criterion
has a velocity >7.1 km/s, exceeding the seismic
estimate. Because seismic velocity is most sensitive
to MgO content, this discrepancy may result from
our upper bound approach, so that the true pri-
mary melt may have even lower MgO, increasing
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the inferred extent of major element source het-
erogeneity. If the Greenland margin was indeed
underlain by low Mg# mantle during rifting,
this could help to explain the combination of rel-
atively low seismic velocity with thick igneous
crust. All other things being equal, low Mg# peri-
dotite is expected to be more ‘fertile’ than pyro-
lite, producing more melt, with lower MgO, at a
given mantle potential temperature.

In summary, though our understanding of the
spatial extent of source heterogeneity is still at a
preliminary stage due to the limited amount of
suitable data, this study suggests that long-stand-
ing, major element heterogeneity had an impor-
tant role in the formation of thick igneous crust in
the North Atlantic province. This heterogeneity
must include regionally extensive, anomalously
low Mg#, and/or high oxygen fugacity, and/or
high Ni contents, in the mantle source for SW
Iceland, Reykjanes Ridge and East Greenland pri-
mary melts. Low Mg# is the most likely variable.
Such heterogeneity could have arisen via a multi-
tude of possible processes, among which we em-
phasize mixing of depleted mantle with recycled
oceanic crust. It is important to account for such
heterogeneity, and its effect on productivity dur-
ing mantle melting, when inferring the conditions
of mantle melting from lava compositions and/or
seismic data.
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