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Using a new high-resolution dataset, this study presents evidence for

short length scale 18O/16O heterogeneity in the mantle source region

of young (age &12 ka BP) Icelandic basalts.The dataset comprises

secondary ion mass spectrometry determinations of 18O/16O in

single compositional zones of plagioclase crystals from the primitive

Borgarhraun flow in northern Iceland, along with trace and major

element data from the same zones. The presence of mantle under

Iceland with d18O below typical mid-ocean ridge basalt (MORB)

values of �5�5� 0�3ø (VSMOW) has previously been disputed,

because variability in d18O in many Icelandic basalts is also known

to be caused by the interaction of basaltic melts with crustal litholo-

gies that have been altered by low-d18O meteoric water. Primitive

basalt flows, such as Borgarhraun, and their macrocrysts are the

most likely candidates to retain a mantle d18O signature. However,

the role of crustal processes in generating the low d18O in olivine crys-

tals from these flows has not unequivocally been ruled out. By

making intra-crystal analyses in Borgarhraun plagioclase it has

been possible in this study to obtain a detailed record of the chemical

and isotopic compositions of the melts that crystallized the plagio-

clase zones. The variability observed in trace element compositions

of the early crystallized anorthitic plagioclase zones (80�9^89�4 mol

% anorthite) is firstly shown to arise from melt compositional vari-

ability, and equilibrium melt concentrations of Sr, La and Y are

then calculated from the crystal concentrations of these elements

using carefully selected partition coefficients. The ranges of incom-

patible trace element ratios (La/Y, Sr/Y) in these equilibrium

melts reflect a range of compositions of fractional mantle melts, a

result that is in agreement with previous proposals for the cause of

variability in trace element indices of Borgarhraun olivine-hosted

melt inclusions and clinopyroxene compositional zones. Correlations

observed between La/Y and Sr/Y in the melts in equilibrium with

the Borgarhraun plagioclase zones and the d18O of these zones

therefore support the hypothesis that the mantle under Iceland is het-

erogeneous in 18O/16O. Such correlations have not previously been

observed in intra-crystal data from Iceland, and provide strong evi-

dence that mantle material with abnormally low d18O may exist in

the form of readily fusible heterogeneities alongside ambient mantle

with MORB-like d18O (�þ5�5ø) on a length scale of5100 km.

The lowest d18O of plagioclase that is attributed to a mantle origin

in this study is 4�5� 0�4ø, equating to a melt equivalent value of

4�3� 0�5ø or an olivine equivalent value of 3�8� 0�5ø.
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I NTRODUCTION
For around 40 years it has been known that many young
(age &12 ka BP) Icelandic basalts have 18O/16O ratios that
are outside the typical range for mid-ocean ridge basalts
(MORB) (Muehlenbachs et al., 1974). The range of MORB
glasses, in d18O notation, is �þ5�2^5�8ø VSMOW
(Vienna Standard Mean Ocean Water) [Thirlwall et al.
(2006) and references therein]; in comparison, the d18O
values of fresh Icelandic basalts and basaltic glasses pre-
dominantly lie between �þ2 and �þ6ø (e.g.
Condomines et al., 1983; He¤ mond et al., 1988, 1993;
Nicholson et al., 1991; Sigmarsson et al., 1991; Harmon &
Hoefs, 1995; Burnard & Harrison, 2005; Macpherson
et al., 2005). Similarly large ranges are observed in crystals
hosted in Icelandic basalts, and their melt inclusions (Gee
et al., 1998; Eiler et al., 2000a, 2011; Skovgaard et al., 2001;
Breddam, 2002; Gurenko & Chaussidon, 2002; Maclennan
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et al., 2003a; Bindeman et al., 2006, 2008; Thirlwall et al.,
2006). Studies of d18O in Icelandic basalts during the past
20 years have predominantly focused on analyses of fresh
basaltic glass and large crystals hosted by basalts, typically
by laser fluorination, as surficial processes may modify
the oxygen isotope ratios of whole-rock samples (e.g.
Burnard & Harrison, 2005).
Two origins for the production of low (&þ5�5ø) and

variable d18O in young Icelandic basalts have been pro-
posed, which are not mutually exclusive. The first, widely
accepted as causing d18O variability in many Icelandic
basalts, is low-d18O Icelandic meteoric water, which creates
hydrothermal fluids in the rift zones, which have similarly
low values (^11 to ^13ø in northern Iceland; e.g.
Kristmannsdo¤ ttir & A¤ rmannsson, 2004). Assimilation of
hydrothermally altered crustal lithologies by primary bas-
altic mantle melts with initial d18O of �þ5�5ø will there-
fore result in a lowering of d18O in these melts.
Hydrothermally altered crustal lithologies have a mean
d18O of �þ2�0^4�5ø (Gautason & Muehlenbachs, 1998),
although values as low as ^10�5ø have been reported
from geothermal boreholes (Hattori & Muehlenbachs,
1982).
The second origin, which has been a source of debate, is

low-d18O material in the mantle melting region beneath
Iceland (Muehlenbachs et al., 1974). It has been postulated
that 18O/16O variability exists in discrete heterogeneities
under Iceland (e.g. Skovgaard et al., 2001; Breddam, 2002;
Gurenko & Chaussidon, 2002; Macpherson et al., 2005)
within a matrix of mantle with MORB-like d18O
(�þ5�5ø; Mattey et al., 1994). It has further been sug-
gested that these isotopic heterogeneities may be hosted in
lithological heterogeneities in the mantle (e.g. Maclennan
et al., 2003a; Stracke et al., 2003a; Thirlwall et al., 2006).
Fractional mantle melting may sample such isotopic het-
erogeneities, and, depending on the extents and propor-
tions in which the fractional melts mix prior to eruption,
basalts with a range of 18O/16O ratios may be erupted.
Globally, Iceland is not the only case where basalts may
sample mantle heterogeneous in d18O, as has been sug-
gested from other studies on MORB (e.g. Eiler et al.,
2000b) and ocean island basalts. Ocean islands for which
a mantle source of low d18O has been suggested include
Hawaii (Eiler et al., 1996), the Azores (Turner et al., 2007)
and the Canaries (Day et al., 2009, 2010; Gurenko et al.,
2011). However, some researchers have not observed a
mantle source for low d18O in basalts from these locations,
notably Wang & Eiler (2008) and Garcia et al. (2013) for
Hawaiian olivines and Genske et al. (2013) for olivines
from the Azores.
Awealth of evidence has convincingly illustrated that as-

similation of low-d18O, hydrothermally altered Icelandic
basalts, or partial melts thereof, can occur during frac-
tional crystallization of basaltic melts in the crust

(Condomines et al., 1983; Macdonald et al., 1987; He¤ mond
et al., 1988, 1993; Nicholson et al., 1991; Sigmarsson et al.,
1991, 1992a, 1992b; Harmon & Hoefs, 1995; Gee et al., 1998;
Eiler et al., 2000a; Burnard & Harrison, 2005; Bindeman
et al., 2006, 2008, 2012; Martin & Sigmarsson, 2007). The
cause, however, of a low-d18O signature in some of the
most primitive Icelandic basalts has been a source of
debate [see, for instance, discussions by Eiler et al. (2000a),
Maclennan et al. (2003a), Stracke et al. (2003a) and
Bindeman et al. (2008)], as it is unlikely that such basalts
have been affected by significant interaction with low-
d18O crustal lithologies. Based on analyses of primitive
basalts and their early crystallized products, some re-
searchers have argued that the Icelandic mantle may con-
tain low-d18O material. These studies and the ranges of
d18O values that they ascribe to mantle O-isotope variabil-
ity are summarized in Table 1. In the past few years, re-
searchers working on the oxygen isotope compositions of
basalts affected by crustal assimilation in Iceland have
acknowledged that the Icelandic mantle may contain low-
d18O material [Bindeman et al. (2008) suggested variability
of 50�7ø], but the debate on the existence of low-d18O
mantle under Iceland is not yet resolved. The continuing
uncertainty hinges on the fact that studies that have at-
tempted to determine mantle 18O/16O heterogeneity have
performed d18O and other geochemical analyses on differ-
ent length scales (whole-rock, crystal separate and intra-
crystal analyses), and thus observed correlations between
d18O and other indices have not unequivocally ruled out
the role of crustal processes in generating low d18O in
primitive Icelandic basalts. It is the aim of this contribu-
tion to present evidence from a detailed set of intra-crystal
analyses that (1) low-d18O material exists as distinct hetero-
geneities in the mantle source region of Icelandic basalts,
and (2) this low-d18O mantle material may exist in the
form of readily fusible heterogeneities alongside refractory,
depleted mantle with MORB-like d18O (�þ5�5ø).

O-isotope variability in primitive
Theistareykir basalts
The Theistareykir volcanic system in northern Iceland is
known for its primitive lava compositions that reflect
some of the compositional variability of mantle melts (e.g.
Elliott et al., 1991; He¤ mond et al., 1993; Slater et al., 2001;
Maclennan et al., 2003a, 2003b; Stracke et al., 2003a;
Thirlwall et al., 2004; Sims et al., 2013). Melt inclusions in
forsteritic olivines from Theistareykir lavas (Slater et al.,
2001) and from one well-studied flow in particular,
Borgarhraun (Maclennan et al., 2003a, 2003b), have also
been shown to retain some of the compositional variability
of mantle melts. Theistareykir samples, especially those
from Borgarhraun, have therefore been regarded as a suit-
able place to look for the signature of mantle d18O variabil-
ity (Eiler et al., 2000a; Maclennan et al., 2003a; Stracke
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et al., 2003a), as overprinting by crustal processes is less
likely than in more evolved samples.
The origin of oxygen isotope variability in basalts from

Theistareykir has been a topic of disagreement in past
studies. Based on correlations of decreasing d18O in bulk
crystal separates with whole-rock indices of enrichment
(e.g. increasing K2O/TiO2 and La/Sm) and differentiation
(e.g. Mg# and CaO/Na2O), Eiler et al. (2000a) suggested
that oxygen isotope ratios of some post-glacial
Theistareykir basalts have been lowered by assimilation of
melts of hydrothermally altered Icelandic crust, or mixing
with crustally contaminated evolved basalts. On the other
hand, Maclennan et al. (2003a), focusing on the primitive
Borgarhraun flow, argued for a mantle origin of the d18O
variability observed amongst single crystals from this flow.
The method of Maclennan et al. (2003a) involved analys-
ing olivine-hosted melt inclusions for trace elements by
ion microprobe, and the host olivine crystal both for
major elements by electron probe microanalysis (EPMA)
and for oxygen isotope ratios by laser fluorination. The ra-
tionale behind the approach of Maclennan et al. (2003a)
was that because crystals hosted by Icelandic basalts can
be formed from single magma batches that mix prior to
eruption (meaning that such crystals could be termed
‘antecrysts’; Davidson et al., 2007), earlier correlations
observed between datasets obtained by sampling on differ-
ent scales (e.g. major and trace element and radiogenic iso-
tope analyses on whole-rock specimens, and O-isotope

analyses in single crystals) have effectively spanned differ-
ent statistical populations and are therefore ambiguous.
However, Maclennan et al. (2003a) did not observe clear
correlations between indices of enrichment in melt inclu-
sions (e.g. La/Yb) and decreasing d18O of the host crystals.
Eiler et al. (2011) performed seven ion microprobe analyses
of d18O in Borgarhraun olivines but likewise did not see
clear correlations. Such correlations might be expected if
the low-d18O signature preserved in the Borgarhraun crys-
tals originates in the mantle, and is associated with melts
of fusible heterogeneities that are produced near the
bottom of the melting region in the presence of garnet.
The difficulty in establishing clear correlations was
thought to be caused, at least in part, by the fact that the
single, whole crystals analysed by laser fluorination could
be zoned in d18O.

Rationale for major element, trace element
and isotopic analyses in plagioclase
crystals
To overcome the problem of crystal d18O zoning, suspected
by Maclennan et al. (2003a), and produce unequivocal cor-
relations between geochemical indices, it is necessary to
perform all analyses on an intra-crystal length scale.
Because many incompatible trace elements that are useful
in deciphering signals of mantle melting processes cannot
be measured in olivine with good precision, this study has
concentrated instead on major element, trace element and

Table 1: Ranges in d18O ascribed to mantle d18O heterogeneity for Icelandic crystal phases and basaltic glasses

Olivine Clinopyroxene Plagioclase Glass or WR d18Omelt of all phases Reference

d18Omelt Fo d18Omelt Mg# d18Omelt An d18O MgO n d18O 1s

4�4–4�7 10�3–10�5 4 4�6 0�1 Breddam (2002)

2�9–7�4 86–90 4�0–6�2 8�6–11�4 55 5�6 0�8 Gurenko & Chaussidon (2002)

3�9–5�7 87–92 4�5–5�3 87–91 9�7–19�0 64 5�1 0�4 Maclennan et al. (2003b)

4�6–4�6 9�6 3 4�6 0�0 Burnard & Harrison (2005)

4�5–5�6 n.d. 4�9–4�8 5�0–9�7 12 4�5 0�5 Macpherson et al. (2005)

5�0–5�9 n.d. 9�8–24�2 31 5�6 0�2 Kokfelt et al. (2006)

5�0–5�7 n.d. 5�2–5�6 n.d. 4�9–5�5 n.d. 5�3–5�8 6�8–27�8 65 5�2 0�3 Thirlwall et al. (2006)

4�7–5�7 75–88 4�8–5�4 71–91 7�3–12�3 11 5�0 0�3 Peate et al. (2009)

4�6–5�6 n.d. 5�1–5�6 n.d. 5�0–5�0 n.d. 8�9–15�3 20 5�1 0�3 Peate et al. (2010)

For the crystals or glass analysed for oxygen isotope ratios, ranges of olivine forsterite (Fo) contents, clinopyroxene Mg#,
plagioclase anorthite (An) content and glass MgO content [or, in italics, the host basalt whole-rock (WR) MgO content, where
no glass data exist] are given where these values were determined. It should be noted that many studies have not tied major or
trace element compositions of crystals to d18O values of these crystals. Glass MgO values of Gurenko & Chaussidon (2002)
include corrected melt inclusion data. d18O values of crystal phases are expressed as melt-equivalent values at 12608C, using
fractionations as follows: �18Omelt–olivine¼þ0�5ø; �18Omelt–plagioclase¼ –0�2ø; �18Omelt–clinopyroxene¼þ0�1ø. The total

number (n) of d18O analyses of phases, and the mean (d18Omelt) and standard deviations (s) of their melt-equivalent values
are also shown. The data of Skovgaard et al. (2001) are not listed as these were reinterpreted by Thirlwall et al. (2006).
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oxygen isotope data gathered via microanalytical tech-
niques from single compositional zones of anorthitic
plagioclase crystals from the well-studied, primitive
Borgarhraun flow. These plagioclase grains are shown
below to have crystallized alongside the forsteritic
Borgarhraun olivines analysed by Maclennan et al.
(2003a). Because the analyses are all made within the
same zones, observed correlations between elemental and
isotopic datasets will be more robust than in previous stu-
dies. Recent work by Eiler et al. (2011) has indicated that
variability of 5�1ø can be clearly resolved in silicate
minerals by secondary ion mass spectrometry (SIMS)
techniques, with high accuracy and precision on single
analyses [in the region of 0�2ø and �0�2ø (1s), respect-
ively]. Therefore, obtaining a detailed record of d18O vari-
ation from Borgarhraun plagioclase compositional zones
is potentially feasible.
Compositional zoning of Mg# and rare earth element

(REE) concentrations is known to exist within early crys-
tallized, high-Mg# clinopyroxene crystals from the
Borgarhraun flow, which formed at �12608C (Maclennan
et al., 2003a; Winpenny & Maclennan, 2011). Diffusivities
of REE at 12608C (D1260

REE) in clinopyroxene are �10�18

to 10�20m2 s�1 (Sneeringer et al., 1984; Van Orman et al.,
2001), and for Mg^Fe diffusion, D1260

Mg^Fe¼1�4^
8�0�10�18m2 s�1 (Dimanov & Sautter, 2000; Dimanov &
Wiedenbeck, 2006). For plagioclase, diffusivities of REE
and Yat 12608C are similar to those in clinopyroxene, at
�2�5�10�18 m2 s�1 at 12608C (Cherniak, 2002, 2010), and
so the Borgarhraun plagioclase crystals that are crystal-
lized concurrently with clinopyroxene should also preserve
original compositional zoning in REE and Y. For Sr, the
diffusion rate in anorthite at this temperature is slightly
faster, at 4�5�10�18 to 2�2�10�17m2 s�1 (Cherniak &
Watson,1992,1994; Giletti & Casserly, 1994). Oxygen diffu-
sivities (DO) in plagioclase, although rapid under hydro-
thermal conditions, are affected to a negligible degree by
the low water contents of primitive Icelandic basalts such
as Borgarhraun (50�5wt % H2O; Saal et al., 2002; Nichols
& Wysoczanski, 2007), increasing by50�3 log [DO] units
(Farver & Yund, 1990; Dixon et al., 1995). Overall, oxygen
diffusivities at 12608C are very similar to the rate of Sr
diffusion in plagioclase at this temperature, being
�6�10�18 m2 s�1 (Elphick et al., 1988; Ryerson &
McKeegan, 1994; Farver, 2010). Although storage for
�103^104 years at 12608C could substantially reduce ori-
ginal Sr and d18O zoning in crystals of radius 1mm, it is
shown below that Borgarhraun plagioclase crystals retain
zoning of Sr concentrations and d18O. Nevertheless, the
effect of Sr and O diffusion on the observations and correl-
ations presented in this study will also be considered.
In this contribution it will be argued that variability in

trace element ratios from high-anorthite Borgarhraun
plagioclase compositional zones, co-crystallized in the

lower Icelandic crust along with forsteritic olivine and
high-Mg# clinopyroxene, reflect part of the range of
chemical compositions produced by fractional melting of
heterogeneous mantle. This is the same conclusion that
was reached previously for olivine-hosted melt inclusions
and clinopyroxene compositional zones from the same
flow (Maclennan et al., 2003a; Winpenny & Maclennan,
2011). Correlations between trace element ratios indicative
of mantle melting processes (La/Yand Sr/Y) and d18O in
plagioclase zones will be presented. Such correlations
have not previously been observed in intra-crystal data
from Iceland, and the implications that they have for
d18O heterogeneity in the mantle source of basalts under
Iceland will be explored.

SAMPLES
Geological and petrological context of the
Borgarhraun flow, northern Iceland
The Theistareykir volcanic system in the Northern
Volcanic Zone of Iceland is the most northerly on-land
system in Iceland (Fig. 1). It has been described in detail
by Slater (1996). It lies �100 km north of the putative
plume axis; this axis is possibly located at the NW of
Vatnajo« kull (the icecap marked ‘V’ in Fig. 1) (e.g.
Breddam, 2002), although a location �50 km further
south was preferred by Shorttle et al. (2010). Variability in
major element, trace element and radiogenic isotope com-
positions of Theistareykir whole-rock samples and melt in-
clusions has been attributed to variation in mantle melt
compositions, controlled both by source heterogeneity and
the melting process under Theistareykir (Elliott et al.,
1991; He¤ mond et al., 1993; Skovgaard et al., 2001; Slater
et al., 2001; Maclennan et al., 2003b; Stracke et al., 2003a;
Thirlwall et al., 2004).
Borgarhraun is one of the early postglacial (12^7 ka BP)

flows fromTheistareykir, covering �20 km2, and is basaltic
to picritic in composition (9�73�19�00wt % MgO;
He¤ mond et al., 1993; Slater, 1996; Sigurdsson et al., 2000).
The flow, which is variably olivine-, plagioclase- and clino-
pyroxene-phyric, is shown in Fig. 1. It also contains gab-
broic, wehrlitic, dunitic and troctolitic nodules up to
�2 cm in diameter. These nodules and the relationship of
their constituent crystals to the host flow were described
by Maclennan et al. (2003a). The variability in the trace
element compositions of melt inclusions hosted by forsteri-
tic olivines in the Borgarhraun flow is far greater than the
variability observed amongst whole-rock samples from
this flow (Slater et al., 2001; Maclennan et al., 2003b).
Maclennan et al. (2003a) argued that this variability in
melt inclusion chemistry represents some of the compos-
itional variability of fractional melts sourced from different
depths in the mantle melting region, and that the melts
that crystallized the olivines mixed during crystallization
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to produce the whole-rock composition. It should be noted
that in the present study the practice of Thomson &
Maclennan (2013) is followed in using the purely descrip-
tive term ‘macrocryst’ to define large crystals
(�0�5^10mm) in Icelandic basalts that are clearly distin-
guishable from the groundmass. This practice is followed,
as opposed to using terms such as phenocryst or antecryst,
to avoid implying a genetic relationship between the large
crystals and their carrier basalt before the existence of
any relationshipçsimple or complexçis established.

Sample collection, preparation and
analyses
Sampling of gabbroic and wehrlitic nodules from the
Borgarhraun flow was carried out in July 2007; all samples

came from within a few tens of metres of 65851�050N,
16859�930W. Polycrystalline nodules containing plagioclase
and large (up to �1cm diameter) plagioclase macrocrysts
were made into 500 mm thick sections or mounted in
epoxy resin. A mixture of macrocrysts and nodules were
studied because Maclennan et al. (2003a) reported similar
major element compositions for plagioclase crystals in the
nodules and those existing as macrocrysts. Maclennan
et al. (2003a) described in detail the petrography of the
Borgarhraun nodules and macrocrysts, discussing the
order of crystallization and noting that anorthitic plagio-
clase and high-Mg# clinopyroxene are found in nodules
with forsteritic olivine and probably crystallized together
from primitive melts. Zoning in plagioclase crystals was
initially characterized by backscattered electron (BSE)
imaging. Electron microprobe (EPMA) profiles of major
element concentrations were then made across portions of
the crystals that showed discrete, clear zones. Each of
these zones was subsequently analysed by laser ablation in-
ductively coupled plasma mass spectrometry (LA-ICP-
MS) for trace element concentrations. SIMS trace element
analyses were also performed in some of the narrower
compositional zones. 18O/16O ratios were determined by
SIMS in many of the same zones. Overall, 32 plagioclase
zones in a total of 10 crystals were analysed for major and
trace element concentrations and oxygen isotope ratios;
nine crystals were from six polycrystalline nodules and
the remaining crystal was a separate macrocryst.With the
exception of nodule B9, none of the nodules described in
the current study were ophitic.

The relationship between Borgarhraun
plagioclase and ferromagnesian phases
In this section we document the evidence that anorthitic
Borgarhraun plagioclase crystallized concurrently with
forsteritic olivine and high-Mg# clinopyroxene, phases
that are also present as macrocrysts and within polycrys-
talline nodules alongside the plagioclase crystals.
High-An plagioclase macrocrysts such as those found in

Borgarhraun lavas are also known from elsewhere in
Iceland; for instance, in depleted lavas and basaltic glasses
from Kistufell, a sub-glacial table mountain in central
Iceland (up to An88�6; Breddam, 2002).Whereas the forster-
ite content of crystallizing olivine and the Mg# of crystal-
lizing clinopyroxene generally decrease steadily as a
magma evolves and the temperature of the crystallizing
magma drops (e.g. Ford et al., 1983; Beattie, 1993), the
anorthite content of plagioclase is additionally dependent
on the pH2O of the melt (e.g.Yoder, 1965; Panjasawatwong
et al., 1995; Danyushevsky et al., 1997; Putirka, 2005).
Several pieces of evidence, however, strongly indicate that
highly anorthitic Borgarhraun plagioclase [in this study
up to 89�4mol %; up to 91�0mol % in the study by
Maclennan et al. (2003a)] crystallized concurrently from
primitive melts with high-Mg# clinopyroxene and

Fig. 1. Map of theTheistareykir and Krafla volcanic systems in north-
ern Iceland; inset shows the location of themain map (black rectangle).
Topography, illuminated from the NW, is from the most recent
ASTER release (a product of METI and NASA, obtained from
https://lpdaac.usgs.gov). Dark grey fill denotes eruptions from the last
glacial andpresent interglacial (an interval of&100 kyr). Some sub-gla-
cial tuyas andhyaloclastite ridges canbe recognizedby the illumination
of their steep flanks. Lighter grey fill indicates older eruptions. The
Borgarhraun eruption is shaded in black and has the letter ‘B’at the ap-
proximate location of its eruptive vent. The black star marks the loca-
tion at which samples from this study were collected.The Krafla Fires
eruptions of 1975^1984 are also shaded black, with the letter ‘K’ re-
peated along the cone row that formed along the eruptive fissure. The
summit of a large, early postglacial lava shield, Storaviti, is marked ‘S’.
The summit of Gaesafjoll, a large glacial eruptionwith a distinctive en-
riched composition, is marked ‘G’. The axes of the Theistareykir and
Krafla fissure swarms are labelled, with the illumination picking out
the northwards and southwards continuation of those swarms away
from the labels.The margin of the Krafla caldera is marked with a fine
black line with tick marks on the downthrown interior.
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forsteritic olivine. First, these crystals are found in the
same nodules as forsteritic olivines (up to Fo90), and clino-
pyroxene with Mg# of up to �92 (Maclennan et al.,
2003a). In one sample (gabbroic nodule B9), an idio-
morphic An87�6 plagioclase was found as a chadacryst
within a Mg# 88�0 clinopyroxene [analysed by
Winpenny & Maclennan (2011)]. Second, primitive
MORB compositions not dissimilar to Borgarhraun, such
as glass sample 527-1-1 from the FAMOUS segment of the
Mid-Atlantic Ridge, may crystallize An85�89 plagioclase
(Bender et al., 1978) by virtue of their low Na2O contents
and high CaO/Na2O ratios [see Elthon & Casey (1985)
and references therein]. Lastly, although some researchers
have suggested that evolved melts (basaltic andesites to da-
cites; e.g. Lundstrom et al., 2005; Lundstrom & Tepley,
2006) with moderate to high water contents (*1�5wt %;
Danyushevsky et al., 1997) may crystallize high-An plagio-
clase, pre-eruptive water contents for Borgarhraun melts
are likely to be low (0�5wt % H2O; Saal et al., 2002;
Nichols & Wysoczanski, 2007).
The high anorthite contents of Borgarhraun plagioclase

crystals are therefore likely to result from the crystalliza-
tion of essentially anhydrous, primitive melts at the same
time as high-Fo olivines and high-Mg# clinopyroxene
crystals. These olivines and clinopyroxenes are known to
preserve a record of compositional variability of mantle
melts in their melt inclusions and compositional zones re-
spectively (Maclennan et al., 2003a; Winpenny &
Maclennan, 2011). Consequently, it is feasible that high-An
plagioclase zones may also preserve a record of the chem-
ical and isotopic diversity of primary mantle melts.
Clinopyroxene^melt barometry has indicated that

Borgarhraun clinopyroxene macrocrysts were formed at
�8�2 kbar pressure (2s range;Winpenny & Maclennan,
2011).The depth of plagioclase crystallization cannot be ac-
curately assessed by barometry based on crystal^melt equi-
libria (Putirka, 2008), and can be best constrained from
the presence of the An87�6 plagioclase chadacryst in a
Mg# 88�0 clinopyroxene. This clinopyroxene, and others
from this nodule, gave crystallization pressures of around
7 kbar (Winpenny & Maclennan, 2011). Borgarhraun
plagioclase crystallization is therefore likely to have
occurred in the lower crust underTheistareykir.

ANALYT ICAL METHODS
BSE images and electron microprobe
analyses
BSE images of samples were obtained using a JEOL JSM-
820 scanning electron microscope, with an accelerating
voltage of 15 kV and beam current of 6^10 nA. Typical
magnification was 35�, and images were assembled to pro-
duce composite views of entire nodules or macrocrysts.
The concentrations of major and minor elements in

plagioclase crystals, and also of several olivine macrocrysts
in the polycrystalline nodules, were analysed on a
Cameca SX100 electron microprobe at the Department of
Earth Sciences, University of Cambridge, UK. Elements
were analysed in wavelength-dispersive mode on five spec-
trometers, using an accelerating voltage of 15 kV and cur-
rent of 10 nA for major elements or 100 nA for minor
elements. The beam was focused to a 2 mm spot. Typical
peak counting times were 20 s for major elements and 40 s
for minor elements, and background counting times were
10 s. A set of natural silicate and metal standards was used
at the start of each session for calibration of elemental con-
centrations, as follows: Na on jadeite, Mg on periclase, Si
and Ca on diopside, Fe on fayalite, K on K-feldspar, Ti on
rutile, Al on corundum, and Mn and Ni on pure metals.
Analyses with oxide totals outside the range 98�5^101�5 wt
% or poor stoichiometry were discarded. In general, in-
ternal precision from counting statistics for single analyses
of elements present at45wt % is �1% (1s relative), 5%
for elements at 1^5wt % and up to 30% for elements pre-
sent at51wt %.

Trace element analyses
Trace element concentrations were measured within the
compositional zones recognized in BSE images. Analyses
were performed by LA-ICP-MS at the University of
Cambridge, and further analyses were made by SIMS at
the Natural Environment Research Council (NERC) Ion
Microprobe Facility, University of Edinburgh. Several
zones were analysed by both LA-ICP-MS and SIMS,
allowing comparison between elemental concentrations
measured by the two techniques. There is good agreement
(typically �10% relative) between the concentrations of
key trace elements measured by SIMS and LA-ICP-MS.
Full data, including analyses of standards, are provided in
Supplementary Data Electronic Appendix 1 (supplemen-
tary data are available for downloading at http://www.
petrology.oxfordjournals.org).

LA-ICP-MS analyses

Elemental concentrations were measured using a New
Wave UP213 Nd:YAG laser ablation system interfaced to a
Perkin^Elmer Elan DRC II ICP-MS system. The laser
repetition rate was 10Hz and the laser power was �5 J
cm^2. Spot diameter was 100^120 mm, and sample pit
depth was around 50 mm. The ablation medium was
helium gas. Data acquisition settings for the ICP-MS
system were one sweep per reading, with 40 readings in
one replicate, with a rinse-through time between analyses
of 60 s. Dwell times were typically 10^50ms, dependent
on the concentration of each element. The CaO concentra-
tions of the compositional zones, as determined
from EPMA, were used for internal standardization of
elemental concentrations. Intra-zone variability of these
EPMA-determined CaO concentrations is negligible, with
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standard errors on the means of repeat electron micro-
probe spot analyses consistently below 0�12wt %. NIST
SRM610 was used for calibration of elemental sensitivities,
and accuracy was assessed by analysing NIST SRM612
and the glassed versions of international rock standards
BIR1, BHVO-2 and BCR-2. Recovered values were typic-
ally 90^110% of published values (Jochum et al., 2005;
Jochum & Nehring, 2006). Repeat analyses of standard
material did not indicate any systematic drift. For the
elements analysed, matrix-matching of standards to un-
knowns for calibration of LA-ICP-MS signals is not gener-
ally considered necessary, as calibration using the NIST
SRM610 glass typically produces concentrations with
accuracies of 5^10% (reviewed by Pettke, 2006; Jochum
& Stoll, 2008; Sylvester, 2008; see also Heinrich et al.,
2003). External precision was monitored throughout the
analytical sessions by periodically making 4^10 repeat
analyses on an in-house plagioclase standard (Beaver Bay
anorthosite, Harker collection number 101377; see
Carpenter et al., 1985). The average 1s external errors for
each element across these groups of standard analyses are
reported in Supplementary Data Electronic Appendix 1,
and are used as the estimates of the precision of an analysis
in the Borgarhraun plagioclase zones. This approach is
considered reasonable as elemental variability amongst
each set of repeat analyses in samples (typically three re-
peats) is, in most cases, within the �2s range determined
from the repeat analyses on the standard. Data reduction
was carried out using Glitter Software (GEMOC,
Australia), which allows selection of signals, visualization
of data quality and corrections for isobaric interferences.
Errors reported in Electronic Appendix 1 are standard
errors on the mean concentrations of elements in a recog-
nized plagioclase zone.

SIMS analyses

SIMS analyses were performed using a Cameca IMS-4f
ion microprobe, for which typical analytical procedures
have been described by Shimizu & Hart (1982). Samples
were gold coated and bombarded by a beam of O� ions.
The primary accelerating voltage was 10 kV, and the sec-
ondary ion accelerating voltage was 4�5 kV. A 75Venergy
offset was used, with a 40 eV window, to suppress molecu-
lar ion interferences (Shimizu & Hart, 1982). Internal
standardization was carried out using known Si concentra-
tions from electron microprobe analyses. Spot size was
�25^35 mm, and the contrast aperture was set to 25 mm.
Each analysis comprised 10 scans, each lasting �2�5min.
Dwell times varied depending on elemental abundance,
but ranged from 2 to 8 s per scan. Element abundances
were calculated from secondary ion intensities (ratioed to
30Si) using the in-house JCION-5 software. Molecular
interferences (including REE oxide interferences) were
corrected for in this software and further possible interfer-
ences were investigated with the aid of major element and

LA-ICP-MS trace element concentrations. Accuracy was
determined from daily analyses of the NIST SRM610
glass, and small corrections (55%) have been applied to
the data consistent with the daily SRM610 concentrations
for each element. External precision was estimated using
repeat analyses on the SHF-1 plagioclase (Irving & Frey,
1984). Individual correction factors were applied for each
element of interest, which are based on comparisons of
known ion yields (relative to 30Si) for plagioclase stand-
ards with those of glass standards (Hinton, 1990).
Precision, based on repeat analyses of the plagioclase
standard, is generally �5%. Because of long analysis
times, no repeat measurements were made in
Borgarhraun plagioclase zones. The precision estimates
and correction factors for each element are presented in
Supplementary Data Electronic Appendix 1.

Oxygen isotope analyses
The 18O/16O ratios of compositional zones in plagioclase
were determined by SIMS, using the Cameca IMS 1270
ion microprobe at the University of Edinburgh, in
September^October 2010.

Sample preparation for d18O analyses

Plagioclase samples were cut out from their resin blocks or
thick sections to remount them in Buehler EpoThin

�

resin.This remounting allowed reorientation of plagioclase
crystals to move the areas of interest in each crystal closer
to the centre of the sample mount, as required for high-
precision O-isotope analysis by SIMS. Remounting was
also necessary to reduce the total number of sample
blocks in accordance with the available analytical time.
Care was taken during remounting to preserve the previ-
ously studied surfaces, which contained information on
the location of major and trace element variability within
crystals. Laser ablation holes were filled with resin to pro-
vide as flat a surface as possible for SIMS analyses.
Several plagioclase crystals were mounted along with
grains of plagioclase standards (An3�7, An31�4, An80�5 and
An89�6) within each sample block. One sample block was
investigated per analytical session (equal to one day).

Analytical conditions

For the O-isotope analyses, the Csþ ion source was held at
10 kV, and the sample at ^10 kV, resulting in a primary ion
beam with a net impact energy of 20 keV. The primary
beam current was 4 nA. The normal incidence electron
gun was used for sample charge compensation. Pre-sput-
tering of the sampling area lasted �60 s.The field aperture
was set at 5000 mm and the entrance slit at 80 mm. The
axial mass was 17O, and 16O and 18O ions in the secondary
beam were collected on the L’2 and H1 Faraday cups re-
spectively. The mass resolving power, M/�M, was 2400,
at which there are no interferences on the 16O and 18O
peaks. Yield and background for the Faraday cups were
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calibrated at the start of each session. For each analysis
spot, the overall 18O/16O ratio was calculated as the mean
of 20 ratios (two blocks of 10 readings). Counting times
during each reading were 5 s per mass, and count rates of
18O were �107 c.p.s. The 16O� secondary signal was
centred in the field aperture by adjusting the primary
beam L4 deflection plate settings for every small (�1mm
by 1mm) area of the sample surface where analyses were
to be made. This method avoided the need for any large
corrections to be made to the secondary ion beam trajec-
tory from the dynamic transfer plates.
An important issue in obtaining good precision during

measurements of oxygen isotopic ratios by ion microprobe
is to ensure that the sample surface is as flat as possible.
Analytical artefacts can be caused by deformation of the
local electrostatic field close to areas with high relief. It
was shown by Kita et al. (2009) that sample topography of
10 mm may elevate d18O values by 0�6ø, and topography
of �40 mm can increase values by as much as �4ø.
Analytical precision was also shown to be adversely af-
fected by sample relief, with precision as poor as �3ø in
the worst cases. For highly accurate and precise SIMS ana-
lyses of oxygen isotope ratios, Kita et al. concluded that
polishing relief should be less than a few micrometres.
Therefore, in preparing the sample mounts, hard polishing
laps were used to minimize the development of relief
during polishing. White light interferometry performed at
the edges of the crystals that were embedded into the
resin indicated that sample relief was minimal, and ana-
lyses were performed as far as possible from the filled
laser ablation holes, typically a few hundred micrometres
or more. During analyses of standard grains, larger grains
were targeted, and rare grains that displayed a dark rim
(indicating some relief) under the reflected light micro-
scope of the IMS 1270 were avoided. Analyses were made
within 8mm of the centre of sample mounts so as to avoid
disturbance to the electrostatic field close to the inside
edge of the sample holder.

Analytical protocol, accuracy and precision

The full analytical protocol and raw 18O/16O data for each
sample block are given in Supplementary Data Electronic
Appendix 2 and summarized in Supplementary Fig. S1.
Each of the three analytical sessions began with analyses
on the plagioclase standards mounted in the sample blocks.
Instrumental drift during each analytical session was

monitored by ‘contiguous bracketing’of the analyses on un-
knowns with repeat measurements of grains of the An31�4
standard. Five analyses were performed on this standard
after every 10^20 analyses on the Borgarhraun samples
(see Supplementary Fig. S1). Mean values of each group of
five analyses were used for establishing the drift corrections
during each analytical session. A polynomial fit to the
observed drift (as a function of analysis number) provided
a good fit to the An31�4 standard data in the first analytical

session, and linear fits in the other sessions. All corrections
applied to the other standards and unknowns were made
relative to the mean 18O/16O value of the group of five ana-
lyses on the An31�4 standard performed at the start of the
analytical session. (See Supplementary Data Electronic
Appendix 3 for details of the treatment of errors associated
with the drift corrections.)
Precision on a single analysis of the samples was esti-

mated from the typical standard deviation (1s, external
error) of repeat analyses on the An31�4 standard. As in pre-
vious SIMS oxygen isotope analyses (e.g. Eiler et al., 2011),
1s values from repeat analyses were found to be signifi-
cantly greater than internal standard errors (1 SE) from
counting statistics on a single analysis (the mean value of
the standard error across all analyses in this study was
0�07ø). The mean 1s of each batch of five analyses on the
An31�4 standard was 0�12ø. This average precision is close
to the average external precision (0�15ø, 1s) calculated
across sets of repeat analyses on olivine standards by
Bindeman et al. (2008), and not too dissimilar to the value
of �0�2ø (1s) reported by Eiler et al. (2011) for the San
Carlos olivine standard. In addition, it should be noted
that the mean value of the standard deviations calculated
for each group of 3^5 repeat analyses in the Borgarhraun
plagioclase zones is very similar (0�10ø). Such precision
in the samples is perhaps not unreasonable considering
that homogeneity in d18O on the length scale of separation
of the repeat analyses (�50 mm) is likely, given the diffusiv-
ity of oxygen in plagioclase (Farver, 2010).

Instrumental mass fractionation

Instrumental mass fractionation (IMF) of oxygen isotopes
occurs during SIMS analysis of plagioclase on the IMS
1270 ion microprobe, leading to measured values of d18O
that are several per mil away from true values. IMF is cal-
culated as

IMF ¼ 103
ð18O=16OmeasuredÞ � ð

18O=16OtrueÞ

ð18O=16OtrueÞ

� �
ð1Þ

where 18O/16Omeasured is the SIMS-determined (drift-
corrected) O-isotope ratio, and 18O/16Otrue is the ratio
determined by laser fluorination. To make corrections for
IMF it is necessary to determine the IMF values for stand-
ards with similar major element compositions to the
samples.
Analyses of nine plagioclase standards for which d18O

values are known from conventional (laser fluorination)
determinations were made during two sessions in the days
prior to the 18O/16O measurements on the Icelandic plagio-
clase samples (Fig. 2). Details of the standards used can be
found in Supplementary Data Electronic Appendix 2. The
results are in agreement with the finding of Coogan et al.
(2007) that IMF varies linearly with anorthite (An, mol
%) content of plagioclase. A small amount of scatter in
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plagioclase standard data in the plots of IMF against
anorthite content (Fig. 2) may result from small impurities
(e.g. varying orthoclase content of the feldspar).
The IMF for each 18O/16O determination in the samples

can therefore be corrected for using a scheme similar to
that used by Coogan et al. (2007). For each analytical ses-
sion, it was found that a suitable regression line for IMF
versus anorthite content could be established by analysis
of three of the standards in each block (3�7, 31�4 and
89�6mol % anorthite; denoted by black squares in Fig. 2).
It was suspected that grains of the fourth standard
(An80�5) were heterogeneous in d18O. Different IMF
versus anorthite regression lines were thus calculated for
each analytical session. The IMF for each 18O/16O analysis
in the plagioclase samples was calculated using the coeffi-
cients for each regression line and the anorthite content of
each Borgarhraun plagioclase compositional zone. The
variation in IMF over the range of anorthite contents in
all the samples (�80^90mol %) equates to an instrumen-
tally induced variation in d18O of only �0�5ø. It is also
worth noting that varying the orientation of the plagio-
clase crystal lattice in the plane normal to the secondary
ion beam has no measurable effect on the calculated value
of IMF for a given plagioclase sample. This was confirmed
by an investigation carried out by J. Craven on the
Cameca IMS 1270 at Edinburgh in the week prior to the
analyses of the Icelandic samples, by making repeat ana-
lyses on plagioclase standard material positioned in differ-
ent crystallographic orientations.

d18O calculations and error propagation

After correcting for instrumental drift, d18O values of the
Icelandic plagioclase samples were calculated from the

measured 18O/16O ratios and corrected for IMF using the
equation

d18O¼
103

ð18O=16OVSMOWÞ

ð18O=16OmeasuredÞ

ðIMF�10�3Þþ1
�ð18O=16OVSMOWÞ

� �

ð2Þ

where 18O/16OVSMOW is the 18O/16O ratio of Vienna
Standard Mean Ocean Water (VSMOW; equal to
0�0020052).
Within a single analytical session, where IMF is calcu-

lated from an IMF versus anorthite regression line, the
precision of a d18O value calculated using equation (2) is
dependent on: (1) the robustness of the drift correction; (2)
the precision of the EMPA-derived anorthite content in a
given compositional zone; (3) the robustness of the linear
IMF^anorthite fit to the 18O/16O data from the standards;
and (4) external analytical precision, as estimated from
repeat analysis of the An31�4 standard (0�12ø, 1s, as
described above). Propagation of these uncertainties
through the drift corrections, IMF calculations and equa-
tion (2) was carried out by performing 2000 simulations
of the corrections and calculations for each plagioclase
zone. In each simulation the values for d18O and anorthite
contents of samples and standards were drawn at random
from appropriate distributions around mean values. Full
details of the error propagation can be found in
Supplementary Data Electronic Appendix 3.
The propagated 1s errors mostly lie in the range

0�16^0�18ø. Overall, the largest contributions to the
errors come from the external analytical precision and
from uncertainty related to the drift corrections.
Uncertainty resulting from the IMF corrections across the

Fig. 2. Instrumental mass fractionation (IMF) vs anorthite (An) content of plagioclase for standards analysed during two analytical sessions,
(a) and (b), in advance of the sessions for 18O/16O ratio determinations in the Borgarhraun plagioclase samples. Regression coefficients, r, of
0�98 and 0�96 confirm the trend observed by Coogan et al. (2007) that IMF increases linearly with plagioclase anorthite content. IMF is calcu-
lated from equation (1) (see text). The differences in slope and intercept of the regression lines between the two sessions demonstrate the need
to determine IMF separately for each analytical session. The analyses shown in the plots were all performed on a separate epoxy block to the
Borgarhraun plagioclase. Grains of three standards (those indicated in black) were mounted in each analysis block along with the unknowns
(data for these standard grains can be found in Supplementary Data Electronic Appendix 2 and Fig. S1). The width of the grey shaded region
shows the range of anorthite contents in Borgarhraun plagioclase samples. Error bars show �1s ranges from 5^10 repeat analyses in the same
standards.
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dataset is relatively small, given the small range of anorth-
ite contents in the samples; indeed, if a constant IMF
value is used for all the sample zones, the d18O variability
observed in the final dataset is affected to a negligible
degree. With the exception of three compositional zones,
the Borgarhraun plagioclase analyses were all conducted
in the same analytical session, and the three zones ana-
lysed in the other sessions do not strongly influence the cor-
relations presented below. Therefore any subtle offsets in
d18O between analytical sessions would not affect the con-
clusions of this study.

Accuracy of dataset as a whole

Whereas the overall precision of the d18O values of plagio-
clase zones is in most cases 0�16^0�18ø (1s), the accuracy
of the dataset as a whole (i.e. the amount by which the
entire dataset may shift, without changing the magnitude
of the d18O differences between points) is estimated to be
a little poorer. Accuracy was assessed by considering the
data plotted in Fig. 2a and b obtained during the two ana-
lysis sessions on standards. Regression lines were plotted
for these two datasets using only the three standards that
were used for daily determinations of the IMF versus
anorthite relationship during the sample analysis sessions.
From these lines, modelled d18O values of the remaining
standards were then calculated using their known anorth-
ite contents and measured 18O/16O ratios, which allowed
calculation of the mismatch in d18O of each modelled
value to that known from laser fluorination analyses. The
mean mismatch across all remaining standards is 0�35ø,
and therefore 0�4ø is taken as an estimate of the accuracy
of the dataset as a whole.

MAJOR AND TRACE ELEMENT,
AND d18O ANALYSES OF
PLAGIOCLASE COMPOSITONAL
ZONES
Major element concentrations of single plagioclase com-
positional zones are reported inTable 2, together with se-
lected trace element concentrations. The full dataset is
given in Supplementary Data Electronic Appendix 1. The
oxygen isotope data are also reported inTable 2.
The variability in plagioclase anorthite content [An,

mol %; An¼100XCa/(XCaþXNa), where Xi is the cation
fraction of element i] matched the variation in greyscale
intensity in BSE images, and compositional zones were
identified accordingly. Anorthite contents of Borgarhraun
plagioclase vary from 80�9 to 89�4mol %. The anorthite
content variation of the plagioclase crystals studied here is
shown in Fig. 3, along with olivine forsterite contents and
clinopyroxene Mg# data where these phases coexist with
plagioclase in the nodules. Full olivine and clinopyroxene
data for these nodules are given in Supplementary Data

Electronic Appendix 4. The range of anorthite contents is
similar to that observed in Borgarhraun nodules by
Maclennan et al. (2003a). The variability of anorthite con-
tent in single crystals is &5mol %.
Variability in trace element concentrations and d18O is

observed between and within Borgarhraun plagioclase
crystals. An overview of the range of trace element concen-
trations across all of the plagioclase compositional zones
is shown in Fig. 4, where data points are shaded based on
the anorthite content of the analysed zone. Variability in
trace element concentrations and d18O in Borgarhraun
plagioclase crystals is illustrated in Fig. 5a and b, along
with the anorthite content variation across the crystals
and BSE images of the analysed crystals. Intra- and inter-
crystal variability in La and Sr concentrations and d18O is
recognizable from Fig. 5. In general, inter-crystal variabil-
ity in these indices in Borgarhraun plagioclase is greater
than intra-crystal variability, but distinct variability is
nonetheless preserved in some crystals, notably the plagio-
clase shown in Fig. 5b, which indicates that Borgarhraun
plagioclase can preserve zonation in trace element concen-
trations and d18O.
The following sections contain an investigation of the

causes of variability in major and trace element concentra-
tions in the plagioclase compositional zones, before discus-
sion of the oxygen isotope data in further detail.

TRACE ELEMENT
HETEROGENEITY IN AND
BETWEEN PLAGIOCLASE
CRYSTALS
Characterization of heterogeneity
Before making inferences about the compositions of the
melts that crystallized the plagioclase zones, the textures
of the crystals, the nature of zoning and chemical profiles
must all be considered. Most compositional zones of
Borgarhraun plagioclase crystals show sharp zoning in
BSE images and some trace element variability between
zones (Fig. 5). However, a small number of zones at the
cores of three plagioclase crystals (B1.P1, B16.P1, B17.P1)
stand out as texturally different because of their very dif-
fuse variation in greyscale intensity in BSE images over
several hundred micrometres, reflecting gradational
anorthite zonation across a portion of the crystal. Two of
these three cores also display sieve textures (e.g. Fig. 6a).
The majority of the interior of the crystal shown in
Fig. 6b shows diffuse, poorly defined zoning, but a thin
(�100 mm wide), �An88 rim, sharply defined in the BSE
image, surrounds the interior (this ‘core’effectively extends
across most of the diameter of the crystal). Core-forming
zones in the two other plagioclase crystals are also, like
the plagioclase in Fig. 6b, surrounded by thin, concentric,
higher-An zones with sharp zoning in BSE images.

JOURNAL OF PETROLOGY VOLUME 55 NUMBER 12 DECEMBER 2014

2546

 at U
niversity of C

am
bridge on January 13, 2015

http://petrology.oxfordjournals.org/
D

ow
nloaded from

 

http://petrology.oxfordjournals.org/lookup/suppl/doi:10.1093/petrology/egu066/-/DC1
http://petrology.oxfordjournals.org/lookup/suppl/doi:10.1093/petrology/egu066/-/DC1
http://petrology.oxfordjournals.org/lookup/suppl/doi:10.1093/petrology/egu066/-/DC1
http://petrology.oxfordjournals.org/


Table 2: Selected mean major and trace element and oxygen isotope data for Borgarhraun plagioclase compositional zones

Crystal An Mean concentration (wt %) Mean concentration (ppm) d18Oplg 1s

(mol %) SiO2 Al2O3 FeO MgO CaO Na2O Total Ti Sr Y Ba La Ce

B1.P1.a 87�7 46�09 34�04 0�38 0�23 17�96 1�39 99�65 87�6 160�7 0�119 4�24 0�144 0�242 5�32 0�16

B1.P1.b.outer n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 5�02 0�16

B1.P1.b 83�5 47�05 32�92 0�45 0�24 16�96 1�85 99�39 214�5 232�4 0�131 12�58 0�704 1�069 4�06 0�16

B1.P1.c 82�5 47�33 32�73 0�43 0�22 16�70 1�96 99�23 211�8 252�2 0�137 16�26 0�585 1�002 4�13 0�16

B1.P1.d 84�8 46�46 33�39 0�42 0�19 17�04 1�69 99�24 169�9 262�7 0�194 14�39 0�513 0�889 4�17 0�15

B1.P1.e 86�6 46�13 33�54 0�42 0�17 17�54 1�51 99�43 154�9 268�2 0�193 14�54 0�408 0�753 4�15 0�16

B1.P1.f 87�9 45�74 33�95 0�40 0�15 17�86 1�36 99�96 112�6 273�3 0�186 11�90 0�256 0�443 4�13 0�16

B1.P1.g 86�3 46�28 33�63 0�41 0�17 17�50 1�53 100�70 94�2 266�6 0�160 9�69 0�180 0�295 4�21 0�16

B3b.P1.IP.a 88�7 45�79 33�91 0�33 0�23 18�18 1�28 99�94 48�0 97�3 0�084 0�84 0�037 0�068 5�66 0�16

B3b.P1.b 86�0 46�41 33�55 0�35 0�27 17�75 1�60 100�29 45�1 108�1 0�092 0�99 0�026 0�059 5�60 0�16

B3b.P1.IP.c 87�6 46�23 34�13 0�34 0�24 17�93 1�41 100�07 51�7 94�1 0�086 0�91 0�028 0�063 5�53 0�16

B3b.P1.d 86�3 46�60 33�64 0�35 0�27 17�64 1�55 99�36 83�8 114�4 0�106 1�22 0�027 0�077 5�66 0�16

B3b.P2.a 87�4 46�43 34�00 0�33 0�24 18�08 1�44 100�26 56�2 120�5 0�068 0�98 0�041 0�088 5�57 0�16

B3b.P2.IP.b 85�5 47�17 33�49 0�35 0�27 17�52 1�64 100�19 54�7 96�5 0�079 0�91 0�026 0�063 5�57 0�16

B3b.P2.IP.c 86�8 46�51 33�89 0�34 0�25 17�90 1�50 100�35 51�0 96�0 0�091 1�04 0�032 0�057 5�87 0�16

B3b.P2.d 85�7 46�79 33�54 0�34 0�27 17�57 1�62 99�98 72�9 123�2 0�065 1�12 0�026 0�070 5�72 0�16

B3b.P2.IP.e 86�2 46�61 33�32 0�34 0�27 17�84 1�58 99�88 56�1 97�6 0�090 1�19 0�029 0�068 5�67 0�16

B3b.P2.f 85�5 46�77 33�45 0�35 0�27 17�60 1�65 100�52 107�7 126�7 0�116 1�26 0�037 0�087 n.d. n.d.

B4a.P1. 87�8 46�40 33�43 0�31 0�24 17�60 1�35 99�18 78�5 136�2 0�121 1�15 0�020 0�054 5�51 0�18

B4a.P2. 86�2 46�58 33�31 0�31 0�25 17�20 1�53 99�48 107�6 132�5 0�164 1�39 0�077 0�147 5�38 0�18

B9.P1. 87�5 46�14 33�62 0�34 0�21 17�52 1�38 99�25 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

B14.P1. 89�3 45�70 34�24 0�30 0�24 18�19 1�20 99�63 45�4 128�6 0�080 0�92 0�025 0�070 5�24 0�33

B14.P2. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 115�8 140�4 0�082 1�41 0�020 0�093 n.d. n.d.

B15.P1.a 86�8 45�99 33�70 0�35 0�23 17�59 1�47 98�38 77�7 165�9 0�082 3�47 0�077 0�169 4�54 0�16

B15.P1.b 87�1 45�96 33�56 0�37 0�23 17�57 1�44 99�56 114�1 194�6 0�055 4�45 0�104 0�192 n.d. n.d.

B15.P1.IP.bA 87�7 45�35 33�45 0�34 0�22 17�63 1�37 99�15 67�7 140�4 0�088 3�12 0�074 0�162 5�23 0�16

B15.P1.c 83�7 47�00 33�04 0�40 0�27 16�95 1�82 99�80 117�3 212�5 n.d. 5�72 0�134 0�261 4�45 0�16

B15.P1.IP.cA 85�6 46�39 33�43 0�36 0�24 17�26 1�60 99�56 55�8 161�9 0�063 3�87 0�103 0�196 n.d. n.d.

Crystal An Mean concentration (wt %) Mean concentration (ppm) d18Oplg 1s

(mol %) SiO2 Al2O3 FeO MgO CaO Na2O Total Ti Sr Y Ba La Ce

B15.P2.a 85�9 46�44 33�63 0�37 0�24 17�55 1�60 100�13 107�6 162�8 0�073 3�58 0�075 0�175 4�54 0�16

B15.P2.IP.aA 85�6 46�58 33�52 0�37 0�24 17�57 1�64 99�88 69�8 131�4 0�081 2�83 0�076 0�153 n.d. n.d.

B15.P2.b 86�4 46�32 33�70 0�37 0�23 17�62 1�54 100�02 99�5 181�6 0�073 3�76 0�088 0�178 n.d. n.d.

B15.P2.IP.aB 86�6 46�29 33�74 0�36 0�23 17�69 1�51 99�93 70�9 137�4 0�087 2�80 0�080 0�162 4�90 0�16

B15.P2.c 84�1 46�84 33�20 0�40 0�26 17�24 1�80 98�85 73�5 198�3 0�064 4�65 0�088 0�182 4�67 0�16

B16.P1.IP.aa 88�0 46�14 33�79 0�28 0�25 17�72 1�34 99�77 46�0 98�0 0�071 1�16 0�025 0�078 n.d. n.d.

B16.P1.IP.a 89�2 45�95 34�15 0�31 0�25 18�08 1�22 99�53 40�5 96�2 0�067 1�07 0�024 0�059 5�11 0�16

B16.P1.b 87�8 46�06 33�92 0�29 0�25 17�80 1�36 99�34 89�3 126�7 0�054 1�64 0�060 0�096 5�12 0�16

B16.P1.IP.c 88�4 46�99 33�70 0�31 0�24 18�01 1�31 100�21 48�0 103�0 0�072 1�41 0�038 0�079 n.d. n.d.

B16.P1.d 87�9 46�80 33�76 0�32 0�24 17�83 1�36 100�09 77�1 134�9 0�052 1�56 0�037 0�081 n.d. n.d.

B16.P1.IP.e 89�4 46�40 33�96 0�34 0�22 18�18 1�19 99�87 48�9 108�1 0�078 1�59 0�037 0�082 4�98 0�16

B16.P1.IP.f 88�0 46�34 33�37 0�32 0�24 17�64 1�33 100�18 49�4 118�3 0�072 2�06 0�044 0�090 4�90 0�16

B16.P1.g 84�8 46�94 33�19 0�36 0�26 17�23 1�71 100�11 266�9 249�0 0�144 13�81 0�437 0�848 4�13 0�16

B17.P1.a 84�8 47�31 33�00 0�34 0�27 17�43 1�73 101�06 126�0 223�3 0�104 4�24 0�086 0�178 4�84 0�16

B17.P1.b 80�9 47�95 32�58 0�40 0�25 16�65 2�18 99�96 302�8 276�3 0�156 13�04 0�904 1�463 4�22 0�16

B17.P2. 88�4 45�62 33�62 0�32 0�21 18�06 1�31 100�09 20�4 144�2 0�149 n.d. 0�061 0�108 n.d. n.d.

Zone codes mostly follow the format Bxx.Py.zz where xx is the nodule, y is the crystal number in a nodule and zz is the zone code. n.d.,
not determined. Some codes include an additional ‘IP’ before the zone number, indicating that trace elements were determined by SIMS
rather than LA-IPC-MS. B17.P1 and B17.P2 are separate macrocrysts, rather than being from the same polycrystalline nodule. d18O data
are reported as plagioclase values (d18Oplg; IMF- and drift-corrected); 1s errors presented for d18O data are based on analyses in the
plagioclase zones (n¼ 3–5); the stated errors are based on standard errors of the means of repeat analyses, but with errors propagated
from the drift and IMF corrections (see Electronic Appendix 3). The full dataset, including errors on major and trace element determin-
ations for each compositional zone, are tabulated in full in Electronic Appendix 1.
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Notably, all three cores appear to have been partially re-
sorbed, perhaps by the high-CaO/Na2O melts that then
crystallized the rims.
Because significant CaAl^NaSi diffusion has seemingly

occurred in the bulk of the crystal, incompatible trace
elements will have significantly diffused in these zones.

Indeed, when concentrations of Sr, La andY in this group
of texturally distinct plagioclase zones are compared with
concentrations in the rest of the Borgarhraun plagioclase
zones (Fig. 7a and b), it is evident that the former concen-
trations are generally higher, and in the plot of La versus
Sr this group of zones appears to lie on a trend distinct

Fig. 3. Forsterite and anorthite contents and Mg# of olivine, plagioclase and clinopyroxene (respectively) in polycrystalline nodules and
macrocrysts from the Borgarhraun flow. Clinopyroxene data are fromWinpenny & Maclennan (2011). Full major element compositions of all
phases can be found inTable 2 and Supplementary Data Electronic Appendices 1 and 4. Grey circles represent olivine forsterite contents, open
black squares are clinopyroxene Mg# values and black crosses are plagioclase anorthite contents. Different points typically show compositions
of single compositional zones; not every crystal in each nodule was analysed.The mineralogy of Borgarhraun nodules and distribution of crystal
compositions are similar to those observed by Maclennan et al. (2003a).

Fig. 4. Trace element concentrations of Borgarhraun plagioclase crystal compositional zones, shaded by anorthite content of the zone.
Normalizing values, shown in the bottom of the plot, are from McDonough & Sun (1995). Data are a mixture of LA-ICP-MS and SIMS data.
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from that of the rest of the data (open versus closed sym-
bols in Fig. 7a and b). Because both the trace element con-
centrations and textures of this group of plagioclase zones
are similar to each other, but distinct from those of the
other Borgarhraun plagioclase zones, it is considered ne-
cessary to treat these plagioclase zones as a separate group.

Melt compositional heterogeneity as the
cause of trace element heterogeneity in
crystals
Across all Borgarhraun plagioclase compositional zones,
the range in La concentrations is 0�020^0�904 ppm. In Sr
and Y, ranges are 94�1^276�3 ppm and 0�053^0�194 ppm
respectively. Excluding the group of resorbed cores, the
ranges in La, Sr and Y are 0�020^0�144 ppm,
94�1^194�6 ppm and 0�053^0�164 ppm respectively; the cor-
responding ranges of crystal La/Y and Sr/Y ratios are
0�17^1�89 and 808^3540. These ranges are too large to be

caused by melt evolution during fractional crystallization
alone.
The variability observed in Borgarhraun plagioclase

trace element concentrations may result from compos-
itional heterogeneity in the melts that crystallize under
Theistareykir. This conclusion was established for
Borgarhraun clinopyroxene compositional zones by
Winpenny & Maclennan (2011); the next few paragraphs
follow a similar line of investigation to that used for the
clinopyroxene compositions.
First, it is necessary to establish whether or not variabil-

ity in plagioclase^melt partition coefficients (D values)
alone could cause the variability observed amongst the
crystals. Partition coefficients largely depend on the
anorthite content of plagioclase and the temperature of
crystallization (Blundy & Wood, 1994; Bindeman et al.,
1998; Be¤ dard, 2006). The range of temperatures of early
plagioclase crystallization for Borgarhraun melts is likely
to be &608C (the �2s range across all crystal^melt

Fig. 5. Chemical and isotopic profiles across Borgarhraun plagioclase crystals (a) B15b.P1 and B15b.P2, and (b) B16, between the points A and
B as marked on each image. The images show BSE greyscale intensity variation, primarily reflecting variation in anorthite content (top set of
plots). Lower graphs show crystal La and Sr concentrations for several of the compositional zones identified in the BSE images. The vertical
error bars show �2s ranges in the case of single analyses, or �2 standard error ranges where the means of repeat analyses are plotted. The
full width of the horizontal error bars demonstrates the typical size of the analytical spot: 100 mm wide for LA-ICP-MS spots and 25 mm wide
for SIMS spots. d18O determinations of plagioclase d18Oplg, are shown in the lowermost plots, with vertical bars showing propagated �2s
error ranges.
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equilibrium pairs for clinopyroxene^melt thermobarome-
try is 568C; Winpenny & Maclennan, 2011). By using
appropriate equations for calculating partition coefficients
(see Supplementary Data Electronic Appendix 5), it is
observed that the full range of anorthite contents in
Borgarhraun plagioclase affects Sr,Yand La partition coef-
ficients by only513%,510% and52% (respectively) rela-
tive to the smallest D values. Varying temperature from
1200 to 12608C changes mean DLa, DY and DSr for
Borgarhraun plagioclase in the range 0�078^0�054,
0�0088^0�0100 and 1�69^1�60, respectively. Therefore parti-
tion coefficient variability, caused by the varying anorthite
content of plagioclase or by uncertainties in crystallization
temperature, is not capable of causing the roughly seven-
fold variability in La, the two- to three-fold variability in

Y and Sr concentrations, and similarly large ranges of
La/Yand Sr/Y ratios in Borgarhraun plagioclase.
A second possibility is that variable growth rates in

plagioclase may be capable of creating the large range in
trace element concentrations. At very fast growth rates,
non-equilibrium partitioning may prevail, as a chemical
species is not able to diffuse fast enough in or out of a chem-
ical boundary layer immediately adjacent to the growing
crystal. It was noted by Winpenny & Maclennan (2011),
however, that extremely rapid growth rates of clinopyrox-
ene seen in experiments do not cause significant fraction-
ation of the REE with respect to each other, and so
variation in Borgarhraun clinopyroxene growth rates
could not explain the observed range of crystal Ce/Yb
ratios. Because rates of diffusion of REE and Yare similar
in plagioclase, and plagioclase co-crystallized with clino-
pyroxene from the same melt, it is unlikely that variation
in growth rates could explain the ranges of trace element
compositions. Furthermore, a conclusion of the parameter-
ization of Watson (1996) was that melts with temperatures
in excess of 10008C are generally immune to lattice entrap-
ment of trace elements at natural growth rates. Another
observation is that La, Sr and Yconcentrations in some of
the smallest plagioclase crystals (5500 mm diameter; e.g.
crystals B14.P1 and B14.P2) are among the lowest concen-
trations observed. This observation is in contrast to the
suggestions of Albare' de & Bottinga (1972) that small crys-
tals may display high concentrations of incompatible trace
elements as a result of high nucleation density and rapid
crystal growth rates, coupled with relatively sluggish diffu-
sion of the trace elements in the surrounding melt.
Neither the variable growth rates of plagioclase crystals

nor variation in crystal^melt partition coefficients are
thus considered important in creating the variability
in trace element concentrations and ratios in the
Borgarhraun plagioclase. Compositional heterogeneity of
the crystallizing melts is therefore the preferred explan-
ation for the variability in crystal trace element concentra-
tions and ratios.

TRACE ELEMENT VAR IABI L ITY
OF MELTS IN EQU IL I BR IUM
WITH PLAGIOCLASE
Potential origins of melt trace element
variability
As it is now established that variability in plagioclase trace
element concentrations and ratios primarily reflects the di-
versity of compositions of crystallizing melts, and that
Borgarhraun plagioclase co-crystallized with forsteritic
olivine and high-Mg# clinopyroxene, it is desirable to in-
vestigate whether Borgarhraun plagioclase preserves a
record of the compositional heterogeneity of primary
mantle melts, in a similar manner to the records preserved

Fig. 6. Composite BSE images of two of the three large plagioclase
crystals that have resorbed cores, (a) B16.P1 and (b) B1.P1. The black
arrows in each image indicate the outer margin of the resorbed core,
at the point at which each core is mantled by rim zones, which typic-
ally have higher anorthite contents (indicated by lighter greyscale
tones) than the core zones. Noteworthy features are the sieve textures
in and around the dark-coloured resorbed core in (a), and the diffuse
anorthite zoning in the core of (b). As well as being texturally distinct,
the resorbed core zones have distinct trace element concentrations
(see Fig. 7a and b).
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in these co-crystallized phases (Slater et al., 2001;
Maclennan et al., 2003a, 2003b; Winpenny & Maclennan,
2011).
To establish whether or not the melt compositional

variability recorded in the plagioclase zones reflects the
range of compositions generated by fractional melting of
the mantle, or instead reflects the influence of crustal pro-
cesses [e.g. assimilation^fractional crystallization (AFC)
or dissolution^reaction^mixing (DRM) mechanisms], Sr,

Y and La concentrations of melts in equilibrium with
Borgarhraun plagioclase zones have been calculated using
a suitable crystal^liquid partition coefficient for each elem-
ent and zone (mean values of the coefficients are given in
Table 3; separate values for each zone are given in
Supplementary Data Electronic Appendix 1). The calcula-
tion of partition coefficients for each zone is based on
the anorthite content of that zone, and reflects as closely
as possible the conditions of crystallization, using a

Fig. 7. (a, b) Trace element concentrations of Borgarhraun plagioclase compositional zones. Open symbols are zones identified as resorbed
cores; filled symbols are the remaining zones. In (a), the resorbed cores form an array with high La and high, roughly constant Sr.The compos-
itions of the remaining zones define a positive correlation between La and Sr with r¼ 0�78. In (b), the resorbed cores have, in general, higher
Yconcentrations than the remainder of the zones. In (c) and (d), trace element indices of the melts calculated to be in equilibrium with plagio-
clase compositional zones are plotted versus zone anorthite content (for partition coefficient calculations see Supplementary Data Electronic
Appendix 5). The inset in (c) shows an enlargement of compositional zones with La54 ppm. The light grey fields in (c) and (d) indicate the
1s range of La or La/Y in Borgarhraun whole-rock samples (Elliott et al., 1991; He¤ mond et al., 1993; Slater, 1996; Maclennan et al., 2003b).
Average Borgarhraun olivine-hosted melt inclusion compositions are shown in (c) and (d) as black dashed lines. Dark grey fields on the right
of (c) and (d) indicate the ranges of olivine-hosted melt inclusions (see Maclennan et al., 2003a); the black crosses mark the seven La and six
La/Ydata points from plagioclase-hosted melt inclusions from Slater (1996) (these ratios are not plotted against an anorthite content as no infor-
mation exists on crystal zonation). Error bars in all plots show 2s ranges.
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temperature of 12608C (Maclennan et al., 2003a;
Winpenny & Maclennan, 2011). Full details of the partition
coefficient calculations are given in Supplementary Data
Electronic Appendix 5.
The ranges of La, Sr and Y concentrations in the

melts calculated to be in equilibrium with Borgarhraun
plagioclase are 0�37^16�93 ppm, 59�6^175�5 ppm and
5�08^19�70 ppm, respectively. The corresponding ranges of
La/Yand Sr/Y ratios are 0�03^1�02 and 5�04^22�71 respect-
ively. Excluding the resorbed cores, the ranges for La, Sr
and Y are 0�37^2�67 ppm, 59�6^136�2 ppm and
5�08^16�38 ppm respectively, and the ranges of La/Y and
Sr/Y ratios are 0�03^0�36 and 5�04^22�71 respectively.
Again, it is worth stating that these large ranges cannot
be explained by fractional crystallization or uncertainties
in partition coefficients (as discussed in the previous
section).
It was argued by Maclennan et al. (2003a) that AFC and

DRM processes do not play a role in controlling the trace
element systematics of Borgarhraun olivine-hosted melt in-
clusions, and byWinpenny & Maclennan (2011) that these
processes do not control the range of compositions of
melts in equilibrium with Borgarhraun clinopyroxene.
Because most Borgarhraun plagioclase crystals are inferred
to have crystallized concurrently with high-Fo olivines
and high-Mg# clinopyroxene, it is unlikely that AFC or
DRM mechanisms have played a significant role in con-
trolling the trace element chemistry of the melts that crys-
tallized most of the plagioclase zones. Nevertheless, we
initially consider the possible role of assimilation mechan-
isms by examining the covariance in the plagioclase trace
element compositions.
DRM mechanisms may have played a minor role in the

history of Borgarhraun plagioclase, as the textures of the
group of resorbed cores discussed above indicate that
some dissolution of plagioclase has occurred. Such

dissolution could plausibly elevate Sr/Y ratios in some
melts (Danyushevsky et al., 2003), but whereas the range
in equilibrium melt Sr/Y could possibly be explained by
plagioclase dissolution, the variability in La/Y ratios of
the equilibrium melts cannot be explained by this mechan-
ism. The reasoning is essentially identical to that given by
Winpenny & Maclennan (2011) with regard to clinopyrox-
ene (where it was shown that the variability in melt
Ce/Yb ratios could not be explained by DRM mechan-
isms), because REE and Y concentrations in Icelandic
plagioclase crystals are too low to significantly influence
melt light REE to heavy REE (LREE/HREE) and
LREE/Y ratios by their dissolution.
The large variability in trace element concentrations

and ratios in the melts in equilibrium with plagioclase
zones may well reflect some of the variability in mantle
melt compositions. Under Theistareykir, the diversity of
melt compositions is thought to be homogenized by
mixing in the lower crust while fractional crystallization
progresses (Maclennan et al., 2003a). The equilibrium
melt data will be investigated further in the following
sections.

Comparisons with literature data
La concentrations and La/Y ratios of melts in equilibrium
with plagioclase compositional zones are plotted in Fig. 7b
and d versus the anorthite content of each zone. Also
shown are the 1s ranges of compositions of Borgarhraun
whole-rock data (light grey fields) and the mean values of
olivine-hosted melt inclusions (dashed lines). The group of
resorbed Borgarhraun plagioclase cores is distinguished
from the rest of the data (open versus filled symbols).
First, it is notable in Fig. 7b and d that the melts in equi-

librium with resorbed cores typically have higher La and
La/Y than melts in equilibrium with other compositional
zones. In the case of La concentrations (Fig. 7b), the trend
of the resorbed core data is towards low-An compositions
and high La concentrations. A similar pattern is observed
for La/Y in Fig. 7d. These observations suggest that the
cores may have crystallized from or diffusively re-equili-
brated with more evolved, high-La and -La/Y melts with
relatively low CaO/Na2O. It is difficult with the current
dataset to explain fully the chemistry of the resorbed
cores, particularly as the trace element concentrations
and anorthite contents of the crystals may have become
decoupled by diffusion, which has clearly occurred in at
least one resorbed core (as shown by diffuse anorthite zon-
ation in the crystal in Fig. 6b). Nevertheless, the resorbed
core data show that some evolved, high-La and high-La/Y
melt is likely to have been present in the Theistareykir
system (e.g. Eiler et al., 2000a), perhaps as an interstitial
melt in a mush zone.
Amongst the melts in equilibrium with the rest of the

plagioclase zones, the La concentrations and La/Y ratios
of the zones show significant variability at �An86�90;

Table 3: Mean values of partition coefficients used for cal-

culation of trace element indices of melts in equilibrium

with Borgarhraun plagioclase compositional zones

Element Di 2s

Sr 1�58 0�07

Y 0�0101 0�0003

La 0�0539 0�0002

Further details on partition coefficient values are given in
Electronic Appendix 5. It should be noted that the spread
of D values, shown by the 2s ranges, is small, owing to
the narrow range of anorthite contents of the Borgarhraun
plagioclase zones (510mol %).
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there is also variability in Sr/Y.This trace element variabil-
ity in anorthitic plagioclase is similar to the variability in
LREE/HREE seen in melt inclusions in forsteritic olivines
from Borgarhraun (Slater et al., 2001; Maclennan et al.,
2003a, 2003b). Maclennan et al. (2003a) showed that this
melt inclusion variability is greatest at �Fo90, and the
range in LREE/HREE ratios diminishes while the forster-
ite content of the host olivine decreases, a pattern that
those researchers suggested was created by melt mixing
occurring concurrently with fractional crystallization.
Because of the similarity of the mean melt inclusion com-
position to the whole-rock composition of the host basalt,
the Borgarhraun whole-rock composition was interpreted
by Maclennan et al. (2003a) to represent a final ‘mixed’
melt composition. The distribution of olivine-hosted melt
inclusion trace element data was used to suggest that
mantle melt mixing was completed by the time the melts
were crystallizing �Fo86 olivines.
The variability in plagioclase equilibrium melt trace

element ratios at high anorthite contents in Fig. 7c and d
mimics the spreads of LREE/HREE ratios of olivine-
hosted melt inclusions in high-Fo olivines from Maclennan
et al. (2003a) and of high-Mg# clinopyroxene equilibrium
liquids fromWinpenny & Maclennan (2011). These ranges
have been ascribed by those researchers to mantle melt com-
positional variability. The similarities between the distribu-
tions of trace element indices for melts associated with
these three phases mean that anorthitic plagioclase crystals
from Borgarhraun may also provide a record of the compos-
itional diversity of fractional mantle melts. The ranges of
La and La/Y in olivine-hosted melt inclusions analysed by
Slater et al. (2001) and Maclennan et al. (2003b) are shown
in Fig. 7b and d as vertical dark grey fields; Borgarhraun
plagioclase-hosted melt inclusions analysed by Slater (1996)
are also shown to highlight the parallels in variability of
melt compositions. However, detailed quantitative compari-
sons between the melt inclusion and equilibrium melt data-
sets should not be attempted. This is because of the
inaccuracies inherent in calculating trace element concen-
trations and ratios of the equilibrium melts (arising in part
from a lack of existing high-pressure data for plagioclase^
melt trace element partitioning; see Supplementary Data
Electronic Appendix 5). It should be noted that, irrespective
of these inaccuracies (which would apply to each trace elem-
ent dataset as a whole; that is, causing the same propor-
tional shift to each calculated value), the existence of
variability in the equilibrium melt dataçthe key observa-
tionçfor each of the trace element indices is robust.

Mantle and crustal influences in
equilibrium melt trace element
correlations
La concentrations in the melts in equilibrium with all
plagioclase zones are plotted against the Sr concentrations

in the same melts in Fig. 8a. Apart from the resorbed
cores, the equilibrium melts show a positive correlation be-
tween La and Sr (r¼ 0�81). A positive correlation is also
apparent in the olivine-hosted melt inclusion data of
Maclennan et al. (2003a) (r¼ 0�74); these data are plotted
for comparison. Although part of the correlation between
La and Sr can be explained by crystallization of olivine �
clinopyroxene (fine black lines labelled ‘ol’ and ‘cpx’ in
Fig. 8a), very large extents of crystallization would be
required, which is not consistent with the primitive com-
positions of olivine and plagioclase crystals. Fractional
mantle melting, however, is capable of producing these
ranges in La and Sr concentrations, with melts produced
in the presence of garnet being the most enriched in La
and Sr (Hauri et al., 1994).
In a similar manner to the crystal chemical data shown

in Fig. 7a, the trend in La and Sr of the melts in equilib-
rium with the resorbed plagioclase cores in Fig. 8a is
almost orthogonal to the trend of the rest of the plagioclase
zones. The trend towards higher La concentrations at
roughly constant or slightly decreasing Sr concentrations
may be consistent with the resorbed cores having crystal-
lized from or re-equilibrated with a basaltic melt that has
been contaminated by silicic partial melts of basaltic
crust. Such a process cannot account for the positive cor-
relation in the rest of the plagioclase data, as partial melts
of crust will be relatively La-rich but Sr-poor, as a result
of the compatibility of Sr in crustal plagioclase (Jo¤ nasson,
1994; Be¤ dard, 2006).
La/Yversus Sr/Yratios of equilibrium melts and melt in-

clusions are plotted in Fig. 8b. La/Y is influenced little by
moderate degrees of fractional crystallization, whereas Sr/
Y would decrease slightly during gabbro crystallization
owing to the compatibility of Sr in plagioclase. Again, ex-
cepting the resorbed cores, a positive correlation (r¼ 0�83;
shown in Fig. 8d) can be observed between these indices
in the plagioclase equilibrium melts, which is similar to
the positive correlation (r¼ 0�77; see Fig. 8c) seen in the
olivine-hosted melt inclusions. The correlation for the
plagioclase data cannot be explained by dissolution of
plagioclase, which would serve to increase Sr/Y at nearly
constant La/Y, or fractional crystallization, which would
also have a negligible effect on La/Y. It should be noted
that the positive correlations between La and Sr, and be-
tween La/Y and Sr/Y in the equilibrium melt data hold
true even if calculated partition coefficients for La, Sr or
Y contain systematic inaccuracies (described in
Supplementary Data Electronic Appendix 5), as relative
variability in these indices is robust. Such inaccuracies, es-
sentially affecting each equilibrium melt datum point by
the same proportion, may well explain why the plagioclase
equilibrium melt data do not exactly match the ranges of
olivine-hosted melt inclusion data in Fig. 8. However, this
misfit does not affect the observation of the good positive
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correlations observed in the plagioclase equilibrium melt
data in Fig. 8a and b, correlations that are critical to this
analysis.
Although many different potential assimilants are pre-

sent in the Icelandic crust, any AFC mechanisms that in-
volve the assimilation of rhyolitic partial melts of altered
basalt or Icelandic andesite compositions [the latter fa-
voured by the models of Eiler et al. (2000a)], would in-
crease La/Y while decreasing Sr/Y, as these melts have
lower or equal Sr concentrations compared with average
Borgarhraun melts. Lines illustrating these potential as-
similation mechanisms are plotted in Fig. 8a and b (see
caption for details). These model lines do not reproduce
the positive correlation seen between La/Yand Sr/Yof the
melts in equilibrium with plagioclase.
Bulk assimilation of existing Icelandic crustal basalts by

primitive melts may also occur (e.g. Bindeman et al.,
2008); this mechanism has previously been considered for
Borgarhraun melts (Eiler et al., 2000a; Maclennan et al.,
2003a). A wide range of crustal basalt compositions is
available for assimilation, the trace element compositions
of which can vary because of crystal fractionation, mantle
melt compositional variability and/or crustal processes. In
Fig. 8a and b, the �2s range of 78 whole-rock analyses of
basalts from the Krafla volcanic system (adjacent to
Theistareykir, and generally displaying more enriched
whole-rock compositions) with 5�0^8�5wt % MgO is
shown as a grey field (data from Nicholson et al., 1991;
Nicholson & Latin, 1992; He¤ mond et al., 1993; Maclennan
et al., 2001b; Stracke et al., 2003b; Jo¤ nasson, 2005; Kokfelt
et al., 2006; Maclennan, 2008a; Koornneef et al., 2012).
The mean whole-rock composition is shown by a star
symbol in each plot. From Fig. 8b it is clear that even if as-
similation mechanisms were selective enough to add only
high-Sr/Y crustal basalts from this range to the
Borgarhraun melt compositions, the observed trends in
the Borgarhraun olivine melt inclusions and melts in equi-
librium with plagioclase zones could not be reproduced
[it should be noted that the trace element compositions of
such high-Sr/Y, high-La/Y basalts are themselves likely to
reflect mantle melt compositional variability, as
Maclennan et al. (2003a) noted for the case of assimilating
a basalt composition similar to that of the Gaesafjoll table
mountain (Fig. 1; Maclennan et al., 2002)]. Selective add-
ition of such basalts is also unlikely given the diversity of
potential basaltic assimilants in the crust, and it is more
likely that assimilation of a range of basalt compositions
would occur, either destroying the relationship observed
between La/Y and Sr/Y in the Borgarhraun samples, or
creating a correlation between these two indices extending
from Borgarhraun melt compositions to an average crustal
basalt composition for northern Iceland (most probably
less enriched than the average of the Krafla basalts shown
in Fig. 8b); neither of these scenarios is evident from the

plotted data. It should be noted also that large amounts of
assimilation of crustal basalts, many of which are likely to
be more evolved than Borgarhraun melts, would also
affect Borgarhraun whole-rock major element compos-
itions, an effect that is not observed (Maclennan et al.,
2003a, 2003b). Even if assimilation of basalts could explain
the trace element systematics of the Borgarhraun crystal
and melt inclusion data, very large amounts of bulk add-
ition of the average basalt assimilant to the most depleted
Borgarhraun melts would be required (�60% by mass) to
reproduce the highest La/Y concentrations observed in
Borgarhraun olivine-hosted melt inclusions. Although as-
similation models for up to �50% bulk addition of crustal
rocks have been proposed (Bindeman et al., 2008), assimila-
tion of this magnitude would be likely to decrease the tem-
perature of Borgarhraun melts to the point of
inconsistency with the temperatures of crystallization indi-
cated by Borgarhraun whole-rock compositions
(Maclennan et al., 2003a) and of clinopyroxene formed
throughout the crystallization of Borgarhraun melts
[1260�148C (1s);Winpenny & Maclennan, 2011].
The positive correlations for the Borgarhraun data

therefore best fit with the hypothesis that, like olivine-
hosted melt inclusions, the trace element compositions of
melts in equilibrium with plagioclase reflect primary
mantle melt compositional variability. A range of illustra-
tive fractional mantle melt compositions calculated using
pMELTS (Ghiorso & Sack, 1995; Wood & Blundy, 1997;
Ghiorso et al., 2002; Smith & Asimow, 2005) is shown in
Fig. 8b, displaying a positive correlation between La/Y
and Sr/Yconsistent with the trends observed in the equilib-
rium melt data.

d18O VAR IAB IL ITY IN
BORGARHRAUN PLAGIOCLASE
The d18O range of all Borgarhraun plagioclase zones is
þ4�02^5�87ø. Excluding the resorbed cores, the range is
þ4�45^5�87ø. The range in resorbed cores is more lim-
ited, at þ4�06^5�02ø. The previously described textural
and trace element observations indicate that the resorbed
cores form a group distinct from the rest of the plagioclase
zones (seemingly showing evidence for crustal processes
involving an evolved and/or crustally contaminated bas-
altic melt, as mentioned in the previous section), so they
are left aside during the following discussion. As significant
CaAl^NaSi diffusion was observed to have occurred in
these cores, it is conceivable that they inherited their trace
element concentrations and 18O/16O ratios by diffusion
from an evolved melt in which they were being held, prior
to crystallization of the other zones from primitive melts
(note that the compositions of these other zones show no
sign of being affected by the evolved melt); a crustal
origin for low d18O cannot therefore be ruled out for
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these cores. The main focus of this section, however, is the
remaining majority of the plagioclase zones, that were
also the focus of previous sections.
The d18O values of plagioclase zones, excluding the re-

sorbed cores, are shown in Fig. 9. The values plotted are
for melts in equilibrium with the crystal phases, d18Omelt,
assuming a constant plagioclase^melt isotope fractionation
(�18Oplag^melt) of 0�2ø. This value is based on the work
of Chiba et al. (1989), who gave an anorthite^forsterite frac-
tionation of 0�71ø at 12608C, and follows the work of
Eiler et al. (1997, 2000a) and Thirlwall et al. (2006) in using
a melt^forsteritic olivine fractionation of 0�5ø. It is also
similar to values determined from coexisting natural glass
and plagioclase (e.g. Macpherson & Mattey, 1998). The
melt-equivalent oxygen isotope ratios of crystal phases, cal-
culated using these fractionation data, are denoted by
d18Omelt.
Figure 9a shows that d18O variability of �1�4ø (much

greater than the propagated precision, typically 0�3^
0�4ø, 2s) is present in �An84^90 plagioclase zones. These
oxygen isotope data show good correlations with La/Y
(Fig. 9b, r¼ ^0�76) and Sr/Y (Fig. 9c, r¼ ^0�68) in the
plagioclase equilibrium melts, with d18Omelt decreasing as
La/Y and Sr/Y increase. Because the positive correlation
between the Sr/Yand La/Y ratios of the equilibrium melts
(Fig. 8b) was shown above to result from the variability in
trace element compositions of mantle melts, the negative
correlations of the same La/Yand Sr/Y data with d18O of
the plagioclase zones strongly indicate that variability in
d18O in the plagioclase zones arises from oxygen isotope
variability in mantle melts.
To illustrate further that crustal processes are not the

likely cause of the correlations in Fig. 9b and c, various
model curves are plotted showing the effects of AFC and
mixing with rhyolitic or basaltic assimilants. Although
the model curves are roughly consistent with the trend in
Fig. 9b of increasing La/Y with decreasing d18Omelt, they
cannot explain the correlation seen in Fig. 9c, the Sr/Y
versus d18Omelt plot. Assuming a lower d18O for the basaltic
assimilant would not improve the fit of the model to the
data.
The correlations of d18O with trace element ratios there-

fore strongly support the suggestions of Maclennan et al.
(2003a) that a low-d18O signature exists in some of the
mantle melts that mix in the Icelandic lower crust, and
thus that low-d18O material is present in the mantle itself
under Iceland. Enriched (high-La/Y and -Sr/Y) melts,
sourced from the garnet stability field, appear to have
d18O lower than the typical MORB range (þ5�21^5�81ø).
The lowest d18Omelt value attributable to a mantle melt
composition is þ4�3ø, giving an olivine-equivalent value
(d18Ool) of �þ3�8ø. Given the accuracy of the plagioclase
d18O data (estimated at �0�4ø for the dataset as a
whole), combined with the likely precision of mineral^

melt and mineral^mineral oxygen isotope fractionations
(�0�1^0�2ø), the propagated accuracy estimate for these
lowest olivine- and melt-equivalent d18O values is �0�5ø.
It should be noted, however, that the calculated d18Omelt

values for the plagioclase zones that have the most
depleted (MORB-like) equilibrium melt compositions are
�5�5ø, the same as for average MORB, which may sug-
gest that the accuracy is perhaps better than 0�5ø.

DISCUSS ION
Trace element variability across most Borgarhraun plagio-
clase zones has been interpreted as reflecting the compos-
itional diversity of mantle melts, prior to or during mixing
of these melts in the lower Icelandic crust, the same inter-
pretation as for the variability in trace element compositions
of Borgarhraun olivine-hosted melt inclusions (Maclennan
et al., 2003a) and clinopyroxene compositional zones
(Winpenny & Maclennan, 2011). The three resorbed cores
may preserve evidence for crustal processes such as melt
mixing or assimilation of pre-existing crustal lithologies.
Excluding the resorbed cores, plagioclase d18O variability
is interpreted to reflect heterogeneity in d18O of the
Icelandic mantle source. Some aspects of the data will now
be explored further, and the origin of low d18O in the
Icelandic mantle and associated mass-balance issues will be
considered.

A limited role for diffusion in Borgarhraun
plagioclase
The existence of trace element and d18O variability in
single Borgarhraun plagioclase crystals indicates that diffu-
sion during crustal storage has not removed the variability
in these indices amongst crystal zones. In addition, signifi-
cant diffusion across zones would act to destroy the correl-
ations shown in Figs 8 and 9, as it would decouple d18O
and the concentration of Sr from those of La andY, which
diffuse more slowly.
The robustness of the correlations of d18Omelt with La/Y

and Sr/Y, and the fact that these are highly unlikely to
occur by chance, can be illustrated by observing the range
of correlation coefficients (r) and associated p values (the
probability that a random, uncorrelated distribution
would produce a better r value than that from the observed
distribution) calculated from a set of simulated fits to the
correlations. In these simulations, values for La/Y and
d18O, or Sr/Y and d18O, were drawn at random from
Gaussian distributions centred on each datum point in
Fig. 9, using the errors listed in Supplementary Data
Electronic Appendix 1 as standard deviations for the distri-
butions. This method produced a different line of fit, and
thus different r and p values, for each simulation. The test
statistic for the p values follows a t-distribution. In 95% of
the simulations, jrj values were 	0�64 for the La/Y^d18O
correlation and 	0�57 for the Sr/Y^d18O correlation.
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Values of p in 95% of simulations were51�26�10�4 and
51�30�10�4 respectively.

In the worst case, that each crystal effectively represents
one independent datum point (as a result of diffusion; a
scenario that is, in any case, not supported by the fact
that variability in trace elements and d18O is observed in
some crystals), the correlations from the data still support
the conclusion. Using the average d18O and trace element
compositions in each crystal and their standard errors, jrj
values calculated for sets of simulations carried out in the
same way as above are 	0�57 in 95% of cases for the La/
Y^d18O correlation and 	0�61 for the Sr/Y^d18O correl-
ation. Similarly, values of p are 58�92�10�2 and
51�48�10�5 respectively. Although the former of these
two probabilities is distinctly higher than the latter, it
should be noted that the Sr/Y^d18O correlation is the
more important for distinguishing the mantle d18O source
from crustal mechanisms (Fig. 9c). It is therefore possible
to establish that diffusional re-equilibration of crystals
during crustal storage has not exerted an important influ-
ence upon the observed correlations and interpretations.

Evidence for mantle d18O from three
crystal phases from Borgarhraun
It is striking that d18O data from whole olivine and clino-
pyroxene crystals from Borgarhraun and from most of the
plagioclase compositional zones are all consistent with a
mantle origin for oxygen isotope variability. The d18O
data of Maclennan et al. (2003a) show variability of41ø
between Fo90 olivines, and enriched melt inclusions (La/
Yb 4 2) are held in olivines with d18Omelt of �þ4ø,
whereas depleted inclusions (La/Yb 50�5) typically have
host olivines with d18Omelt of �þ5�5ø. The clinopyroxene
d18O data (þ4�6^5�4ø) of Maclennan et al. (2003a) show
a negative correlation with crystal La/Yb ratios and a posi-
tive correlation with crystal Mg# over the range Mg#
87^91 (r¼ ^0�79 and þ0�79 respectively). These correl-
ations are in contrast to the spread of d18O variability in
olivine at high forsterite contents, and can be rationalized
if low d18O originates in the mantle. The explanation is
based on the conclusion of Winpenny & Maclennan (2011)
that high-Mg# clinopyroxenes are crystallized only from
depleted (low LREE/HREE) mantle melts whereas
�Fo90 olivine can be formed from all mantle melt compos-
itions. If the depleted mantle melts have
d18Omelt¼þ5�5ø and enriched mantle melts have lower
d18O values, then fractional crystallization with simultan-
eous mixing of depleted (clinopyroxene-saturated) melts
with enriched (initially cpx-undersaturated) melts would
cause clinopyroxene LREE/HREE ratios to increase
slightly while d18O and Mg# of clinopyroxene drop,
thereby explaining the correlations seen in the clinopyrox-
ene data of Maclennan et al. (2003a). The ability of mantle
d18O heterogeneity to explain the differing trace element
and d18O systematics of three Borgarhraun crystal phases

(olivine, clinopyroxene and plagioclase) provides a strong
argument for its validity as the cause of d18O
heterogeneity.

Length scale of mantle d18O heterogeneity
The existence of variability in d18O attributable to mantle
heterogeneity in samples from a single volcanic system,
Theistareykir, further implies that the Icelandic mantle is
heterogeneous in d18O on a length scale smaller than the
width of the melting region underneath the system. This
width is 5100 km, based on compositional dichotomies
and Sr^Nd^Pb isotope ratio variability between pairs of
volcanoes separated by tens of kilometres (e.g. Thirlwall
et al., 2004; Sinton et al., 2005; Sims et al., 2013) and seismo-
logical studies (Du & Foulger, 2004). Like the oxygen iso-
tope variability preserved in plagioclase from the
Borgarhraun flow, high-amplitude variability in Pb isotope
ratios within single Icelandic lava flows (and even in
single hand specimens) has been shown to exist through
analyses of melt inclusions (Maclennan, 2008b). Sr isotope
ratios from plagioclase crystals in single flows can also
show significant diversity (Halldorsson et al., 2008), which
is also indicative of short length scale isotopic heterogen-
eity in the Icelandic mantle.
The association of low d18O with high La/Yand Sr/Yof

the melts in equilibrium with plagioclase zones suggests
that the low-d18O signature is associated with enriched
melts produced in the garnet stability field of the mantle.
Well-defined correlations between indices of trace element
enrichment and isotope systematics (e.g. Sr, Nd, Pb, Hf,
Os isotopes) in basalts (including Theistareykir basalts;
Stracke et al., 2003a) and melt inclusions (Maclennan,
2008b) have been used in the past to support the hypoth-
esis that some material in the Icelandic mantle source, iso-
topically distinct from depleted peridotite, has a lower
solidus temperature than the ambient mantle and melts ex-
tensively in the stability field of garnet (e.g. Hirschmann
& Stolper, 1996; Sims et al., 2013). The melts produced have
distinct isotopic and trace element signatures, including
high LREE/HREE and high LREE/Y. The low-d18O sig-
nature is therefore likely to be associated with the same,
isotopically distinct material. This association was pro-
posed byThirlwall et al. (2006), on the basis of correlations
of olivine d18O with Sr, Nd and Pb isotope ratios of
whole-rock samples from SW Iceland and the Reykjanes
Ridge. Furthermore, because indices of trace element en-
richment correlate with the major element compositions of
basalts, and major element compositions are controlled to
a large degree by source mineralogy (Shorttle &
Maclennan, 2011), it is likely that the fusible material host-
ing the low-d18O signature has a mineralogy distinct from
that of the ambient Icelandic mantle.
A lower bound of �10m on the length scale of domains

hosting isotopic heterogeneities in the Icelandic mantle
has been suggested from the models of Kogiso et al. (2004),
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which consider the preservation of Os isotope signatures in
pyroxenite bodies of varying dimensions hosted in perido-
tite mantle over 109 years. Unfortunately, given that
oxygen diffusion is less rapid than Os diffusion in the sili-
cate phases of peridotite or pyroxenite at mantle tempera-
tures (Farver, 2010), no additional constraint on the
minimum length scale of heterogeneities is offered by the
current dataset. Nevertheless, the conclusion that short
length scale (5100 km), high-amplitude (�1ø) variability
in d18O exists in the mantle beneath Iceland, and can be
resolved through analyses of a single basalt flow, has not
previously been demonstrated.

Possible mantle sources for Borgarhraun
plagioclase d18O heterogeneity
The range in d18Omelt for MORB is small (þ5�21^5�81ø;
as noted by Thirlwall et al., 2006). A d18Omelt value of
�þ4�3ø for Borgarhraun plagioclase, attributable to the
Icelandic mantle, therefore represents a significant depart-
ure from the normal MORB range.
Subducted, recycled oceanic crust has been favoured by

a number of researchers as a candidate for the enriched,
fusible material that melts in the stability field of garnet
under Iceland (e.g. Hofmann & White, 1982; Saunders
et al., 1988; Weaver, 1991; Chauvel & He¤ mond, 2000;
Breddam, 2002; Macpherson et al., 2005; Kokfelt et al.,
2006). Some workers have further argued that part of the
isotopic diversity of Icelandic basalts has its origins in ma-
terials other than recycled MORB (e.g. Stracke et al.,
2003a; Thirlwall et al., 2004, 2006); for instance, recycled
ocean island basalt (McKenzie et al., 2004). Sobolev et al.
(2007) argued that recycled oceanic crust, initially present
as eclogite in the mantle, produces silica-rich melts that
react with the enclosing peridotite, converting it to oliv-
ine-free pyroxenite. After reaction, this pyroxenite would
be isotopically distinct from the surrounding peridotite
and would in turn melt to produce the enriched mantle
melt compositions observed in primitive Icelandic basalts
and melt inclusions. The suite of Icelandic basalts studied
by Sobolev et al. (2008) indicated that the proportion of
erupted melt ultimately derived from recycled material
may be in the region of 20% for some enriched Icelandic
compositions, on the basis that pyroxenite is formed
through a reaction of eclogite-derived melt and peridotite
in roughly equal proportions by mass. Another constraint
on the contribution of recycled material to melt generation
under Iceland was noted by Maclennan et al. (2003a):
major element compositions of melts of peridotite^basalt
mixture KG-2 (Kogiso et al., 1998) closely resemble those
of enriched Icelandic basalts. KG-2 is composed of perido-
tite KLB-1 and average MORB in a 2:1 ratio, the latter
composition probably being equivalent to recycled crustal
material. This resemblance was further investigated across
a large range of Icelandic basalt compositions by Shorttle
& Maclennan (2011), who concluded that a source similar

to KG-2 or KG-1 (a 1:1 MORB^KLB-1 mix; Kogiso et al.,
1998) with �40% recycled MORB material could produce
the most enriched Icelandic basalt compositions. A source
similar to KG-1 or KG-2 for the most enriched Icelandic
basalts would therefore indicate that the proportion of
these basalts ultimately derived from recycled material is
around 40%.
Thirlwall et al. (2006) gave consideration to the type of

recycled material that may form low-d18O heterogeneities
in the mantle, and noted that alteration of the upper ocea-
nic crust at54008C by seawater with d18O¼�0ø results
in elevated crustal d18O values (*5�5ø). Higher tempera-
ture alteration of lower crustal gabbros, on the other
hand, causes d18O to decrease. Measured values of altered
gabbro may be as low as þ1�7ø (Stakes & Taylor, 1992),
but mean gabbro values from various studies of ophiolites
and drill cores are all 	þ4�0ø. The d18O profile of ocea-
nic crust is thought to be unchanged by dehydration pro-
cesses during subduction (Valley, 1986; Miller et al., 2001).
The d18O of Archaean and early Palaeozoic seawater may
have had a much lighter oxygen isotopic composition com-
pared with seawater today (e.g. Azmy et al., 1998; Veizer
et al., 1999; Jaffre¤ s et al., 2007; Joachimski et al., 2009), but
ancient ophiolites have d18O profiles indistinguishable
from more modern analogues and drill cores of present-
day oceanic crust (Hoffman et al., 1986; Le¤ cuyer &
Fourcade, 1991; Holmden & Muehlenbachs, 1993;
Muehlenbachs et al., 2003; Furnes et al., 2007).
To satisfy the constraint that the contribution of melt

derived from recycled crustal material to enriched
Icelandic basalt compositions is no more than �40%,
then in the case that these enriched basalts have the
lowest d18Omelt value attributed to a mantle origin in this
study (þ4�3�0�5ø), the recycled material in the mantle
source must have a d18O value in the range of
�þ1�3^3�7ø (assuming an ambient mantle d18O of
�5�5ø). The case that the most enriched Icelandic basalts
have d18O of �4�3ø is perhaps reasonable, as the highest
La/Y ratios of melts in equilibrium with the Borgarhraun
plagioclase appear to be roughly similar to the ratio for
the enriched basaltic endmember of Shorttle &
Maclennan (2011), at 0�355 and 0�329 respectively (the
depleted endmember has a La/Y of 0�081). The required
d18O range of �þ1�3^3�7ø, however, is lower than the
mean values of gabbros observed in ophiolites and drill
cores (	þ4ø; Thirlwall et al., 2006) and so recycling of
gabbroic material alone under Theistareykir can explain
the range of d18O in Borgarhraun plagioclase only if its
d18O is below these mean values. It should be noted that a
core^mantle boundary origin for the low-d18O signature
and an origin by recycling of high-latitude, low-d18O,
thick oceanic crust similar to that of Iceland have been
ruled out by Macpherson et al. (2005) and Thirlwall et al.
(2006), respectively. This is because there is no clear
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influence from core material on siderophile element con-
centrations in Icelandic basalts, and recycling of a thick,
buoyant crustal body similar to Iceland was considered
unlikely.
It is possible that a small part of the �1�4ø range in the

Borgarhraun plagioclase crystals that reflect mantle melt
d18O values is caused by melting of different lithologies in
the mantle. For instance, using the mineral^mineral iso-
tope fractionation factors outlined by Eiler (2001) and a
melt^olivine fractionation of 0�4ø, an enriched melt of
an olivine-free garnet pyroxenite source could, solely as a
result of its mineralogy, be �0�3ø lighter than a melt of
the lherzolite source of depleted melts. Uncertainties in
source mineralogy and fractionation factors (particularly
for crystal^melt fractionation) make this effect difficult to
quantify reliably, but it could lessen the d18O variability
required in the Icelandic mantle source by the plagioclase
data to �1ø.
Apart from gabbros in ophiolites and drill cores with

mean d18O values of 	þ4�0ø, eclogite xenoliths found in
kimberlites are widely accepted to be fragments of ancient,
subducted oceanic crust, and are diverse in d18O, from
þ2�4 to �þ8ø (Garlick et al., 1971; MacGregor &
Manton, 1986; Ongley et al., 1987; Schulze et al., 2000;
Shirey et al., 2001; Jacob, 2004; Jacob et al., 2005). It has re-
cently been suggested that Type II eclogites from the
Roberts Victor mine retain original (post-subduction)
d18O in the range of �2^4�5ø (mean �3�5ø), whereas
the more abundant Type I eclogites carry the imprint of a
later metasomatic process that strongly modified their
major-element and trace-element compositions and shifted
their d18O to higher values (mean �6�5ø; Gre¤ au et al.,
2011). Therefore recycled oceanic crustal material in the
Icelandic mantle source with the d18O composition of
many Type II eclogites could explain the d18O range of
Borgahraun plagioclase, but its origins are uncertain.
Although it is perhaps still unclear whether recycled,

lower oceanic crustal gabbros alone could be the source of
the low-d18O signature in primitive Icelandic basalts, this
does not preclude a role for similar recycled material in
the formation of isotopic variability in the basalts, espe-
cially as more than one enriched mantle endmember may
be involved in the melting beneath Iceland (Chauvel &
He¤ mond, 2000; Stracke et al., 2003a; Thirlwall et al., 2004;
Kokfelt et al., 2006). Crustal recycling is indeed possible in
other locations globally: for instance, recycled, high-d18O
upper oceanic crust has been invoked by Eiler et al.
(2000b) to explain d18O systematics in basalts from the
East Pacific Rise, Mid-Atlantic Ridge and Indian Ocean,
and by Eiler et al. (1996) for high d18O values in Hawaiian
olivines. Further studies of oxygen isotopes in primitive
Icelandic basalts and their macrocrysts need to be made
to fully constrain the d18O range of the mantle beneath
Iceland, and estimates of the proportion of melt derived

from recycled material need to be better constrained
before models of recycling of low-d18O material are carried
any further.
McKenzie et al. (2004) suggested that the isotopic signa-

ture of the enriched material under Theistareykir may be
inherited from recycling of a basaltic ocean island that
has been altered by interaction with low-d18O water. This
mechanism is appealing for matching the compositional
variation observed within the Borgarhraun eruption, or
perhaps on the scale of a single volcanic system such as
Theistareykir. Because large volumes of low-d18O material
are required in the source regions to influence the mean
oxygen isotopic composition of the melt, it is not clear
that recycling of ocean islands would be expected to pro-
vide a widespread regional signature in d18O, evidence for
which comes from a number of previous studies suggesting
that low d18O observed in samples from across Iceland
and the Reykjanes Ridge also reflects mantle heterogeneity
(Macpherson et al., 2005; Thirlwall et al., 2006). However,
because previous studies did not use microanalysis to dir-
ectly link the d18O variations to trace element compos-
itions, the elemental and radiogenic isotopic signature of
the low-d18O material is not as well constrained under cen-
tral Iceland or the Reykjanes Ridge as it is under
Theistareykir. To test the suitability of recycled ocean is-
lands as the host of the low-d18O signature in the North
Atlantic, it will be necessary to make focused microanalyt-
ical studies of isotopic and trace element variation in a
number of locations across the region.
Although low d18O in other ocean island groups such as

the Canary Islands and Azores has been interpreted by
some researchers in terms of melting of a mantle contain-
ing recycled oceanic crust and mantle lithosphere (Turner
et al., 2007; Day et al., 2009, 2010; Gurenko et al., 2011), the
unusually low d18O that this study has isolated and attribu-
ted to the enriched mantle source regions of basalts in
Iceland and its surrounding ridges may require the in-
volvement of recycled material with lower d18O than previ-
ously considered for other island groups (Fig. 10). The
current difficulty in explaining the origin of the recycled
material highlights the need for further investigation to re-
solve the relationship between basalt composition and the
nature of recycled materials in their mantle source regions.

CONCLUSIONS
The main findings from major element, trace element and
oxygen isotope analyses of Borgarhraun plagioclase zones
can be summarized as follows.

(1) Trace element systematics of the melts calculated to be
in equilibrium with many of the Borgarhraun plagio-
clase zones indicate that variability in trace element
ratios (La/Y, Sr/Y) arises from the diversity of pri-
mary mantle melt compositions. This record of
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mantle melt compositions is similar to that observed
in the melts calculated to be in equilibrium with
Borgarhraun clinopyroxene (Winpenny & Maclen-
nan, 2011), and olivine-hosted melt inclusions
(Maclennan et al., 2003a).

(2) Correlations between d18O of plagioclase zones and
La/Yand Sr/Y ratios of plagioclase equilibrium melts
cannot be adequately explained by crustal processes.
The most likely explanation is that enriched melts
from the garnet stability field of the Icelandic mantle,
which have high La/Y and Sr/Y ratios, have a low-
d18O signature. This signature stems from the pres-
ence of readily fusible material in the Icelandic
mantle with d18O lower than the ambient mantle
value of �5�5ø.

(3) The existence of a range in d18O of *1ø attributable
to a mantle source in a single Icelandic basalt flow in-
dicates heterogeneity in d18O in the Icelandic mantle
over a length scale of5100 km.

(4) The lowest d18O value of plagioclase that can
be ascribed to a mantle origin in this study
is þ4�5�0�4ø, which gives melt- and olivine-
equivalent values of þ4�3�0�5ø and þ3�8�0�5ø,
respectively. The reason for the low-d18O signature in
the mantle is unclear, but the signature may result
from the recycling of a crustal lithology that experi-
enced high-temperature hydrothermal alteration.
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ology and the process of fractional melting of depleted mantle over the depth range of the melting column contribute to trace element hetero-
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