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The compositions of 75 melt inclusions, their host olivines and 49
whole-rock samples of their carrier lavas have been determined.
These compositions were added to a compilation of the trace element
composition of 243 melt inclusions from 10 eruptions in the neovolca-
nic zones of Iceland and used to investigate melt mixing processes.
Whereas the compositional variability of whole-rock samples from
single eruptions is limited, there are significant compositional differ-
ences between eruptions. The compositions of inclusions are more
vartable than those of whole-rock samples of their carrier lava. On
a flow-by-flow basts, the average composition of trace element ratios
such as La/Yb in the inclusions vs similar to that of their carrier
lava. These observations indicate that, for each lava flow, mells
with compositions similar to those of the inclusions crystallized and
mixed to produce the magma that transported the host olivines to the
surface. Although many of the olivines are not in Mg—Fe equilibrium
with their host melt, they are not accidental xenocrysts because they
crystallized from melts similar to those that mixed to form the carrier
magma. The trace element variability of melt inclusions drops with
decreasing forsterite content of the host olivine. This relationship is
observed both within single flows and in the compilation of data from
10 flows. Concurrent mixing and crystallization dominate the com-
positional evolution of basaltic melts in lower crustal magma cham-
bers. This coupled mixing and cooling is likely to result from
convective motions 1n magma chambers. The rate of change of
the mixing parameter, M, with temperature of the melt is
dMAT = 0-0094 £ 0-0036 per °C. This relative rate may be used
to constrain the fluid dynamics of basaltic magma chambers.
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INTRODUCTION

Generation of melt in the mantle is thought to be
dominated by fractional melting (Kelemen et al., 1997).
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Models of fractional melting predict that a wide range of
melt compositions are produced during melting. The
observed range of compositions of basalts from mid-ocean
ridges and ocean islands is much less than that predicted
for instantaneous fractional melts from melting models.
Furthermore, the trace element and isotopic compositions
of melt inclusions are known to be far more variable than
those of their carrier magmas (Sobolev & Shimizu, 1993;
Saal et al., 1998). These observations demonstrate the
importance of melt mixing in controlling the composition
of magma. However, the melt mixing process is not well
understood. Some mixing of mantle melts is likely to
take place in crustal magma chambers (Sobolev, 1996;
Maclennan et al., 2003a) but the relative importance of
mixing in different environments and its relationship to
other processes such as melt transport and crystallization
is not yet clear.

The presence of olivine-hosted melt inclusions in the
products of many basaltic eruptions provides an opportu-
nity to understand the mixing processes in the roots of
these volcanoes. Melt inclusions are trapped in rapidly
growing crystals and may therefore record evolution in
the compositional heterogeneity of melts in the magmatic
system. The composition of olivines growing from basalt is
sensitive to the Mg/Fe of the melt, which is, in turn, con-
trolled by cooling and previous crystallization of that
melt. Therefore, study of the trace element composition of
melt inclusions and the major element composition of their
olivine hosts may be used to investigate the relationship
between mixing and crystallization. Quantification of the
relative rates of mixing and cooling can provide new
constraints on fluid dynamical models of magma bodies
(Oldenburg et al., 1989; Jellinek & Kerr, 1999).

Trace element variation in melt inclusions may reflect
not only compositional heterogeneity of mantle melts but
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also shallower processes such as assimilation of crustal
melts or localized reaction with cumulate rocks
(Danyushevsky et al., 2004; Yaxley et al., 2004; Spandler
et al., 2007). To carry out a study of mixing of mantle
melts, it is therefore desirable to focus on locations where
compositional heterogeneity of melt supply from the
mantle has been demonstrated. Isotopic and trace element
data from whole-rock samples indicate that the composi-
tion of mantle melts generated under the neovolcanic
zones of Iceland is variable (Hémond et al., 1993; Stracke
et al., 2003; Thirlwall et al., 2004). A recent study of the
Reykjanes Peninsula of SW Iceland has shown that
olivine-hosted melt inclusions exhibit trace element and
isotopic variations coincident with those of whole-rock
samples from the region (Maclennan, 2008). Another
advantage of studying the neovolcanic zones of Iceland is
that plentiful geochemical data are available from erup-
tions whose locations, volumes and ages are well known.
These geological observations provide important con-
straints upon the significance of melt inclusion composi-
tions and allow investigation of the relationship between
melt inclusions, the olivines that host them, and the erup-
tions that carry these olivines to the surface.

This study is based upon compositional data from a
large number of olivine-hosted melt inclusions from the
neovolcanic zones of Iceland. These data are used in com-
bination with host olivine and whole-rock compositions to
understand the relationship between the inclusion compo-
sitions and that of their carrier flow. Then, the evolution of
compositional variability in melt inclusions as a function of
their host olivine composition is used to provide quantita-
tive constraints on the relative rates of mixing and cooling
in magma bodies under Iceland.

TERMINOLOGY

Two points of terminology are worth clarifying to aid
understanding of the arguments presented below. The first
concerns the description of the processes that occur when
two or more batches of melt with distinct compositions are
physically juxtaposed. The terminology used in this study
is based on the framework of Danckwerts (1953), who
sought to quantify the mixing of fluids in chemical engi-
neering. The mixing process takes place in three stages.
Initially two melts are physically juxtaposed. Then
motions within the fluid body stir the melts together,
lengthening the interface between the compositionally dis-
tinct domains of fluid and thinning these domains by
stretching. When these stretched filaments are sufficiently
thin, diffusion may act to homogenize the fluid composi-
tions down to the smallest possible scale. Stirring and dif-
fusion are likely to be concurrent. In the basaltic melts of
interest in this paper, we assume that fluid immiscibility is
not an important process. Melt or magma mingling may
be thought of as equivalent to the juxtaposition phase in

the Danckwerts terminology. Complete hybridization of
magmas involves not only destruction of compositional
variation within the fluid, but also the attainment of che-
mical equilibrium between phenocrysts in the magma and
the mixed carrier melt. The data presented here indicate
that whereas melt mixing is often advanced at the time of
eruption, magmatic hybridization is incomplete because
crystals carried by the melt are variable in composition.

The porphyritic basalts and picrites examined in this
study contain large crystals that are straightforward to dis-
tinguish from smaller groundmass crystals by visual
inspection of crystal shape and size. In this paper, these
large crystals are referred to as phenocrysts, in accordance
with the etymology of the Greek prefix ‘pheno-’, meaning
to show, appear or display. The advantage of this usage is
that genetic associations can be avoided during sample
description. The genetic terms xenocryst and antecryst are
also defined and used later in the paper, where microana-
lytical data are used to investigate the relationship between
the phenocrysts and the liquid that carries them. In hand
specimen, or under an optical microscope, it is seldom pos-
sible in practice to distinguish between phenocrysts in
equilibrium  with their carrier melt, xenocrysts and
antecrysts.

SAMPLE COLLECTION AND
PREPARATION

Sampling was focused on the Theistareykir and Krafla seg-
ments of the Northern Volcanic Zone of Iceland and took
place in the summer of 2004. Samples were taken from
the recent Krafla eruptions (1975-1984) and the subgla-
cially erupted Gesafjoll tuya to complement the extensive
geochemical dataset available for primitive early postgla-
cial eruptions from this area (Slater et al, 200l
Maclennan et al., 2003a, 20030). The locations of these
eruptions are shown in Fig. 1, together with the positions
of eruptions from which melt-inclusion data are already
available. The Krafla samples were taken from lava
erupted during the November 1981 and September 1984
rifting episodes. Both basaltic lava samples and tephra
were collected and, although they are generally poor in
phenocrysts, they contained occasional phenocrysts of
olivine, clinopyroxene and plagioclase up to 8 mm in dia-
meter. In contrast, pillow lavas sampled near the base of
Gasafjoll are comparatively rich in olivine (up to
12vol. %) and plagioclase phenocrysts but contain little
clinopyroxene. These pillows were formed near the onset
of the eruption as the volcanic edifice built up through a
subglacial cavity. Gesafjoll is capped by subaerial flows,
which formed as the eruption penetrated the upper surface
of the glacier. Samples were taken both from the pillows
with their glassy rims and from the massive interior of
subaerial capping flows exposed in tumuli. Samples for
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Fig. 1. Map of Iceland showing locations of eruptions with available melt inclusion data. The eruptions are labelled according to the key
in Table 1. (a) Light grey zones show the extent of the volcanic systems in the active rift zones. RP, Reykjanes Peninsula; WVZ, Western
Volcanic Zone; NVZ, Northern Volcanic Zone. The rectangle marked 1-4 is expanded in (b). Map based on Einarsson & Saemundsson (1987).
(b) Detailed map of eruptions from the Krafla and Theistareykir volcanic system. The eruption numbers are placed close to the eruptive vents.
(Note the proximity of these vents.) The ring with tick marks shows the position of the walls of the Krafla caldera.

whole-rock analysis were crushed and powdered in an
agate shatter-box at the University of Edinburgh. The pre-
sence of accumulated phenocrysts in the whole-rock sam-
ples means that the whole-rock compositions do not
correspond to liquid compositions. Samples for melt inclu-
sion study were hand-crushed and fresh olivines were
picked from the crush. These olivines were then optically
inspected to identify those containing uncompromised
inclusions. Many of the inclusions from Gasafjoll and sev-
eral of those from Krafla were naturally quenched to glass.
When olivines contained microcrystalline inclusions, they
were rehomogenized by heating in an atmosphere fixed at
an oxygen fugacity one log unit beneath the fayalite—
quartz—magnetite buffer. Gasafjoll olivines were held at
1240°C and Krafla olivines at 1150°C for 20 min before
being quenched by dropping the platinum crucible into a
shallow bath of water. After rehomogenization, the oli-
vines and their inclusions were inspected to verify that
they were glassy and intact. Olivines containing inclusions
were mounted in epoxy and polished until a maximum
number of inclusions were exposed. The inclusions were
selected for analysis after final inspection under reflected
light and back-scattered electron imaging:

ANALYTICAL TECHNIQUES

Whole-rock geochemistry

The concentrations of major elements and selected trace
elements in the whole-rock samples were determined by
X-ray fluorescence (XRF) at the University of
Edinburgh. The protocol of the analyses follows that
described by Titton et al. (1998) but the spectrometer used
was a Phillips PW2404 XRF with a Rh-anode end-
window X-ray tube. The major elements were determined
on glass discs, and the traces on powder pellets.
Precision and accuracy for the major and trace elements
were estimated from repeat runs of standards

(BIRI, BHVOI, BCRI) and unknowns. The concentrations
of rare earth element (REE) and other trace elements
were determined by inductively coupled plasma mass spec-
trometry (ICP-MS) at the Scottish Universities Environ-
mental Research Centre in East Kilbride following the
methods described by Olive et al. (2001). Precision and
accuracy estimates were gained from multiple repeat mea-
surements of standard BCR1 and unknowns. The precision
and accuracy for the REE are better than 1% relative, and
for other trace elements better than 5% relative, apart
from Rb, Pb and U. The compositions of the whole-rock
samples are provided as Supplementary Data, in Electro-
nic Appendix 1, available at http://petrology.oxfordjour
nals.org/.

Crystal and inclusion compositions

Electron muicroprobe analysis

The major element compositions of the melt inclusions and
their host olivines were determined using the Cameca
SX100 electron microprobe at the University of
Edinburgh. A range of metal, oxide and silicate (e.g.
jadeite, wollastonite) standards were used for calibration
of the spectrometers. For olivine analyses, a beam size of
12 pm was used at 20 keV accelerating voltage and a beam
current of 20 nA. Accuracy and precision were monitored
by repeat analyses of an andradite standard and a St.
John’s Island olivine standard. Repeats of this olivine
standard, which has a similar composition to the samples,
gave a relative precision of 0-1% (10) for the forsterite con-
tent of the olivine, and a relative accuracy of 0-2%. The
olivine and melt inclusion compositions are provided as
Supplementary Data in Electronic Appendix 2. The major
element composition of pillow rim glasses from Gasafjoll
and Stapafell, a subglacial eruption from the Reykjanes
Peninsula, were also analysed by electron probe and
are presented as Supplementary Data in Electronic
Appendix 3.
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Ton microprobe analysis

The trace element compositions of the melt inclusions were
obtained by secondary ion mass spectrometry (SIMS) on a
Cameca IMS-4f ion microprobe at the NERC microanaly-
sis facility at the University of Edinburgh, using a 10 kV
primary beam of O ions. Positive secondary ions were
accelerated to 4500 V, with an offset of 74 =5V to reduce
molecular ion transmission. A primary beam current of
5 nA was used, with the beam rastered over a 20 pm area.
The raster pit showed well-defined edges and corners for
the duration of the analytical work. The following isotopes
were analysed by counting for 3s in each cycle of a 20-
cycle run: BRb, %8Sy, 87y, 2Zr, *Nb, ®*Ba, *'La, "°Ce,
Wip, MSNg M9gy BIp, 17Gq 19T ip, 16y, 167F,
9Tm, "Yb and "Lu. These counts were normalized to
%Si. Because the Si content of the melt inclusions had
already been determined by electron microprobe analysis,
these values were used in the calculation of absolute ele-
mental concentrations in the melt inclusions. Peak posi-
tions were verified before each analysis, and short counts
on "7Au (present on the gold coating) were used to reliably
determine the peak position at heavy masses. Mass 130-5
was measured as background for 5s in each cycle and was
always zero. FeSi molecular ion interference on Rb was
monitored at mass 84 and was negligible. Oxide interfer-
ence was monitored throughout the analytical session by
measurement of 154BaO/Ba and 156060/06. These oxide—
element ratios did not vary systematically with time
during the week nor with major or trace element composi-
tion of the melt inclusions. Average values for the unknown
melt inclusions were *BaO/Ba =0-044 4 0-007 (16) and
P0CeO/Ce =0-213 £0-017. The average 5CeO/Ce can be
used to estimate an effective offset voltage of 74 £5V, and
this value was used for the calculation of the interference
corrections.

The 1on yields were assessed every morning by two runs
of the NIST standard glass SRM610. These ion yields were
then used to calibrate all of the analysed melt inclusion
data. These yields did not show any systematic drift
during the week of analyses, so an average ion yield was
calculated at the end of the week and used to process all
of the subsequent data. The precision and accuracy of the
analyses were monitored during the week by 14 repeat ana-
lyses of glasses of USGS standards BIROl and BCROI,
whose compositions bracketed the observed range of
unknown compositions. For analyses of BCROI, precision
was better than 3% for Sr, Nb, Zr, Y, La and Ce, 3-10%
for the majority of the REE, and 10-20% for Rb, Eu and
Lu. Precision estimates for analyses of BIROl are better
than 5% for Sr, Zr, Y and Ba, 5-15% for most of the
REE, and 20% for Gd and Lu. The Rb precision is very
poor for BIROL The accuracy of the analyses appears to
be similar to their precision. The melt inclusion trace ele-
ment compositions and the estimated precision and

accuracy are given in Supplementary Data in Electronic
Appendix 2.

RELATIONSHIP BETWEEN
INCLUSIONS AND HOST FLOWS

Significance of phenocrysts, xenocrysts

and antecrysts

In subsequent sections, the melt inclusion data are used to
constrain melt mixing under Iceland. However, to better
understand the significance of these constraints, it is neces-
sary to investigate the relationship between the melt inclu-
sions, their host olivines, and the flow that carries them to
the surface. If the host olivines are xenocrysts, whose com-
positions are unrelated to that of the host flow, then the
mixing relationships preserved in the inclusion record pro-
vide information about behaviour in the Icelandic crust as
a whole. In contrast, if the host olivines are genetically
related to their carrier flow, the melt inclusion mixing
record can be tied to the processes that occurred within
the magmatic plumbing system of the flow. If this second
case holds true, where the inclusions’ compositions are
linked to those of the host flow, then the mixing behaviour
can be better constrained in temporal terms.

The following discussion will centre upon the relative
incidence of host olivines as equilibrium phenocrysts, xeno-
crysts or antecrysts (Davidson et al., 2007). Equilibrium
phenocrysts are crystals that are in chemical equilibrium
with the melt that carries them and xenocrysts are acci-
dental incorporations from older wallrock. Crystals that
formed within the plumbing system of the eruption of
interest but are not in chemical equilibrium with the car-
rier melt at the time of eruption are loosely defined as ante-
crysts (Davidson et al., 2007). The disequilbrium between
the antecryst and the carrier melt may form if melt
mixing or fractional crystallization occurs after the begin-
ning of crystallization of any part of the eventual antecryst.
This compositional disequilbrium will be preserved if the
crystal is held in the final carrier melt for a timescale that
is short compared with that required for diffusional
equilibration. A case of particular importance for Iceland
is that where olivines crystallize from melts with a range of
compositions, which subsequently mix and erupt before the
crystal cargo of original olivines can reach diffusive
equilibrium with the mixed melt composition. As noted
above, it is seldom possible in practice to distinguish
between these crystal types by optical inspection of the
samples used in this study. Even when compositional data
are available, which may be used to ascertain the possibi-
lity of chemical equilibrium between the crystal and the
host melt, the classification of a single crystal as an equili-
brium phenocryst, accidental xenocryst or antecryst is dif-
ficult. Furthermore, it is not always straightforward to
make the distinction between xenocrysts and antecrysts at
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spreading ridges because the crustal wallrocks are com-
posed predominantly of young plutonic rocks. Fortunately,
as is shown in the following section, the large range of
trace element compositions in Icelandic lava flows and the
widespread occurrence of olivine-hosted melt inclusions in
these flows can be used to constrain the genetic relation-
ship between the phenocrysts and the liquids that carry
them to the surface.

Trace element compositions

Rare earth element concentrations

Rare earth element (REE) data are available from a
number of melt inclusions and whole-rock or glass samples
from the eruptions listed in Table 1. The compositions of
melt inclusions and host sample whole-rock compositions
from Borgarhraun and Gesafjoll, the most comprehen-
sively sampled eruptions, are shown in Fig. 2, along with
the compositions of four further eruptions. The
Borgarhraun data consist of 94 melt inclusion analyses
and 70 whole-rock analyses (Maclennan et al., 2003q,
2003b) and those for Gasafjoll consist of 67 melt inclusion
and 27 whole-rock analyses. Melt inclusion compositions
are always more variable than those of their host melts.
However, the average of the melt inclusion compositions
is similar to that of the host flow. These relationships are
particularly clear for Borgarhraun and Gesafjoll, possibly
because of the large number of samples available. It is
notable that the average whole-rock REE concentrations

Table I: Host lava flows for melt inclusions

MELT MIXING UNDER ICELAND

in Borgarhraun are ~10% higher than those of the average
melt inclusion. Nevertheless, the REE slopes and therefore
ratios of REE to each other are very similar. This relation-
ship indicates that the difference in REE concentration
between the average of the Borgarhraun melt inclusions
and that of the whole-rock is likely to be caused by frac-
tional crystallization, because the slope of the REE and
REE ratios such as La/Yb are not significantly influenced
by moderate amounts of fractional crystallization of the
phases found as phenocrysts or in cumulate xenoliths in
Icelandic rift zone basalts (Maclennan et al., 2001a, 20034;
Gurenko & Sobolev, 2006; Holness et al., 2007).

REE and other trace element ratios

The close correspondence in the average REE composi-
tions of the melt inclusions to that of the carrier lava is
also evident in Fig. 3. The small filled circles in Fig. 3a
show the average La/Yb of the melt inclusions plotted
against that of the host lava for the 10 eruptions of Table 1.
It should be noted that the averages are calculated as
> La/d Yh, and, because all samples were analysed for
La and Yh, this average is equal to the La/Yh. The signifi-
cance of this calculation is that if each melt inclusion
represents a sample of an equal volume of melt, then
mixing of these melt volumes will produce a final melt
with a La/Yb equal to La/Yb of the inclusions. These
data lie close to the 1:1 correspondence line indicated on
the plot, with the exception of Mealifell, Midfell and the

Eruption Ref.! Zoné? Map® Age* N Foa® (La/Yb)a,’ X2 oy, o Proax° Prin

Geesafjoll 1 N 1 G 67 833 2.99 0-63 0-12 0.76 —0-49
Krafla 1 N 2 R 8 788 212 0-46 0-09 0-23 —0-28
Borgarhraun 2,3 4 N 3 P 94 892 0-89 0-19 0-54 1-34 —0-47
Bondholshraun 2 N 4 P 10 890 140 0-30 0-12 0-37 —0-40
Langaviti 2 N 5 P 12 904 1.04 022 0-15 0.77 —0-46
Picrites 2 N 6 P 7 896 118 025 0-18 0-66 —0-58
Haleyjabunga 5,6 R 7 P 14 899 0-63 0-12 0-16 141 -0-37
Stapafell 6 R 8 G 9 852 319 0-66 0-18 0.72 —0-55
Meelifell 5 w 9 G 7 889 3-69 0-37 0-45 1-31 —0-76
Midfell 5 w 0 G 15 885 186 0-37 0-44 129 —0.77

"Data sources for melt inclusion and host olivine compositions. 1, This study; 2, Slater et al. (2001); 3, Maclennan et al.
(2003a) 4, Maclennan et al. (2003b); 5, Gurenko & Chaussidon (1995) 6, Maclennan (2008).
2Rift Zone. N, Northern Volcanic Zone; R, Reykjanes Peninsula; W, Western Volcanic Zone.

3Key for map in Fig. 1.

“Age of flow. G, subglacial eruption, >14-5 ka; P, early postglacial eruption, between 14-5ka and 7ka; R, recent

eruptlon younger than 7ka.

Number of olivine-hosted melt inclusions analysed from each eruption.
Average forsterite content (molar per cent) of the olivine hosts to the inclusions.

“Average La/Yb of the melt inclusions from the flow.

Average X, of inclusions (see text for details of calculation).

Standard deviation of X, from inclusions in flow.

Maximum and minimum of P in inclusions from the flow (see text for details of calculation).
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Fig. 2. Rare earth clement (REE) data for melt inclusions and their host eruptions. All concentrations are normalized to the depleted MORB
mantle (DMM) source composition of Workman & Hart (2005). Grey field shows range of inclusion compositions within each eruption.
Dashed line shows the average of melt inclusion compositions in the eruptions. Continuous line shows the average of whole-rock or glass com-
positions from the eruptions. The small diamond in (a) gives an estimate of the standard error of estimation of the average of the melt inclusion

compositions.

Theistareykir picrites, which have higher La/Yb in the
melt inclusion average than in the whole-rock. It has
recently been proposed that percolation of melt through
gabbroic mush controls the trace element composition of
the Midfell melts, in particular the behaviour of Sr
(Gurenko & Sobolev, 2006). However, such percolation
has a limited effect on the La/Yb ratios and leads to slight
increases in the La/Yb of the percolating melt. It is there-
fore unlikely that percolation is responsible for the appar-
ent difference in the average compositions of the Midfell
melt inclusions and carrier melt. When comparing the
average of the melt inclusion data with that of the whole-
rock it is useful to consider the quality of these estimates of
the means. Errors in the estimate of the average of a popu-
lation are controlled by the natural variation within the
population, commonly quantified using the standard
deviation, &, and the number of samples used to estimate
the mean, N. The standard error of estimate of the mean
is given by Sx=o/|N. Table 1 shows that the REE varia-
tion in Melifell and Midfell is almost as large as that
found in Borgarhraun, whereas the number of samples
used to estimate the mean is ~10 times smaller. The accu-
racy of analytical techniques must also be taken into
account when comparing averages derived from SIMS,
ICP-MS and laser ablation (LA)-ICP-MS techniques.

The error ellipses in Fig. 3a reflect the combination of 1Sx
and the accuracy of the measurements. The plotted 1.5z error
ellipses forsix of the flows intersect the 1 : 1line. If 25z are used
then all of the flows intersect the 1:1line. Therefore, within
error, the average La/Yb ratios of the melt inclusions are the
same as those of their host flows. The apparent discrepancy
for Melifell, Miofell and the Theistareykir picrites may
reflect insufficient sampling of heterogeneous populations.

The same procedure can be applied to other trace ele-
ment ratios that are strongly influenced by mantle pro-
cesses but relatively insensitive to processes in the
Icelandic crust. If Sm/YDb is considered in the same way,
then eight out of the 10 eruptions have mean whole-rock
compositions within 1S5 of the mean melt inclusion com-
position. This agreement is better than expected for errors
from a Gaussian distribution, where ~70% of the flows
would be expected to agree within 15z The poorer fitting
flows in this case are Melifell and Stapafell. For Zr/Y,
seven out of the 10 flows have mean whole-rock and mean
melt inclusions that plot within 1Sz with Bondholshraun,
Midfell and Gaesafjoll out of agreement. For Nb/Y,
where fewer data is available, four out of six flows are in
agreement, with only Héleyjabunga and Midfell having
melt inclusion and whole-rock means that differ by more
than 1.5.
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Fig. 3. Compositional relationships between melt inclusions, host olivines and host lava flows. (See text for further details) (a) Small filled
circles show mean La/Yb for melt inclusions (mi) plotted against mean La/Yb for host-rock samples (whole-rock; wr) for the 10 flows listed in
Table 1. The grey bars show the total compositional range from the inclusions in each flow. The error ellipses show the 16 standard error of
estimate of the means. (b) Histograms of melt inclusion compositions from Borgarhraun, grey filled bars, and Gasafjoll, fine black outlined
bars. The average compositions of the whole-rock samples are shown as dotted vertical lines. (c) Small filled circles show average composition
of olivine crystals (Fo mol%) in each eruption plotted against the composition (Mg-number) of glass. The vertical error bars are 16 standard
error of estimate of the means for the olivine. Grey bars show range of whole-rock Mg-numbers, with the open circles showing the average.
(d) Histogram of olivine compositions from Borgarhraun (grey filled bars) and Gasafjoll (fine black outlined bars). The composition of
olivine in equilibrium with the host glass, assuming a ng_‘lg of 0-3, is shown by the vertical dotted lines.

The concurrence of the estimated mean of the melt
inclusions with that of the whole-rock of the carrier
flow is as expected given the statistics of the standard
error of estimate of the mean. Further evidence for
this statistical agreement comes from the observation that
different eruptions lie outside 1Sz for different element
pairs.

In contrast, the behaviour of elemental concentrations
or ratios that are strongly influenced by crustal processes
such as fractional crystallization or crystal accumulation

do not show good agreement between melt inclusion and
whole-rock means from individual eruptions. For example,
only three out of 10 eruptions show agreement within 1S
for Sr/Nd, with six eruptions having higher Sr/Nd in the
whole-rock mean than in the melt inclusions. These erup-
tions all contain plagioclase phenocrysts, and the high
Sr/Nd of the whole-rock mean compared with the melt
inclusion mean is likely to result from plagioclase accumu-
lation. This accumulation will also cause a mismatch for
elements such as Ca and Na.
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The Theistareykir picrite flow has a melt inclusion mean
Sr/Nd that is higher than that of the host lava. This high
mean is partly due to the presence of two inclusions with
large positive Sr anomalies. More generally, 11 inclusions
out of the 203 with available Sr/Nd from the dataset have
large positive Sr anomalies, with Sr/Nd >50. These inclu-
sions may correspond to melts that have interacted with
plagioclase in the crust prior to their entrapment
(Danyushevsky et al., 2004; Gurenko & Sobolev, 2006).
Further consideration of the possible role of such crustal
processes is provided in the discussion section of this
paper. However, it is worth noting at this stage that the
correlation between Sr/Nd and trace element ratios such
as La/Yb, Sm/Yb, Nb/Y or Zr/Y is very weak, and that
removal of the inclusions with large positive Sr anomalies
from the dataset does not influence the conclusion that
incompatible element ratios that are variable in mantle
melts and little altered by processes in the Icelandic crust
show good agreement between the mean composition of
the melt inclusions and the mean composition of the
whole-rock samples of the host flow.

Compositional distribution in closely spaced eruptions
The vertical grey bars in Fig. 3a indicate the total range of
melt inclusion compositions measured from each eruption.
Early postglacial eruptions from the Theistareykir volcanic
system, such as Borgarhraun, Béndholshraun, Langaviti
and the Theistareykir picrites, show large and overlapping
ranges in melt inclusion distributions. Despite this exten-
sive compositional overlap in the melt inclusion distribu-
tions, the well-constrained means of the distributions from
Borgarhraun and Béndholshraun are different, and corre-
spond to the whole-rock means. Primitive subglacial erup-
tions, such as Gasafjoll, also show a large range in melt
inclusion compositions, but have limited overlap with the
compositional range found in the early postglacial erup-
tions. The detailed map in Fig. 1 shows that the distance
between the eruptive vents for Gasafjoll and Béndholsh-
raun is less than 5 km. In fact, the Bondholshraun crater
is situated in a gully on the western flanks of the older
Gaesafjoll eruption. Although the vent sites of these two
eruptions lie close to each other, the deeper magmatic
plumbing systems appear to have been physically sepa-
rated: the distribution of melt inclusion compositions is dif-
ferent, and, most strikingly, the maximum La/Yb of any
measured inclusion from Béndholshraun is significantly
lower than the mean La/Yb from the Gasafjoll inclusions.
This apparent separation of the deeper plumbing system of
closely spaced eruptions is also clear from the other erup-
tions shown in Fig. 1b. The vents of Borgarhraun, Bond-
holshraun, Gasafjoll and the Krafla fissure eruptions are
found within a circle of 12 km diameter, but have average
melt inclusion compositions that are distinct.

The distributions of melt inclusion compositions from
the densely sampled and closely spaced Borgarhraun and

Gesafjoll eruptions are unimodal (Fig. 3b). The modes of
the distribution of La/Yb in melt inclusions from the two
flows lie close to that of the average of the whole-rock sam-
ples. These unimodal and different distributions are not
expected to occur if the olivine hosts to the melt inclusions
are accidental xenocrysts incorporated either from unre-
lated wall-rock at the margins of a single magma chamber
or randomly from the Icelandic crust.

Constant average REE ratios with varying host olivine
composition

One further observation provides useful constraints upon
the relationship between the inclusions and the host flow.
Whereas the variability in the REE concentrations and
ratios of Borgarhraun melt inclusions has been shown to
drop with decreasing forsterite content of the host olivine,
the average of the REE ratios, such as La/Yb, remains
near constant in olivines with <90% molar forsterite
(Maclennan et al., 2003a, 20034). The near-constant aver-
age La/YDb is similar to that of the Borgarhraun whole-
rock average. This observation has been used as evidence
of concurrent mixing and crystallization of batches of com-
positionally diverse, primitive melts in the plumbing
system of Borgarhraun (Maclennan ez al., 2003a).

Mg-Fe partitioning and olivine
compositions

It is possible to examine the relationship between the oli-
vine phenocrysts and their carrier melts by comparing the
observed partitioning of Mg and Fe between the crystal
and its host melt with the behaviour expected under condi-
tions of chemical equilibrium. Compilations and parame-
terizations of experimental data indicate that the value of
E4* Me i expected to be 0-31 for melts of Icelandic com-
position and is likely to lie within the range 0-3 < K, M#
< 0-35 (Ford et al., 1983; Putirka, 2005). Both direct obser-
vation (Oskarsson et al., 1994) and use of experimental
parameterizations (Kilinc et al., 1983) indicate that
approximately 10% of the Fe in Icelandic basaltic melts is
present as Fe?*. Glass compositions were available from six
of the eruptions; from pillow rims, tephra or glassy mar-
gins of subaerial flows. All of these glass compositions
have Mg-number [molar Mg/(Mg + Fe?*)] too low to be
in equilibrium with the mean olivine compositions from
the flows. The range and mean of whole-rock sample Mg-
numbers are also displayed in Fig. 3c. These whole-rock
compositions are influenced by the accumulation of olivine
and, more rarely, clinopyroxene crystals in the melt.
Nevertheless, eight out of the 10 eruptions show a mini-
mum whole-rock Mg-number that is too low to be in equi-
librium with the mean olivine in the flows. These samples
with minimum Mg-numbers are likely to contain the
fewest accumulated crystals and, where glass compositions
are absent, give the best estimate of the carrier melt com-
position. For two eruptions, the picrites from Theistareykir
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and Haleyjabunga, the Mg-numbers of the whole-rocks
are higher than those expected for equilibrium with the
average olivine composition of the flow. However, all of
the available samples from these picrites contain signifi-
cant quantities of accumulated olivine crystals.

The histograms of Fig. 3d serve to further illustrate the
relationship between the olivines and the host flows. The
modes of both the Borgarhraun and Gasafjoll olivines are
too forsteritic to be in equilibrium with the glass in tephra
or pillow rims from these eruptions. However, both of the
eruptions contain a small cluster in olivine compositions
close to the expected equilibrium composition. The trace
element data, presented in a later section, indicate that
the melt inclusions contained in these relatively low forster-
ite content phenocrysts have a rather limited range of melt
inclusion trace element compositions, close to the average
composition of the host flow.

Summary

The observations described above indicate that 90% or
more of olivine phenocrysts present in the eruptions stud-
ied are too forsteritic to be in equilibrium with their carrier
magma. However, the relationship between the trace ele-
ment compositions of the melt inclusions and those of the
whole-rock samples demonstrates that the olivines are not
accidental xenocrysts. It is therefore likely that the olivines
grew from a suite of parental melts that mixed to form the
liquid that transported the crystals to the surface. Initially,
primitive mantle melts with variable trace element compo-
sitions are supplied to magma bodies where they start to
crystallize. This crystallization produces forsteritic olivines
and these olivines entrap melt inclusions with a wide range
of trace element compositions. Next, the diverse melt com-
positions mix together and this mixing homogenizes the
trace element composition of the host melt. As the mixing
melt sits in magma bodies, it continues to cool and crystal-
lize, forming progressively less forsteritic olivines.
However, the early formed forsteritic olivines that host
the melt inclusions are retained in or re-entrained into the
evolved, mixed carrier melt, which transports the olivines
to the surface for eruption. The cores of such olivines are
commonly out of Mg-Fte equilibrium with surrounding
glass, and exhibit short (20-50 pm) normal zoning profiles
at their margins. When compositions are available for host
glasses, they are close to Mg—Fe equilibrium with the mar-
gins of the olivines. All of the analysed melt inclusions are
taken from within the unzoned cores of the olivines, and
the relationship between the host olivine and melt inclu-
sion compositions do not reflect the processes that cause
the zonation. As described in a later section, these observa-
tions indicate a timescale of decades or less between
entrainment of the olivines in the final melt composition
and their eruption. In the terminology of Davidson et al.
(2007), such crystals may be described as antecrysts.

MELT MIXING UNDER ICELAND

If the above model is correct then study of the melt
inclusion and olivine compositions can be used to investi-
gate mixing and crystallization in the roots of the eruption
that hosted them. The remainder of the paper will there-
fore focus on the characterization of these processes under
Iceland.

QUANTIFICATION OF MIXING OF
MELTS

Mixing end-members and extent of
crystallization

When quantifying the extent of mixing it is useful to make
the simplifying assumption that mixing takes place
between two end-member parental melts, one enriched in
composition, and the other depleted. Although this
assumption is not likely to be correct in detail, with pro-
gressive fractional melting of a heterogeneous source possi-
bly playing a role in generating a wide range of primary
melt compositions, study of the relationship between the
isotopic and trace element composition of Theistareykir
basalts indicates that over 90% of the trace element varia-
tion can be accounted for by mixing between melts
from two sources. Similar results have recently been
obtained for Reykjanes whole-rock and melt inclusions
(Maclennan, 2008). The supply of an apparently bimodal
population of melt compositions to the deep magma
bodies where olivines trap melt inclusions may
result from channelized flow of melt in the mantle
(Maclennan, 2008).

The composition of suitable end-member melts can be
estimated from the extreme compositions present in the
melt inclusion population from all Icelandic rift zone sam-
ples (Electronic Appendix 2). The melt inclusions are all
from rift zone eruptions, and comparison of whole-rock
and melt inclusion data from Theistareykir-Krafla, the
Reykjanes Peninsula and Malifell-Midfell on the Western
Rift Zone indicate that the range of trace element compo-
sitions present in each area is similar and that the extreme
compositions of melts fed from that the mantle to deep
magma bodies does not vary greatly across the parts of
the rift zones included in this study. Models of the effect of
deglaciation on mantle melting under Iceland, which have
been successfully applied to temporal variation in the aver-
age REE composition of basalts from Theistareykir and
Krafla, predict no variation in the total range of instanta-
neous fractional melt compositions produced in the mantle
during the deglaciation cycles. The changes in the average
composition are in this case achieved by changing the
weighting of the fractional melts generated at different
depths. Therefore, as a first approximation, we use the
same extreme melt inclusion compositions to quantify the
mixing of melts prior to both glacial and postglacial erup-
tions. The method should not be applied to melt inclusions
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from the flank zones of Iceland, where the presence of
transitional and alkaline basalts indicates that the top of
the melting region is at greater depth and that the maxi-
mum melt fraction attained is smaller than under the rift
zones. In these flank regions, it is likely that the extreme
depleted compositions will be less depleted than those
found under the rift zones.

Once the end-member compositions have been defined it
is possible to determine the fraction of the enriched end-
member melt, X, present for any melt inclusion or whole-
rock composition. In binary mixing, the fraction of
depleted end-member melt, Xy, is equal to 1—X.. The
advantage of using the binary mixing simplification is
that for any fully mixed melt batch, the variance of the
initial melts in the unmixed batch is given by

ol = X.(1 — Xo).

A suitable indicator of the degree of mixing within the
batch is then given by

2
e (G
S

where 67 is the compositional variance of the partially
mixed batch of melt and the mixing parameter, M, rises
from zero when no mixing has taken place to unity when
mixing is complete (Danckwerts, 1953). The evolution of

OO0

M~=0.1 M-0.9 M=1

Fig. 4. The evolution of mixing of a passive tracer, following the logic
of Danckwerts (1953) with four stages of mixing shown. The extent of
mixing increases from left to right, as indicated by variation in the
parameter M beneath each snapshot. The chamber is a closed
system, and the average composition of the liquid in the chamber
remains at X. = 0-5. Initially, two extreme melt compositions are phy-
sically juxtaposed in the chamber. Half of the chamber is composed of
melt with X, =0, the depleted end-member, and the other half is com-
posed of melt with X, =1, the enriched end-member. The initial var-
iance and extent of mixing can be calculated as described in the text.
At this stage of physical juxtaposition, the value of the mixing para-
meter, M, is zero. The snapshot at M ~0-1 demonstrates the effect of
the mechanical rearrangement of the compositional heterogeneities
by stirring. This rearrangement may occur as a result of convective
motions within the chamber. In this case, little diffusion has taken
place, and only a thin strip of material at the boundary between the
two regions has a composition of X, ~0-5. The next snapshot, at M
~0-9, shows the effect both of continued stretching and thinning of
heterogeneities by stirring and partial homogenization by diffusion.
The plot on the right shows the distribution of melt compositions
after mixing is complete and A =1. Once stirring has thinned the
regions of melt with distinct compositions to a sufficiently small
length scale, diffusion is able to homogenize the melt composition to
the molecular scale. In this case, all the melt in the chamber has the
composition of the chamber average, at X, =0-5.

mixing of two extreme melt compositions is shown in sche-
matic form in Fig. 4.

The X. values were estimated for each melt inclusion
and whole-rock composition using the REE concentra-
tions. Because the sample compositions have been influ-
enced by fractional crystallization in addition to mixing,
it is necessary to generate a forward model for composition
that includes both X. and £ the average extent of crystal-
lization, as follows:

X.C. ~
C= [1 = +(1—XC)Cd}(1—F)D I

The variable F, was introduced to account for possible
differences in the relative degree of crystallization or host—
olivine interaction in the two compositional end-members.
It was assumed that the effective partition coefficient for
these processes was zero. However, for the subsequent frac-
tional crystallization through the interval F, bulk partition
coefficients D were calculated from estimates of the modal
mineralogy of the crystallizing solid and the partition coef-
ficients of each of these solid phases. The modal mineral-
ogy of the solid was assumed to be similar to that of the
gabbroic material found to best fit the major element
trends of samples with <9-5wt % MgO from the Krafla
and Theisteraykir volcanic systems (Maclennan et al.,
200la). Suitable partition coefficients for minerals from
these systems were calculated using the approach of Wood
& Blundy (1997) for clinopyroxene, Bindeman et al. (1998)
for plagioclase and Bédard (2005) for olivine. Typical bulk
partition coefficients are therefore Dy, =0-08, Dg,, =0-10
and Dyy, =0-11. The misfit function between predicted and
observed compositions is defined as

N
® = Z (Clpbs _ CicaIC)Q + W(Robs _ RcaIC)Q

=1

with R°™ and R referring to the observed and calcu-
lated La/Yb ratio of the sample. The weighting factor, IV}
was set to 100 to ensure that recovered X. were controlled
by the trace element ratios that are not strongly sensitive to
crustal processes. This misfit function was minimized by
varying X, [, and F using the amoeba subroutine
described by Press et al. (1992). To allow comparison
between whole-rock and melt inclusion data, only the ele-
ments La, Ce, Sm, Nd, Dy, Er and Yb were used in the
minimization, as these elements are available from almost
every inclusion analysed by ion probe.

The results of fits to typical melt inclusion compositions
from the Borgarhraun and Gesafjoll eruptions are
shown in Fig. 5. Comparison of the La/Yb and X. of
Borgarhraun inclusions in Fig. 6 confirms the strong corre-
lation between these quantities (r =0-99). Other trace ele-
ment ratios that are thought to be largely unaffected by
fractional crystallization or crustal melting under Iceland,
such as Sm/Yb, also correlate well with X, (r=0-95).

1940

220z 1snbny oz uo isenb Aq G681LGYL/LEBL/L LI6T/O101e/ABojoljed/woo dno-ojwepede//:sdly woly pepeojumod



MACLENNAN
(a) 100 | 1 1 | L | | 1 | L L | | | |
enric, Borgarhraun
ed
3
@2 10+ -
g o..@
£ o U e
Z
g A
8 17 3o i
0.1 T T T T T T T T T T T T T T
(b) 100 | | | | 1 | | 1 | | 1 | | 1 |

DMM Normalised

0.1

1 1 1 1 1 1 1 1 1 1 1 T 1

1 1
La Ce Pr NdPmSmEu Gd Tb Dy Ho Er TmYb Lu

Fig. 5. Plot showing extreme melt inclusion compositions chosen as
end-members to convert REE compositions into X.. The end-
members have the maximum and minimum Sm/Yb ratios amongst
the inclusions. If the inclusion with extremely low La concentrations
is used as the depleted end-member then the fits to the rest of the
inclusion data are degraded, but the returned X, are similar. The cir-
cles show the composition of a selected inclusion, with the error bars
showing the 1o precision. These error bars are smaller than the size of
the symbol. Filled circles show elements that were used in the fitting,
whereas open circles were not included in the misfit calculations.
The result of the fit is shown as the black dashed line. Inclusions
from both depleted and enriched eruptions are well matched by
the fitting procedure.

The modelled extent of fractional crystallization, £ corre-
lates with the forsterite content of the olivine host of the
melt inclusion (r=-0-70), indicating that the fit has not
only successfully recovered the proportion of the mixing
end-members but also the progression of crystallization.
The root-mean-square (r.m.s) of the error in the fit nor-
malized to the 1o analytical precision has an average of
0-69, with 84% of the fits having an r.m.s. <1. The success
of the fitting procedure to the seven REE, which is con-
trolled by two variables alone, is expected from principal
component analyses of the dataset of all available
Icelandic inclusions, which show that over 98% of the var-
1ance in these elements can be accounted for with just two
principal components. The first component reflects varia-
tions in concentrations, and the second tracks fractionation

of the light REE (LREE) from the heavy REE (HREE).

MELT MIXING UNDER ICELAND

The application of principal component analysis to whole-
rock samples and melt inclusions from Iceland has been
thoroughly described in a number of studies and these
found similar trace element behaviour (Slater et al., 2001;
Maclennan et al., 2003a, 20035).

Inclusions in a single flow

The Borgarhraun lava flow from the Theistareykir volca-
nic system of northeastern Iceland has been the focus of
intensive sampling, and a large dataset of whole-rock and
melt inclusion analyses is available from this flow (Slater
et al., 2001; Maclennan et al., 2003a, 2003b). The relation-
ship between the variation of the trace element composi-
tion of the inclusions and the forsterite content of their
olivine hosts is consistent with the concurrent cooling and
mixing of melts in the plumbing system of this flow
(Maclennan et al., 2003a). The results of application of the
method of quantification of mixing described above are
shown in Fig. 6. An important difference between these
results and those of Maclennan et al. (2003a) is that the
present assumption of binary mixing allows quantification
of the total progression of mixing after melts with the com-
position of the end-members were brought into physical
contact.

The most striking feature in Fig. 6 is the drop in the
variation of La/Yb and X. and the corresponding rise in
M over the interval from 90% to 86% forsterite in the
host olivine. The drop in the forsterite content of the oli-
vines records the progression of cooling and crystallization
of the batches of melt. The decrease in the variation of X,
tracks the extent of compositional homogenization by
mixing of melts. It is worth noting that X, is unaffected
by crystallization and, like La/Yh, acts effectively as a pas-
sive tracer of the mixing. The variance of X, and the corre-
sponding M were calculated in a sliding window in
forsterite content with a window width of 1% forsterite.
The quality of the estimate of M is dependent on the
number of samples available in each window. The 95%
confidence limits on the calculation of M were therefore
calculated using the x? distribution as described by
Maclennan et al. (2003a). The data provide robust evidence
for mixing in the crystallization interval corresponding to
the drop in forserite content from Fog, to Fogs. The rela-
tionship between A and the molar per cent forsterite con-
tent of the host olivines can be approximated by dM/dFo
~0-03 per mol %. The data indicate that mixing and cool-
ing are concurrent under Theistareykir, and Maclennan
et al. (2003a) have suggested that this behaviour may
reflect the action of convection in magma chambers.

A different type of behaviour is recorded by melt inclu-
sions that are hosted in olivines with between 90 and 92%
molar forsterite. These inclusions show a decrease in M
with decreasing forsterite content. This relationship is
likely to arise from the supply of mantle melts with
varying compositions into the magma chambers where
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Fig. 6. The record of concurrent mixing and crystallization in melt inclusions from Borgarhraun. (a) Grey circles show La/Yb of melt inclu-
sions plotted against the forsterite content (mol %) of their host olivine. The arrows indicate the compositions of the extreme depleted and
enriched end-member compositions used in the conversion to X.. (b) Plot of X, the fraction of enriched end-member, in each inclusion plotted
as a function of host forsterite content. The similarity of the distribution of compositions in (a) and (b) should be noted. (c¢) Evolution of the
mixing parameter, A, as a function of olivine composition is shown as the continuous black line. This parameter was calculated by obtaining
the standard deviation of inclusion X, over a window of width 1 mol % forsterite. The quality of the estimate of the standard deviation is
controlled by the number of samples available in each window. The 95% confidence limits on M are therefore calculated using the x” as

described by Maclennan et al. (20036) and shown as dashed grey lines.

crystallization occurs (Maclennan et al., 2003a). Mantle
melts produced in the deepest parts of the melting region
are predicted to have higher La/Yb and lower Mg/Fe than
those from the shallower parts of the melting region.
Therefore, the melts with the lowest La/Ybh and X, can be
entrapped only in the most forsteritic olivines, Fogo,
because these olivines grow from melts with the highest
Mg/Te ratio. Melts in equilibrium with Fogy olivine may
be either unmodified melts from the deeper parts of the
melting region or shallow mantle melts that have lost a
small proportion of their mass through fractional crystal-
lization. Therefore, the maximum range in melt La/YDb is
available for entrapment in Fogg olivines, whereas only the
most depleted part of this distribution can be entrapped in
Fogy olivines.

All Icelandic melt inclusions

When the extent of mixing, A, is calculated for melt inclu-
sions within single eruptions, and plotted as a function of
the average forsterite content of the olivines in the erup-
tions, then a crude increase in the extent of mixing can be
observed with decreasing Fo. However, when confidence
limits on M are calculated, the eruptions with limited
number of observations available (<10) show large uncer-
tainty in M. Itis therefore preferable to use all of the available
melt inclusion compositions, and establish the relationship
between M and host olivine composition. Because different
eruptions have different average compositions, it is useful to
define the following indicator of variability:

xi-x

V(- X)

pr=

where Xélj is the fraction of the enriched end-member in

the ith inclusion in the jth eruption, and X/ is the average
fraction of the enriched end-member in samples from the
Jth eruption. This parameter P therefore gives the differ-
ence between a sample composition and the average of
the eruption that it comes from, normalized to the
expected standard deviation of the unmixed original
volume of depleted and enriched end-member melts for
that eruption. The index £ associated with P refers to the
kth inclusion in the dataset of inclusions of interest, which
may come from several flows. Using P it is therefore possi-
ble to compare the evolution of compositional variation
with host olivine composition simultaneously for a
number of different eruptions.

It follows that to calculate M for the k=1, ..., N sam-
ples the following expression may be used:

Y Pj
M=1 _ k=l

A further advantage of the use of P is that it overcomes
the problems that arise as a result of the focused study of
melt inclusion variability from a handful of flows, each of
which has a different trace element composition.
Therefore, before a large number of inclusion compositions
are available from many of the flows from the volcanic
zones of Iceland, it is necessary to use P.

The results of the calculation of P and the associated M
are shown for all available Icelandic melt inclusion compo-
sitions in Fig. 7. The dataset of all 243 available Icelandic
melt inclusions shows evidence for concurrent mixing and
crystallization of melts, similar to that indicated by the
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Fig. 7. (a) Evolution of the deviation of melt inclusion composition from the flow average composition as a function of the host olivine composi-
tion. Data are taken from all available Icelandic melt inclusion compositions. The deviation of the melt inclusion composition from the average
is calculated using the parameter P as described in the text. (b) Variation in M calculated from the values of P in (a) as described in the text is
shown as a continuous black line. The window width and 95% confidence limits are shown in the same way as in Fig. 6.

data from Borgarhraun alone. The normalized deviation of
the inclusion composition from the flow average, P, shows
a decrease in its variance with decreasing forserite content
of the host olivine. The decrease in the variance of P corre-
sponds to an increase in the inferred extent of mixing, M,
from 0.75 at Fog; to 0-97 at Fozg, with much of the drop in
variation occurring close to Fogs. The rate of mixing with
respect to change in forsterite content is similar to that
observed for Borgarhraun, with dAM/dFo ~0-06/mol %
between Fog; and Fogy and dM/dFo ~0-02/mol % between
Fog; and Foy;. These estimates indicate that the relative
rates of mixing and cooling derived for Borgarhraun also
apply to Icelandic basaltic magma chambers in general,
and that concurrent mixing and cooling is common in
magma bodies under Iceland. These results are not depen-
dent on observations from one eruption alone: if
Borgarhraun or Gasafjoll inclusions are removed from the
analyses then very similar conclusions are drawn, despite
the degradation in quality of the estimates of M caused
by the smaller number of samples available for its calcula-
tion. The datasetofall Icelandic meltinclusions shows a drop
in M from Fogy to Fogz showing a similar establishment of
variability by the addition of mantle melts to that recorded
between Fog and Fogy in the Borgarhraun dataset.

Whole-rock data

Whole-rock compositional data from the rift zones of
Iceland also show evidence for concurrent mixing and
cooling of melt. Major and trace element data from the
Northern Volcanic Zone and Reykjanes Peninsula are
plotted in Fig. 8, and similar patterns are observed in data-
sets from the Western Rift Zone (Sinton et al., 2005) and

central Iceland (Maclennan et al., 2001%). In samples with
<10 wt % MgO, trace element ratios such as Sm/Yb and
Nb/Y show decreasing variation with a drop in the MgO
content of the whole-rock samples. These trace element
ratios are unlikely to be strongly influenced by fractional
crystallization or crustal melting under Iceland and can
therefore be used as passive tracers of mixing in the crust.
Despite the importance of olivine accumulation in some of
the samples with >10 wt % MgO, the evolution of whole-
rock MgO broadly reflects the progression of cooling and
crystallization. The fraction of enriched end-member, X,
present in each of the whole-rock samples can be calcu-
lated in the same way as described for the melt inclusions
above (Fig. 8c¢). To aid comparison of the whole-rock data
with those of the melt inclusions in Figs 6 and 7, the whole-
rock X, are plotted against the composition of the olivine
expected to be in equilibrium with the whole-rock. The X,
are most variable in whole-rock compositions in equilib-
rium with olivines with a forsterite content of ~87 mol %.
When the mixing parameter, M, is calculated for the
Theistareykir and Krafla whole-rock compositions, there
is a drop in M with decreasing forsterite content above
Fog; and then a rise in M between Fog; and Fozs. This pat-
tern is qualitatively similar to that observed for the melt
inclusions in Fig. 7 and may also be accounted for by the
establishment of variation by supply of mantle melts fol-
lowed by coupled mixing and crystallization. However,
the total range of whole-rock compositions is smaller than
that of the melt inclusions, so the minimum value of M
observed for the whole-rock is 0-92.

Although the whole-rock data contain evidence for con-
current mixing and cooling of melts, these observations
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Fig. 8. Compositional variation within whole-rock samples from the Icelandic rift zones. (a) Samples from Theistareykir and Krafla. Circles
containing crosses are glacial (>14 ka), circles containing grey triangles are early postglacial (714 ka) and and circles containing small black
filled dots are <7 ka. The cross in the bottom left corner shows the typical range of variation found within a single eruption. Data from
Nicholson et al. (1991) Nicholson & Latin (1992), Slater ez al. (1998, 2001) and Maclennan et al. (2002). (b) Same as (a) but for Reykjanes
Peninsula data of Gee ¢t al. (19984, 19985). (c) Plot of the fraction of enriched end-member, X, for the whole-rock samples from Krafla and
Theistareykir against the forsterite content of the olivine in Fe~Mg equilibrium with the whole-rock composition. The X. is calculated in the
same way as for the melt inclusions of Figs 4-6. The equilibrium olivine is calculated under the assumption that £, = 0-3 and that 90% of
the Fe in the whole-rock is present as Fe?*. (d) Variation in M against forsterite content of the olivine in equilibrium with the whole-rock
samples from Krafla and Theistareykir. Line-markings the same as those in Figs 6 and 7.

record the mixing process in a different way to the melt
inclusion compositions. It has already been demonstrated
that the trace element variation within the whole-rock
samples of individual eruptions is limited. The composi-
tions of the single eruptions are controlled by mixing of
diverse melts in a magma chamber, or set of magma cham-
bers. Therefore, the variation in the whole-rock composi-
tions from flow to flow reflects differences between
the sets of magma chambers that feed single flows. The
drop in the wvariation of X. between flows with
increasing evolution may reflect the increasing likelihood
of physical juxtaposition and mixing with diverse
melt batches with increasing residence time of melt in the
crust (Fig. 9). A further point of interest is that the data in
Fig. 8 show significantly different distributions of trace

element compositions for glacial and early postglacial
eruptions when the MgO content of the flow is >7 wt %
MgO. This difference has been attributed to variation in
mantle melting conditions related to glacial unloading
(Maclennan et al., 2002). However, more evolved rocks
show relatively little variation in composition, and the
trace element ratios of glacial and early postglacial rocks
with <7 wt % MgO are similar. These observations indi-
cate that mantle melts generated under different conditions
and at different times are able to mix in the crust. The resi-
dence time of evolved melts in the crust that is implied by
this observation may be a few thousand years or less, and is
dependent upon temporal constraints on the rate of
deglaciation and its translation into melt supply from the
mantle.
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Fig. 9. Icelandic melt inclusion compositions. Plots (a) and (b) show Sm against Yb, and (c) and (d) show La against Yb. Plots (b) and (d)
contain details of (a) and (c) close to the origin. A legend is provided in (c). In plots (a) and (c) the compositions of all of the Icelandic olivine-
hosted melt inclusions used in this study are shown as open circles, apart from those from Borgarhraun, which are grey-filled circles. Only the
Borgarhraun inclusions are shown in plots (b) and (d). The average Borgarhraun inclusion composition is marked as a white-filled circle with a
thick outline and 16 error bars plotted in (b) and (d). These error bars are based on the precision estimates for the Borgarhraun melt inclusion
compositions from Maclennan et al. (2003a). The compositions of minerals in equilibrium with the Borgarhraun average were calculated using
the partition coeflicient parameterizations of Wood & Blundy (1997) for clinopyroxene, Bédard (2005) for olivine, Bédard (2006) for plagioclase
and the experimental results of Hauri e al. (1994) for garnet. The compositions of small-degree mush-zone melts in equilibrium with a gabbro
with the trace element composition of Borgarhraun (labelled ‘F = 0 melt’on the legend) were calculated from these partition coefficients and the
Borgarhraun average, assuming that the gabbro had a modal mineralogy of 50% plagioclase, 40% clinopyroxene and 10% olivine. This modal
mineralogy is based on both the observed modal mineralogy of gabbroic nodules in Borgarhraun (Maclennan et al., 2003z) and the major
element trends of Theistareykir basalts (Maclennan e/ al., 200la). The point marked “‘WB+" shows the melt composition calculated using the
highest partition coefficients calculated for the Borgarhraun clinopyroxene from the method of Wood & Blundy (1997), that for ‘WB-" is for
the lowest partition coefficients, and the point marked ‘IP’ is based on the average composition of ion-probe measurements of Borgarhraun
clinopyroxene from Maclennan e al. (2003a). The dark-grey shaded fields in (b) and (d) show the range of melt compositions that can be
generated by reaction of the Borgarhraun average composition with cumulate minerals (trend to bottom left) or mixing with small-degree
mush-zone melts (trend to top right). The lighter grey shaded fields show the range of melt compositions that can be generated if the
Borgarhraun average estimated melt compositions are allowed to vary by the 16 precision estimate of the ion probe analyses of the inclusions.
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DISCUSSION

Rates of mixing and cooling

To compare the melt inclusion observations with the results
of physical models of melt mixing; it is useful to convert the
relative rates of mixing and change in host olivine compo-
sition, dAM/dFo, into relative rates of mixing and cooling or
crystallization. The dM/dFo for Borgarhraun and for melt
inclusions from all 10 Icelandic eruptions that have been
studied were calculated in a previous section from the
results plotted in Figs 6 and 7. To convert variations in for-
sterite content into variations in melt temperature and
extent of crystallization, it is necessary to use crystalliza-
tion models based on parameterizations of experimental
data. A range of melt compositions from the Theistareykir
and Krafla dataset were modelled using the MELTS
(Ghiorso & Sack, 1995), COMAGMAT (Ariskin et al.,
1993) and PETROLOG (Danyushevsky, 2001) fractional
crystallization models. The model pressure of crystalliza-
tion was varied from 0 to 1 GPa and the oxygen fugacity
was fixed at one log unit beneath the fayalite-quartz—mag-
netite buffer. The models’ results indicate that during the
crystallization of gabbro, which takes place when the melt
is in equilibrium with olivine less forsteritic than Fogg, the
relative rates of variation in fosterite content and cooling
and crystallization are 2-3°C/mol% < d7/dFo < 3-5°C/mol
% and 0-04per mol % <df]fdFo<0-07 per mol %,
where df]fdFo is the fractional rate of change in extent
of crystallization as a function of forsterite content.
Therefore, given that the apparent rates of change of
mixing and forsterite content over the gabbro crystalliza-
tion interval are 0-02-0-03 per mol % it follows that
the relative rate of mixing and cooling is dM/dT =
0-0094 £ 0-0036 per °C and the rate of mixing and frac-
tional change in extent of crystallization is fdM]/
df=0-52 £0-23.

In the analysis above it has been assumed that the crys-
tallization of olivine is driven by temperature decreases
rather than by magmatic degassing. This assumption is
used because the volatile contents of Icelandic basalts and
melt inclusions are low, with Gasafjoll pillows containing
0-35 wt % HsO and other rift zones eruptions from close
to the studied flows containing <0-7 wt % HoO (Nichols
et al., 2002). Extensive volatile degassing may not occur
until depths of as little of 400 m for such Icelandic erup-
tions (Guilbaud et al., 2007), much shallower than the
lower crustal sites of crystallization of the olivines that
host the melt inclusions of this study (Maclennan et al.,
2003a).

These relative rates of mixing and cooling can be used in
future studies to constrain the fluid dynamical processes
occurring within Icelandic magma chambers. The cou-
pling of mixing and cooling can be achieved by convection,
because convection not only enhances heat loss from the
magma chamber but also stirs the melt and allows it to

mix. Cooling rates of the melt in a laterally extensive sill
should be proportional to the one-third power of the
Rayleigh number in the chamber (Jaupart & Brandeis,
1986; Huppert, 2003). If the mixing rate in the sill is pro-
portional to a different power of the Rayleigh number then
the relative rates of mixing and cooling can be used to esti-
mate the Rayleigh number and quantify the vigour of con-
vection in magma chambers under Iceland. The viscosity
of the magma will increase during cooling and crystalliza-
tion, and this increase is likely to influence the mixing
behaviour. However, more data are required to identify
variation in the relative rates of mixing and cooling across
the crystallization interval considered above.

Timescales

In addition to providing relative rates and mixing and
cooling, some additional observations can be used to con-
strain absolute rates. Diffusion studies indicate that the
re-equilibration of olivines and melt inclusions with their
host melt is rapid. In a recent study, Spandler et al. (2007)
inferred that a 50 pm melt inclusion at the centre of a I mm
olivine will equilibrate with the host melt with an e-folding
(63% re-equilibration) timescale of 40 years for Ce and 2
years for Lu. These calculations were performed assuming
an equilibration temperature of 1300°C, similar to esti-
mates of crystallization temperature for the Borgarhraun
olivines (Maclennan et al., 200la, 2003a). It is expected
that Ce will show similar behaviour to La, and Lu similar
to that of Yb. The distribution of melt inclusion composi-
tions in flows such as Borgarhraun and their relationship
to the host lava compositions indicate, however, that diffu-
sive re-equilibration of trapped inclusions has not
occurred. The maximum spread in melt inclusion compo-
sitions is found in olivines containing between 87 and 90
mol % forsterite. However, the average composition of
these inclusions is the same as that of the host flow. The
preservation of the large range in inclusion compositions
indicates that the similarity of the melt inclusion and
whole-rock mean is dictated by mixing of melts rather
than by diffusive equilibration of trapped inclusions.
Further evidence for incomplete equilibration is provided
by the variation in trace element concentrations and
ratios noted within single olivine crystals (Slater et al.,
2001). Given that typical melt inclusions in primitive flows
such as Borgarhraun have a diameter of 100 pm and occur
in olivines of > mm diameter, the characteristic timescale
of equilibration for La is expected to be close to 600 years
(Qin et al., 1992).

The Fe-Mg disequilibrium between olivines and their
host lavas is demonstrated in Fig. 3. This disequilibrium
can be used to estimate the time that the olivine has been
in contact with the mixed carrier melt. To maintain dise-
quilibrium in a 5 mm diameter olivine, such as the largest
from Stapafell, indicates residence times of less than 3000
years if the diffusion rates of forsteritic olivine at 1200°C

1946

220z 1snbny oz uo isenb Aq G681LGYL/LEBL/L LI6T/O101e/ABojoljed/woo dno-ojwepede//:sdly woly pepeojumod



MACLENNAN

of Chakraborty (1997) are used, or less than 1000 years at
1300°C. Compositional profiles across crystal edges and
the margins of melt inclusions from Borgarhraun and
Stapafell show that the Fe-Mg diffusion lengths are of the
order of 50 um or less, implying residence times of 10 years
or less (Danyshevsky et al., 2002; Costa & Dungan, 2005).
Both the trace element and Fe—Mg data therefore indicate
that the residence time of the olivines in the evolved,
mixed carrier melt is short. Although the Fe-Mg zonation
possibly records only the final entrainment of olivine into a
slightly more evolved melt composition, the trace element
variation data indicate that the timescales of mixing are
less than a few hundred years.

Further evidence for limited residence time of melt in the
Icelandic crust comes from the lag time of 1 kyr or less
between deglaciation and increased eruption rates
(Maclennan et al., 2002). Furthermore, study of the
U-series disequilibrium and degree of evolution of recent
eruptions from the Vestmann islands indicates that exten-
sive evolution can occur within 20 years in Icelandic
magma chambers (Sigmarsson, 1996). The timescales of
the concurrent mixing and cooling inferred from the data
in Figs 6 and 7 are years to hundreds of years. The results
of the crystallization models described in the previous sec-
tion indicate that the cooling interval associated with the
range of olivine compositions displayed in Fig. 7 is
~200°C. The rates of cooling in Icelandic magma cham-
bers are therefore likely to be between 0-2 and 20°Clyear.
These observations may also be used to constrain the fluid
dynamics of Icelandic magma chambers.

Disentangling mantle and crustal origins
of trace element variation
Suites of Icelandic basalt samples show strong correlations
between incompatible trace element ratios and isotopic
composition. These correlations are found both on the
scale of individual volcanic systems (Zindler et al., 1979;
Stracke et al., 2003; Thirlwall et al., 2004) and across the
island as a whole (Hémond et al., 1993; Kokfelt et al.,
2006). The relationships between the trace element and iso-
topic composition of these samples strongly indicate that
mantle melts with variable compositions are fed to indivi-
dual volcanic systems over timescales of lkyr or less
(Maclennan et al., 2002; Maclennan, 2008). It is also
widely accepted that REE variation in Icelandic olivine-
hosted melt inclusions reflects variation in the composition
of mantle melts (Gurenko & Chaussidon, 1995; Slater et al.,
2001; Maclennan et al., 20034, 2003b; Maclennan, 2008).
Nevertheless, a number of researchers have highlighted
the ability of magma chamber processes to generate varia-
tion in incompatible trace element ratios within the ocea-
nic crust. Trace element depleted melts may be generated
by reaction of primary melts with the cumulate minerals
in the lower oceanic crust (Bédard, 1993). Trace element
enriched melts with primitive major element compositions

MELT MIXING UNDER ICELAND

may be generated by addition of interstitial melts from the
cumulate pile to a convecting magma body (Langmuir,
1989; Meurer & Boudreau, 1998). Recently, the composi-
tion of olivine-hosted melt inclusions from mid-ocean
ridge basalt (MORB) has been reinterpreted in terms of
such processes, with extreme trace element depletion in
melt inclusions being generated by reaction of cumulate
plagioclase and/or clinopyroxene with more enriched car-
rier melt and the host olivine (Danyushevsky et al., 2004).
This process is referred to as dissolution—reaction—mixing
(DRM). If DRM is important, then substantial local trace
element variability can be introduced to a homogeneous
parental melt, and the melt inclusion compositions need
not correspond to the compositions of significant volumes
of melt. Accordingly, Danyushevsky et al. (2004) have
urged caution in the interpretation of melt inclusion com-
positions in terms of mantle melt variability.

Sr anomalies generated by crustal processes

The influence of reaction between cumulates and percolat-
ing primitive melts on trace element systematics has
recently been evaluated by Gurenko & Sobolev (2006),
who found that positive Sr anomalies in basaltic glasses
from the Midfell eruption in SW Iceland could be
accounted for by chromatographic effects during flow and
reaction between basalts and gabbroic cumulates.
Approximately 5% of the melt inclusions used in the pre-
sent study (12 out of 203) have pronounced positive
Sr anomalies, with Sr/Sr* >2. This quantity was defined
following Gurenko & Sobolev (2006) as Sr/Sr*=Sr,/
(Ce, x Nd“)o'5 with the n subscript applied to chondrite-
normalized values. Such anomalies are independent of the
Pb isotopic composition of the inclusions (Maclennan,
2008) and the correlation between Sr/Sr™ and trace ele-
ment ratios such as La/Yb i1s weak, with r=-0-17 for
Borgarhraun inclusions. The full range of La/Yb (0-09—
3.23) is present in Borgarhraun inclusions that do not pos-
sess significant Sr anomalies (Sr/Sr* <I). These observa-
tions indicate that the Sr anomalies are produced by
crustal processes. However, further considerations, out-
lined below, strongly indicate that much of the trace ele-
ment variation found within melt inclusions from single
flows originates from variability in the composition of
mantle melts fed into the roots of single eruptions.

Pb isotope evidence for mantle origin of inclusion variability
Olivine-hosted melt inclusions from the Haleyjabunga
picrite of the Reykjanes Peninsula in SW Iceland show a
strong correlation between their trace element and isotopic
composition, with trace element ratios such as Nb/Y and
298ph/?Ph hoth displaying a significant range of values
and lying within error of binary mixing trends between
enriched and depleted melt inclusion compositions
(Maclennan, 2008). Furthermore, the compositions of
inclusions from Haleyjabunga and neighbouring Stapafell
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form an array of trace element and lead isotope ratios that
are coincident with whole-rock data from the Reykjanes
Peninsula (Thirlwall et al., 2004; Maclennan, 2008). The
isotopic variation observed in these samples cannot be gen-
erated in the young Icelandic crust, and must reflect het-
erogeneity in the composition of the mantle under the
active volcanic zones (Zindler e al., 1979; Hémond et al.,
1993; Thirlwall et al., 2004; Maclennan, 2008). The relation-
ship between the isotopic and incompatible trace element
composition of the Reykjanes melt inclusions therefore
indicates that the incompatible trace element variation in
olivine-hosted melt inclusions originates in the mantle.
The DRM and i situ crystallization processes favoured
by Danyushevsky et al. (2004) can generate neither the
observed isotopic variation in the inclusions nor the rela-
tionship between the incompatible trace element composi-
tion and isotopic composition of the inclusions. Indeed,
DRM processes should create significant scatter in the
melt inclusion trace element ratio at a fixed isotopic com-
position, and would offset melt inclusion compositions
from the compositional arrays observed in whole-rock
lava compositions.

REE element evidence for a mantle origin of inclusion
variability
The trace element systematics also indicate that mantle
processes are responsible for part of the variation in incom-
patible element composition of the melt inclusions. The
ability of crustal processes to fractionate trace elements is
dependent on the partition coefficients of the phases pre-
sent within the Icelandic crust. Numerous studies of
Icelandic xenoliths and their host basalts have found that
the dominant phases in cumulate materials in equilibrium
with primitive rift-zone basalts and picrites are olivine,
clinopyroxene and plagioclase, with chromian spinel as an
accessory phase (Maclennan et al., 2003¢; Gurenko &
Sobolev, 2006; Holness et al., 2007; and references within).
The partition coefficients of these phases can be estimated
using parameterizations that link the partition coefficient
to the major element composition of the crystal or host
melt, such as those of Wood & Blundy (1997) for clinopyr-
oxene, Bédard (2005) for olivine, and Bédard (2006) or
Bindeman et al. (1998) for plagioclase. Alternatively, the
trace element composition of phases likely to be involved
in crustal processes can be determined by direct measure-
ment (Maclennan et al., 2003a; Danyushevsky et al., 2004).
A distinctive feature of Icelandic melt inclusions is that
large variation in the concentration of incompatible ele-
ments such as La or Nb is present in inclusions that have
a relatively limited range of content of less incompatible
elements such as Yb or Y (Fig. 9). For instance,
Borgarhraun inclusions display a factor of 35 variation in
La, but only a factor of four variation in Yb.

The relatively low partition coefficient of Yb in clinopyr-
oxene, plagioclase and olivine causes DRM to reduce the

La content of the melt with a similar relative drop in Yb.
Therefore, simple DRM processes cannot generate a large
range in La or Sm with a limited shift in Yb. This problem
was noted by Danyushevsky et al. (2004), who, in their
modelling of a depleted inclusion, SI-OL24-GL3, from the
Siqueiros Transform Fault, found an acceptable fit to the
La and Sr contents of the inclusion, but provided a calcu-
lated Y concentration that was a factor of 3.7 times lower
than that of the observed inclusion. They were not able to
offer any explanation for this misfit. For the DRM model-
ling, a uniform initial carrier melt composition is required,
and in Fig. 9 the average Borgarhraun melt inclusion com-
position 1s used as an estimate of this carrier. It makes no
difference to the arguments presented below if the average
Borgarhraun whole-rock composition is used instead of the
average melt inclusion composition. The partitioning of
La, Sm and Yb into olivine, plagioclase and chromian
spinel is negligible. Therefore, the ability of DRM to alter
La/Yb and Sm/Yb ratios, equivalent to reducing La or Sm
with little or no drop in Yb, is controlled by the clinopyr-
oxene partitioning. The trace element partition coefficients
were estimated from the major element composition of
Borgarhraun clinopyroxenes (Maclennan et al., 2003a)
using the method of Wood & Blundy (1997). The REE
composition of the clinopyroxene in equilibrium with the
average Borgarhraun melt composition was calculated
using these partition coefficients. The composition of clin-
opyroxene in equilibrium with the mean Borgarhraun melt
can also be estimated from the microprobe measurements
of Borgarhraun clinopyroxene compositions by Maclennan
et al. (2003a). The clinopyroxene compositions calculated
from the partition coefficients are ~25% higher than the
average observed clinopyroxene for the middle REE
(REE) and HREE, and 50% higher for LREE. The argu-
ments presented below hold true if either the predicted
equilibrium clinopyroxene or the observed clinopyroxene
compositions are used in the DRM calculation.

The composition of the average Borgarhraun melt and
the crystalline phases in equilibrium with this melt are
shown in Fig. 9. The range of melt compositions that can
be generated by reaction between the carrier melt and oli-
vine, clinopyroxene and plagioclase are shown as grey
shaded regions to the bottom left of the carrier melt com-
positions in Fig. 9b and d. This DRM mechanism cannot
reproduce the composition of melt inclusions with low La
and low Sm but Yb similar to that of the carrier melt.
These inclusions lie below the grey shaded bands in
Fig. 9b and d.

The DRM processes described by Danyushevsky et al.
(2004) can only produce inclusions more depleted than
the carrier melt. Those workers therefore suggested that
trace element enriched inclusions were generated by inter-
action of the carrier melt with evolved residual mush-zone
melts. The composition of such residual melts is controlled
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by the partition coefficients of the cumulus phases. In crus-
tal cumulate xenoliths from Borgarhraun, olivine, clino-
pyroxene and plagioclase are the cumulus phases
(Maclennan et al., 2003a). The partition coefficients calcu-
lated above were used to estimate the composition of small-
degree melts in equilibrium with a gabbro with the trace
element composition of the average Borgarhraun melt.
The small-degree melts have predicted La/Yb and Sm/Yb
that are significantly lower than those observed in the most
enriched melt inclusions (Fig. 9a and c). Many of the
enriched inclusions lie above the grey field that indicates
the locus of melts that can be produced by mixing the
Borgarhraun average melt with the predicted small-
degree mush-zone melt (Fig. 9b and d). These calculations
demonstrate that the large variations in La and Sm with
limited variation in Yb observed in the Borgarhraun melt
inclusions are difficult to reproduce by processes involving
the phases known to exist in Borgarhraun cumulates. The
composition of garnet in equilibrium with the Borgarhraun
average melt is shown in Fig. 9a and c. HREE are compa-
tible in garnet, and melting in the presence of garnet-
bearing lithologies can generate large variations in La
and Sm with only modest variations in Yb. It is therefore
likely that part of the trace element variation preserved in
the Borgarhraun melt inclusions arises during mantle melt-
ing. This conclusion is strongly supported not only by the
relationship between isotopic and trace element variation
in the melt inclusions, but also by the trace element sys-
tematics alone.

Location of mixing

Crystallization of Icelandic basalts occurs over a range of
depths in the crust and, possibly, uppermost mantle.
Estimates of the depth of crystallization under Krafla and
Theistareykir have been provided by application of barom-
eters based on clinopyroxene—melt equilibrium, melt
saturation with olivine—clinopyroxene—plagioclase and the
crystallization order (Maclennan et al., 2001, 20034, 20035).
All three of the barometric methods indicate that
crystallization of primitive basalts occurs at pressures of
0-7-1-0 GPa, close the base of the crust at 20—30 km.
More evolved basalts, containing <9 wt % MgO, typically
show crystallization pressures close to 0-5 GPa, corre-
sponding to shallower, mid-crustal, depths. The improved
clinopyroxene—melt barometer of Putirka et al. (2003) was
reapplied to the Krafla and Theistareykir dataset.
Clinopyroxenes with Mg-numbers of 85-90 record equili-
bration pressures of 0-7-1-0 GPa, whereas those with Mg-
numbers of 75-80 give pressures of 0-4-0-7 GPa. These
results reconfirm the presence of a large range of crystal-
lization depths under the neovolcanic zones of Iceland.
Additionally, the results indicate that melts deeper in the
crust have crystallized less and mixed less than melts in
the mid-crust. Melts in magma chambers close to the
Moho may retain compositional variation reflecting

MELT MIXING UNDER ICELAND

variation derived from mantle processes. However, exten-
sive mixing in lower crustal magma chambers destroys
this variation. Magma batches that ascend to mid-crustal
magma chambers preserve little of the initial variation
present in the near-Moho chambers (Fig. 10).

The generation and destruction of
compositional variability

The results of this study, when combined with the Pb iso-
tope results of Maclennan (2008), can be used to construct
a model of the generation and destruction of trace element
variability under Iceland. The trace element composition
of melts generated in the mantle is variable for two reasons.
First, the Pb isotope data show that the composition of the
mantle source entering the melting region is variable.
Second, the fractional melting process generates substan-
tial trace element variation. These variable melt composi-
tions are transported towards the surface in high-porosity
channels. Mixing may occur in the channels and the
results of the models of Spiegelman & Kelemen (2003)
indicate that melts travelling in the centre of channels at a
given depth are mixtures of melts produced at deeper
levels. However, the channel margins transport melts that
are generated locally, in the low-porosity regions between
the channels. One consequence of these models of channel
flow is that the composition of melt supplied from the
mantle to the crust may show a bimodal distribution, with
channel centres transporting melts slightly more enriched
that the mean composition and channel margins contain-
ing extremely depleted melts (Fig. 10). Subsequent mixing
between these two end-member melt compositions in
magma chambers can generate the binary mixing relation-
ships observed in the Pb isotope and trace element sys-
tematics (Maclennan, 2008).

The record of mixing in magma chambers is provided
by the relationship between the variation in melt inclusion
compositions and that of their host olivines. Some mixing
may occur in magma chambers prior to the onset of crys-
tallization and the importance of this mixing stage is
therefore poorly constrained. Mixing is coupled to cooling
and crystallization. A possible cause of concurrent mixing
and cooling is convection in magma chambers. Convective
motions not only enhance heat loss from the magma cham-
ber but also result in stirring of compositionally heteroge-
neous melts. Accordingly, variation in any trace element
concentration or ratio that is not strongly influenced by
crystallization is diminished by mixing. The observations
therefore indicate that magma chamber processes act to
destroy variation in trace element ratios such as Sm/Yb or
Nb/Y. These processes occur in magma bodies at a range
of depths in the Icelandic crust and uppermost mantle,
with crystallization commencing at depths close to the
Moho. Magma is occasionally supplied directly from deep
magma chambers to the surface, to produce eruptions such
as Borgarhraun.
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Fig. 10. Schematic synthesis of melt mixing under Iceland. Melt pictured in channels or sills is shaded according to its X,, with dark shading
showing more depleted melts with lower X.. The vertical channels in the mantle transport variable melt compositions are as envisaged by
Spiegelman & Kelemen (2003). These melts are fed to magma bodies in the uppermost mantle and lower crust where crystallization and
mixing occurs. These bodies are shown as sills in this schematic illustration. Sometimes dykes can supply magma directly from the deep
sills to the surface for eruptions. If, however, melt ponds in shallower magma chambers then mixing and crystallization will further proceed.
The sizes and spacings of the melt channels and sills are not well constrained. Further details are given in the main text.

Magma may also pond at shallow levels within the crust,
where mixing and crystallization continue. Compositional
quantities that reflect variation in the composition of
mantle melts supplied to the system have been effectively
homogenized before they leave mid-crustal magma
chambers. Magma chambers processes such as i situ
crystallization (Langmuir, 1989), replenishment—tapping—
fractionation (O’Hara, 1977) and assimilation—fractional
crystallization (DePaolo, 1981) may produce variation in
trace element ratios. However, over the crystallization
interval considered in Figs 6-8 the importance of such pro-
cesses 1 secondary in comparison with homogenization by
melt mixing. In contrast, evolved basalts, andesites and
rhyolites of the Krafla system, which contain <5wt %
MgO, have incompatible trace element, oxygen and thor-
ium isotopic compositions consistent with the domination
of AFC as the agent of magmatic evolution (Nicholson
et al., 1991). These processes are thought to operate in the
shallow crust under Krafla (Jonasson, 2007). The transition
from concurrent mixing and crystallization in the lower
and mid-crust to AFC in the upper crust may reflect the
sluggish  mixing of high-viscosity evolved melts.
Alternatively, assimilation of crustal melts may be facili-
tated in the shallow crust, where hydrothermal alteration
is most intense (Jonasson, 2007).

CONCLUSIONS

For each of the 10 studied eruptions in the neovolcanic
zones of Iceland, the trace element compositions of
olivine-hosted melt inclusions are more variable than
those of whole-rock samples of the carrier lava. The aver-
age composition of the melt inclusions is similar to that of
the average of the host lava whole-rock samples. In
Borgarhraun, the average La/Yb of melt inclusions
remains almost constant in olivines containing less than
90 mol % forsterite. Both the average and distribution of
melt inclusion compositions differ significantly between
closely spaced eruptions. These observations indicate that
the olivines found in lava flows from the neovolcanic
zones of Iceland are not xenocrysts and are genetically
related to the magma that carries them to the surface.
Melts with compositions similar to those of the melt inclu-
sions crystallize and mix to generate the carrier magma.
The trace element compositional variation of melt inclu-
sions is related to the composition of the olivine host. The
Borgarhraun eruption shows a significant decrease in var-
iation of the La/Yb of melt inclusions as the fosterite con-
tent of the host olivine drops from 90 to 86 mol %. A
similar decrease in variation is recorded in a compilation
of all available melt inclusions (N=243) in 10 eruptions
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from the neovolcanic zones of Iceland. The deviation
between the melt inclusion composition and the flow aver-
age decreases as the forsterite content of the host olivine
drops from 90 to 76 mol %. Mixing and crystallization
are therefore concurrent in magma chambers under
Iceland. These processes occur in chambers at a range of
depths in the crust and uppermost mantle. Primitive melts
crystallize near the Moho at 20-30km depth, and the
extent of crystallization and mixing appears to increase
with decreasing depth in the crust.

Mixing and cooling can be coupled by convective
motions in magma chambers. These motions both stir
melts with different trace element compositions and lead
to increased heat fluxes from magma chambers. Melt
inclusion and olivine compositions can be used to quantify
relative rates of mixing and cooling in lower crustal
magma chambers. The rate of change of the mixing para-
meter, M, with respect to estimated melt temperature is
dM/dT =0-0094 +0-0036 per °C. It is hoped that this
rate can be used to constrain the fluid dynamical proper-
ties of basaltic magma chambers.
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