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Abstract

Binary mixing is one of the most common ways of describing the relationships between
incompatible element concentrations and Sr-Nd-Pb isotopic ratios in oceanic basalts. Ap-
parent binary mixing trends are seen in a wide variety of data sets, both at a local-scale and
globally. Here we focus on data from Iceland where isotopic variations in whole-rock samples
and olivine-hosted melt inclusions demonstrate the presence of high-amplitude, short length-
scale mantle heterogeneity. Binary mixing models fail to provide an adequate fit to data
for moderately incompatible and compatible elements, which provides evidence that some
of the variation in melt compositions arises from the fractional melting process itself. To
explore the role of mixing in determining the geochemical systematics of oceanic basalts we
have developed a new model of the mixing of fractional melts from a bi-lithological mantle
source where small enriched fusible heterogeneities are embedded in a refractory depleted
matrix. This model is a statistical model, based on the Dirichlet distribution, that allows
us to determine the expected statistical distributions of melt compositions. The Icelandic
data appears to provide evidence that the mixing process is not uniform with depth, and
that the deepest melts appear to have undergone a greater degree of homogenisation than
the shallower melts. The model most closely resembles the data when all melts beneath a
depth corresponding to ~5% melting of the refractory lithology are homogenised. We spec-
ulate that this depth marks the transition between diffuse and channelised melt flow. This
new statistical model of mixing challenges some of the conventional interpretations of trace
element-isotope systematics. Notably, picking mantle end-members from apparent binary
mixing arrays in isotope ratio plots is fraught with difficulty: in our models the apparent
binary mixing arrays do not point towards the isotopic compositions of their mantle sources
(with the exception of Pb-PDb).

1. Introduction

Isotopic and trace element data from Mid-Ocean Ridge Basalt (MORB) and Ocean Is-
land Basalt (OIB) samples are often interpreted in terms of binary mixing between two
homogeneous materials. On the scale of individual ridge segments or ocean island volcanoes
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such binary mixing models often provide good fits to the observed isotopic and incompatible
trace element ratios (Abouchami et al., 2000, 2005; Tanaka et al., 2008; Blichert-Toft and
Albarede, 2009; Hanano et al., 2010; Stracke et al., 2003b; Peate et al., 2009; Stracke et al.,
1999). It has long been recognised that the end-members of these binary mixing arrays need
not correspond to globally significant mantle components, and that mixing of three compo-
nents can lead to pseudo-binary mixing arrays when two of the components mix fully before
mixing with a third component (Hamelin et al., 1986; Douglass and Schilling, 2000). Such
regional-scale mixing is, however, consistent with the widely accepted assumption that the
isotopic compositions of the end-members of mixing arrays, or even the individual samples
themselves, correspond to those of substantial masses of mantle underneath oceanic volca-
noes. This approach has arisen naturally from a view of the mantle where short-lengthscale
isotopic and mineralogical variations are unimportant. Melts from such a mantle would have
an isotopic composition identical to that of large volumes of the solid from which they are
produced.

The study of small-scale variation in the compositions of the melts and mantle residues
generated at spreading ridges has highlighted the importance of the melting process as an
additional generator of geochemical diversity. The observation of substantial variation in the
incompatible trace element contents and trace element ratios of olivine-hosted melt inclusions
in individual MORB samples was accounted for by a model involving generation of extreme
compositional variation during fractional melting (Sobolev and Shimizu, 1993). A similar
model was used to account for the observation of residual clinopyroxene with depleted in-
compatible trace element contents in abyssal peridotites (Johnson et al., 1990). These models
are consistent with a range of compositional and physical arguments for the separation of
melts from the mantle at low porosities followed by rapid channelised flow towards the surface
(McKenzie, 1985; Kelemen et al., 1997). The observations of extreme small-lengthscale vari-
ation in the trace element compositional record of mantle melts were believed to demonstrate
that near-fractional melting was the primary cause of local-scale trace element variation, and
provided evidence that the average trace element compositions of oceanic basalts is different
from those of their mantle source regions (Sobolev and Shimizu, 1993; Johnson et al., 1990).
These differences between melt and source extended even to the incompatible trace element
ratios (Hofmann et al., 1986). A number of workers produced models of fractional melting
of a single homogeneous mantle source composition, demonstrating the substantial range of
trace element compositions that can be generated without any variation in the isotopic com-
position of the basalts (Gast, 1968; Shaw, 1970; Slater et al., 2001; Maclennan et al., 2003b).
Since these models did not involve the generation of isotopic variability, they provided no
challenge to the assumption that MORB and OIB isotopic arrays could be used to identify
the compositions of solid material in the mantle rising under oceanic volcanoes.

More recent studies (Stracke et al., 2003b; Stracke and Bourdon, 2009; Peate et al., 2009;
Cordier et al., 2010; Waters et al., 2011) have looked at a combination of trace element, major
element, and isotopic data using samples from localities tightly constrained in space and time.
These studies have found strong correlations in whole rock data between trace element ratios
and isotopic ratios. Melt inclusion studies (Maclennan, 2008b) echo these strong correlations,
at least for incompatible trace element concentrations and isotopes. The correlations suggest
that heterogeneity in the mantle source has a key control on the observed trace element
heterogeneity. Nevertheless, some part of the observed trace element heterogeneity must
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be generated by the melting process itself, as reflected in the systematics of REE variation
in olivine-hosted melt inclusions (Maclennan et al., 2003a). Furthermore, the presence of
U-series disequilibrium in young basalts from Iceland demonstrate that highly incompatible
elements can be fractionated from each other by the melting process (Condomines et al., 1981;
Hémond et al., 1993; Stracke et al., 2003c; Kokfelt et al., 2006; Koornneef et al., 2012a).

A further complication to understanding the isotopic systematics of oceanic basalts is
that isotopic heterogeneity may be coupled with lithological heterogeneity and hence with
fusibility (Hirschmann and Stolper, 1996; Stracke et al., 1999; Phipps Morgan, 2001; Stracke
et al., 2003b,c; Katz and Rudge, 2011; Shorttle and Maclennan, 2011). For example, recycled
crustal material, which is often thought to be the carrier of the isotopically enriched signa-
ture, may be more pyroxenitic and thus more fusible than the rest of the depleted peridotitic
mantle. The isotopic composition of a sample formed by melting of a multi-lithology source
will be biased from that of the mean mantle source, and will be a function of the degree of
melting. As a result, a number of studies have explained the correlations between isotopes
and trace elements as arising naturally from varying degrees of melting of a lithologically het-
erogeneous source (Phipps Morgan, 1999; Ito and Mahoney, 2005a,b; Stracke and Bourdon,
2009; Ingle et al., 2010).

The present manuscript seeks to address the following key question: Why do binary mix-
ing models work so well if the generation of melt in the mantle is dominated by fractional
melting? This question becomes even more pressing when it is understood that fractional
melting of a heterogeneous mantle can fill a huge volume in isotope and trace-element com-
positional space. We believe the answer lies in understanding precisely how the fractional
melts are mixed to form the samples we see at the surface. To this end we have developed a
new model of melting and the mixing of melts from a bi-lithological source, building on the
previous studies by Stracke and Bourdon (2009) and Maclennan (2008b). The manuscript
is organised as follows: the next section describes the main observational constraints, and is
followed by a description of a new statistical model. Subsequent sections discuss the appli-
cation of the model to trace element and isotopic data for whole rocks and melt inclusions.
Detailed mathematical derivations are provided in an appendix at the end of the manuscript.

The data used in the examples throughout this manuscript come from Iceland, but the
modelling techniques and ideas we develop are relevant for understanding melt mixing more
generally. Iceland provides one of the best windows into the melt mixing process: On Iceland
it is possible to constrain the origin of basalts tightly in space and time; spatially because it is
possible to make detailed maps of volcanic flows in the field; and temporally because one can
distinguish easily between subglacial and postglacial eruptions through their geomorphology,
and use tephrochronology to bracket the ages of postglacial flows (Seemundsson, 1991). There
is a large quantity of high quality data available from Iceland which has a wide spread of
different geochemical measurements (majors, traces, and isotopes) made on exactly the same
set of samples, both whole-rock samples and olivine-hosted melt inclusions. Having all the
measurements on the same samples is particularly important for understanding melt mixing
because of the information it provides on the correlations between different observables.
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2. Observations

2.1. Isotope — trace element systematics

2.1.1. Apparent Binary Mizing
[Figure 1 about here.]

Detailed studies of geochemical variations of the eruptive products of individual volcanic
systems on spreading ridges or ocean islands on the timescale of 103-10° years have revealed
well-defined correlations between isotope ratios of incompatible elements, most commonly Sr,
Nd and Pb. Isotope-isotope plots have been interpreted by many authors in terms of binary
mixing between two end-member solids or two end-member melts. These interpretations have
been supported by the strong correlation of these isotope ratios not only with incompatible
trace element ratios (e.g. Nb/Y) but also with elemental concentrations in primitive basalts,
such as La and Nb (Zindler et al., 1984; Stracke et al., 1999; McKenzie et al., 2004; Cordier
et al., 2010; Waters et al., 2011). For example, the relationship between the isotope ratio
208Ph /2%Ph and both the Nb concentration and the La/Yb ratio of primitive olivine-hosted
melt inclusions and whole-rock samples from the Reykjanes Peninsula in Iceland were shown
by Maclennan (2008b) to be well matched by binary mixing between the extreme end-member
melt compositions (Figure 1A,C).

[Figure 2 about here.]

Further evidence for the apparent success of binary mixing can be observed in the whole-
rock data from the Theistareykir volcanic system plotted in Figure 2 (Stracke et al., 2003b;
Slater et al., 2001). These Theistareykir samples are collected from a region ~30 km in extent
and are all from postglacial lava flows, less than ~12 kyr old. The samples stretch along linear
arrays on these plots of incompatible trace element and isotope ratios, with modest scatter
partly reflecting uncertainty in the analyses. The Reykjanes Peninsula samples are from a
slightly larger region, ~50 km long, with the filled symbols in Figure 2 being postglacial
samples. Samples from the last glaciation have compositions that either sit in the same
range as postglacial samples or extend the arrays at the enriched end. On first inspection
the Reykjanes whole-rock samples also appear to stretch along binary mixing arrays. Indeed,
Thirlwall et al. (2004) has highlighted that the Sr-Nd-Pb isotopes systematics of localised
sets of samples in Iceland are extremely well matched by binary mixing arrays, with the
misfit of such binary mixing curves to the data being similar to the analytical uncertainty.
This realisation lead Thirlwall et al. (2004) to suggest that mixing between a relatively small
number of mantle components may account for the full range of isotopic variation seen on
Iceland. They used plots such as Figure 2C to estimate the composition of mantle components
under Iceland and their preferred compositions are shown as crosses on Figure 2C.

2.1.2. Breakdown of Binary Mizing

While many aspects of isotope-trace element systematics in localised sample suites can
be accounted for by binary mixing, several key features of the data cannot be matched by
such simple models. In the Reykjanes Peninsula data, there is significant scatter of the data
away from binary mixing lines and Thirlwall et al. (2004) suggested that a third component
was required to account for this spread. Such scatter away from binary mixing lines is a
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feature of many OIB and MORB sample suites. An alternative cause of scatter on plots such
as Figure 2C will be described later in this paper.

Further evidence for the breakdown of binary mixing models can be obtained by inspection
of Figure 1. The weaker correlations observed between isotope ratios and the concentrations
of more compatible elements, such as Yb or Y, or their ratios, such as Sm/Yb, do not conform
to simple binary mixing relationships (Figure 1B,D). This observation might be interpreted
as an indication that more than two melt compositions are supplied from the mantle to the
plumbing system of individual volcanoes. However, the poor resemblance to a binary mixing
model results, in part, from the overprinting effect of fractional crystallisation on Yb and Y
concentrations. Suites of melt inclusions hosted in forsteritic olivines may have variations of
> 100 in the concentrations of some of the most incompatible elements such as Nb, while
less compatible elements such as Y vary by a factor of ~ 5. This difference in the range
of highly and moderately incompatible elements is predicted for instantaneous fractional
melt compositions of the mantle. The relatively modest variation in the Y concentration
of mantle melts allows later processes, such as fractional crystallisation, to add significant
noise to the mantle signal. A factor of 4 variation in Y is observed at nearly constant
208Ph /206Ph in olivine-hosted melt inclusions from the Reykjanes Peninsula, but this variation
is greater than can be produced by fractional crystallisation alone. A factor of 4 in Y requires
approximately 75% crystallisation, whereas the limited range of forsterite contents of the
host olivines (Fogy_g1) are expected to be generated during the first 40% of crystallisation of
Icelandic mantle melts (Maclennan et al., 2003a). Therefore, part of the range of Y at fixed
208Ph /206Ph must reflect variation in mantle melts.

Furthermore, the scatter observed in Sm/Yb at constant ***Pb/?°Pb in Figure 1D is un-
likely to result from fractional crystallisation and indicates that mantle melts with variable
Sm/Yb are associated with the enriched 2°Pb/?%Pb isotopic composition. If this inter-
pretation is correct, then binary mixing of two melts cannot account for the observations
presented in Figure 1. An important concern in the interpretation of basaltic geochemistry
from Iceland and elsewhere is that cross-plots of isotope ratios and highly incompatible el-
ement ratios are often understood in terms of simple binary mixing. However, examination
of the relationships of moderately incompatible elements reveals more complex behaviour,
which means that the simplest interpretation of the isotope ratio plots may be misleading.

2.2. Forsterite content — trace element systematics

Additional evidence against the binary mixing model is provided by the relationship
between the trace element variation of melt inclusions and their olivine hosts. The details
of this relationship were first noted by Maclennan et al. (2003a) in a study of olivine-hosted
melt inclusions from the Borgarhraun lava flow and used as evidence to support the origin
of trace element variation in the melt inclusions from mixing of a range of instantaneous
fractional melt compositions, as explained below.

[Figure 3 about here.]

Mixing between the melt inclusions with extreme La/Yb from Borgarhraun generate a
steep array on Figure 3 which plots La against Yb. The field of melt compositions that can be
generated by fractional crystallisation of the inclusions with extreme La/YDb is smaller than
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the observed range of compositions, indicating that processes in addition to binary mixing
of two mantle melts and fractional crystallisation are occurring.

[Figure 4 about here.]

Figure 4 plots La and Yb as a function of the composition of their olivine hosts. As noted
by Maclennan et al. (2003a), the pattern of variation of La concentration with the forsterite
content of the host olivines is different to that of Yb, and this cannot be explained by binary
mixing (see Appendix A). In Figure 4A B it can be seen that the mean La concentration of
the melt inclusions increases with decreasing forsterite content of the olivine host, and that
the variance in La of the inclusions remains elevated between Fog; and Fogg, with a peak close
to Fogg. In contrast, Figure 4C,D show that mean Yb concentrations fall with decreasing
forsterite content between Fog; and Fogs, and that the variance in Yb exhibits a strong peak
at Fogp and then falls with decreasing forsterite content.

This decoupling of the behaviour of La and Yb is not expected from simple models of frac-
tional crystallisation, because during the initial stages of cooling and crystallisation of mantle
melts both La and Yb are expected to be incompatible and to exhibit coupled variations in
their concentration in the melt. However, the characteristic decoupling of the variation of La
and Yb as shown in Figure 4 can be accounted for by mixing of instantaneous fractional melts
from a melting column of a single source (Maclennan et al., 2003a). Instantaneous fractional
melts can generate the required pattern of primary melt compositions to account for the
decoupling due to the differing compatibility of La and Yb during melting in the presence of
garnet. Furthermore, the fact that the forsterite content of the olivines that would crystallise
from the instantaneous fractional melts drops during the progression of decompression melt-
ing allows the melting process to account for the decoupling of La and Yb across the olivine
compositional interval from Fogg to Fogs.

[Figure 5 about here.]

At the onset of melting in the garnet field, La is incompatible and Yb has a partition
coefficient close to 1. Therefore, the first melts have the highest La of any predicted melts
and are in equilibrium with the least forsteritic olivine, Fogs, of any of the predicted melts
(Figure 5). However, the Yb content of these first melts is not extreme, due to the pres-
ence of garnet. The Yb composition of these first melts is labelled as point 1 on the dashed
curve in Figure 5. As melting proceeds, the La content of the instantaneous fractional melts
drops monotonically towards zero, and the forsterite content of the equilibrium olivines rises
towards Fogs. The behaviour of Yb is more complicated. At point 2 on the dashed curve
in Figure 5 the Yb concentration starts to rise, corresponding to the arrival of spinel as a
residual phase in the melting mantle at decreasing depth. Between point 1 and point 2 garnet
is the stable aluminous phase in the peridotite, while between point 2 and 3 both garnet and
spinel are present. The peak Yb concentration, at point 3, corresponds to the disappearance
of garnet from the residue and where Yb becomes highly incompatible. The drop in Yb con-
tents between points 3 and 4 corresponds to increasing extents of melting of spinel peridotite.
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One crucial observation from Figure 5 is that, in mantle melts, the full range of variation
in Yb is established in melts that are in equilibrium with olivines between Fogs and Fogg, while
mantle melts with extreme La contents are in equilibrium with Fogy and Fogs. Therefore, at
forsterite contents greater than Fogy mantle melting can contribute to variation in both Yb
and La. Between Fogy and Fogs; the mantle melts only add to variation in La and not in Yb.
This difference in the behaviour of La and Yb during fractional melting of the mantle can
therefore account for the observed difference in the evolution of the standard deviation of La
and Yb with the host olivine composition (Figure 4). Addition of deep melts with extreme
La can maintain variance in La in melt inclusions trapped in olivines between Fogg and Fogs.
However, the intermediate Yb contents of these deep melts provide insufficient variation to
counter the ineluctable progression of concurrent mixing and crystallisation and therefore
the observed variance in Yb drops rapidly between Fogy and Fogs.

While the models of mixing of instantaneous fractional melts from Maclennan et al.
(2003a) can account for the decoupling of Yb and La variations in forsteritic olivine, these
models are based on melting of a single source so cannot account for the observed relationship
between the isotopic and trace element variation present in Icelandic whole-rock and melt
inclusion datasets (Figure 1). It is therefore necessary to demonstrate that models of melt-
ing of a compositionally heterogeneous source are also able to account for the observations
presented in Figure 4.

3. A statistical model of melt generation and mixing

Whilst the isotopic variation in the Icelandic datasets indicates that high-amplitude and
short lengthscale variation is present in the mantle source regions that contribute to individual
volcanic systems, the melting process will also impart substantial compositional variability in
the melts. This combination of source heterogeneity and fractional melting has the capacity to
generate melts that fill a large compositional space and should not necessarily create strong
correlations between elemental concentrations or ratios and isotope ratios. It is therefore
necessary to develop a model of melt generation and mixing that can account not only for
the apparent binary mixing relationships in incompatible element concentrations and ratios
but also for the decoupling of elements of varying compatibility.

The new statistical model introduced in this work consists of two key components: a
melting model and a mixing scheme. The melting model determines the compositions of the
fractional melts; the mixing scheme determines how the fractional melts are mixed together
to produce the samples.

3.1. Melting model

We consider the melting of a two-lithology source consisting of peridotite and pyroxenite.
The details of the choice of the composition of these lithologies do not strongly influence
the most general conclusions regarding the importance of mixing of fractional melts from
a heterogeneous mantle. The behaviours that we highlight are, however, dependent on the
presence of trace element and isotopic heterogeneity in the mantle that is correlated to
variation in the melting behaviour of the material. In order to aid the comparison of our
model results with observations with Iceland, however, we choose mantle lithologies that are
similar to those that have been suggested to be melting under the island.
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3.1.1. Nature of lithological heterogeneities

The peridotite composition is that estimated for depleted upper mantle, DMM, by Salters
and Stracke (2004). Models were also run using the DMM composition of Workman and Hart
(2005) in order to verify that the conclusions later drawn from the melting models are robust
to variations in the details of the source compositions used. This DMM peridotite is more
refractory and incompatible element depleted than the material chosen as the second lithol-
ogy, which we refer to here as pyroxenite. The major element composition of this pyroxenite
is set to that of the experimental material KG2, which was created by Kogiso et al. (1998)
by mixing pyrolitic peridotite and average MORB compositions in 2:1 proportions. In detail,
this composition lies just outside the pyroxenite field of Streckeisen (1976), but has a much
higher pyroxene content than typical depleted mantle. It has recently been demonstrated
that experimental batch melts of KG2 at pressures of 3 GPa have a similar major element
composition to Icelandic basalts with enriched trace element and isotopic signatures (Short-
tle and Maclennan, 2011). The trace element composition of the enriched source was set
by mixing the depleted upper mantle composition of Salters and Stracke (2004) with the
recycled MORB composition of Stracke et al. (2003a) in a 2:1 ratio, with the exception of
the Pb concentration, which was set to 0.4 ppm.

While the geometry of the lithological heterogeneity is not directly specified in the mod-
els, it is assumed that there is no solid-state chemical interaction between the pyroxenite and
the peridotite but that thermal equilibrium is maintained. This regime operates when the
heterogeneities have a width within the range of 10s to 100s of metres (Sleep, 1984; Phipps
Morgan, 2001; Kogiso et al., 2004; Katz and Rudge, 2011). These assumptions simplify the
modelling of melt generation by adiabatic decompression of a lithologically variable mantle
because both lithologies are melting along the same pressure-temperature path. In order to
approximately match the mean composition of melts and the mean crustal thickness from
the Theistareykir segment of northern Iceland (Maclennan et al., 2001b), and the major
element constraints on the proportion of recycled basalt within the source regions of this
segment (Shorttle and Maclennan, 2011), we set the DMM peridotite to 81% of the source
by volume, with the remaining 19% of the source being KG2, which we refer to as pyroxenite.

3.1.2. Advantages and disadvantages of pMELTS for modelling

The pMELTS software was used to estimate the major and trace element composition of
instantaneous fractional melts produced by adiabatic decompression of these two lithologies,
specifically the most recent available version of the ALPHAMELTS front end available in
June 2012 (Ghiorso et al., 2002; Smith and Asimow, 2005). While several parametrisations
of peridotite melting are available, only a single mafic lithology, the G2 MORB composition,
has been parametrised (Pertermann and Hirschmann, 2003). Use of pMELTS provides flexi-
bility in terms of the provisional comparison of the melting behaviour of different lithologies.
Furthermore, pMELTS tracks the residual mantle mineralogy during melting and calculates
the trace element composition of instantaneous melts according to these shifts in mineralogy
and the melting reaction. Such variations in mineralogy, such as the shift from garnet to
spinel stability in the residue during decompression, or the disappearance of clinopyroxene
from the residue, have important effects on the trace element contents of the instantaneous
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fractional melts. These effects are crucial in controlling, for example, the differing behaviour
of La and Yb which was noted in the melt inclusion observations. An advantage of pMELTS
is that both the major and trace element composition of the instantaneous fractional melts
can be predicted, meaning that the forsterite content of the first crystallising olivine for each
primary melt packet can be calculated, allowing for comparison of model results with the
observations of the covariation of trace element contents of melt inclusions with their host
olivines. pMELT'S also offers great flexibility in the specification of the pressure-temperature
path followed by the mantle during melting. This flexibility allows us to consider the influ-
ence of the thermal effects of melting of the dominant peridotite lithology on the melting
behaviour of the pyroxenite.

While the use of pMELTS provides flexibility in the melt modelling, there are some cru-
cial aspects of the pMELTS results that must be treated with caution. These issues do not
influence the general conclusions regarding the role of melt mixing, but certain aspects of the
melting behaviour should not be regarded as robust features. The melts models are therefore
largely used in an illustrative sense: development of accurate forward models of the melting
of lithologically heterogeneous mantle is a long-term goal of igneous petrology that awaits
improvement of the underlying thermodynamic models of the phases present during melting.
The developers of pMELT'S reported that for melting of peridotite lithologies the relationship
between predicted melt fraction and temperature is offset from experimental results by up
to 60°C such that melt fractions predicted from pMELTS at a given temperature are lower
than those observed in laboratory experiments (Ghiorso et al., 2002). This problem clearly
limits the usefulness of pMELTS when attempting to estimate mantle potential tempera-
tures from natural basalt compositions. These features are also linked to an overestimation
of the proportion of clinopyroxene in the solid residue and predicted liquid MgO contents
that are significantly higher than the experimental products at small melt fraction, by as
much as 3 wt% absolute. Nevertheless the patterns of major and trace element evolution as
a function of extent of melting, the signs of slopes and kinks in the experimental data, are
well reproduced by pMELTS. The near-solidus behaviour of pMELTS is also complicated
by problems associated with nature of incorporation of minor elements such as Cr, K, and
P into solid phases and has lead several authors to limit the use of these elements in their
comparison of pMELTS predictions with experimental results (Lambart et al., 2012). Imper-
fections involved in the calculation of crystallisation paths of primitive basalt compositions
by MELTS and pMELTS have been highlighted by Villiger et al. (2004). These authors
demonstrated that pyroxenes are predicted as liquidus phases by MELTS and pMELTS un-
der experimental conditions when olivine has been shown to be the liquidus phase. This
overestimate of the proportion of pyroxene in the crystallising assemblage can drive the Si
content of the predicted remaining liquid to values that are lower than those observed either
in experimental studies or in natural basaltic suites.

Given these considerations, we do not use pMELTS for any crystallisation models, and do
not use pMELTS models of mantle melting to constrain potential temperature or other bulk
physical or chemical properties of the mantle. Instead, we use pMELTS in an illustrative
fashion, to show how trace element and major element compositions of fractional melts might
be expected to vary during decompression melting of a bi-lithological mantle. The major con-



348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

clusions reached from the modelling presented below are robust to the limitations of pMELT'S.

3.1.3. pMELTS modelling of melting of bi-lithological mantle

The melt modelling had to be carried out in a number of stages because pMELTS does not
yet explicitly include an option for bi-lithological melting. Furthermore, the recommended
maximum pressure of pMELTS calculations is 4 GPa, a constraint that limits the style of
calculation of deep melting of fusible lithologies at elevated mantle potential temperature.

[Figure 6 about here.]

First, the melting calculations for isentropic decompression of the depleted mantle com-
position, DMM, were performed at a model potential temperature of 1512°C. This high
potential temperature reflects the fact that the models results are eventually compared with
observations from Iceland. The calculated solidus intersection pressure was 3.3 GPa (106 km
depth) in this model but because a residual porosity of 0.5% was used, melt was only ex-
tracted from depths of 101 km and shallower (Figure 6). The maximum extent of melting
was 30.3% at the top of the melting region at 1.0 GPa (25 km). The discontinuities in the
gradient of the melt fraction against depth for DMM are related to the disappearance of solid
phases from the residue: cpx-out at 78 km, garnet-out at 50 km and spinel-out at 38 km. The
stability of garnet to such low pressures and the limited stability range of spinel partly reflects
imperfections in the pMELTS garnet model, but also the fact that the DMM composition
was limited to the system CFMAS-Mn, with the minor elements Na, K, P, Cr and Ni treated
as trace elements (Smith and Asimow, 2005; Lambart et al., 2012). The disappearance of
garnet from the solid assemblage leads to the peaks in the Y and Yb concentrations ob-
served in the instantaneous fractional melts of DMM (Figure 6H,I). While it is likely that
the depth of garnet-out and the peaks in heavy REEs and Y are deeper than 50 km under
Iceland (Maclennan et al., 2003a), the crucial feature of the trace element distributions for
the mixing models presented below is that the peak concentrations for the heavy REEs and
Y occur shallower in the melting region, at higher extents of melting, than those for the light
REEs. These REEs and other highly incompatible elements show their peak concentrations
at the base of the melting region (Figure 6B-E).

The next stage of the melting calculations was to examine the isentropic decompression
of the enriched KG2 composition. This material is more fusible than DMM and intersects its
solidus at greater depth. Even after restricting the KG2 composition by removing Na and
K from the suite of major elements, the solidus depth of KG2 is poorly defined and at much
higher pressures than the recommended 4 GPa limit for pMELTS calculations. Fortunately,
the solid phase assemblage for KG2 bulk composition is predicted to change very little over
the pressure range from 3-5 GPa or more. The initial stage of melting of KG2 is therefore ap-
proximated by calculating the isobaric fractional melting behaviour at 3.3 GPa, the solidus
pressure calculated for DMM on the adiabat corresponding to a potential temperature of
1512°C . The KG2 composition has melted by 19% at these solidus conditions for the DMM
composition. The fractional melt compositions from this initial melting interval were then
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stretched to depths between a KG2 solidus at 138 km and the DMM solidus at 106 km. The
depth of the solidus of KG2 was set to occur at a pressure ~1 GPa greater than that of
DMM and the solidus productivity was fixed at 13%/GPa, broadly following the findings
of Pertermann and Hirschmann (2003). With knowledge of the solidus depth, the solidus
productivity and the extent of melting at 106 km, it was possible to calculate a quadratic
melt fraction against depth relationship for the initial melting interval and stretch the melt
compositions from the isobaric calculations to their corresponding melt fraction.

The final melting calculation involved decompression melting of the solid residue of the
isobaric melting of KG2. The decompression interval was from the solidus pressure of DMM
to the lower pressure limit of pMELTS at 1 GPa. As described previously, it was assumed
that the mass fraction of KG2 present in the melting mantle was small enough that the
decompression path for both lithologies could be assumed to follow the melting isentrope of
DMM. The melt fraction against depth curve for KG2 exhibits a number of steps in gra-
dient not only as a result of the disappearance of solid phases from the KG2 residue but
also in response to changes in gradient of the geotherm set from the DMM melting. The
most important of these steps occurs at the solidus of DMM, where the productivity of
KG2 drops significantly. This feature occurs because the onset of melting of the refractory
DMM lithology draws latent heat from the mantle and causes an increase in the geothermal
gradient. The predicted trace element behaviour of the KG2 melts shows a maximum for
incompatibles at the base of the melting region and peaks in heavy REEs and Y at about
60 km depth after the disappearance of garnet from the solid residue (Figure 6). The key
differences between the distribution of instantaneous fractional melt compositions for KG2
and DMM are first that the deeper onset of melting for KG2 means that the incompatible
elements are transferred to the melt deeper and second that for most of the incompatible
elements the concentrations from the first melts of KG2 are higher than those for DMM.
The high concentrations of incompatible elements in the first melts of KG2 reflect the high
concentrations in the KG2 source. These features, particularly the difference in the depth of
transfer of the elements Pb, Sr and Nd for the KG2 and DMM lithologies, have important
consequences for isotopic variation that is preserved during progressive melt mixing and for
the interpretation of plots of isotopic data from individual volcanic systems or mid-ocean
ridge segments. This crucial finding is explored in later sections.

3.1.4. Partition coefficients

The partition coefficients used in the trace element modelling are those dependent on
pressure, temperature and composition, set as defaults in pMELTS (Smith and Asimow,
2005; Wood and Blundy, 1997). One trace element that is worth particular attention is
Pb, not only because its isotopes are used to trace source variability but also because its
partitioning behaviour during mantle melting is relatively poorly understood (Blundy and
Wood, 2003). The relative constancy of Pb/Ce in oceanic basalts has been used to argue
that the effective partition coefficient of Pb during mantle melting under ridges is similar to
that of Ce (Hofmann, 1988). However, experimental partitioning studies have found that Pb
is significantly more incompatible than Ce during peridotite melting (Salters, 2002). These
authors suggested that the presence of trace sulphides in the peridotitic mantle may ac-
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count for the mismatch between the observed uniformity of Ce/Pb and the experimentally
determined partition coefficients. Alternatively, more recent experimental studies of Pb parti-
tioning indicate that it may be more compatible than Ce during pyroxenite melting (Klemme
et al., 2002; Elkins et al., 2008), raising the possibility that the apparent similarity in Ce and
Pb behaviour reflects a balance of peridotite and pyroxenite in the mantle source regions.
We therefore set the partition coefficients of Pb during DMM melting to be equal to the
pMELTS predicted partition coefficient for Ce, and for melting of KG2 we used D.px = 0.04,
Dgi = 0.04, Dopx = 0.01 and Dy = 0.005.

The target of this modelling is to use the model fractional melt compositions as a template
for understanding the covariation of elements and isotopes in samples from single volcanic
systems, rather than matching average observed compositions or crustal thicknesses from
Iceland. Nevertheless, the overall melt production for a triangular sub-ridge melting region
containing 19% KG2 in a matrix of DMM provides a good, if non-unique, fit to the observed
volume-averaged REE compositions from Theistareykir, such that the predicted concentra-
tions are within 25% of those observed for all REEs (Maclennan et al., 2001a). In addition,
the predicted crustal thickness is approximately 22 km, in good agreement with the observed
crustal thickness under Theistareykir of ~20 km (Staples et al., 1997).

3.1.5. Mean melt compositions

For each lithology 7, the melting model provides two key functions: X;(z), the degree of
melting at a depth z (as plotted in Figure 6), and ¢;(X), the concentration of the fractional
melt produced at that depth. The pMELTS modelling described above provides ¢;(X) not
only for a range of trace elements, but also for major elements including Mg and Fe, which
are used to calculate the forsterite contents of olivines crystallising from the melts. The mean
composition of the melt produced by lithology 7 is a weighted mean of the fractional melt
compositions

[T s ax

i Xmax
/ ws(X) dX
0

where w;(X) is a weight function which differs depending on the style of melting considered:
for a simple 1D melting column w;(X) is constant; for a triangular melting region w;(X) is
the depth from the top of the melting region. X3"** is the maximum degree of melting. (1)
can be written is terms of normalised weights @;(X) as

: (1)

G, = / " 5 (X)e(X) dX, @)

where
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The mean composition of the total melt produced from all of the lithologies is a weighted
mean of the C},

C= > fC, (4)
j=1

where m is the number of lithologies (m = 2 for the calculations here). If the source contains
proportions {pi,...,p,} of the different lithologies, the proportions f; are given by

Dj / wj(X) dX
0

- m X;?ax *
k=1 0

For computational convenience it is useful to divide the melting curve for each lithology
into a discrete number of fractional melt “packets”, where cé- is the concentration of the 7*®
fractional melt packet produced by melting the j™ lithology, i = 1,...,n;, j = 1,...,m.
n; is the number of discrete melt packets produced from lithology j. AXj is the degree of
melting associated with each melt packet, and XJ’: = (1 — 1)AXj; is the discretized degree
of melting (¢} = ¢;(X})). The total degree of melting of each lithology is X" = n;AXj.
AX; is chosen to be small (AX; = 0.01%) to provide an accurate approximation to the true
fractional melt curve. In the limit that AX; — 0 the continuous fractional melt distribution
is recovered.

The discrete analogue of (2) is

i (5)

Ci=) @ (6)
=1

where the @} are normalised weights, w} = w;(X?}),

s R (7)

! ZZZI w}

The mean composition of the total melt is then

T=2 01, ®)

i.e. a weighted average over the compositions of the individual fractional melt packets.

3.2. Mixing scheme

The mixing scheme proposed here considers each sample to be a particular mixture of
fractional melts. The composition of a sample is thus a weighted average of the compositions
of the individual fractional melt packets,

C=2 2.7 (9)
j=1 i=1
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which is very similar to (8), except that the weights f; are chosen randomly: the hats on f;
and C are used to signify that they are random variables. The probability distribution of
the random weights f; determines the amount and style of mixing. To be a valid mixture,
the 7 must only take positive values and must satisfy the constant sum constraint,

>0, in]: : (10)

j=1 i=1

An additional constraint to place on the random weights f; is that they should produce

compositions that agree with (8) in the mean, i.e. E(C’) = C, where E denotes expected
value. This can be achieved by demanding that

E(7) = f;@5. (11)

Within the restrictions placed by (10) and (11) there are a plethora of possible probability
distributions for the weights f; Amongst these possible distributions, there is one distri-
bution that is particularly special. This distribution is the Dirichlet distribution, which has
stronger independence properties amongst the weights f; than all other possible distributions
(see Appendix B for a summary of the properties of the Dirichlet distribution). These inde-
pendence properties mean that all fractional melt packets are treated equally in the mixture,
and in particular there is no depth-dependence to the mixing process. To satisfy (11), the
weights f; are formally distributed as a Dirichlet distribution with parameters a;'- given by

{TA},...,f?l,...,fil,...fﬁlm}NDir(a},...,a?l,...,a#,...,aﬁ{”),
o = (N = 1), (12)

Using a Dirichlet distribution, once the mean composition is set by (11) there is only one
further parameter controlling the distribution of the weights. This parameter is given in (12)
as N, which we will term the mixing parameter, and varies from 1 to oco. N controls the
amount of mixing between the different fractional melts, with N = 1 representing no mixing
and N = oo representing complete mixing. The behaviour of the Dirichlet distribution is
illustrated in Figure 7 for a simpler case of three components (rather than the formally infinite
number of components produced by fractional melting). Full details of the mixing scheme
can be found in Appendix C.

[Figure 7 about here.]

The mixing parameter N is the key controlling parameter in the mixing scheme. When
N =1, the samples from the distribution are simply the individual fractional melt packets.
When N is large, all samples have very similar compositions, close to that of the mean
composition of the melt produced. The role of the mixing parameter N is perhaps best
understood in terms of the effect it has on the variance of the sample concentrations,

var(C) (13)

1
N?
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i.e. large N implies small variance, well mixed. N is related to the mixing parameter M
used by Maclennan (2008a) by M =1 —1/N (M = 0 is unmixed, M =1 is well-mixed).

The mixing parameter /N used here is similar, but subtly different to, the mixing parameter
N used in the work of Rudge et al. (2005) and Rudge (2006). In those papers, sampling is
achieved by mixing together a discrete number N of independent identically distributed
packets from a given distribution. The parameter N in Rudge et al. (2005) and Rudge
(2006) is discrete, whereas the parameter N used in the Dirichlet mixing scheme proposed
here is continuous (e.g. N = 2.5 is allowed). The mixing scheme of Rudge et al. (2005)
and Rudge (2006) produces discrete distributions, as the proportions in which the different
components are allowed to mix is discrete. The key advantage of the Dirichlet mixing scheme
is that it produces continuous distributions. There are however strong similarities between
the two mixing schemes: both have concentration variance o< 1/N, and both approach normal
distributions for large N. A more detailed discussion of the relationship between the two
schemes can be found in Appendix F.

3.3. Homogenisation at depth
[Figure 8 about here.]

The Dirichlet distribution-based mixing scheme described above treats all fractional melt
packets equally, independent of the depth at which they are generated. Thus as it stands
the mixing scheme cannot be used to model depth-dependent mixing processes. To create a
mixing scheme which includes some depth dependence in the mixing, in some model runs we
include an additional process prior to applying the mixing scheme described above, namely
a process of homogenisation at depth. We defer discussion of what physical mechanism may
cause such a homogenisation to section 5. In the model runs with a homogenisation at
depth the fractional melt distribution is altered before sampling so that all melts taken from
below a certain prescribed depth are given a single composition equal to the appropriate
weighted mean composition below that depth. An example of this process can be seen in
Figure 8. The homogenisation at depth has the effect of removing a lot of the variability
that is produced by the very first fractional melts that have the highest concentrations
of incompatible elements. The fractional melts that are homogenised over have an equal
contribution to every sample: an illustration of this can be seen in Figure 9, again for a
simpler case of just three components.

[Figure 9 about here.]

3.4. Fractional crystallisation and concurrent mixing

In one of the model runs (Figure 13) a further process is included: fractional crystallisation
and concurrent mixing. This is particularly important when considering the forsterite content
of the olivines that host the melt inclusions, as fractional crystallisation then exerts a strong
control. It is thought that samples that have undergone a greater degree of crystallisation
are also likely to be more well mixed (Maclennan et al., 2003a). To model this, a standard
uniform random variable is introduced

A

U ~ Uniform(0, 1) (14)
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and functions are proposed that relate both the degree of crystallisation x and the mixing
parameter N to this standard uniform random variable,

X = XmaxU?, (15)
; Nmax 0

The functions above are somewhat ad hoc. They were chosen so that the degree of crys-
tallisation varies from zero to some maximum value Ypmax (here xmax = 20%), and so that
the mixing parameter varies from some minimum N, to some maximum value Np.,.. Of
course, many other functions can be concocted that satisfy these properties: the above are
chosen simply to demonstrate the main effects of concurrent mixing and crystallisation.

The compositions of the samples before crystallisation are generated just as before, except
that N is now a random variable rather a parameter, and thus is different for each sample.
The crystallisation is modelled using

A C
Ccryst-sample = ﬂ; (17)

I50cryst—sarnple = EQO - OOAC' (18)

Equation (17) gives the concentration of the crystallised sample: for the purposes of this work
it is assumed that La and Yb can be considered as perfectly incompatible when modelling
crystallisation. Equation (18) states that the forsterite content of the crystallised sample
decreases linearly with the degree of crystallisation. « is a parameter which governs this
decrease (here av = 20). The true dependence of forsterite content on degree of crystallisa-
tion is non-linear (see Maclennan et al. (2003a) for details), a linearisation is used here for
simplicity.

4. Model results

4.1. Forsterite content — trace element systematics

[Figure 10 about here.]
[Figure 11 about here.]

Figures 10 and 11 show plots from model runs with La and Yb of variably mixed melts
plotted against the forsterite content of olivines in equilibrium with these melts for different
values of the mixing parameter N. Each point represents a random sample from the distribu-
tion, and each sub-plot shows 2000 such samples. The samples are colour-coded according to
proportion by mass in which each lithology contributes to the sample, with dark blue being
a pure melt from the peridotite and dark red a pure melt from the pyroxenite. When N =1
each sample represents a single fractional melt, and lies on the curves expected for fractional
melting (similar to Figure 5). For example, the first fractional melts of the peridotite will
be highly concentrated in La (8 ppm) and be in equilibrium with ~Fogy olivines. Later
fractional melts will be much more depleted in La (tending to zero concentration) and be in
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equilibrium with more forsteritic olivines. The first fractional melts of the pyroxenite will
have even higher concentrations of La (20 ppm) (as the pyroxenite is rich in incompatible
elements) but will be in equilibrium with less forsteritic olivines (at around Fogs). Later
fractional melts will be again more depleted in La, and again be in equilibrium with olivines
with higher forsterite contents.

From each sub-plot to the next N doubles, each sub-plot representing more mixing having
taken place than in the previous sub-plot. As the variance in concentration scales with 1/N,
each sub-plot has a reduction in standard deviation of 1/ V/2 from the previous one. For large
values of N the distributions appear elliptical on these plots as they approach the normal
distribution behaviour expected from the central limit theorem. For large N, La shows a
fairly strong negative correlation with forsterite content (correlation coefficient » = —0.57)
whereas Yb is essentially uncorrelated (r = 0.16).

[Figure 12 about here.]

For comparison with the data shown in Figure 4, Figure 12 shows La and Yb of the mixed
melts plotted against the forsterite content of the equilibrium olivine for a moderate value of
the mixing parameter N = 12, alongside the standard deviation in La and Yb concentrations
at fixed forsterite contents. Unlike the simple binary mixing models of Figure 23 there is now
a distinct difference in behaviour between La and Yb, more in line with what is seen in the
observations (Figure 4). As the forsterite content of the olivine decreases there is a distinct
increase in the variance in La concentration of the equilibrium melts whereas the variance in
Yb concentration of these melts decreases.

[Figure 13 about here.]

Figure 13 shows a model run that includes the effect of concurrent mixing and crystalli-
sation, as discussed in section 2.2. The mixing parameter increases from N = 12 with no
crystallisation to N = 108 at 20% crystallisation (a factor of 3 reduction in the concentration
standard deviation). Figure 13 reproduces some of the key features seen in the observations
of Figure 4: a peak in La variance around Fogg and steady decline in Yb variance with de-
creasing forsterite content. Hence models of melting a compositionally heterogeneous source
can account for the main features of the observations presented in Figure 4, although it
should be noted that they equally may well be explained by melting a homogeneous source
(Maclennan et al., 2003a).

4.2. Isotope — trace element systematics
[Figure 14 about here.]

The main motivation for studying the melting of a heterogeneous source is to examine the
link between trace element and isotope systematics, which we turn to now. Figure 14 shows a
plot of La/Nd against ***Nd /***Nd for model runs with different values of the mixing parame-
ter N, to be compared with the data in Figure 2. The N = 1 case again shows the fractional
melts. The peridotite source has a depleted isotopic signature (143Nd/Nd=0.5133), the
pyroxenite source an enriched signature (M3Nd/**Nd=0.5129). Since the melting process
does not fractionate *3Nd from '*4Nd the fractional melts preserve the isotopic ratios of
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their sources and thus appear as vertical lines in Figure 2. As in Figures 10 and 11, mixing
reduces the variance and the distribution starts to resemble a bivariate normal distribution.

A key difference should be noted between the model and the data: In the data shown in
Figure 2 there is a strong negative correlation between La/Nd and **Nd/**Nd, whereas the
model shown in Figure 14 predicts very little correlation (r = 0.05). This is a general feature:
real data often show much better correlations than would be expected from a straightforward
mixing of the fractional melts.

[Figure 15 about here.]

One way of producing better correlations is by altering the way mixing takes place. This
is achieved in the model by homogenising at a depth of 85 km before Dirichlet sampling
(see description in subsection 3.3). The effect of homogenisation at depth is illustrated in
Figure 15 which shows a plot of the correlation coefficients amongst different trace element
concentrations and isotopic ratios with and without a homogenisation at depth. Unsurpris-
ingly, Figure 15 shows that trace elements with similar compatibilities correlate well with one
another. The correlation pattern amongst the trace elements is independent of the mixing
parameter N, but is substantially altered by the homogenisation at depth. This is particu-
larly noticeable amongst the more incompatible elements (Hf to U), and arises because the
situation essentially resembles that of binary mixing: Deep melts which are homogenised
over have uniform concentrations of highly incompatible elements, shallow melts have effec-
tively zero concentrations of highly incompatible elements. The samples are simply a binary
mixture between one effective end member with uniform concentrations and another with
concentrations close to zero.

[Figure 16 about here.]

Figure 16 shows a plot similar to Figure 14 which includes homogenisation at a depth
of 8 km. The effect of the homogenisation can most clearly be seen in the N = 1 sub-
plot in Figure 16. The most extreme La/Nd ratios have disappeared from those seen in
Figure 14 since they represent the deepest fractional melts. In their place is a single point
at "3Nd/"Nd=0.5130, La/Nd=0.4 (circled) representing the homogenisation of the deep
fractional melts below 85 km. The shallower fractional melts remain unhomogenised, having
lower La/Nd ratios and the isotopic ratios of the original sources. Importantly, for large N
there is now a stronger inverse correlation between La/Nd and 3Nd/Nd (r = —0.87),
more like that seen in the real data (Figure 2). Encouragingly, the scatter away from a single
binary mixing line which is observed in the data is also reproduced by this model. It is im-
portant to realise that such scatter away from the binary mixing trend is produced on these
plots by a melt mixing model where only two source compositions are present. This model
result indicates that observation of scatter on such trace element-isotope plots on MORB
or OIB datasets need not require the presence of three or more source compositions in the
associated mantle melting region.

This strong inverse correlation can be thought of as a consequence of creating a pseudo-

binary mixing situation. In the N = 1 sub-plot of Figure 16 there are effectively three end-
members: the homogenised deep melts (the circled green point), the shallow melts from the
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pyroxenite (dark red points), and the shallow melts from the peridotite (dark blue points,
which have some spread in La/Nd). The shallow melts from the pyroxenite are formed
after the pyroxenite has undergone a degree of melting of 20% (Figure 6) and will have
next to no La and very small amounts of Nd. The shallow melts of the peridotite are
formed after the peridotite has undergone a degree of melting of only 5% and thus will
have greater concentrations of both La and Nd than the shallow melts of pyroxenite. The
highest concentrations of La and Nd are in the homogenised deep melts. Since the shallow
pyroxenitic melts have such limited concentrations of La and Nd, and since the source is
mostly peridotite (more than 80%), the mixing array is dominated by pseudo-binary mixing
between the homogenised deep melts and the shallow melts from the peridotite. Note also
that binary mixing lines are linear on this plot due to the common denominator Nd (Vollmer,
1976; Langmuir et al., 1978).

[Figure 17 about here.]

A homogenisation depth of 85 km is used throughout this work. We have experimented
with this depth and found it to be a reasonable value for producing the desired pseudo-binary
trends. The effect of varying the homogenisation depth can be seen in Figure 17. Setting
the homogenisation depth below the onset of peridotite melting does not significantly change
correlations from the unhomogenised case as a substantial proportion of the variance in trace
element concentration is generated by fractional melting of the peridotite which is more than
80% of the source (top panels of Figure 17). If the homogenisation depth is set much shallower
than 85 km then the shallow peridotite melts become too depleted in incompatible elements
to have much influence, and the correlations seen in plots such as Figure 16 become worse
(bottom panels of Figure 17). Given the limitations of the pMELTS modelling, as described
in section 3.1.2, our preferred homogenisation depth of 85 km is not likely to have physical
significance in melt generation and mixing under Iceland. A more robust conclusion is that
the strength of correlations found in the observations are matched when all melts produced
at depths greater than the point where the peridotite matrix has undergone ~5% melting
are mixed before extraction. As discussed in later sections, this feature of the model results
is likely to have significance for understanding the physics of melt extraction under Iceland.

[Figure 18 about here.]
[Figure 19 about here.]

Figures 18 and 19 show plots similar to Figures 14 and 16 for La/Yb plotted against
3Nd/M*Nd. There is a similar change in the correlation structure on homogenisation at
depth: going from essentially zero correlation without homogenisation at depth to moderate
negative correlation (r = —0.31) with. Interestingly, the model data show a triangular
structure for intermediate values of N (Figure 19), with greater variance in La/Yb at low
values of 3Nd/1Nd than at high values. This triangular structure is a feature also seen in
the real data (Figure 2) although not a perfect match. The difference between the plots of
La/Nd in Figure 16 and La/YDb in Figure 19 lies in the fact that Yb is much more compatible
than Nd. As a result the shallow melts of the pyroxenite have significant concentrations of Yb
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and the resulting mixing is more pseudo-ternary than pseudo-binary with the shallow melts
of the pyroxenite having an influence. Mixtures with significant amounts of the pyroxenitic
shallow melts will be pulled down to low values of La/Yb but their **Nd/*Nd values will
be largely set by the Nd-bearing homogenised deep melts and peridotitic shallow melts.

[Figure 20 about here.]

A further model run is shown in Figure 20 that plots Nb, Y, La/Yb and Sm/Yb against
208ph /206Ph for N = 5 and a homogenisation depth of 85 km, to be compared with the
real data in Figure 1. As can be seen in Figure 15, after homogenisation at depth, the lead
isotopes show a reasonable correlation with Nb and other highly incompatible elements, but
correlate less well with the more compatible elements such as Y. The Nb versus 2%*Pb/2%Ph
plot in Figure 20 bears some similarity with the data shown in Figure 1, although is not a
perfect match. A notable similarity between model and data is that at low 2°8Pb/2%Ph there
is more variance in Nb concentrations than at high 2**Pb/?°Ph. The curved nature of the
array is somewhat also similar to a hyperbolic binary mixing line, and may explain why a
binary mixing model works so well for the real data (Figure 1). Like the real data, the plots
of Y and Sm/Yb against 2**Pb/?°Ph are more diffuse.

The Nb against 2°Pb/?%Pb plot (Figure 20A) can be understood in terms of mixing
between the three effective end members of the homogenised deep melts, the shallow melts
from the pyroxenite, and the shallow melts from the peridotite. The homogenised deep melts
have high Nb concentrations (4 ppm) and 2°*Pb/?**®Pb=2.02. The shallow melts from the
peridotite have less Nb (< 1 ppm) and ?%Pb/?*Pb=2.28. Mixing between homogenised deep
melts and the shallow peridotitic melts must lie on hyperbolic mixing lines between the two
points with curvature controlled by the relative concentrations of Pb: The homogenised deep
melts have Pb concentrations more than a factor of 10 greater than the shallow peridotitic
melts, leading to a series of possible convex curves between the two points for mixtures to
lie on. The situation is slightly complicated by the additional mixing in of the pyroxenitic
shallow melts: unlike in the ratio plot of Figure 16 the pyroxenitic shallow melts play more
of a role because a concentration is plotted on the vertical axis rather than a ratio. The
pyroxenitic shallow melts have very little Pb so do not affect the Pb isotopes, but the fact
they have next to no Nb causes them to reduce the Nb concentration at fixed 2**Pb/?*°Pb
on the plot, leading to the triangular shape of the array.

The Y against 2°Pb/?%Pb plot (Figure 20B) can not be thought of in terms of mixing
between simple end members. Since Y is relatively compatible, both the shallow pyrox-
enitic and the shallow peridotitic melts exhibit a wide range in Y concentrations (from 0
to 80 ppm for the pyroxenitic melts, and from 0 to 100 ppm for the peridotitic melts, see
Figure 6H) and thus cannot be thought of as simple end members. This is the reason for
the more diffuse distribution in Y versus 2°*Pb/?°Pb. The variance in Y is highest at low
208Ph /206Ph: this can be understood in terms of mixing between the homogenised deep melts
(28Pb/2%Pb=2.02, Yb=14 ppm) and the very shallow (< 75 km) melts from the peridotite
and pyroxenite. These very shallow melts have a wide range of Y concentrations (from 0
to 100 ppm) but no Pb. They thus cause a large variability in Y concentration with no
variability in 2%Pb/?®Pb. In order to produce compositions with larger 2°*Pb/2%Ph some
mixing in of the unhomogenised melts of the peridotite from around 85 to 75 km is required,
which have almost uniform concentration of Y of around 11 ppm.
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The apparent binary mixing observed in the data on the plots of La/Yb or Nb against
208Ph /206Ph can only be matched by the mixing models under a certain set of circumstances.
First, the Pb concentrations in the deep homogenised melts must be 10 or more times higher
than those in the shallow unhomogenised melts from the peridotite (this produces curvature
on the pseudo-binary mixing line). Second, the Pb concentrations of the shallow unho-
mogenised melts from the pyroxenite should be very close to zero (so they do not affect
the Pb isotopic compositions). Finally, the Nb and La concentrations of the shallow unho-
mogenised melts from both lithologies should be close to zero (to match the samples that
have high Pb isotopic ratios but very low Nb and La/YDb). There are important trade-offs
between the depth of homogenisation, the partition coefficients for the elements in the litholo-
gies and the source concentrations of the elements in models that successfully reproduce the
observations. Since the details of these trade-offs are dependent on variables that are not
well constrained in the source regions, the primary purpose of the models is to illustrate that
mixing of fractional melts from a bi-lithological mantle can account both for the apparent
binary mixing in plots like Figure 1A and the scatter in Figure 1D. Nevertheless, one robust
feature of successful mixing models is that the depth of homogenisation occurs after only a
small fraction of melting of the depleted peridotite matrix: this feature is required to supply
the Pb for the apparent depleted end-member on these plots.

4.3. Isotope systematics
[Figure 21 about here.|

[Figure 22 about here.|

Mixing of fractional melts complicates the interpretation of isotope ratio-isotope ratio
plots, examples of which are shown in Figures 21 and 22. These plots again show the effect
of mixing for different values of the mixing parameter N, with and without homogenisation at
depth. The model runs demonstrate an important point that mixing arrays need not point
towards the source compositions, even when only two end-member isotopic compositions
are present in the mantle source. This phenomenon holds true even for melting a uniform
lithology, and an analytical demonstration of this is given in Appendix E.

Without homogenisation at depth (Figure 21), there are just two points on the N = 1
subplot given by the isotopic ratios of the two sources (the crosses). The N = 2 subplot
demonstrates the wide range of compositions that can be produced by mixing the fractional
melts: in effect any of the points on any of the mixing hyperbolae between the two crosses
is possible. This can be understood by considering the binary mixing hyperbola between a
single fractional melt from the peridotite and a single fractional melt from the pyroxenite.
The curvature of this mixing hyperbola is controlled by the ratio 7 of Sr/Nd ratios of the
two fractional melts, namely (Vollmer, 1976; Langmuir et al., 1978)

v = (Sr/Nd)pyroxenite melt (19>

(Sr/Nd)peridotite melt
When v = 1 the mixing hyperbola is a straight line; for v < 1 it is convex (bending below
a straight line between the two source compositions); and for v > 1 it is concave (bending
above). Examples of the binary mixing curves are shown in the N = 1 subplot of Figure 21.
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As Sr is more incompatible than Nd, the Sr/Nd ratio is variable amongst the different frac-
tional melts, varying for both peridotite and pyroxenite from around Sr/Nd=30 near the
onset of melting to Sr/Nd=0 for the shallowest fractional melts (Figure 6E,F). As a result it
is possible to get any value of v by suitably choosing the depths of the two fractional melts.
To get a large value of 7 > 1 one can pick a deep melt from the pyroxenite (Sr/Nd around
30) and a shallow melt from the peridotite (Sr/Nd near zero). Likewise, to get a small value
of 7 < 1 one can pick a shallow melt from the pyroxenite (Sr/Nd near zero) and a deep melt
from the peridotite (Sr/Nd around 30). By mixing the two chosen fractional melts in differ-
ent proportions it is possible to be at any point along the given binary mixing hyperbola.
Each point in the N = 2 subplot actually involves mixing between the whole distribution of
possible fractional melts, rather than just two, but the simple mixing of two fractional melts
demonstrates how such a large range of compositions is possible.

As N increases a bivariate normal distribution is recovered. The slope of the mixing array
is somewhat shallower than that for a line through the two source compositions. In simpler
single lithology models (details in Appendix E), this shift in the slope is purely controlled
by the relative compatibilities of the two elements in question (here Nd and Sr), as is the
correlation coefficient. The more similar the compatibilities of the two elements in question,
the closer the slope of the line will be to that of the line through the sources, and the closer
the correlation coefficient to unity.

With the homogenisation at depth (Figure 22), there is an additional green point on
the N = 1 sub-plot representing the composition of the homogenised deep melts. As N
increases a bivariate normal distribution is again recovered, except now the slope of the
array is steeper than the line through the sources. It is thus clear that identifying the end
points of mixing arrays with the compositions of mantle sources is fraught with difficulty:
even in the simplest case of a binary source there is no guarantee that the source compositions
lie on the line through the data array, and moreover the sources can lie on different sides of
the line depending on how the fractional melts are mixed. Only in isotope ratio- isotope ratio
plots where the isotope ratios are of the same element (e.g. 2°"Pb/?%1Pb against 2°Ph /2% Pb)
are the arrays guaranteed to point at the source compositions. In addition there is the well-
known problem of variance reduction: we don’t know how much mixing has taken place (i.e.
what N is) and thus how far away the true mantle source compositions lie from the array.

5. Discussion

The preceding section has examined how some of the general features of the geochemical
systematics of oceanic basalts can be explained in terms of melting and mixing. Evidence has
been provided for some form of homogenisation at depth, which raises the question as to what
physical mechanism could cause such a homogenisation. One possibility is that the early melts
of the pyroxenite are unable to escape because the surrounding peridotite has not yet begun
to melt, causing a permeability barrier. Only once the peridotite crosses its solidus and begins
to melt can channels nucleate to provide rapid transport to the surface (Lundstrom et al.,
2000; Spiegelman and Kelemen, 2003; Weatherley and Katz, 2012; Mallik and Dasgupta,
2012). The trapped early melts of the pyroxenite will have time to mix and homogenise
before transport to the surface, as may also the very earliest melts of the peridotite before
the channels form. This mixing geometry is consistent with the homogenisation depth used
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throughout this manuscript, which lies just above the depth at which the peridotite crosses
its solidus. The models of Weatherley and Katz (2012) indicate that the homogenised deep
melts may then be transported in relative isolation towards the shallow part of the system.
These deep melts then mix with the shallow melts in crustal magma chambers, and the
mixing parameter N may reflect the mixing that takes place there. However, there are other
reasons to expect the deeper melts to be more homogenised that the shallower melts, not
least of which is the simple fact that the deeper melts have a longer transport path from
their formation to the surface, and hence more time to mix with other melts en route.

The statistical models of mixing presented here are in their infancy, and there is plenty of
scope for further development. One possible avenue for future research is to look at alterna-
tives to the Dirichlet distribution for drawing the random weights. The Dirichlet distribution
is rather special, and has strong independence properties that make it unsuitable for mod-
elling depth-dependent mixing processes. This restriction was overcome in this manuscript
by first altering the fractional melt population through a simple homogenisation at depth,
followed by an application of the Dirichlet sampling scheme, the combination of which can
be thought of as producing a single distribution for the random weights that is different from
the Dirichlet distribution. However, a much more general approach would be to directly
consider alternative distributions for the random weights, rather than have this two step
process. With a more general distribution for the random weights one could model a less
abrupt transition in behaviour with depth.

The focus of this work has been to obtain general insights into the role of melt mixing in
producing geochemical distributions, rather than to produce exact fits to real data. To this
end, the melt model has been kept constant throughout this work, with the same degree of
melting on average for all model runs. The source compositions too have remained constant.
If a particular suite of observations of short-lengthscale geochemical variation is to be inves-
tigated with this mixing model it is first necessary to match the mean of the observations
by an appropriate choice of degree of melting and source composition before trying to match
the local variability by adjusting the mixing process.

In this manuscript we have looked at datasets from Iceland that are highly restricted in
space and time, such as whole-rock samples from single volcanic systems, or suites of olivine-
hosted melt inclusions from single eruptions. This restriction justifies our assumption that
the average degree of melting is constant. In our model, heterogeneity arises purely from
the incomplete mixing of fractional melts. This contrasts with a number of studies (e.g.
Phipps Morgan, 1999; Ito and Mahoney, 2005a,b; Ingle et al., 2010) that have used models
with complete mixing but varying degrees and styles of melting to explain the heterogeneity
seen over larger geographical areas and in global data sets. Undoubtedly, the variation in
the melting process is important at larger length scales, and an obvious avenue for future
research would be to develop a model that has both a variation in the melting process and
an incomplete mixing of the fractional melts.

6. Conclusions

The relationships between isotopes of incompatible elements in suites of closely-spaced,
temporally restricted basalt samples from mid-ocean ridges and ocean islands are often de-
scribed in terms of binary mixing between depleted and enriched melts or solid sources.
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Binary mixing has also been used to account for the relationships between these isotopic
ratios and the elemental concentrations or concentration ratios. However, binary mixing
cannot account for the relationships between moderately incompatible trace elements and
the isotopes of incompatible elements. Furthermore, the presence of widespread U-series dis-
equilibrium in young basalts, and the systematics of trace element variation in olivine-hosted
melt inclusions, indicate that part of the local compositional variation in basaltic suites is
due to the mantle melting process.

A model of mixing of fractional melts from a bi-lithological mantle is able to account both
for the apparent binary mixing relationships in incompatible elements and for the weaker co-
variations observed for more compatible trace elements. In these models, enriched, fusible
heterogeneities are carried in a depleted, refractory peridotite mantle matrix. Unconstrained
mixing of fractional melts of these two lithologies produces weak correlations between incom-
patible elements and their isotopes which do not resemble the strong correlations observed
in suites of basaltic samples or olivine-hosted melt inclusions. The observed correlations
are matched, however, when deep melts produced from both lithologies are effectively ho-
mogenised before they mix with the range of fractional melt compositions produced in the
shallow parts of the melting region. The best fits to the data are obtained when fractional
melts produced deeper than the level at which the peridotite matrix has undergone ~ 5%
melting are homogenised. This pattern of mixing allows for some variance to be derived
from the incompatible elements still remaining in the peridotite residue at 5% melting. The
weak covariance of more compatible elements (Y, Yb) with the incompatible elements is also
accounted for by this mixing because these elements are released shallower in the melt re-
gion than the fixed depth of homogenisation. The model can also account for the observed
decoupling of the evolution of variance of La and Yb as a function of host forsterite content
in olivine-hosted melt inclusions.

The examples in this manuscript have hopefully made clear the importance of mixing in
the interpretation of the geochemical systematics of oceanic basalts. Mixing plays a role not
only in the obvious sense of reducing the variability of geochemical observations, but also
in subtly changing the correlations between different variables. While this certainly creates
problems for interpretation, it may also mean that the observed correlations and geochemical
distributions can shed light on the physics of melting and melt migration processes. Indeed
this work suggests it may be possible to constrain the depth at which channelised flow begins
from such geochemical distributions. Homogenisation at depth can lead to the pseudo-binary
nature of a number of geochemical plots whose end-members are not representative of the
true mantle sources.
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Appendix A. The failure of binary mixing to explain La-Yb-Fo systematics

It is natural to ask whether the differing behaviour of La and Yb in Figure 4 can be
accounted for by binary mixing of two melts combined with fractional crystallisation. The
key differences in the observations that need to be reproduced by the modelling can be
understood by examining Figure 4B,D and noting that the standard deviation of La increases
with decreasing forsterite content up to a peak around Fogg whereas the standard deviation
of Yb has a peak around Fogy and a subsequent decrease with decreasing forsterite content.

[Figure 23 about here.]

In order to test whether these differing evolutions of standard deviation could be matched
with binary mixing and fractional crystallisation, we developed a simple model. Melt inclu-
sions with La/YD close to the extremes of the Borgarhraun dataset and in suitably forsteritic
olivines were taken as end-member melts and then were mixed together in varying propor-
tions in order to produce an array of mantle melts on a binary mixing array (Figure 23).
The melt inclusion used as a depleted end-member was hosted in a Fog; 4 olivine while the
inclusion used as the enriched end-member was found trapped in a Fogg 5 olivine. For this
very simple mixing model, it was assumed that there was not sufficient variation in the Mg
and Fe contents of the mantle melts for there to be substantial non-linearity in the relation-
ship between the proportion of depleted and enriched melts in the mixture and the forsterite
content of the olivine crystallising from the mixed melt. In other words, olivines growing from
a 50:50 mixture of the two melts were predicted to contain 90.1 mol% forsterite. Formally,
the initial melt compositions and forsterite contents were determined by binary mixing as

~

C' = pCe + (1= p)Cq, (A1)
Fo = pFo, + (1 — p)Foq, (A.2)

where p ~ Uniform(0, 1) is a uniform random variable determining the proportion of the
enriched end-member in the mixture, and ‘€’ and ‘d’ refer to the enriched and depleted
compositions respectively. The mixed model mantle melts were then allowed to undergo
variable extents of fractional crystallisation, up to a maximum of 35%. The crystallisation was
modelled using using equations (17) and (18), with the random variable y ~ Uniform(0, 0.35).

A set of 500 random samples generated by this scheme is shown in Figure 23. Comparison
of the results of the binary mixing model (Figure 23) with the Borgarhraun observations
(Figure 4) is informative. Unsurprisingly, the binary mixing model can reproduce the steep
increase in the maximum La of melts with decreasing forsterite content of the olivine host
between Fogo and Fogs. The variations in the running means in panels A and C of Figures 4
and 23 are broadly similar, with a change in the gradient of the running means of both La
and Yb at about 88 mol% forsterite. However, the evolution of the standard deviations in
panels B and D of Figures 4 and 23 show two important differences between the model and
the results.

The first key difference is that the standard deviation of both La and Yb increases with
decreasing olivine host forsterite content in the models, while the observations both show
dropping variance at forsterite contents of less than about 88 mol%. This mismatch is
to be expected, because the model does not include the effects of concurrent mixing and
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crystallisation, which acts to destroy variance in the melt inclusion compositions with lowering
forsterite contents.

The second important difference between the observed and modelled evolution of stan-
dard deviations relates to the important decoupling of La and Yb in the observations, but
the correlated behaviour of La and Yb in the binary mixing models. In the observations,
Yb shows a peak in variability at close to Fogg, while La variation remains high between
Fogy and Fogg. The evolution of the variation in melt inclusion compositions with forsterite
content can be understood as a balance between the destruction of variance by mixing and
the generation of variance by the addition of compositionally variable mantle melts. The
observation that variation in La is maintained between Fogy and Fogg implies that mantle
melts with high La and in equilibrium with olivines with forsterite contents of < 90 mol% are
supplied to the system. However, these melts cannot have extreme values of Yb or else they
would contribute to variance in Yb and maintain a high standard deviation for Yb between
Fogy and Fogg, which is contrary to observations. In the case of binary mixing, the enriched
melts added are in equilibrium with Fogg s olivines and their introduction helps to rapidly
build variation both in La, because these melts have the highest La contents, and in Yb,
because they are low in Yb. This building variability with decreasing forsterite content is
displayed on panels B and D of Figure 23 between about Fog; and Fogg s in the models for
both La and Yb. Therefore the binary mixing model cannot match the observed decoupling
in the evolution of La and Yb variance because in the binary mixing model the enriched
end-member has an extreme composition for both La (maximum) and Yb (minimum) and
adds variability to both elements.

While binary mixing models can produce good fits to observed covariations of incompati-
ble element concentrations, ratios and isotope ratios, they cannot account for the systematics
of moderately compatible elements nor the evolution of variance in melt inclusion trace ele-
ment concentrations as a function of their host olivine composition.

Appendix B. The Dirichlet distribution

The Dirichlet distribution is a continuous probability distribution that produces random
proportions. It is characterised by a set of n parameters {ay, as, ..., a,} and has the proba-
bility density function,

n

f(a:l,...,xn_l;al,...,an)ocHa:?"fl, (B.1)
i=1
for all zq,...,x,_1 > 0 satisfying 1 + ...+ x,_1 < 1. The remaining component is given by
the expression x,, =1 —21 — ... — x,_1.

A vector of random variables with a Dirichlet distribution, {ngSI, bo, . .. qﬁn} ~ Dir(aq, as, . .
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has moments

E(¢;) = wi, (B.2)
~ w; — w?
var(¢;) = 1 (B.3)
covidndy) =) (i#) (B4)
where
ap =01 +as+ ...+, (B.5)
Q;

Thus the w; set the mean of the distribution, while the «ag parameter has a key control on
the variance.

The Dirichlet distribution is characterised by its very strong independence properties. In
particular it has the property of complete neutrality, whereby each of the elements ngﬁz of the
random vector {q?)l, QASQ, . ngSn} are independent of the relative proportions of all the other
elements. The very strong independence properties of the Dirichlet distribution are both a
strength and a weakness (see Aitchison (1985) for a detailed discussion). A key limitation is
that any two components of the Dirichlet vector must covary negatively (B.4): it cannot be
used to model a situation with positive covariance.

A special case of the Dirichlet distribution is the symmetric Dirichlet distribution in which
all the w; are identical (w; = 1/n). Then, for ay = n, the distribution is uniform with each
possible composition having equal probability. For ay < n the distribution is concentrated
at the extremes of the simplex; for ay > n the distribution is concentrated near the mean.

The infinite dimensional generalisation of the Dirichlet distribution is the Dirichlet pro-
cess. Formally, the model used here is based on the Dirichlet process, but has been discretized
by the splitting into discrete melt packets. The discretized form is used here throughout be-
cause it is more amenable to numerical computation.

Appendiz B.1. Random Dirichlet means

The mixing scheme used in this work exploits weighted sums of concentrations where the
weights are generated randomly from the Dirichlet distribution (random Dirichlet means).
It is thus useful to know the general properties of sums with Dirichlet weights.

Let {(;31, bo, . .. an} ~ Dir(ay, o, ... ay), and {91, 7s, ... U} be a set of independent (but
not necessarily identically distributed) random variables. Assume that the ¢; are independent
of the ggz We are interested in the behaviour of the sum

Y = Z il (B.7)
=1

Using the expressions for the moments of the Dirichlet distribution given in (B.2), (B.3), and
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(B.4), it can be shown that the moments of Y are given by

E(Y) = szE(gz)v (B.8)

var(Y) = 04014— . (ZI: w; <E(Qz) - E(}?))Z + Zwi(l + apw;) var(@i)> : (B.9)

=1

Given two such sums
n n

YO=5"d4", YO =442, (B.10)

i=1 =1

their covariance is given by

cov (y/u)’ ?(2)) — a01+ - (il w; (E <@§1)> _E (y(n)) (E (Ai(z)> _E <f/(2)>)

7=

+ Z w;(1 + apw;) cov <gi(1)’ gi(z)>> - (B.11)

=1

Further detailed discussion of random Dirichlet means can be found in Hjort and Ongaro
(2005), which includes expressions for higher moments and a proof of asymptotic normality
for large ay.

Appendiz B.2. Ratios of random Dirichlet means

We are also interested in the behaviour of ratios of sums, e.g. when considering the
distribution of an isotopic ratio. Such ratios behave in a non-linear fashion, and their general
behaviour can be quite complicated (see discussion in Rudge et al. (2005)). However, in
some circumstances the behaviour of the ratio of sums can be linearised, and asymptotic
expressions for the moments can be derived (see Appendix B of Rudge (2006)). Let

V=S i 2= 4 (B.12)
=1 =1
and consider the ratio of sums .
.Y
Z
When o > n, we can linearise the ratio expression as
R~ E(Y) + igﬁg)* (B.14)
E(Z) ‘=
where R
1 E(Y
Ui = —=- |\ Ui — (A>£i : (B.15)
E(Z) E(Z)



w2 Using the fact that
E (Z ¢y) =0, (B.16)
i=1

and the expressions in (B.8) and (B.9), we have the following asymptotic expressions for the
moments of R,

. E(®Y)
E(R) ~ 57 (B.17)
var(R) ~ Ozol-l— . <Z w; (E(4))* + Z w; (1 4 aw;) var(gl-*)) . (B.18)

w3 Similarly, from (B.11), the asymptotic covariance between two such ratios of sums is

cov (R(l), lfi(2)> I (Zw E ( i ) ( ) + Zwl (1 + agw;) cov (y*( )7Q:(2)>>

(B.19)

wu  Appendix C. Moments of the sample concentrations

We can use the general expressions for the moments of random Dirichlet means given in
the preceding section to derive expressions for the moments of the sample distribution in our
model. Given the discrete set of fractional melts c;'», i.e. the i'" fractional melt from the ;%
lithology, the composition of the samples is determined according to the following scheme:

(dhoee )~ D (Y = 1530 (N = D), (1)
C; = Z gic, (C.2)

{rv- b} ~ Dt (N = D)fir - (N = 1)fy). (3)
C=> pC, (C.4)

wes where N is the mixing parameter, f; is the expected proportion of melt arising from each
wos  lithology (see (5)), and n; is the number of discrete fractional melt packets produced from
wor each lithology. éj represents the composition of the melt produced from each lithology,
we whereas C' is the final composition of the sample pooling melts from all the lithologies.

The mixing scheme (C.1-C.4) can also be written more concisely using a single set of

Dirichlet weights 7 = p;q} as

{7’1,...,f}”,...,f}n,...ffnm}NDir(a%,...,a?ﬂ...,a}n,...,a%"),
aj = (N — 1) f;], (C.5)
m
C = ZZA”. (C.6)
7j=1 =1
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The fractional melts for each lithology have moments in discretized form as

TIj )(;nax
G, =Y Gic ~ / 5(X)e; (X) dX, (.7
i=1 0
7lj ’ ' . 5 )(;nax o 9
2= 5 (¢ -T) ~ /O &;(X) (¢;(X) - Ty)? dX. (C.8)
=1

The moments of the sample composition have simple expressions in terms of the above
fractional melt moments. The moments of C;, the melt produced by each lithology, are given
by applying (B.8) and (B.9) to (C.2) to yield

E(C;) = C;, (C.9)
var(C;) = (N—TW (C.10)

Combining the above expressions with (B.8), (B.9), and (C.4), yields the expressions for the
sample moments as

E(C) = ifﬁj ~C, (C.11)

var(C) = % (i (@ -0) + Em: fja§> | (C.12)

(C.11) demonstrates that the mean of the sample distribution is simply the appropriate
weighted mean of the melts produced by each lithology. (C.12) shows that mixing reduces
the variance by a factor of 1/N from that of the original fractional melt population, and
divides the variance into two sources: the first sum in (C.12) represents the variance due
to differences in the mean composition of melt between the different lithologies; the second
sum represents the variance due to differences in fractional melt composition within each
lithology.
For two elements, the covariance of CV) and C® is, using (B.11),

R . 1 m _ =)\ [— —(2) m
cov(CW, C) = (Z f; (o§” G ) <c§?) - ) +3 fja§1=2>> , (C.13)
j=1

j=1
where
oD = 3 at (0~ T (2 o) (©14)
=1
~ [ 5;(X) (cg”(X) —65.”) (c§2> (X) —65.2)) dx, (C.15)
0
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w7 represents the covariance of the fractional melts produced from lithology j. The expression
i in (C.13) can be used to determine the expected correlation between different elements using

1019

. . (1) ((2)
cor(CW, 6@y = __V(CCT) (C.16)

\/V&I‘ (C’(l)> var (6’(2)>

w0 Importantly, this correlation will be independent of the mixing parameter N. Such correla-
w21 tions have been discussed in detail for the melting of a single lithology source by Slater et al.
w2 (2001).

w3 Appendix D. Moments for a simple melting model

1024 It is useful to examine the behaviour of a simple melting model, for which analytical
w25 expressions for the moments in the preceding section can be obtained. Consider the distri-
w26 bution of fractional melts produced by modal fractional melting with a constant partition

w27 coefficient,
0

O
6(X;) = (1= X)L, (D.1)

where C]Q is the source concentration, D is the constant partition coefficient, and X; is the
degree of melting. Assuming a constant weight function (1D melting column), (C.7), (C.8),
and (C.15) become

_ CY
o j max\1/D
Cj= Xmax (1= (1= xm=)YP), (b-2)
max - max 2
G (€02 (1_(1—Xj )2/P=1 B (1—(1—Xj )"'P) ) (D.3)
X\ De-D) X
max\1/D®) max\1/D(®)
an GG (1= xpeguptapet (1= (=) (1 (1= X2
;T T X DU DB — DU DE) x5

(D.4)

These expressions for the moments are somewhat cumbersome. More insightful expressions
are obtained when it is assumed that the element in question is highly incompatible, so that
D <« 1. Then (D.2), (D.3), and (D.4) become

_ o
C; ~ —2 D.5
J X;nax’ ( )
(C7)?
032 ~ ZXI;axD’ (D6)
J
CQ(l)CQ(Q)
12 j j (D.7)

J ~ X;nax (D(l) + D(Q)) :

31



1028

1029

1030

1031

1032

1033

1034

1035

1036

1037

1038

1039

1040

1041

1042

1043

1044

1045

1046

1047

1048

The correlation coefficient between two elements is given by

(1,2) a](-l’2) 2v/ D1 D®) 2 /D(2)/D(1)

T 2(1) _2(2) DO+ DO T 1+ D® /D)’
Jj O'j

(D.8)

and depends only on the ratio of the two partition coefficients, D / DM, Two elements
with the same partition coefficient correlate perfectly (rj(-m) = 1); the correlation decreases

as D /DWW increases or decreases away from 1. The slope of the geometric regression line
in a plot of the concentration of one element against another is given by

(D.9)

and is similarly controlled by the ratio of the two partition coefficients.

Appendix E. Isotope ratio-isotope ratio plots

The effect seen in Figure 21, where a regression line through model data in an isotope
ratio-isotope ratio plot does not go through the isotopic compositions of the sources, is
a general feature of mixing of fractional melts and is not dependent on the two lithology
nature of the source. Here we provide a simple analytical derivation of this effect assuming
a single lithology source.

Let §° and 2% represent the discrete fractional melt isotopic compositions (e.g. y could be
13Nd and z could be "Nd). We are interested in the behaviour of the ratio of sums

Rel o Zmld
7 Z?:l 4222

Recalling the results from Appendix B.2, the random variable R has an asymptotic mean of

(E.1)

E(R) ~ 2, (E:2)
Z
where 7 = E(Y) and Z = E(Z), and an asymptotic variance
- 1
var(R) ~ =E(§%), (E.3)

where

/\* 2 1 y
9 :;(2-%). (E.4)
z 4 z

Suppose we sample the fractional melts from a binary source, where each source has a
distinct but uniform isotopic composition. Suppose we have a probability f of sampling a
melt from source a and a probability 1 — f of sampling a melt from source b. Then the
isotopic ratio ¢/Z of the fractional melts will have a distribution

| (y/2)a, with probability f,
| (y/2)p, with probability 1 — f,
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where (y/z), and (y/z), are the isotopic ratios of the two sources. Note that

2(4)=r(9), +a-n(Y), e

We will assume that the concentrations Z are independent of the isotopic ratios /2. This
assumption will not be valid in general, particularly not for multiple lithology sources, where
isotopic ratios can correlate with source concentrations, but for simplicity it is assumed here.
With this independence assumption we have that

-1-2()

.6) and (E.7) as

ISR
=

=

and hence (E.5) may be rewritten using (

v_ { (1—f)A,  with probability f,
z

y
2 —fA, with probability 1 — f, (E.8)

where A represents the difference in isotopic ratios between the two sources,

(¥ _ (¥ 9
Zﬁ& ( ) " ( > ) b . (IE. )
From (E.3), (E.4), and (E.8) it follows that

S\ 2
y_y
2z

Consider a plot of an isotopic ratio R® (e.g. "3Nd/"Nd) against another isotopic ratio R()

(e.g. 87Sr/%Sr). The asymptotic mean of the model data will lie on the line going through

the isotopic compositions of the two sources. However, the slope of the geometric regression
line through the model data is given by

1
N

Ax 1
E(5) = v

f—f)A2

var(R) ~ E[(2/2)%] = ——E [(2/2)°].  (E.10)

var(R®)  A® E [(2(2)/2(2))2]
R(1)

) A E [(2(1)/2(1))2] (E.11)

var(

and thus will not necessarily be the same as that of the slope of line through the two sources,
which has slope A® /A®M. The difference between the two slopes depends on the factor

(E.12)

For the simple melting model of section Appendix D, we have from (D.5) and (D.6) that

;anlax
2D -

E((2/2)*) ~ (E.13)
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and hence the factor £ is given by the simple expression

DM

Thus the adjustment in slope is purely controlled by the ratio of the partition coefficients of
the two elements in question. For example, if 37Sr/®6Sr is on the z-axis and 3Nd/!*Nd is
on the y-axis, then, since Dg, < Dnq, £ < 1 and we expect the slope of the regression line
to be shallower than the line which goes through the source compositions. A shallower slope
for the regression line is also what is observed in Figure 21, although it should be noted that
Figure 21 is for a two lithology case where the independence assumption leading to (E.7)
may not be appropriate.

A simple expression can also be obtained for the correlation coefficient r
ratio-isotope ratio plot. The asymptotic expression is

(1:2) in the isotope

E (oM +2) E(:MD2(2)
P U 07)  _ gn(ana®) & e) (E.15)
VE((7O)HE((5)?) VE((ZW))E((2®)?2)
For DM, D « 1 the correlation coefficient takes the simple form
2./(DW /D@
r1?2 ~ sgn(AWAD) (DW/D®) (E.16)

(1+(DW/D))’

Thus, up to a sign, the correlation in a isotope ratio - isotope ratio plot is expected to be
the same as that for the corresponding trace element - trace element plot (e.g. Nd against
Sr). When the partition coefficients for both elements are the same, the regression line slope
is the same as the line through the sources, i.e. £ = 1, and the data correlates perfectly, i.e.
r(12) = 1. As DU /D® decreases, the slope becomes shallower and the correlation becomes
worse. For example, if DV/D® = 1/2, the slope is reduced by a factor ¢ = 1/v/2 ~ 0.71
and the correlation coefficient has modulus %] = 24/2/3 ~ 0.94.

Appendix F. The mixing scheme of Rudge et al. (2005)

[Figure 24 about here.|

In Rudge et al. (2005) and Rudge (2006) an alternative method of modelling mixing was
proposed based on drawing a discrete number N of samples from a given distribution and then
averaging. This mixing scheme is illustrated in Figure 24 for an underlying distribution of
three components, similar to the Dirichlet distribution illustration of Figure 7. In the Rudge
et al. (2005) mixing scheme the random weights z[;z are given by the relative frequencies of a
multinomial distribution,

{1y, My, ..., m,} ~ Multinomial (N, [wy, w, ..., w,]), (F.1)
P = ——. F.2
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N determines the number of discrete samples that are drawn to produce the mixture and
the w1, wy, ..., w,] determine the probabilities of sampling each of the n components in the
underlying distribution (3, w; = 1, w; > 0).

The continuous Dirichlet mixing scheme of this work and the discrete mixing scheme of
Rudge et al. (2005) are closely related, as the continuous Dirichlet distribution is known to
be an approximation of the discrete multinomial distribution (Johnson, 1960). Consider the
first and second moments of the multinomial proportions:

E(¢;) = w;, (F.3)
var(i;) = % (F.4)
cov(ih, i) =~ (£ (F.5)

These moments are identical to those of the Dirichlet distribution (B.2-B.4) with ag = N —1.
Hence any of the results which are based purely on the first and second moments (the means
and covariances) will be exactly the same for the two mixing schemes. This includes all the
results from the previous appendices. Differences between the two schemes arise in the higher
moments (such as the skewness and kurtosis), which are different between the Dirichlet and
multinomial distributions.
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List of Figures

1

Relationships between trace element and isotopic compositions for Icelandic
whole-rock samples and melt inclusions. Whole-rock data from the Reykjanes
peninsula is shown as small grey diamonds. Olivine-hosted melt inclusion data
from the Reykjanes Peninsula is shown as downwards pointing filled triangles
for the Héleyjabunga eruption and unfilled circles for the Stapafell eruption.
A binary mixing curve which provides a successful fit to the Reykjanes Penin-
sula data is shown as a grey dashed line on panels A and C. These curves are
similar to those calculated by Maclennan (2008a), using extreme melt inclu-
sion compositions as the mixing end-members and an assumption that the Pbh
concentration in the enriched end-member was 100 times higher than that in
the depleted end-member. Data Sources: Kokfelt et al. (2006); Thirlwall et al.
(2004); Maclennan (2008b) . . . . . . ...
Trace element and isotope data for two Icelandic sample suites, from the The-
istareykir volcanic system of northern Iceland, shown as green triangles, and
the Reykjanes Peninsula of southwest Iceland, shown as orange diamonds.
Samples of postglacial eruptions (i.e. > 12 kyr old) are shown with filled sym-
bols and subglacial eruptions as outlines. Data for A and B from Koornneef
et al. (2012b); Peate et al. (2009); Kokfelt et al. (2006); Stracke et al. (2003b);
Chauvel and Hémond (2000); Hémond et al. (1993), with additional data from
C from Thirlwall et al. (2004). The black crosses show four hypothetical man-
tle components proposed for Iceland by Thirlwall et al. (2004), two depleted
components, ID1 and ID2 and two enriched components, IE1 and IE2. . . . .
Trace element composition of olivine-hosted melt inclusions from the Bor-
garhraun flow in northern Iceland (Maclennan et al., 2003a) are shown as
black circles. These inclusions are hosted in olivines whose forsterite content
varies from Fogy to Fogg, a range which can be accounted for by about 35%
fractional crystallisation. The melt inclusions with extreme La/Yb ratios are
encircled with a grey outline and the array of melt compositions that can be
generated by mixing between these extremes is shown as a grey dotted line.
The influence of fractional crystallisation on these melt composition is to cause
uniform relative enrichments in La and Yb and the grey shaded field shows
the range of melt compositions that can be generated by up to 35% fractional
crystallisation of the melts on the binary mixing array. . . . . .. ... ...
Trace element systematics of olivine-hosted melt inclusions from the Bor-
garhraun flow in northern Iceland (Maclennan et al., 2003a) plotted against
their host olivine compositions. A) La concentrations, with running average
calculated using a box-car filter with a full width of 2 mol% forsterite shown
as a solid black line. The filtered points are plotted at the mid-point of the
window. B) Variation in the standard deviation of the La concentrations, cal-
culated using the same moving window as in A. C) The same as A, but for Yb
rather than La. D) The same as B, but for Yb rather than La. . . . . . . ..
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1354 5 Predictions from the single source peridotite melting model of Maclennan et al.

1355 (2003a). The melt compositions are instantaneous fractional melts from a

1356 polybaric melting model. The concentrations of La and Yb in the instanta-

1357 neous fractional melts, ¢, are provided ratioed to that of their source, C°, and

1358 plotted as a function of the composition of the olivine in equilibrium with

1350 these mantle melts. The evolution of La is shown as a red curve and Yb as

1360 a blue curve. The numbers on the blue dashed curve show key points in the

1361 trace element behaviour that are described in the main text. . . . . . . . .. 52
1362 6 A) Degree of melting as a function of depth for the two lithologies, pyroxen-

1363 ite (red line), and peridotite (blue line). B)-I) Instantaneous fractional melt

1364 compositions, in ppm, for a selection of trace elements with varying compat-

1365 ibility. Melts produced from the pyroxenite are shown in red, those from the

1366 peridotite are shown in blue. . . . . . . . ... ... 0L 53
1367 7 Random samples drawn from a Dirichlet distribution Dir (N — 1)/3,(N —1)/3, (N —1)/3)
1368 shown as pie charts illustrating the behaviour of the mixing parameter N. For

1369 illustrative purposes each sample is a mixture of just three possible compo-

1370 nents (red, blue and white): the true fractional melt population consists of an

1371 infinite number of components. The N = 1 case corresponds to the sampling of

1372 the individual components without mixing, and hence each sample is a single

1373 colour. The N = oo case is the well-mixed case where each of the components

1374 contributes equally to each sample. The intermediate values of N show vari-

1375 able proportions of each component, becoming more evenly distributed as N

1376 INCTEASES. .+ © v v v v v v e e e e e e e e e e e 54
1377 8 An example of homogenisation at depth. On the left is a plot showing the

1378 fractional melt concentration for Sr in ppm as a function of depth. On the

1379 right is the same plot, but where all melts below a depth of 85 km have been

1380 homogenised over. . . . . . . ... 55
1381 9 Plot similar to Figure 7 illustrating the effect of homogenisation at depth.

1382 In this example, the red and blue components are homogenised over before

1383 applying the Dirichlet mixing scheme. They thus occur in equal proportion in

1384 every sample, but the relative proportion of the white component to the other

1385 two components varies. . . . . . . .. ..o 56
1386 10 Model run showing La concentration of mixed melts plotted against forsterite

1387 content of equilibrium olivine for different values of the mixing parameter V.

1388 The top left plot shows N = 1, where each sample represents a single fractional

1389 melt composition. N then doubles from each plot to the next. The points

1390 are coloured according to the proportion (relative mass) in which pyroxenite

1301 melting and peridotite melting contribute to the sample: as can be seen in the

1302 N =1 plot, dark red corresponds to a melt purely sourced from the pyroxenite;

1303 dark blue purely sourced from the peridotite. For large N the data start to

1304 resemble an ellipse, as would be expected from the central limit theorem. . . 57
1305 11 Model run as in Figure 10, with Yb concentration of mixed melts plotted

1306 against forsterite content of the equilibrium olivine. Notice the small range in

1307 Yb concentrations in the fractional melts (N = 1) compared with the steep

1308 fractional melt curves for the highly incompatible La in Figure 10. . . . . . . 58
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Model run with N = 12. The plots on the left hand side (A and C) show
La and Yb concentrations of mixed melts against the forsterite content of
the equilibrium olivine, similar to the plots in Figures 10 and 11. The black
lines on these plots show a running mean of the La and Yb concentrations
for fixed forsterite content (using a window width of 1 Fo unit). The plots
on the right hand side (B and D) show the standard deviations of the La and
Yb concentrations at fixed forsterite content (again using a window width of
1 Fo unit). Notice that the La standard deviation increases substantially with
decreasing Fo content, whereas the Yb standard deviation does the opposite.
These plots should be compared with those of Figure 4 for the Borgarhraun
melt inclusion data. . . . . . . ..o
Model run similar to that in Figure 12, but with the inclusion of fractional
crystallisation and concurrent mixing. Each sample undergoes fractional crys-
tallisation with a range from 0 to 20%. The mixing parameter N is a function
of this degree of crystallisation and varies from N = 12 with no crystallisa-
tion to N = 108 at 20% crystallisation. The key effects of this concurrent
mixing and fractionation is to allow the Fo number to range to lower values
(as a result of the crystallisation) and to reduce the variance in trace element
concentrations at low Fo numbers (as a result of the mixing). Notice that the
patterns are now more similar to that seen in Figure 4 for the Borgarhraun
melt inclusion data: the standard deviation of La concentration increases with
decreasing Fo number up to a peak around Fo=88 and then decreases for fur-
ther decreases in Fo number. The standard deviation of Yb concentration
simply shows a monotonic decrease with decreasing Fo number. . . . . . ..
Model run showing La/Nd against 3Nd /144Nd for different values of the mix-
ing parameter N. Note that there is little correlation between La/Nd and
WSNA/MINA. . .o
Correlation matrix plots for model runs without homogenisation at depth (A)
and with homogenisation at a depth of 85 km (B). Dark red indicates perfect
positive correlation (r = 1), white no correlation (r = 0), and dark blue perfect
negative correlation (r = —1). For the trace elements the correlation matrix
is independent of the mixing parameter N; for the isotopic ratios there is a
dependence on N: the plots above are for N = oco. As would be expected,
elements with similar compatibilities correlate well. Homogenisation at depth
improves the correlations amongst the most incompatible elements (Hf to U).
The expressions for calculating these correlation coefficients can be found in
Appendix C. . . . . . . . L
Model run showing La/Nd against *¥Nd/“4Nd as in Figure 14, except now
all melts below a depth of 85 km are homogenised over. The composition of
the homogenised deep melts is indicated by a circle in the N = 1 plot, and
the composition of the unhomogenised shallow melts of the pyroxenite by a

square. Notice that for large N there is a strong inverse correlation between
La/Nd and “3Nd/!Nd (where there was little correlation in Figure 14).
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Model run showing La/Nd against **Nd/4Nd as in Figures 14 and 16,
demonstrating the effect of varying the homogenisation depth. Each subplot
is labelled with homogenisation depth in the top left and N in the top right.
The composition of the homogenised deep melts is indicated by a circle in the
N = 1 subplots, and the composition of the unhomogenised shallow melts of
the pyroxenite by a square. The middle panels are for a homogenisation depth
of 85 km as in Figure 16. The top panels are for a deeper homogenisation
depth of 105 km (just before the onset of peridotite melting, see Figure 6A).
The bottom panels are for a shallower homogenisation depth of 70 km at which

point there has been significant peridotite melting (around 10%, see Figure 6A) 64

Model run showing La/Yb against *3Nd /1*4Nd for different values of the mix-
ing parameter N. Note that there is little correlation between La/Yb and

Model run showing La/Yb against 1*3Nd/"4Nd as in Figure 18, except now
all melts below a depth of 85 km are homogenised over. For N > 16 there
is distinctive pattern to the data with a greater variance in La/Yb at low
M3Nd/"Nd than at high Nd/"Nd. Moreover the highest *3Nd/"Nd
corresponds to the lowest La/Yb. This distinctive pattern can be contrasted
with the more circular patterns seen without the homogenisation at depth in
Figure 18. . . . . .«
Model run with N =5 and a homogenisation depth of 85 km. Nb, Y, La/Yb
and Sm/Yb are plotted against 2*Pb/?°°Pb. Some similarities can be seen
with the patterns in the whole rock and melt inclusion data plotted in Figure 1.
At low 29%8Ph/2%Ph there is a large variance in Nb and Y concentrations, with
the variance reducing as 2°*Pb /2%Pb increases. High 2°Pb/?%Pb corresponds
to low Nb concentrations. The sources have isotopic ratios ***Pb/2%Ph=1.99
(pyroxenite) and 2.28 (peridotite). . . . . . . ...
Model run showing *3Nd/Nd plotted against 87Sr/¢Sr for different values
of the mixing parameter N. Colour coding is as in Figures 10 and 11. Crosses
show the isotopic compositions of the peridotite and pyroxenite sources. The
black line in each plot is a best fit regression line through the data. Notice
that the regression lines do not go through the isotopic compositions of the
sources, except when N = 1. When N = 1 it is only possible to get isotopic
ratios identical to that of the two source (the crosses). For comparison, a
series of binary mixing curves are shown in the N = 1 subplot, with ratio of
concentration ratios v = 0.01,0.1,1,10,100. . . . . . . .. ... ... ..
Model run showing *¥Nd/"Nd plotted against 7Sr/*Sr as in Figure 21,
except now all melts below a depth of 85 km are homogenised over. The
composition of the homogenised deep melts is indicated by a circle in the
N = 1 plot. As in Figure 21, the regression lines do not go through the
isotopic compositions of the sources, and moreover the slopes of the regression
lines have changed substantially. . . . . . . . .. ... ... ... .......
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Trace element systematics of synthetic dataset of melt composition produced
by variable extents of binary mixing of two melts followed by variable extents
of fractional crystallisation. The plots are the same as for Figure 4 with the
addition of the compositions of the melt inclusions used as end-member melts.
The depleted end-member is labelled ‘d” and the enriched one is labelled ‘e’
and the dotted lines on A and C shows the predicted array of melts and
olivine hosts that can be generated by variable extents of mixing of these end-
members. The predicted compositions generated after 10% crystallisation of
the end-members are shown as thin black lineson A and C. . . . . ... ..
An illustration of the discrete mixing scheme used by Rudge et al. (2005)
to be compared with the continuous Dirichlet mixing scheme used in this
work. As in Figure 7, the underlying distribution is taken to have just three
components for illustrative purposes. The relative mixing proportions have
a Multinomial (N, [1/3,1/3,1/3]) distribution. The discrete nature of this
scheme is particularly notable for the case of N = 2, where each sample must
be a 50-50 mixture of the 3 possible components. . . . . . .. ... ... ..
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Figure 1: Relationships between trace element and isotopic compositions for Icelandic whole-rock samples and
melt inclusions. Whole-rock data from the Reykjanes peninsula is shown as small grey diamonds. Olivine-
hosted melt inclusion data from the Reykjanes Peninsula is shown as downwards pointing filled triangles
for the Héleyjabunga eruption and unfilled circles for the Stapafell eruption. A binary mixing curve which
provides a successful fit to the Reykjanes Peninsula data is shown as a grey dashed line on panels A and C.
These curves are similar to those calculated by Maclennan (2008a), using extreme melt inclusion compositions
as the mixing end-members and an assumption that the Pb concentration in the enriched end-member was
100 times higher than that in the depleted end-member. Data Sources: Kokfelt et al. (2006); Thirlwall et al.
(2004); Maclennan (2008b)
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Figure 2: Trace element and isotope data for two Icelandic sample suites, from the Theistareykir volcanic
system of northern Iceland, shown as green triangles, and the Reykjanes Peninsula of southwest Iceland, shown
as orange diamonds. Samples of postglacial eruptions (i.e. > 12 kyr old) are shown with filled symbols and
subglacial eruptions as outlines. Data for A and B from Koornneef et al. (2012b); Peate et al. (2009); Kokfelt
et al. (2006); Stracke et al. (2003b); Chauvel and Hémond (2000); Hémond et al. (1993), with additional data
from C from Thirlwall et al. (2004). The black crosses show four hypothetical mantle components proposed
for Iceland by Thirlwall et al. (2004), two depleted components, ID1 and ID2 and two enriched components,
IE1 and TE2.
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Figure 3: Trace element composition of olivine-hosted melt inclusions from the Borgarhraun flow in northern
Iceland (Maclennan et al., 2003a) are shown as black circles. These inclusions are hosted in olivines whose
forsterite content varies from Fogs to Fogg, a range which can be accounted for by about 35% fractional
crystallisation. The melt inclusions with extreme La/Yb ratios are encircled with a grey outline and the
array of melt compositions that can be generated by mixing between these extremes is shown as a grey
dotted line. The influence of fractional crystallisation on these melt composition is to cause uniform relative
enrichments in La and Yb and the grey shaded field shows the range of melt compositions that can be
generated by up to 35% fractional crystallisation of the melts on the binary mixing array.
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Figure 4: Trace element systematics of olivine-hosted melt inclusions from the Borgarhraun flow in northern
Iceland (Maclennan et al., 2003a) plotted against their host olivine compositions. A) La concentrations, with
running average calculated using a box-car filter with a full width of 2 mol% forsterite shown as a solid black
line. The filtered points are plotted at the mid-point of the window. B) Variation in the standard deviation
of the La concentrations, calculated using the same moving window as in A. C) The same as A, but for Yb
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Figure 5: Predictions from the single source peridotite melting model of Maclennan et al. (2003a). The melt
compositions are instantaneous fractional melts from a polybaric melting model. The concentrations of La
and Yb in the instantaneous fractional melts, ¢, are provided ratioed to that of their source, C°, and plotted
as a function of the composition of the olivine in equilibrium with these mantle melts. The evolution of La
is shown as a red curve and Yb as a blue curve. The numbers on the blue dashed curve show key points in
the trace element behaviour that are described in the main text.
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Figure 7: Random samples drawn from a Dirichlet distribution Dir (N —1)/3,(N —1)/3, (N — 1)/3) shown
as pie charts illustrating the behaviour of the mixing parameter N. For illustrative purposes each sample
is a mixture of just three possible components (red, blue and white): the true fractional melt population
consists of an infinite number of components. The N = 1 case corresponds to the sampling of the individual
components without mixing, and hence each sample is a single colour. The N = oo case is the well-mixed
case where each of the components contributes equally to each sample. The intermediate values of N show
variable proportions of each component, becoming more evenly distributed as N increases.
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Figure 8: An example of homogenisation at depth. On the left is a plot showing the fractional melt con-
centration for Sr in ppm as a function of depth. On the right is the same plot, but where all melts below a
depth of 85 km have been homogenised over.
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Figure 9: Plot similar to Figure 7 illustrating the effect of homogenisation at depth. In this example, the red
and blue components are homogenised over before applying the Dirichlet mixing scheme. They thus occur
in equal proportion in every sample, but the relative proportion of the white component to the other two
components varies.
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Figure 10: Model run showing La concentration of mixed melts plotted against forsterite content of equi-
librium olivine for different values of the mixing parameter N. The top left plot shows N = 1, where each
sample represents a single fractional melt composition. N then doubles from each plot to the next. The
points are coloured according to the proportion (relative mass) in which pyroxenite melting and peridotite
melting contribute to the sample: as can be seen in the N = 1 plot, dark red corresponds to a melt purely
sourced from the pyroxenite; dark blue purely sourced from the peridotite. For large N the data start to
resemble an ellipse, as would be expected from the central limit theorem.
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Figure 11: Model run as in Figure 10, with Yb concentration of mixed melts plotted against forsterite
content of the equilibrium olivine. Notice the small range in Yb concentrations in the fractional melts
(N =1) compared with the steep fractional melt curves for the highly incompatible La in Figure 10.
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Figure 12: Model run with N = 12. The plots on the left hand side (A and C) show La and Yb concentrations
of mixed melts against the forsterite content of the equilibrium olivine, similar to the plots in Figures 10 and
11. The black lines on these plots show a running mean of the La and Yb concentrations for fixed forsterite
content (using a window width of 1 Fo unit). The plots on the right hand side (B and D) show the standard
deviations of the La and Yb concentrations at fixed forsterite content (again using a window width of 1 Fo
unit). Notice that the La standard deviation increases substantially with decreasing Fo content, whereas the
Yb standard deviation does the opposite. These plots should be compared with those of Figure 4 for the
Borgarhraun melt inclusion data.
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Figure 13: Model run similar to that in Figure 12, but with the inclusion of fractional crystallisation and
concurrent mixing. Each sample undergoes fractional crystallisation with a range from 0 to 20%. The mixing
parameter N is a function of this degree of crystallisation and varies from N = 12 with no crystallisation to
N =108 at 20% crystallisation. The key effects of this concurrent mixing and fractionation is to allow the Fo
number to range to lower values (as a result of the crystallisation) and to reduce the variance in trace element
concentrations at low Fo numbers (as a result of the mixing). Notice that the patterns are now more similar
to that seen in Figure 4 for the Borgarhraun melt inclusion data: the standard deviation of La concentration
increases with decreasing Fo number up to a peak around Fo=88 and then decreases for further decreases in

Fo number. The standard deviation of Yb concentration simply shows a monotonic decrease with decreasing
Fo number.
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Figure 14: Model run showing La/Nd against #3Nd/144Nd for different values of the mixing parameter N.
Note that there is little correlation between La/Nd and 4*Nd/*4Nd.
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Figure 16: Model run showing La/Nd against *3Nd/!#4Nd as in Figure 14, except now all melts below a
The composition of the homogenised deep melts is indicated by a
circle in the N = 1 plot, and the composition of the unhomogenised shallow melts of the pyroxenite by a
square. Notice that for large IV there is a strong inverse correlation between La/Nd and 43Nd/144Nd (where
there was little correlation in Figure 14).

depth of 85 km are homogenised over.
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Figure 17: Model run showing La/Nd against *3Nd/144Nd as in Figures 14 and 16, demonstrating the effect
of varying the homogenisation depth. Each subplot is labelled with homogenisation depth in the top left
and N in the top right. The composition of the homogenised deep melts is indicated by a circle in the
N = 1 subplots, and the composition of the unhomogenised shallow melts of the pyroxenite by a square.
The middle panels are for a homogenisation depth of 85 km as in Figure 16. The top panels are for a deeper
homogenisation depth of 105 km (just before the onset of peridotite melting, see Figure 6A). The bottom
panels are for a shallower homogenisation depth of 70 km at which point there has been significant peridotite
melting (around 10%, see Figure GA)
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Figure 18: Model run showing La/Yb against 143Nd/144Nd for different values of the mixing parameter N.
Note that there is little correlation between La/Yb and '43Nd/*4Nd.
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Figure 19: Model run showing La/Yb against **3Nd/!*4Nd as in Figure 18, except now all melts below a depth
of 85 km are homogenised over. For N > 16 there is distinctive pattern to the data with a greater variance
in La/Yb at low 143Nd/!44Nd than at high *3Nd/**4Nd. Moreover the highest *3Nd/144Nd corresponds to

the lowest La/Yb. This distinctive pattern can be contrasted with the more circular patterns seen without
the homogenisation at depth in Figure 18.
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Figure 20: Model run with N = 5 and a homogenisation depth of 85 km. Nb, Y, La/Yb and Sm/Yb are
plotted against 2°®Pb/2%6Pb. Some similarities can be seen with the patterns in the whole rock and melt
inclusion data plotted in Figure 1. At low 28Pb/2%6Pb there is a large variance in Nb and Y concentrations,
with the variance reducing as 2°*Pb/29°Pb increases. High 2°%Pb/2%Pb corresponds to low Nb concentrations.
The sources have isotopic ratios 2°8Pb/2°6Pb=1.99 (pyroxenite) and 2.28 (peridotite).
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Figure 21: Model run showing “3Nd/!44Nd plotted against 87Sr/%6Sr for different values of the mixing
parameter N. Colour coding is as in Figures 10 and 11. Crosses show the isotopic compositions of the
peridotite and pyroxenite sources. The black line in each plot is a best fit regression line through the data.
Notice that the regression lines do not go through the isotopic compositions of the sources, except when
N =1. When N =1 it is only possible to get isotopic ratios identical to that of the two source (the crosses).
For comparison, a series of binary mixing curves are shown in the N = 1 subplot, with ratio of concentration

ratios v =

0.01,0.1,1, 10, 100.
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Figure 22: Model run showing *3Nd/'44Nd plotted against 7Sr/86Sr as in Figure 21, except now all melts
below a depth of 85 km are homogenised over. The composition of the homogenised deep melts is indicated
by a circle in the N = 1 plot. Asin Figure 21, the regression lines do not go through the isotopic compositions
of the sources, and moreover the slopes of the regression lines have changed substantially.
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Figure 23: Trace element systematics of synthetic dataset of melt composition produced by variable extents
of binary mixing of two melts followed by variable extents of fractional crystallisation. The plots are the
same as for Figure 4 with the addition of the compositions of the melt inclusions used as end-member melts.
The depleted end-member is labelled ‘d’ and the enriched one is labelled ‘e’ and the dotted lines on A and C
shows the predicted array of melts and olivine hosts that can be generated by variable extents of mixing of
these end-members. The predicted compositions generated after 10% crystallisation of the end-members are
shown as thin black lines on A and C.
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Figure 24: An illustration of the discrete mixing scheme used by Rudge et al. (2005) to be compared with
the continuous Dirichlet mixing scheme used in this work. As in Figure 7, the underlying distribution
is taken to have just three components for illustrative purposes. The relative mixing proportions have a
Multinomial (N, [1/3,1/3,1/3]) distribution. The discrete nature of this scheme is particularly notable for
the case of N = 2, where each sample must be a 50-50 mixture of the 3 possible components.
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