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Abstract

Olivine is typically the first phase to crystallise from basaltic melts and its chemistry can therefore inform on the earliest
stages of magmatic evolution, not recorded by later crystallising phases. Despite the potential of olivine for understanding
primitive differentiation, limited analytical capabilities have previously restricted the range of elements that can be routinely
measured. Consequently, important processes controlling early magma evolution may have been overlooked or misidentified.
This study reports a wide range of minor and trace elements in forsteritic (up to Fo92.2) olivine macrocrysts from the primitive
Borgarhraun lava flow in northern Iceland.

We define two distinct populations of olivine based on their forsterite (Fo) content and then apply minor and trace element
data to discern mixing and crystallisation of subtly different high-MgO parental melts. High-Fo (90.9–92.2 mol%) olivines
show approximately linear trends between Cr and other incompatible trace elements (Li, Na, Ca, Ti, Al and Y), implying
mixing and concurrent crystallisation of two highly primitive melts. Low-Fo (87.4–90.0 mol%) olivines show trends that indi-
cate mixing and crystallisation of multiple, genetically distinct and less primitive melts. The outermost 50 lm of the olivine
microcrysts record diffusive re-equilibration of the olivine macrocrysts to a single, significantly more evolved carrier liquid
over an ascent timescale of 70–250 days. Compared to the rest of Iceland, the Borgarhraun olivine macrocrysts are distin-
guished by their Cr contents, which extend from 97 to 1150 ppm. The uniquely steep trend in Fo vs. Cr can be explained
by early crystallisation of Cr-spinel and Cr-rich clinopyroxene, stabilised by high pressures of differentiation (>0.8 GPa).
Chromium-forsterite systematics may therefore be a powerful tool for qualitatively assessing relative pressures of crystallisa-
tion for different magmatic systems. Collectively, our new dataset clearly demonstrates the importance of measuring trace ele-
ments in olivine for identifying the formative stages and conditions of basaltic magmatic systems.
� 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords: Olivine; Trace element; Primitive; Basalt; Differentiation; Iceland
https://doi.org/10.1016/j.gca.2020.07.033

0016-7037/� 2020 The Author(s). Published by Elsevier Ltd.

This is an open access article under the CC BY-NC-ND license (http://crea

⇑ Corresponding author at: Institut für Geologie, Universität
Bern, Bern, Switzerland.

E-mail address: peter.tollan@erdw.ethz.ch (P. Tollan).
1. INTRODUCTION

The application of basalt geochemistry to determining
the nature of the underlying mantle source is challenging,
since modification by cooling, crystallisation, cumulate
recycling and mixing with more evolved melt compositions
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occurs rapidly and almost ubiquitously during crustal resi-
dence and eruption. This is readily apparent from detailed
geochemical and isotopic studies of crystal and glass con-
stituents of lavas and cumulates, and by studies of bulk-
rock heterogeneity within individual lava flows (Slater
et al., 2001, Stracke et al., 2003a, Dungan and Davidson,
2004; Costa and Dungan, 2005; Davidson et al., 2007;
Maclennan et al., 2003a; Maclennan, 2008a; O’Neill and
Jenner, 2012; Neave et al., 2013). Melt inclusions are often
used as proxies for the liquid in equilibrium with their crys-
tal host. However, syn- and post-entrapment processes can
result in melt inclusion compositions that poorly represent
the parental melt composition and which can be hard to
identify, particularly given the small analytical volume of
typical basaltic melt inclusions (Danyushevsky et al.,
2000; Danyushevsky et al., 2004; Spandler et al., 2007;
Kent, 2008; Baker, 2008). Alternatively, the composition
of crystal phases generated by early stages of crystallisation
can be used as tracers of primary melts (Sobolev et al.,
2007; Herzberg, 2011; Foley et al., 2013; Tollan et al.,
2015; Neave et al., 2018). Olivine and spinel are particularly
appropriate for this goal, since they are typically the first
two liquidus phases during crystallisation of high-Mg melts.
Whilst the compositions of the crystals cannot truly reflect
primary melts, they may very closely approximate them,
since small degrees of spinel and olivine fractionation have
little effect on the chemical composition of the melt other
than the few elements that are strongly enriched in these
phases (namely, Mg and Ni in olivine, Cr in spinel). Mod-
ification of the chemical composition of early crystallising
olivine and spinel can occur through dissolution/recrystalli
zation, crystal growth and solid-state diffusion, however
these processes are both readily identified petrographically
and analytically (Costa and Dungan, 2005; Shea et al.,
2015; Mutch et al., 2019a). Hence, olivine with high,
mantle-like forsterite (Fo) contents (calculated as
100 * Mg/(Mg + Fe) in molar proportions) have been con-
sidered as reliable proxies for primitive mantle-derived
melts (Ruprecht and Plank, 2013).

Traditionally, a major obstacle of using olivine to
inform complex petrogenetic processes has been its rela-
tively simple chemistry, particularly the inability to incor-
porate quantifiable amounts of many incompatible trace
elements, such as the rare earth elements (REE). The ana-
lytical challenges presented by this has led to a bias towards
other crystal phases (e.g., clinopyroxene and plagioclase)
that more readily incorporate these elements. These phases,
however, fractionate after the onset of olivine crystallisa-
tion, meaning they are unable to document the earliest evo-
lution of mantle-derived melts. Consequently, a number of
recent studies have strived to develop the quantification of,
and interpretative framework for, an expanded range of
trace elements in olivine (De Hoog et al., 2010; Foley
et al., 2013; Mallmann and O’Neill, 2013; Bouvet de
Maisonneuve et al., 2016; Stead et al., 2016; Neave et al.,
2018; Tollan et al., 2018; Bussweiler et al., 2019). For exam-
ple, several highly incompatible elements (e.g., Ti, Y, Zr
and Yb) are well within the analytical capabilities of mod-
ern laser-ablation mass spectrometry (LA-ICP-MS) and
secondary ionisation mass spectrometry (SIMS). Combined
with Ni, Ca, Co, Al, Cr, Na, Li, Sc, V and P elements with a
wide range of chemical affinities can now be routinely mea-
sured in olivine. This opens up new possibilities to apply
trace elements in olivine to develop new understanding of
the behaviour of basaltic magmas.

In this contribution, we document a detailed in-situ geo-
chemical study of the most magnesian olivine (up to Fo92.2)
known so far for the recent, highly primitive Icelandic
tholeiites from northern Iceland (Polyakov et al., 1976;
Gurenko et al., 1988). We use single spot and profile anal-
yses of trace, minor and major element for �80 olivine
grains to constrain the major petrogenetic proesses for
near-primary Icelandic magmas. Our key finding is that
Cr, combined with other trace and minor elements such
as Li, Na and Y, documents very early, new melt mixing
trends within highly forsteritic olivine macrocrysts, not
apparent from other phases within the lava assemblage.
The trace elements, particularly Cr, reveal that the compo-
sition of even highly forsteritic olivine may have been
impacted by extensive early melt modification processes,
which are not identifiable using major and minor elements
alone. Trace element analyses of olivine are, therefore, a
powerful and essential tool for the interpretation of the ori-
gin of primitive basalts.

2. SAMPLE LOCALITY AND PETROGRAPHY

The sample (11,898) studied here comes from the post-
glacially erupted Borgarhraun lava flow (7–12 Ka), part
of the Theistareykir volcanic field in northern Iceland
(�2.5 km to the north-west from the Bæjarfjall table moun-
tain on the south-west slope of the small, 370 m above sea
level Stórihver eruption unit; Fig. 1; Polyakov et al., 1976;
Gerasimovsky et al., 1978; Gurenko et al., 1988). The sam-
ple is pristine and has a complex texture (Fig. 2), consisting
of a seriate groundmass (continuous grain size distribution)
comprised of olivine, clinopyroxene and plagioclase crystals
(<50 to �200 mm). Dispersed within this matrix are abun-
dant macrocrysts of olivine (�0.5–2 mm). Skeletal titano-
magnetite is frequently observed, along with scarcer
crystals of Cr-spinel. The olivine macrocrysts have
anhedral-subhedral crystal shapes, and contain frequent
inclusions of Cr-spinel and glass (the latter generally par-
tially or completely re-crystallised). The macrocrysts look
essentially homogenous with respect to major elements, as
seen in the backscattered electron images, with only the
outermost 50 mm displaying brighter contrast, suggesting
Fe enrichment. The Borgarhraun lava flow is known for
displaying substantial textural and geochemical variability
down to hand-sample scale (Maclennan et al., 2003a,
2003b). The textures displayed by the sample studied here
are consistent with the description of coarse textures in
the massive interior of the flow (Maclennan et al., 2003b).
Although the texture of the sample studied here is not rep-
resentative of the entire flow, as is discussed later, the
occurrence of olivine macrocrysts and the distribution of
their compositions are entirely consistent with previous
studies, which utilised more complete sampling of Bor-
garhraun (Maclennan et al., 2003b; Thomson and
Maclennan, 2013).



Fig. 1. Map of Iceland showing the location of the Borgarhraun lava flow.

Fig. 2. Backscatter SEM images of olivine macrocrysts in their crystalline matrix (plagioclase, clinopyroxene, olivine, titanomagnetite). Bright
inclusions are Cr-spinel. Dark circles and lines and LA-ICP-MS spots and line profiles respectively.
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3. PREVIOUS STUDIES ON BORGARHRAUN

Numerous previous studies investigating the Bor-
garhraun volcanic field have utilised whole-rock chemical
compositions of lavas, the major element composition of
olivine, the major/trace element composition of clinopyrox-
ene and the major and trace element composition of olivine-
hosted melt inclusions to determine the composition of least
differentiated primitive melts and physico-chemical
(namely, pressure, temperature and oxygen fugacity-P-T-
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fO2) conditions of their generation and later modification
(Polyakov et al., 1976; Gurenko et al., 1988; Slater et al.,
2001; Maclennan et al., 2003a, 2003b; Stracke et al.,
2003a; Maclennan, 2008a, 2008b; Winpenny and
Maclennan, 2011; Thomson and Maclennan, 2013;
Matthews et al., 2016). These studies have collectively
demonstrated that the high- and low-Fo olivines and their
inclusions may reflect concurrent mixing and fractional
crystallisation of at least two primitive melts. For example,
decreasing La/Yb variability of melt inclusions with
decreasing host olivine Fo content was interpreted to repre-
sent progressively greater degrees of melt mixing and com-
positional homogenisation during magma cooling and
fractional crystallisation (Maclennan et al., 2003a). The
highest Fo olivine population (Fo91–92) however is distinct
in only trapping the melts with relatively low La/Yb.
Maclennan et al. (2003a) and Maclennan et al. (2003b)
interpreted this to indicate crystallisation from primitive
melts formed by high degrees of melting at relatively shal-
low depths. Maclennan (2008a) used ratios of REE to show
that the degree of melt mixing decreased with decreasing Fo
content within this olivine population. The timescales asso-
ciated with the crystallisation, storage and eruption of the
Borgarhraun magmas were assessed by major element con-
centration profiles in olivine and spinel from wherlitic nod-
ules included within the lava flow (Mutch et al., 2019a,
2019b). These studies have demonstrated that crystallisa-
tion and storage of crystals derived from primitive melts
occurred over relatively short timescales of �1000 years
(Mutch et al., 2019a), while scavenging and eruption of oli-
vine macrocrysts from these deep crystal-rich magma reser-
voirs occurred within a few weeks (Mutch et al., 2019b).

4. METHODS

The hand sample was prepared into two thin sections for
categorisation by microscopy and geochemical analysis.
Additional olivine macrocrysts were also separated from
the matrix and mounted in epoxy resin for analysis. Major
element concentrations of olivine and spinel were deter-
mined by electron microprobe at the Institute of Geological
Sciences, University of Bern, using a JEOL JXA-8200 using
a standard analytical routine for silicates. The accelerating
voltage and the beam current were 15 kV and 20 nA,
respectively. Counting times were 10 s on the background
on each side of the peak and 20 s on the peak. Standardis-
ation was performed using a suite of reference materials for
electron probe microanalysis consisting of natural and syn-
thetic crystals of anorthite (Al), albite (Na), spinel (Cr),
wollastonite (Ca), olivine (Si, Mg), ilmenite (Ti), almandine
(Fe), tephroite (Mn) and bunsenite (Ni). Trace and minor
element concentrations were determined by LA-ICP-MS
at the Research School of Earth Sciences, The Australian
National University (ANU) and the Institute of Geological
Sciences, University of Bern. At ANU, an Agilent 7700
quadrupole ICP-MS was coupled to an in-house laser abla-
tion setup, consisting of a Coherent COMPex 110 Excimer
(193 nm) laser and two-volume ablation chamber. The
diameter of the spot was 62 mm, and a laser repetition rate
of 5 Hz and a fluence of �6 J/cm2 were used. Ablated mate-
rial was delivered to the ICP-MS in a gas mixture consisting
of He, Ar and H. A signal-smoother was employed to elim-
inate pulses in the measured signal due to the rapid wash-
out rate of the ablation chamber. The isotopes measured
were 7Li, 23Na, 25Mg, 27Al, 29Si, 31P, 43Ca, 45Sc, 47Ti, 51V,
53Cr, 55Mn, 57Fe, 59Co, 60Ni, 61Ni, 63Cu, 65Cu, 89Y and
90Zr, with individual counting times of 0.01–0.2 seconds
for a total acquisition cycle of 0.52 seconds. NIST 610
and NIST 612 were used as a primary calibration standards
(Jochum et al., 2011), with BCR-2G as a secondary stan-
dard, and Iolite as data reduction software (Paton et al.,
2011).

At the University of Bern, trace element concentrations
were acquired using an Agilent 7900 ICP-MS coupled to an
Australian Scientific Instruments (193 nm) RESOlution
laser ablation system. Spot measurements were conducted
under identical conditions as at ANU, except for the use
of a slightly larger spot (80 mm) and the addition of a small
amount of N to the carrier gas, rather than H. Additional
measurements of rare earth elements (REE) were conducted
on a subset of olivine macrocrysts. These measurements uti-
lised a 100 mm spot, 10 Hz repetition rate and a fluence of
7 J/cm2. Counting times on 175Lu, 172Yb, 169Tm, 166Er,
165Ho, 163Dy and 159Tb were 0.1 s. All other REE were
below the limits of detection. Chromium was added to
the routine to ensure data consistency between the two sets
of measurements, in addition to Si and Mg. Line profiles
were measured using a rectangular slit with a dimension
of 10x50 mm, which was moved at a constant speed of
1 mm/second, from the core to just outside the rim of each
crystal (Supplementary Fig. 2). Care was taken to ensure
that the long axis of the slit was approximately parallel with
the rim of the crystal. The profiles were always placed so as
to avoid fractures and only done in crystals where the rim-
matrix contact was well preserved, thereby ensuring that
the concentrations of the crystal rims could be accurately
determined. A cleaning run at 10 mm/second and 10 Hz
was performed before each analysis. The elements mea-
sured were 7Li, 23Na, 25Mg, 27Al, 29Si, 31P, 43Ca, 47Ti,
53Cr, 57Fe, 60Ni and 89Y. The total acquisition cycle was
2.132 seconds, therefore generating a new datapoint for
every 2.132 mm of horizontal movement. Repetition rate
and fluence were 10 Hz and 4 J/cm2 respectively. Standards
measured for both spot and line profiles were NIST 612
(calibration standard), GOR132, KL2 and BHVO-2G. Line
profiles were calibrated against spot measurements on the
same crystal by normalising the core measurements to an
adjacent spot measurement and then adjusting the remain-
ing profile by this ratio.

An important consideration of such small laser profiles
is how precisely the rim composition can be measured.
The dimension of the slit used in the laser line profiles
was 10x50 mm. Hence, when the slit was positioned per-
fectly at the rim of the crystal an average of the outermost
10 mm was obtained. As a result, it was not possible to pre-
cisely measure the concentration immediately adjacent to
the crystal-groundmass boundary. To compensate for this,
we assumed that the outermost laser point represents 5 mm
from the crystal rim (the centre of a 10 mm slit that is per-
fectly aligned with crystal-groundmass interface). The
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concentration of the rim at the crystal-groundmass inter-
face was then calculated by fitting the profiles to the follow-
ing equation for 1D diffusion in a semi-infinite body:

C xð Þ ¼ C0 � C0 � Cið Þerf x

2
ffiffiffiffiffi
Dt

p
� �

where C xð Þ is the concentration of an element at distance x
from the crystal-melt interface, C0 is the concentration at
the crystal rim, Ci is the initial concentration in the olivine,
D is the element diffusivity in olivine, and t is the time over
which diffusion occurs. For the purpose of this exercise,
arbitrary values of D and t were selected and a least squares
regression method was used to solve for the rim
concentrations.

5. RESULTS

The Forsterite (Fo) contents of Borgarhraun olivine
macrocryst cores range from 92.2 to 87.4 mol%, consistent
with the previous analyses of olivine from this sample by
Fig. 3. Relationships between Fo and minor/trace elements in olivine mac
rims are largely homogeneous and represented in subfigures e and f by a p
Dark green and blue arrows represent the results of of PETROLOG fracti
melt compositions 1 and 2 respectively (Table 2). Pale green lines repr
crystallisation. Note that the model for Mn was produced by subtracting
(see Appendix A and supplementary data for explanation and calculatio
Gurenko et al. (1988) (Fig. 3; Table 1; Supplementary
data). As has been well-established by previous studies on
Borgarhraun (Maclennan et al., 2003a, 2003b; Thomson
and Maclennan, 2013; Matthews et al., 2016), this range
of macrocryst compositions is approximately bimodal, with
two groups with Fo92.2–90.9 and Fo90.0–87.4. The trace and
minor element concentrations acquired by LA-ICP-MS
for this study establish much more clearly the modality of
olivine populations. Several elements (most notably Li,
Na, Al, Ca, Cr and Y) display a systematic difference
between the high- and low-Fo populations (Figs. 3 and
4). This distinction is apparent from a combination of the
absolute concentrations of these elements, the generally
greater variability in concentrations and the tendency to
form correlations with Fo contents, specifically for olivines
from the high-Fo group (Figs. 3 and 4). Chromium, in par-
ticular, shows a remarkably wide range of concentrations,
from 97 to 1150 ppm. When plotting the concentrations
of different trace and minor elements against each other,
the low-Fo olivine macrocrysts are generally poorly
rocrysts and groundmass olivine. Data are for crystal cores. Crystal
urple star. Uncertainties are similar or smaller than the symbol sizes.
onal crystallisation modelling (Danyushevsky and Plechov, 2011) of
esent mixtures of these two primary melts followed by fractional
measured mineral compositions from the starting melt composition
n).



Table 1
Extreme (highest and lowest) and average major, minor and trace element compositions of the high and low olivine macrocrysts and
groundmass olivine. The full range of compositions can be found in the Supplementary Data.

High forsterite group Low forsterite group Matrix

Max Fo Min Fo Average 1 s.d. Max Fo Min Fo Average 1 s.d. Max Fo Min Fo

SiO2 40.61 40.51 40.67 0.20 40.51 40.03 40.18 0.23 38.89 33.50
TiO2 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.14
Al2O3 0.17 0.10 0.11 0.08 0.04 0.13 0.07 0.04 0.08 0.05
Cr2O3 0.16 0.12 0.13 0.02 0.09 0.01 0.04 0.02 0.03 0.00
FeO 7.52 9.30 8.12 0.50 9.05 12.06 10.80 0.77 18.74 49.07
MnO 0.12 0.15 0.14 0.01 0.14 0.20 0.17 0.02 0.30 0.72
MgO 50.18 50.07 50.45 0.57 49.75 46.81 48.45 0.74 42.29 16.85
CaO 0.35 0.37 0.39 0.06 0.45 0.36 0.34 0.03 0.38 0.44
NiO 0.40 0.32 0.33 0.04 0.29 0.23 0.28 0.03 0.17 0.02
Total 99.51 100.93 100.33 0.64 100.32 99.84 100.33 0.50 100.87 100.80
Fo (mol.%) 92.2 90.6 91.7 0.5 90.7 87.4 88.9 0.8 80.1 38.0

Li 1.20 1.22 1.22 0.06 1.17 0.96 1.00 0.12
Na 66.7 53.6 61.4 5.0 50.0 34.2 37.9 5.1
Al 520 376 435 87 277 301 349 42
P 27.1 19.2 26.4 18.5 n.a. 47.4 33.0 20.7
Ca 2003 2499 2383 267 3001 1921 2162 205
Sc 8.55 6.33 7.22 1.37 10.08 9.30 8.23 1.42
Ti 19.7 15.5 17.0 2.6 15.4 21.0 18.6 2.9
V 8.71 7.46 7.94 0.69 7.67 9.04 8.73 0.92
Cr 1036 843 932 111 487 130 259 115
Mn 950 1072 985 59 1099 1416 1260 80
Co 136 144 135 5 131 184 168 9
Ni 2828 2557 2537 318 2104 1829 2234 141
Y (ppb) 82 59 71 9.3 57 68 65 8.7
Tb (ppb) 0.6 n.a. 0.5 0.1 0.4 0.4 0.5 0.1
Dy (ppb) 8.7 n.a. 7.0 1.3 6.2 6.5 6.4 0.6
Ho (ppb) 3.0 n.a. 2.4 0.4 2.2 2.3 2.3 0.2
Er (ppb) 14.5 n.a. 11.7 1.8 10.7 11.6 11.3 1.0
Tm (ppb) 3.1 n.a. 2.5 0.4 2.3 2.6 2.6 0.2
Yb (ppb) 30 n.a. 25 3.5 22 26 25 2.3
Lu (ppb) 6.3 n.a. 5.3 0.8 4.7 5.5 5.4 0.5
Zr (ppb) 8.7 15.3 10.5 3.6 6.6 9.5 9.4 2.9
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correlated, whereas the high-Fo olivines show multiple
strong correlations (Fig. 4). Often these correlations are
in the opposite sense to correlations in the low-Fo group
(where present). This is particularly apparent when Cr is
plotted against other trace/minor elements, such as Y,
Na, Ca, Al and Li (Fig. 4a-e), or in a plot of Y vs. Na
(Fig. 5b). Nickel concentrations (Fig. 5a) vary more in the
high-Fo population (1800–3100 ppm) compared to the
low-Fo population (2000–2600). Rare earth elements (Lu
to Tb) range in concentration from 0.4 ppb (Tb) to
30 ppb (Yb). Primitive mantle-normalised REE patterns
for olivines from the two populations are similar, showing
a steep downwards dipping pattern from Lu to Tb
(Fig. 6). The ratio Dy/Lu shows subtle differences between
the two olivine populations when plotted against Fo, Zr
and Cr (Fig. 6).

High resolution LA-ICP-MS profiles from core to rim
show that the macrocrysts from both high and low-Fo pop-
ulations are relatively homogenous until the outermost rim,
which is �50 mm wide (Figs. 7 and S1 � Supplementary

data). Phosphorous can show more substantial, non-
systematic variations in concentration, which are not
reflected in the concentration profiles of other elements
(Fig. S2 � Supplementary data). The outermost 50 mm,
however, show concentration profiles in almost every ele-
ment, with the notable exception of Al. Crystals with dis-
tinct core compositions converge towards a single rim
composition for most elements (Fig. 7). This is most strik-
ing for Cr, Co, Mn and Ni. Of these, Cr is particularly
unique. High-Fo olivines start with exceptionally Cr-rich
cores (�1000 ppm) and then decrease to a rim concentra-
tion of �200–400 ppm. Low-Fo olivines display more com-
plex, sinusoidal profiles. The cores are relatively Cr-poor
(�200 ppm), then approximately 20–40 mm from the rim,
the concentration increases, before decreasing again slightly
in the outermost 20 mm. Highly incompatible trace element
(e.g., Ti and Y) profiles have rim concentrations that are
different to any of the olivine macrocryst cores (Fig. 7e
and g). For example, the olivine cores have a range of Y
concentrations from 45-105 ppb, whereas the rims are sub-
stantially enriched (�200–300 ppb). Highly incompatible
trace elements also display less convergence at the rim than
more compatible minor/trace elements. For example, pro-
jected rim concentrations of Ti range from 38-70 ppm,
whereas the cores vary less (12–26 ppm). Fo content con-
verges to �78–80 mol%.



Fig. 4. Relationships between trace elements measured in olivine macrocryst cores by LA-ICP-MS. Crystal rims are largely homogeneous and
represented by purple stars. Uncertainties are similar to or smaller than the symbols (see Table 1 and Supplementary Data). Dark green and
blue arrows represent the results of PETROLOG fractional crystallisation modelling (Danyushevsky and Plechov, 2011) of melt compositions
1 and 2 respectively (Table 2). Pale green lines represent mixtures of these two primary melts followed by fractional crystallisation. The
appearance of phases is marked in subfigures c and d.

Fig. 5. Results of equilibrium crystallisation and mixing models for Ni-Fo and Na-Y. Models are constructed in PETROLOG
(Danyushevsky and Plechov, 2011) and compared to fractional crystallisation for reference. Note that in subfigure b the fractional
crystallisation model is not plotted since it overlaps too closely with the other models. Mixing models were created by mixing the differentiated
starting melt with the original melt composition in different proportions and then allowing to crystallise.
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Similar to the macrocrysts, groundmass olivine displays
an approximately bimodal distribution of chemical compo-
sitions, as determined by electron microprobe
(Fig. S3 � Supplementary data). One, relatively less evolved
olivine population has a Fo content of 67–80 mol%, NiO of
0.10–0.17 wt.% and MnO of 0.30–0.49 wt.%, whereas the
second, more evolved population has a Fo content of 38–
52 mol%, NiO of 0.02–0.09 wt.% and MnO of 0.60–0.72
wt.%. The TiO2 contents range from <0.01 to 0.14 wt.%
(equal to <100–850 ppm Ti) and negatively correlate with



Fig. 6. Subfigure a compares normalised REE concentrations in high- and low- Fo olivine macrocryst populations. The shaded areas
represent the full range of values in each population. Primitive mantle values are from Palme and O’Neill (2013). Subfigures b, c and d
compare Dy/Lu ratios with Fo content, Zr and Cr concentrations. 1sd uncertainty in trace element ratios is given by a black vertical and
horizontal bars.
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Fo (Fig. S3 � Supplementary data). Substantial zoning of
larger groundmass olivine is evident, with rims depleted in
Ni and enriched in Fe, Mn and Ti.

Olivine-hosted spinel inclusions (Fig. S4 � Supplemen-

tary data) from the high-Fo group are more abundant
and have higher Cr# (Cr# = Cr/(Al + Cr))between 0.53
and 0.61), as compared to those from the low-Fo group
(Cr# = 0.20–0.22). Mg# (Mg# =Mg/(Mg + Fe)) is similar
for the two populations, but tends to vary more in the high
Cr# spinels. TiO2 is higher in the high Cr# population
(0.19–0.23 vs. 0.14–0.15 wt.%). There are generally good
correlations between the concentrations of elements in the
spinel inclusions and their olivine hosts (Fig. S5 � Supple-

mentary data, as well as between Mn in spinel and
particular trace/minor elements in the host olivine (namely
Na, Cr and Y). Chromium-spinel of the groundmass is rare
and has Cr# of 0.44–0.50, Mg# of 0.48–0.56 and high TiO2

of 0.26–0.37 wt.%.

6. DISCUSSION

6.1. Thermometry

The good correlations between the chemistry of spinel
inclusions and the adjacent host olivines indicate that both
phases are in equilibrium (Fig. S5 � Supplementary data),
and hence element exchange thermometers can be applied
to determine equilibration temperature. We selected the
Al-exchange thermometer of Coogan et al. (2014), a modi-
fied version of the thermometer of Wan et al. (2008). The
popularity of this thermometer for determining liquidus
temperatures of basaltic melts stems from a combination
of the pressure insensitivity, independence from melt com-
position and the assumption that Al diffuses slowly in oli-
vine, permitting the preservation of concentrations
reflective of liquidus temperatures (Coogan et al., 2014;
Spandler and O’Neill, 2010; Heinonen et al., 2015;
Matthews et al., 2016; Sobolev et al., 2016; Spice et al.,
2016; Jennings et al., 2019). The assumption of slow diffu-
sivity was based on limited experimental data from
Spandler and O’Neill (2010), who showed that at the condi-
tions and starting compositions of their experiments, the
rate of Al diffusion in olivine was several orders of magni-
tude slower than other elements. More recently, Zhukova
et al. (2017) and Le Losq et al. (2019) have demonstrated
that a second, faster pathway of Al diffusion exists (compa-
rable to rates of Fe-Mg inter-diffusion), which is favoured
by conditions of higher silica activity.

In the case of the samples studied here, the preservation
of a wide range of Al concentrations in both the macrocryst
cores, combined with the lack of any systematic core-rim
zoning and homogeneous rim concentrations, indicates
minimal reequilibration of Al concentrations by diffusion.
Note that this is contrary to the Borgarhraun samples stud-
ied by Matthews et al. (2016) and, in particular, Mutch
et al. (2019b), who found distinct zoning in Al at olivine
rims, interpreted to reflect crystal growth rather than diffu-
sion. One final consideration for Al exchange thermometry



Fig. 7. Results of LA-ICP-MS line profiles towards the crystal-groundmass interface. Rim concentrations are an average of all measured
profiles. Model curves and timescales are the results of diffusion modelling (see Section 6). Each data point corresponds to the acquisition time
for the element list (2.132 seconds). Line profile scanning rate was 1 mm/s. Full details are provided in the methods section.

P. Tollan et al. /Geochimica et Cosmochimica Acta 286 (2020) 441–460 449
is the potential for Al solubility and diffusion mechanism to
be affected by the presence of monovalent cations (particu-
larly Na, but also H and Li). These have been shown to
charge balance trivalent cations in natural olivine (Tollan
et al., 2018), although further work is needed to rigorously
test such charge-balancing effects.

For the calculation of Al-exchange temperature, LA-
ICP-MS measurements of Al in olivine were combined with
EPMA data for Al2O3 and Cr2O3 in spinel. Use of LA-ICP-
MS data for Al in olivine was preferred because of the
greater precision compared to the equivalent EPMA data.
The accuracy of the LA-ICP-MS data was established by
repeat measurements of the secondary standard BCR-2G,
returning values within 2% of the accepted value (Jochum
et al., 2005). Precision of Al in olivine measurements using
this LA-ICP-MS setup was established over multiple ses-
sions using an in-house standard of San Carlos olivine
(Tollan et al., 2018), which returned a value of 3.7% RSD
(94 ± 4 ppm). Using this dataset, calculated equilibrium
temperatures are 1330–1410 �C and 1250–1260 �C for the
high- and low-Fo groups respectively (Fig. S4b � Supple-

mentary data). These results are in good agreement with
the previous, pioneering microthermometry study of melt
inclusions from this sample (1330–1200 �C; Gurenko
et al., 1988) and the study on Borgarhraun of Matthews
et al. (2016), who employed the same thermometer but uti-
lised high precision EPMA data for both olivine and spinel
Al and Cr concentrations. The high-Fo population in this
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study extends to slightly lower temperatures than the pop-
ulation measured by Matthews et al. (2016), however this
is consistent with the generally less primitive compositions
of the spinel inclusions measured in this study
(Fig. S4 � Supplementary data).

6.2. Origin of the high-Fo olivine macrocrysts

The high-Fo olivines are distinguished by correlations
between different trace/minor elements and Fo content
(Figs. 3 and 4), trends which are (with the occasional excep-
tion) absent from low -Fo olivines. These data clearly indi-
cate a unique history for each of these two olivine
populations. Considering just the high-Fo population, there
are two main options for explaining the observed trends:
crystallisation of a single primary melt, or mixing of two
primary melts combined with cooling and crystallisation.
In order to test which of these options can best explain
the data, a range of crystallisation models were generated
using the software PETROLOG (Danyushevsky and
Plechov, 2011). Two primary melt compositions were used
in the model calculations (Table 2). The first was taken
from Shorttle and Maclennan (2011) and Matthews et al.
(2016), and is in equilibrium with Fo92 (the most forsteritic
olivines from the high-Fo group). A second primary melt
Table 2
Starting melt compositions and partition coefficients used in the
crystallisation models. Intermediate mixed melts are all produced
from mixtures of these two compositions are their differentiated
products. Primary melt 1 is from Shorttle et al. (2015) and primary
melt 2 was constructed by removing equilibrium olivine until in
equilibrium with Fo91. Olivine-melt partition coefficients are from
Mallmann and O’Neill (2013), except Li (Spandler and O’Neill,
2010) and V (calculated fromMallmann and O’Neill, 2009). See the
Appendix for further details.

Primary melt 1 Primary melt 2

SiO2 48.7 48.9
TiO2 0.7 0.4
Cr2O3 0.30 0.12
Al2O3 13.9 14.4
FeO 7.1 7.4
Fe2O3 1.4 1.4
MnO 0.14 0.16
MgO 14.2 12.6
CaO 12.3 12.8
Na2O 1.6 1.7
K2O 0.05 0.05
Li ppm 3.8 4.7
V ppm 200 160
Y ppm 15 12
Ni ppm 370 200

Olivine-melt partition coefficients

Ti 0.00595 0.00613
Cr 0.51 0.913
Y 0.00603 0.00486
Ca 0.023 0.0293
Li 0.29 0.29
Na 0.006 0.0035
Al 0.00888 0.00419
V 0.044 0.049
was created to be in equilibrium with the least forsteritic
olivines from the high-Fo group (Fo91), by removing equi-
librium olivine in 0.01% steps from the first primary melt.
We note that using the very similar primary melt composi-
tion from Gurenko et al. (1988) has no significant impact
on the model results or their subsequent interpretation.

Although a wide range of trace elements were included
in the models, particular attention was given to chromium
due to its substantial concentration range in the olivine
samples, clear distinctions of Cr contents between the two
olivine macrocryst populations, as well as to its unique par-
titioning behaviour in primitive igneous systems. Although
Cr is a moderately incompatible element in olivine (Hanson
and Jones, 1998; Mallmann and O’Neill, 2013; Bell et al.,
2014), its partitioning behaviour between the melt and the
bulk crystallising assemblage varies substantially as a func-
tion of the stability of spinel, in which Cr is a major struc-
tural element. Primitive basaltic melts typically co-
crystallise Cr-spinel and olivine and their order of appear-
ance on the liquidus is in part a function of Cr content in
the primary melt and oxygen fugacity (Ariskin and
Nikolaev, 1996; Feig et al., 2010). Since the concentration
of chromium in Cr-spinel is much higher than that in the
basaltic melt, crystallisation of even minor amounts of spi-
nel will rapidly deplete the melt in Cr. Chromium is also
compatible in clinopyroxene (Mallmann and O’Neill,
2009; Le Roux et al., 2013) and hence the onset of clinopy-
roxene crystallisation will result in further depletion of Cr.
In comparison, most other trace elements are moderately to
highly incompatible both in olivine and in the bulk crys-
tallising assemblage, at least before the onset of clinopyrox-
ene crystallisation (McDade et al., 2003; Mallmann and
O’Neill, 2013).

The details of the modelling procedure, the selection of
trace element concentrations in the primary melts and
selected partition coefficients are provided in the Appendix
A. The results are added as trend lines in Figs 3–5. Initially
we considered a simple end-member scenario of fractional
crystallisation. This is unlikely to truly reflect the complex-
ity of the primitive magmatic system feeding Borgarhraun
(Stracke et al., 2003a; Maclennan et al., 2003a;
Maclennan, 2008a, 2008b; Thomson and Maclennan,
2013). It does, however, provide a first order understanding
of whether the trends in olivine populations are generated
through crystallisation of a single melt composition, and
whether melts in equilibrium with high-Fo olivines are
likely to have also generated the low-Fo population. Differ-
ent modelling strategies are described later.

The trends in the high-Fo group are very poorly repro-
duced by simple crystallisation models; in many cases, the
model trends are in the opposite sense to the data trends.
In particular, Ni contents in the high-Fo group vary from
�3000 ppm to �1800 ppm at nearly constant Fo (Fig. 3e).
Hence, it is not possible to reconcile the high-Fo population
with any simple crystallisation scenario (equilibrium crys-
tallisation would change the concentrations slightly, but
not drastically alter the model vectors, as is required). A
possible explanation for some of the trends observed is
charge balancing through coupled substitutions of ele-
ments. For example, Cr can be charge-balanced by Na in
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olivine (Tollan et al., 2018), which could explain the posi-
tive relationship observed between these two elements for
the entire selection of Borgarhraun olivines (Fig. 4b). How-
ever, other trends are less consistent with charge balance.
Chromium and Li (also Al and Li) would be expected to
form a similar trend to Cr and Na, whereas the opposite
trend is observed (Fig. 4e, i). Moreover, if charge balancing
was the dominant process controlling trace element rela-
tionships, then the trends observed in the high-Fo olivines
should also be apparent for the low-Fo olivines, which is
not the case (Fig. 4). Therefore, while coupled substitutions
may have contributed to some of the chemical relation-
ships, it is likely that concurrent crystallisation and mixing
of different melt compositions masked or erased most or all
of these trends. Due to the approximately linear relation-
ships, we propose that two major end-member melt compo-
sitions were involved in generating the hybrid melt from
which the high-Fo macrocrysts crystallised. As these two
end-member melts mixed, the composition of olivine pre-
cipitating converged on an intermediate value, forming
the observed compositional trends within the high-Fo pop-
ulation. We cannot discount the possibility that these end-
member melts themselves are not the products of melt mix-
ing; in fact, this is highly probable given the fractional man-
tle melting process operating beneath Iceland, which results
in immediate mixing of instantaneous melts upon segrega-
tion from the mantle source (Maclennan et al., 2003a,
2003b, Stracke et al., 2003a; Maclennan, 2008a; Neave
et al., 2018). Incomplete homogenisation of these true pri-
mary melt batches may help to explain some of the scatter
around the mixing trends.

6.3. Origin of the low-Fo olivine macrocrysts

The next question to address is how the high and low-Fo
populations relate to each other. Trends in elements
obtained only by EPMA (Ni, Mn, Cr, Fe, Mg) are qualita-
tively consistent with crystallisation of melt in equilibrium
with the high-Fo population (e.g., higher Mn at lower
Fo). Fractional crystallisation models reproduce well the
relationships between Cr, Mn and Fo (Fig. 3b, f) but not
with Ni (Fig. 3e), with the low-Fo population containing
considerably more Ni than predicted by simple fractional
crystallisation. This is not entirely surprising, given the evi-
dence from previous studies showing that additional pro-
cesses, such as melt mixing and diffusional re-
equilibration contributed to the generation of Borgarhraun
magmas (Stracke et al., 2003a; Maclennan et al., 2003a;
Maclennan, 2008a, 2008b; Thomson and Maclennan,
2013). A variety of extra models were thus created to
explain the Ni vs Fo relationship. The data were best repro-
duced by equilibrium crystallisation and melt-mixing,
whereby the highest Fo primary melt composition was
allowed to crystallise until equilibrium with �Fo87, fol-
lowed by mixing of this evolved melt with the original pri-
mary melt at varying proportions (Fig. 5a). Essentially, this
simulates equilibrium crystallisation, followed by recharge,
mixing and crystallisation. Despite the plausibility of
explaining the major and minor element composition of
the low-Fo population by coupled mixing and crystallisa-
tion of melts in equilibrium with high-Fo olivines, these
same models are not capable of universally explaining the
trace element data. Simple fractional crystallisation models
can reproduce some trace element relationships (Fig. 4a, d,
f, g) but fail at reproducing others (Fig. 4b, c, e, h, i). The
equilibrium crystallisation and mixing models that explain
the Ni-Fo data do not successfully reproduce Na-Y rela-
tionships (Fig. 5). Note that the equilibrium crystallisation
and mixing models for Na-Y are very similar to simple frac-
tional crystallisation models of the same data (Fig. 4h). We
thus suggest that the parental melts of the low-Fo popula-
tion follow a distinct magmatic lineage unrelated to the
melts responsible for the high-Fo population. Although
we can’t discount that small amounts of melts from the
high-Fo population mixed to form the low-Fo population,
the trace element relationships demonstrate that it must
have been volumetrically minor.

A remaining question to address is why the low-Fo olivi-
nes do not generally show trends in composition as shown
by the high-Fo group. There are several possibilities.
Firstly, the lower crust beneath northern Iceland is likely
to be a complex amalgamation of the products of genera-
tions of magma injections, all of which have experienced
variable cooling and crystallisation histories, and their crys-
tal cargo subsequently intermingled (Maclennan et al.,
2003a; Mutch et al., 2019a). Disaggregation of this crystal
mush by fresh injections of melt would result in scavenging
and mixing of different olivine populations that don’t share
a direct magmatic lineage. A second process to consider is
sub-solidus modification during prolonged crustal storage.
Thomson and Maclennan (2013), produced a model that
showed how cumulate olivines, originally stratified by Fo
content, are subsequently homogenised by diffusion. This
produces increasingly a unimodal distribution of olivine
compositions. Although most trace elements diffuse at sim-
ilar rates to Fe-Mg in olivine, there are small differences (as
can be seen in Figs. 5 and S1; Spandler and O’Neill, 2010;
Tollan et al., 2015) which, with time, would lead to modifi-
cation of the chemical trends formed through earlier differ-
entiation. Disaggregation of such partially homogenised
mushes would likely lead to a mixture of olivine macro-
crysts without any clear petrogenetic relationship. We
emphasise though that the model of Thomson and
Maclennan (2013), whilst plausible to explain the trace ele-
ment data of the low-Fo group, cannot explain composi-
tional relationships the entire macrocryst population.

6.4. Relationship between olivine macrocrysts and carrier

melt

All olivine macrocrysts show small (<50 mm) concentra-
tion profiles towards the crystal rim. Concentration profiles
may be formed either through diffusion or crystal growth,
and distinguishing between the two is crucial for correctly
interpreting timescales of magmatic processes (Shea et al.,
2015; Brenna et al., 2018; Mutch et al., 2019b). There are
a number of options for discerning the relative contribu-
tions of these end-member processes. One option is to com-
pare the concentration profiles of elements with greatly
differing diffusion rates. Mutch et al. (2019b) utilised this
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method for Borgarhraun olivines, taking slowly-diffusing
Al as a monitor for the contribution from crystal growth.
We could not take this approach, mainly due to the lack
of any significant Al concentration profiles at the outermost
50 mm in the measured crystals. This in itself could poten-
tially indicate diffusion as the dominant mechanism for gen-
erating the concentration profiles of the other elements.
However, notable differences between the rim concentra-
tions of these elements (e.g., Ni, Mn and Fo content) when
compared with the data of Mutch et al. (2019b) indicates
that the Borgarhraun olivines in our sample equilibrated
with a different carrier liquid. An absence of a significant
chemical potential gradient in Al would inhibit any concen-
tration variation during growth or diffusion. There also
remain questions regarding how much the rapid pathway
of Al diffusion contributes to bulk Al diffusion in magmatic
olivine (Zhukova et al., 2017; Le Losq et al., 2019), as dis-
cussed above. An alternative to Al is P (Shea et al., 2015),
which is much slower diffusing and is unlikely to have a
subsidiary fast mechanism (Spandler and O’Neill, 2010).
Phosphorous profiles occasionally show variation in con-
centration in the outermost 50 mm, although correcting
the profiles of rapidly diffusing elements using P and the
approach of Mutch et al. (2019b) was not possible, since
the rim concentrations of P vary significantly between crys-
tals, and correlations between P and other elements are too
inconsistent to generate linear growth curves (Mutch et al.,
2019b). Instead, we tested the role of growth vs. diffusion by
measuring approximately perpendicular profiles in the same
crystals and then comparing the concentration profiles of
anisotropically and isotropically-diffusing elements. In a
diffusion-dominated system, the anisotropically-diffusing
elements should show concentration profiles with different
lengths, whereas the isotropically diffusing element profiles
should be roughly the same. Fig. S6 (Supporting online

material) shows a comparison between Cr, Mg-Fe, Y and
P concentrations along two perpendicular profiles from
two different crystals. Anisotropically- and rapid-diffusing
elements (Cr, Mg-Fe) show different length scales in the
two profiles (most apparent for Cr). Isotropically-diffusing
Y shows nearly identical profiles in one crystal, and subtle
differences in the second. Slow-diffusing P shows no corre-
lation with the profiles of other elements, with only one
profile showing any substantial variation in concentration
towards the rim. In addition to the evidence from diffusive
anisotropy, it is also difficult to reconcile such large compo-
sitional changes (Fo 90–78 and 4x increase in highly incom-
patible elements) occurring with such small amounts of rim
overgrowth. Hence, while we cannot discount the possibil-
ity that growth played some role, we conclude that the con-
centration profiles of all elements (except P) are best
explained through diffusion, rather than crystal growth.

Considering the profiles in detail (Fig. 7), two important
observations are apparent: macrocrysts with high- and low-
Fo compositions converge towards the same rim composi-
tion, and the rim composition for many elements is distinct
from any of the macrocryst cores. The convergence of com-
position towards the rim is most distinct for Cr, Mn, Ni, Co
and Fo content. Highly incompatible trace elements such as
Ti and Y show more variance in rim composition. This is
most likely due to a lack of precision in the profiles. Both
Ti and Y have shorter profiles than other elements, result-
ing in a poorer model fit. In the case of Y, the concentra-
tions are extremely low (<ppm), and hence there is
additional uncertainty due to the less precise measurements.
Nevertheless, the convergence of rim compositions clearly
supports the hypothesis that a single more evolved melt
scavenged the different populations of macrocrysts during
ascent to the surface.

The Cr profiles provide even greater insight into the evo-
lution of this transporting melt (Fig. 7a). Uniquely, low-Fo
macrocrysts display sinusoidal Cr profiles, with a relatively
steep increase in Cr concentration at the innermost rim, fol-
lowed by a decrease in Cr concentration towards the inter-
face, commensurate with the more Cr-rich macrocrysts.
This initial steep increase is interpreted to reflect early re-
equilibration with a transporting melt that was more prim-
itive than the final erupted melt. We suggest that as the
transporting melt ascended it continued to differentiate by
fractional crystallisation of spinel and clinopyroxene,
resulting in progressively decreasing equilibrium Cr concen-
trations (i.e., diffusion of Cr with a non-constant, decreas-
ing activity of Cr at the crystal-melt interface). Similar
effects may be anticipated for Ni and Mn due to olivine
crystallisation, however the relative change in Ni and Mn
is much smaller compared to Cr and thus not discernible
in the measured concentration profiles.

This observation that Ni and Mn concentrations at the
rim are distinct from any of the macrocryst cores, is even
more apparent for highly incompatible trace elements.
Yttrium, for example, has a final rim concentration �4�
higher than any of the macrocryst cores (Figs. 4 and 7).
Assuming a representative Dolivine/melt of 0.0036
(Mallmann and O’Neill, 2013), a melt in equilibrium with
an olivine with 60 ppb would need to fractionally crystallise
by approximately 74% to be in equilibrium with an olivine
with �250 ppb Y. Even greater amounts of crystallisation
would be required to achieve this degree of enrichment con-
sidering that both plagioclase and clinopyroxene would also
be liquidus phases, in which Y is more compatible than oli-
vine. Such high degrees of differentiation are inconsistent
with the relatively high-Fo content of the macrocryst rims
(Fo78–80), which requires only around 50% of fractional
crystallisation of the least primitive of the two primary melt
compositions based on PETROLOG calculations. Hence,
we suggest that the carrier liquid is a distinctly different
melt, unrelated directly to the melt from which the olivine
macrocrysts crystallised.

6.5. Timescale of macrocryst transport

Diffusion profiles can also be used to estimate the time
during which the macrocrysts were disaggregated and
transported by the carrier melt. Ideally, the orientation of
each profile relative to the principle crystallographic axes
would be determined in order to precisely determine the dif-
fusion timescale. Since crystal orientation was not mea-
sured here, we instead calculated the maximum and
minimum times for each profile based on the anisotropy
of the element in question (i.e., the maximum and minimum



Fig. 8. Timescales calculated from diffusion modelling of LA-ICP-
MS line profiles. The data for each element represents the range of
values calculated from multiple profiles. Orientation of the profile
relative to the crystal was not considered. Green values are
calculated from diffusion coefficients specific for diffusion of that
element at 1200 �C. Red values are calculated from diffusion
coefficients produced experimentally at 1300 �C and subsequently
corrected for the lower temperature. See discussion for a detailed
explanation. The green and red shaded areas represent the range of
timescales consistent with major/minor elements and incompatible
trace elements respectively. References are as follows; D&C(07) is
Dohmen and Chakraborty (2007), P(04) is Petry et al. (2004),
S&O’N(10) is Spandler and O’Neill (2010).
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diffusivities relative to the a, b and c axes). Although this is
not as precise, it is still sufficient to distinguish timescales
with approximately an order of magnitude difference (e.g.,
days from months).

The exercise used the same equation as above. In order
to provide a tighter constraint, we performed the timescale
calculation for multiple elements, namely Ni, Mn, Co, V,
Ti, Y and Fe-Mg. The range of possible timescales was then
constrained by the convergence of results. For this purpose
we employed a temperature of 1200 �C, based on the PET-
ROLOG calculations of the temperature of melt equilbrium
with olivine Fo80 (the macrocryst rims). An oxygen fugacity
of DFMQ = 0.3 (where DFMQ is log units above the
fayalite-magnetite-quartz oxygen buffer) at a pressure of
0.8 GPa (Gurenko et al., 1988) was calculated from the
measured compositions of spinel inclusions and their host
olivines, using the oxygen geobarometer of Ballhaus et al.
(1991), with the correction of Ballhaus et al. (1994). It
should be stressed that silica activity can also have a sub-
stantial effect on element diffusion in olivine (Jollands
et al., 2016), which was not directly taken into account here,
but should be similar to the experiments of Spandler and
O’Neill (2010). The diffusion coefficients (D) for Fe-Mg
were calculated from master equation (1) of Dohmen and
Chakraborty (2007). These same values were also used for
modelling the Mn profiles (Chakraborty, 2008). The values
of D for Ni were calculated from Petry et al. (2004). For the
remaining elements, we used the study of Spandler and
O’Neill (2010). However, the diffusion coefficients from that
study were only obtained at a single set of conditions
(T = 1300 �C and fO2 = 10�3.3 Pa). To correct for this,
we calculated the difference between the diffusion coefficient
of Ni at the experimental conditions used by Spandler and
O’Neill (2010) and the conditions of the diffusion model
performed here (using the regressions of Petry et al.,
2004). The resulting correction was a subtraction of 1.6
log units from the DNi values of Spandler and O’Neill
(2010). This assumes that the dependence of Co, Ti, V
and Y diffusion on temperature and fO2 is similar to that
of Ni, which is justified since the vacancy-controlled mech-
anism of diffusion for these elements in Fe-bearing olivine is
the same (Spandler and O’Neill, 2010; Jollands et al., 2016).
The success of this approach can be checked for Ni and
Mn. Addition of 1.6 log units to the calculated D produces
values of DNi which are within 0.2 log units of Spandler and
O’Neill (2010). Manganese shows lesser agreement, with the
differences of +0.2 and �0.4 log units for the slowest and
fastest axes respectively relative to the values of Dohmen
and Chakraborty (2007). The excellent agreement between
Co timescales (calculated from the modified D of
Spandler and O’Neill, 2010) and Fe-Mg, Mn and Ni time-
scales (all components which diffuse at very similar rates;
Petry et al., 2004) demonstrates the efficacy of this
approach.

Timescales calculated using Fe-Mg, Ni, Mn and Co
yield a range of 70–250 days (Fig. 8). This relatively large
range is due primarily to the measurement of concentration
profiles relative to randomly sampled crystal orientations
and morphologies. Timescales calculated for V, Ti and Y
overlap with this range and extend to shorter timescales
(30–90 days). To a first order, this confirms that these ele-
ments are diffusing at a similar rate to major and minor
components (Spandler and O’Neill, 2010; Tollan et al.,
2015). The shift to generally shorter timescales may be an
artefact of the greater uncertainty in the measured profiles
of these trace elements relative to the better-constrained
major and minor element concentrations, in addition to
the uncertainty associated with the modified D values
described above. However, it may also indicate that the
chemical potential gradients of these elements are generated
later during magmatic ascent, once more trace element-rich
clinopyroxene begins to crystallise. Regardless, it is likely
that the longer timescale of 70–250 days calculated from
Fe-Mg, Ni and Mn are most reliable estimates for the total
ascent history of the magma prior to eruption. These time-
scales are approximately an order of magnitude longer than
those calculated for another sample from Borgarhraun by
Mutch et al. (2019a, 2019b). It is important to note though,
that there are significant differences between the two sam-
ples which may explain the discrepancy. Firstly, Mutch
et al. (2019a, 2019b) report Al concentration profiles in
their olivine macrocrysts, which we do not observe. Sec-
ondly, the rim concentrations of all elements are quite
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different, with much lower Mg# and Ni and higher Mn in
our olivine samples. Combined, this indicates that the Bor-
garhraun samples studied here were erupted by a different
carrier liquid to those of Mutch et al. (2019a, 2019b), which
would be consistent with the well-established heterogeneity
within the lava flow (Stracke et al., 2003a; Maclennan et al.,
2003a). Hence, the variation in eruption timescale is likely
to reflect the episodic nature of magma recharge and
eruption.

6.6. Relationship with matrix olivine

Two populations of fine-grained matrix (groundmass)
olivine can be distinguished based on Fo content and
NiO, MnO and TiO2 concentrations (Fig. S3 – Supplemen-

tary data). Combined with the macrocryst compositions,
this means that the total range of olivine compositions
recorded within a single thin section is Fo92–38, considerably
greater than typically reported for basalts. The less evolved
groundmass olivine population (Fo67–80) overlaps with the
rim composition of the olivine macrocrysts, indicating that
the more primitive of these matrix olivines crystallised from
the transporting melt with which the macrocrysts also par-
tially equilibrated. The more evolved population (Fo38–52
and up to 900 ppm Ti) however are not represented by
any of the macrocryst rims. These compositions are typi-
cally found as thin (<10 mm) rims on interstitial growths
of matrix olivine at the intersection of larger (50–200 mm)
matrix crystals. We suggest that this highly evolved compo-
sition represents high degrees of fractionation of trapped
interstitial melt. The near-absence of any quenched glass
in the groundmass indicates that these highly evolved
matrix phases grew by adcumulate growth, likely during
slow cooling of the magma upon eruption. The inability
to detect these evolved interstitial olivine compositions on
the macrocryst rims indicates that this process of chemical
differentiation during groundmass crystallisation was rapid
relative to the transport-induced diffusion profiles. It is
important to note that the groundmass crystallisation and
the absence of glass observed in the sample studied here
is distinctly different to the more rapidly quenched, glass-
bearing samples reported in the majority of previous Bor-
garhraun studies (Maclennan et al., 2003a, 2003b;
Thomson and Maclennan, 2013; Winpenny and
Maclennan, 2011; Mutch et al., 2019a, 2019b), highlighting
the substantial differences in lava flow texture which accom-
pany whole-rock variations at Borgarhraun (Maclennan
et al., 2003b). The extreme range of olivine compositions
present on such a small spatial scale (<1 mm) is a stark
demonstration of the challenges involved in understanding
crystal-melt equilibrium in even seemingly primitive basalts,
and the challenges presented in using whole rock composi-
tions to understand the composition and crystallisation
conditions of equilibrium parental melts.

6.7. Incompatible trace elements and the Icelandic mantle

The concentrations and ratios of incompatible trace and
minor elements in olivine can reveal regional variations in
the mantle beneath Iceland (Neave et al., 2018; Nikkola
et al., 2019; Rasmussen et al., 2020). In Fig. 9, the ratios
Ti/Y and Y/Zr in Borgarhraun olivines are compared with
data from primitive (Háleyjabunga; Fo88–90) and more
evolved (Stapafell; Fo85–88) Iceland lavas with dominantly
peridotitic sources (Neave et al., 2018) and olivines from
volcanic zones with proposed pyroxenite signatures (south
Iceland volcanic zone and tertiary lavas: Rasmussen
et al., 2020). Borgarhraun olivines are similar to olivines
from Háleyabunga (Neave et al., 2018), with low Ti/Y
and Zr/Y. Conversely, the data for olivines crystallising
from melts were interpreted to have derived from garnet-
bearing pyroxenite mantle have notably higher Ti/Y and
Zr/Y (Rasmussen et al., 2020). Hence, the magmas feeding
Borgarhraun most likely derived from a dominantly peri-
dotitic, lower pressure (garnet-free) spinel-peridotite source
(note that differences in the degree of partial melting may
also have contributed to the fractionation of these trace ele-
ment ratios). Comparisons can also be made with the oli-
vine trace element dataset of Nikkola et al. (2019) who
investigated lava flows from the south Iceland volcanic
zone (Hvammsmúli and Brattaskjól) and central Iceland
(Kistufell). Although Nikkola et al. (2019) did not measure
Y or Zr, Ti concentrations give a good first order indication
if the mantle source was relatively enriched or not. Olivine
from Borgarhraun and Háleyjabunga (Neave et al., 2018)
show similar Ti concentrations for a given Fo content
(Fig. 9c), indicating a broadly similar mantle source, as
inferred from Ti/Y and Zr/Y systematics. Olivines from
all south Icelandic volcanic zone lavas (Hvammsmúli, Kis-
tufell and, in particular, Brattaskjól) all have significantly
higher Ti concentrations for the same Fo content
(Nikkola et al., 2019), again in support of either a more fer-
tile mantle source region, or extraction of smaller degree
partial melts (Stracke et al., 2003a). These conclusions
regarding differences in mantle source are broadly consis-
tent with those deduced from radiogenic isotopes (Stracke
et al., 2003a, 2003b). However, differences between the iso-
topic composition of Theistareykir lavas (including Bor-
garhraun) and those from elsewhere on Iceland point to
subtle differences in mantle source that are not currently
resolvable from olivine trace elements alone.

6.8. Chromium in olivine as a petrogenetic tool

A significant distinguishing feature of the Borgarhraun
olivines is the very high Cr contents of the high-Fo macro-
crysts, 400 ppm higher than olivines from any other Ice-
landic lava (Fig. 9). Paradoxically, Borgarhraun also has
olivines with the lowest Cr contents of any Icelandic lava.
These very low Cr contents (<100 ppm) occur at substan-
tially higher Fo content than other Icelandic lavas (Fo88–
89 compared to <Fo84), producing a unique, steep trend
in Cr vs. Fo space compared to the rest of Iceland (Fig. 9d).
Before addressing the causes of these differences, it is
important to acknowledge the potential for a sampling bias.
This could be due to either a lack of truly representative oli-
vine data from other parts of Iceland, or due to an eruptive
bias, whereby similarly Cr-rich olivines are formed in mag-
matic systems elsewhere on Iceland but simply not erupted.
Furthermore, the data we present is all from the same lava



Fig. 9. Comparison of data from this study with data from Neave et al. (2018), Nikkola et al. (2019) and Rasmussen et al. (2020). 1sd
uncertainty in trace element ratios is given by a black vertical bar in subfigures a and b. Note that in sub-Fig. 8b, concentrations of Y were in
ppb rather than ppm. The trends of Fo vs. Cr for Borgarhraun and the rest of Iceland is outlined for clarity.
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flow, whereas other studies report data from multiple flows
within the same volcanic zone (Neave et al., 2018; Nikkola
et al., 2019; Rasmussen et al., 2020). Assuming minimal
sampling bias, the exceptionally high Cr contents at Bor-
garhraun may be due to unique mantle melting conditions,
different olivine-melt partitioning behaviour or varying
residual mantle mineralogy. Both temperature and melt
composition may affect D(Cr)ol/melt (Hanson and Jones,
1998). However, from a compilation of literature partition
coefficients over the temperature range of 1300–1400 �C
and a broad array of melt compositions, D(Cr)ol/melt is
expected to vary from 0.55 to 0.85 (Bell et al., 2014). This
range in D values is unable to explain the difference in Cr
contents of Borgarhraun macrocrysts and those from other
lavas on Iceland. Variations in oxygen fugacity of crystallis-
ing melts are also an unlikely cause, since D(Cr)ol/melt is
invariant over typical mantle fO2 (Hanson and Jones,
1998; Mallmann and O’Neill, 2009; Bell et al., 2014). Resid-
ual mantle mineralogy could generate variations in melt Cr
content, since Cr is considerably less compatible in garnet
than in spinel (Roeder and Reynolds, 1991; Hauri et al.,
1994). Thus, melting at higher pressures where garnet is
increasingly stabilised relative to spinel should result in
more Cr-rich melts. Differences in the amount of garnet
in the mantle source may be apparent when comparing
the REE patterns and MREE/HREE ratios of the Cr-rich
and Cr-poor olivine populations, provided that the volume
contribution of garnet melting is significant enough (Hauri
et al., 1994; Johnson, 1998). Although the REE patterns
appear nearly identical (Fig. 6), the ratio Dy/Lu does show
a difference between the two macrocryst populations, with
the most Cr-rich olivines having uniquely high values of
Dy/Lu. This may indicate a small difference in the amount
of melting in the garnet stability field, however, other Ice-
landic lavas with much stronger garnet signatures do not
show such extreme Cr enrichments in olivine (Rasmussen
et al., 2020). Hence, we consider variations in residual gar-
net and spinel to be relatively insignificant for explaining
Borgarhraun olivine chemical variability. Having dis-
counted partitioning and source mineralogy, the most plau-
sible explanation for the Cr rich olivines is that the melts
themselves had higher Cr contents. Roeder and Reynolds
(1991) showed that for basaltic melt compositions, solubil-
ity of Cr increases by several tenths of wt.% as temperature
increases from 1200 to 1400 �C. This change in solubility is
similar to the difference in Cr content required in the crys-
tallisation models in order to explain the range of Cr con-
tents exhibited by the high-Fo macrocryst population
(0.18 wt.% Cr2O3; Supplementary data).

Assuming again that previously published olivine data is
representative of the respective magmatic systems, the con-
trastingly low Cr contents in the low-Fo Borgarhraun
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population and the steepness of the trend in Cr vs. Fo com-
pared to other Icelandic lavas (Fig. 9d) can be explained by
the initial Cr contents and crystallisation pressure. High Cr
melts result in early stabilisation of Cr-spinel relative to oli-
vine, and hence a rapid depletion of Cr in the remaining
melt with respect to decreasing Mg# during fractional crys-
tallisation. Pressure of crystallisation is also important.
Higher pressures of crystallisation result in the early
appearance of clinopyroxene on the liquidus, as has been
suggested for Borgarhraun lavas (0.8–1.0 GPa; Gurenko
et al., 1988; Winpenny and Maclennan, 2011). Since Cr is
compatible in clinopyroxene, such early crystallisation will
result in Cr-rich compositions (>1 wt.% for Borgarharaun
clinopyroxene; Maclennan et al., 2003a; Winpenny and
Maclennan, 2011) which further deplete the residual melt
in Cr during the early stages of differentiation. The effect
of early, high pressure clinopyroxene crystallisation can
be seen clearly in Fig. 3b and is also demonstrated in the
supplementary data. Without early clinopyroxene crystalli-
sation, the Cr content of olivine would be up to 350 ppm
higher at around Fo87, very similar to olivines from other
Icelandic lavas (Fig. 9). Based on this relationship, it is pos-
sible that a large fraction of the substantial variation in Cr
at a given Fo content may be due to pressure-induced vari-
ations in clinopyroxene crystallisation. Trends in Cr vs. Fo
in olivine from different magmatic systems may therefore be
a powerful tool for identifying variations in crystallisation
pressures, with unusually steep trends (such as Bor-
garhraun) indicating an early period of deep crustal/upper
mantle differentiation.

6.9. Re-envisaging the origin of the Borgarhraun lava flow

Although our conclusions regarding the origin of the
Borgarhraun lava are overall consistent with previous stud-
ies (Maclennan et al., 2003a; Maclennan et al., 2003b;
Maclennan, 2008a; Winpenny and Maclennan, 2011;
Thomson and Maclennan, 2013), olivine trace elements
provide an extra layer of detail on the mixing process.
The key difference is that our new trace element data show
a clear difference in the origin of the high and low-Fo oli-
vine macrocryst groups, with simple near-binary melt mix-
ing forming the former, and a more complex series of
various parental melt compositions to form the latter.
The melts forming the high-Fo population are unlikely to
contribute significantly to melts forming the low-Fo popu-
lation. Such a distinction is not indicated by either melt
inclusions hosted by different olivine populations
(Maclennan et al., 2003a), nor by clinopyroxene megacrysts
from cumulate nodules (Winpenny and Maclennan, 2011).
Olivine-hosted melt inclusions do show differences in La/
Yb between the high and low-Fo group (Maclennan
et al., 2003a). In addition, melt inclusions from the high-
Fo population (Fo90–92) show evidence for a decrease in
the degree of melt mixing (based on REE ratios) with
decreasing Fo content (Maclennan, 2008a). The new data-
set reported here provides a slightly different view. Based
on crystallisation models for a wide range of major, minor
and trace elements in the olivine macrocrysts, the melt mix-
tures which generate the high-Fo population do not go on
to crystallise the low-Fo population. Instead, we propose
that these most primitive melt mixtures either stall at depth
and erupt, or they are consumed by more voluminous
evolved melts, diluting their presence in subsequent magma
evolution. It should be emphasised that our conclusions
here are based mainly on element concentrations rather
than ratios, as used by previous studies (e.g., Maclennan
et al., 2003a). Nevertheless, these near-binary mixing trends
are still apparent in several incompatible element ratios,
such as Dy/Lu (Fig. 6).

Another key difference is that based on the rim concen-
trations of most elements, particularly highly incompatible
trace elements (Ti and Y), the carrier liquid is not only out
of equilibrium with the macrocryst olivines (Maclennan
et al., 2003a; Maclennan, 2008a; Winpenny and
Maclennan, 2011; Thomson and Maclennan, 2013) but is
furthermore not part of the same magmatic lineage. This
is because the combination of Ti, Y and Fo contents at
the rims are incompatible with fractional crystallisation of
any of the modelled parental melt compositions. We thus
suggest that disaggregation of the cumulate piles from
which the macrocrysts came was triggered by fresh injec-
tions of a distinctly new melt. Chromium profiles uniquely
show that this carrier liquid continued to differentiate dur-
ing ascent to the surface. This process of melt injection, dis-
agreggation and eruption was exceptionally quick (on the
order of several months), based on modelling of diffusion
profiles in the olivine macrocrysts. We should, however,
also stress that the carrier liquid for this part of Bor-
garhraun is distinctly different from that sampled by previ-
ous studies, highlighted by the different olivine macrocryst
rim compositions and groundmass textures (Maclennan
et al., 2003b; Maclennan, 2008a, 2008b; Mutch et al.,
2019b). This thus provides a further indication of the signif-
icant compositional heterogeneity present within the mag-
matic system feeding the eruption of the Borgarhraun lava.

7. CONCLUSION

Our study shows an example of how trace elements in
olivine can be utilised to provide new insights into the beha-
viour of primitive mantle melts during early stages of differ-
entiation. Highly forsteritic olivines, such as those
measured here from Borgarhraun (Fo90–92), are typically
considered as proxies for near-primary melts. The trends
observed in this study for trace elements, particularly Cr
and highly incompatible elements such as Na and Y,
demonstrate that even these highly magnesian melts can
show clear evidence for melt mixing and concurrent crys-
tallisation. A crucial point of our study is that models that
reproduce relationships between major and minor elements
(Fe, Mg, Mn and Ni) cannot consistently explain relation-
ships involving trace elements. Relying solely on major and
minor element data would thus have led to different and
potentially erroneous conclusions. We envisage that such
cryptic mixing trends may be regularly observed in the trace
element concentrations of olivine phenocrysts which have
otherwise subtle variations in major and minor element
chemistry. High precision analysis of Cr, Na, Li, Ti and
Y alongside other more commonly measured elements in
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olivine, are therefore crucial for building a more detailed
picture of how melts are generated and subsequently evolve
once segregated from their mantle source.
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APPENDIX A

PETROLOG models

Fractional and equilibrium crystallisation models were
constructed with PETROLOG using the two primary melt
compositions described in Section 6. These melt composi-
tions consist of the following components: SiO2, TiO2,
Al2O3, FeO, Fe2O3, MnO, MgO, CaO, Na2O and K2O.
The initial concentrations of the remaining elements
included in the models (Cr, Y, Li, V) were calculated by
taking the most and the least primitive olivines respectively
from the high-Fo population and two sets of olivine-melt
partition coefficients from Mallmann and O’Neill (2013).
The first set of partition coefficients was from experiment
C15/02/10, which was run at 1377 �C using a more
primitive melt composition. The second set of partition
coefficients was from experiment B15/03/11, which was
run at 1300 �C using a less primitive melt composition.
Both sets of experiments were conducted at atmospheric
pressure. Note that the fO2 of these two experiments were
quite different (the former much more oxidising than the
latter). With the exception of V, the olivine-melt partition-
ing behaviour of the elements modelled should not be
affected by this (Mallmann and O’Neill, 2009; Bell et al.,
2014). For V, the partition coefficients were calculated
separately using equation (1) at FMQ and the temperatures
of the two experimental runs. Note that neither of these
experiments yielded partition coefficients for Na. Instead,
partition coefficients were taken from other experiments
at similar temperature, which best reproduced the maxi-
mum and minimum measured Na concentrations. Lithium
was not included in the study of Mallmann and O’Neill
(2013), so the value of 0.29 was taken from Spandler and
O’Neill (2010). In the case of Ti, the TiO2 of the starting
melts is the same and the Ti partition coefficients from
the two experiments are very similar. We thus modified
the initial Ti concentration of the more evolved primary
melt, from 0.7 wt.% to 0.4 wt.% in order to generate the
maximum and minimum Ti concentrations in the high-Fo
population. Likewise, the Ni and Mn concentrations of
the starting melts were modified by calculating the Ni and
Mn concentration of both end member melts. Nickel and
Mn partition coefficients were calculated using Beattie
et al. (1991).Partition coefficients for clinopyroxene-melt
were taken from Le Roux et al. (2013) and McDade et al.
(2003). A spinel-melt partition coefficient of 5 was used
for V (Mallmann and O’Neill, 2009).

Fractional and equilibrium crystallisation calculations
in PETROLOG using these starting compositions were per-
formed at FMQ and a pressure of 0.8 GPa (Gurenko et al.,
1988; Winpenny and Maclennan, 2011). The intermediate
melt compositions in Figs. 3 and 5 were produced by mix-
ing together primary melt compositions and differentiated
melt compositions at different proportions. All calculations
were stopped once an olivine composition of Fo87 was
reached (the most evolved macrocryst composition found
at Borgarhraun). The activity-composition models selected
were from Ford et al. (1983) for olivine, Ariskin et al. (1993)
for plagioclase and clinopyroxene and Ariskin and
Nikolaev (1996) for spinel. In all of the models, spinel
and olivine are the dominant phases early on, joined later
by clinopyroxene and, finally, plagioclase. A major limita-
tion of the model is the lack of a Cr component in clinopy-
roxene and the lack of a Mn component in both olivine and
clinopyroxene. To account for Cr, the average Cr2O2 con-
centration of cumulate clinopyroxene from Maclennan
et al. (2003a), 1.2 wt.%, was subtracted from the modelled
melt composition at each? crystallisation step (using the
% of clinopyroxene in the instantaneous crystallising assem-
blage calculated by PETROLOG; typically around 60%). A
proper treatment of Cr in clinopyroxene is not available
due to a lack of thermodynamic data for Cr-end member
compositions. To model Mn the measured composition of
olivine and spinel from this study and the average compo-
sitions of cumulate plagioclase and clinopyroxene
(Maclennan et al., 2003a) were subtracted from the primary
melt compositions. An intermediate composition of olivine
chosen was from those documented in the supplementary
information (Fo90, MnO = 0.15 wt.%). The crystallising
proportions were varied so that the modelled melt matched
well the PETROLOG models for major elements, so that
both the PETROLOG and the subtraction models were
consistent with each other for common elements. This
resulted in three stages of crystallisation: 1–6% was 95% oli-
vine and 5% spinel, 7–13% crystallisation was 40% clinopy-
roxene, 57.5% olivine and 2.5% spinel, 14–20%
crystallisation was 30% clinopyroxene, 20% olivine, 49.5%
plagioclase and 0.5% spinel. Note that Fig. 3f only shows
the results of modelling one primary melt compositions;
the other melt compositions (primary and intermediate
melts) show essentially identical results and hence are not
included for clarity. The PETROLOG model also does
not take into account Na in clinopyroxene, however, due
to its incompatible nature, the effect on modelled Na con-
centrations is minor. A comparison of the two models is
provided in the supplementary data.

APPENDIX B. SUPPLEMENTARY MATERIAL

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.gca.2020.07.033.
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